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proton and

formation of
neutron formation

Big Bang  quark-gluon plasma low-mass nuclei

Temperature
of universe

formation of

neutral atoms star formation

~ 240 °C

> a trillion °C one trillion °C one billion °C 4,000 °C
Ti ft
BigBang  0.000001 second 0.0001 second

3 minutes 400,000 years
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proton and formation of formation of
Big Bang  quark-gluon plasma neutron formation low-mass nuclei neutral atoms star formation

Temperature > a trillion °C

o e one trillion °C one billion °C 4,000 °C = -240 °C
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proton and formation of formation of
Big Bang  quark-gluon plasma neutron formation low-mass nuclei neutral atoms star formation

Temperature > a trillion °C

J one trillion °C one billion °C 4,000 °C = -240 °C
of universe

Time aft =
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proton and formation of formation of
Big Bang  quark-gluon plasma neutron formation low-mass nuclei neutral atoms

Temperature > a trillion °C

e one trillion °C one billion °C 4,000 °C
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star formation

~ 240 °C

> one billion years
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B About JAXA

A

* Established at 2003
(Formaly NAL:National Aerospace Laboratory of
* Employees : 1,529
*Budget :  153.7 Billion JPY
/ 1.360 Billion USD

/ 1.138 Billion Euro
(April 2017)

Overseas offices / facilities

Find offices / facilities

Paris Maoscow i}
on th e m a p Washington D.C Office Office Ea rth Qbﬁﬂﬂ@tlon
Office - —— , =
Okinawa Tracking and Ogasawara L
Communication Station Downrange Sta Taiki Aerospace
. Research Field 3
e 3
a=——— Noshiro Rocket
: Testing Center st{:: gmg:uk
Office
Usuda Deep Spage
Center S— &~ Kakuda Space Center
Kansal Satellite Office \
' \.L Tsukuba Space Center Offices and facilities in Tokyo
i ——Earth Observation Center
Uchinoura X LI'him.lum Tracking &
Space Center !cs:?:fr,r::mm Communication Sta. :
: : Nagoya . : Tokyo Office
Masuca Flight HO/ Choly——e “
Tracking and Aaseih Aetospace Center
Communication Chertar J
o— Station
Tanegashima Space Center

Y RATLARMDRE MERICHRITDIKRE « HFHEEDT —SEERICDNTY

WTESTOIS

JAPAN)

’

B JAXA Supercomputer and its Application Examples

JSS2 (JAXA Supercomputer System Generation 2)

ﬁ (SORA: Supercomputer for earth Observation, Rockets, and Aeronautics) System Configuration

Nov. 2017

( Chofu Aerospace Center

Main System (SORA-MA)
Peak Performance : 3.49 PFLOPS
Total Memory : 100 TiB
Total #Nodes : 3,240
Total #Cores : 103,680
(1CPU, 32 GIB/ node)

Pre-Post System (SORA-PP)
Peak Performance @ 75.2TFLOPS
Total Memory : 12TiB
Total #Nodes: 200
Total #Cores : 2,400

(2 CPU, 64 GIB/ node)

Large Memory System (SORA-LM)

Peak Performance : 2.10 TFLOPS
Total Memory : 3.5TiB
Total #Nodes: 5
Total #Cores : 80
(2CPU, 1.0 TiB x 2 nodes)
(2CPU, 0.5 TiB x 3 nodes)

Login System (SORA-LI)

Peak Performance : 1.34 TFLOPS
Total Memory : 2.0TiB
Total #Nodes: 6
Total #Cores : 72
(2CPU, 0.37 TiB x 4 nodes)

Control and Management

Storage Area Network (Infini Band FOR)
Ethernet (1G, 10GEthernat)

File System (SORA-FS)

System Magnetic Disk: 7 PB
L.
P
Remote Tsukuba Pre-Post Node (SORA-TPP) T
c 17.3TFLOPS  23TiB 38nodes 508 cores -SPA
Syslems Space Center (2CPU, 64 GIB / node) Juxa's Storage Platform for Archiving, Compufing, aond Exploring
Lo — LoginNode  (SORA-TLI)
s,:,’g’rs 0.336 TFLOPS 0.37 TB  1node 12 cores Archiver System
(2CPU, 0.37 TiB / node ) - Disk Cache : 0.7 PB
\ File System  (SORA-TFS) 200TB Tape : 40FB
Kakuda File Syste SORA-KFS) 100TB
\ Space Center il = SPACE
Sagamihara File Syste (SORA-SFS) 100TB 2
k Campus ST - y
.
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BJAXA Supercomputer and its Application Examples ;%*A

B J-SPACE/JSS2

Jaxa’s Storage Platform for Archiving, Computing, and Exploring

40PB Tape cartridsge
O.7PB Disk cache

2018/2/1 SSHF Y ZFARKMDRE MIRICHITDAE « HFEHEEDT —SFERIZDINT P5
B JAXA Supercomputer and its Application Examples ;54#4
W JAXA Supercomputer History
1Exa=10'¢
Gedr -
1Peta=10'" HOPESX | I8 3
u— L
o
)
L 1Tera=10'? \ r Vil
o - ;
2 e
\O) '
1Giga=10° 0((\9 '
/ Z
] |, 2D
. wing ﬂﬂﬁl‘le
IMega=105 : X 103 X 245 <33 >—{ X3 X 25
1980 1990 2000 2010 2020
0 USE
En 6 o o o
230-75APU VP400 CeNSS JSS JSS82
11M flops 1.1G flops 2806 flops 9.3T flops 120T flops 3P+ flops
2018/2/1 SSH Y XFARMORE NERICHBITDRE « HREREOT —SBECDINT Po6

33



BJAXA Supercomputer and its Application Examples ;54#4

Explore to Realize

2018/2/1 SSH YZFARMONE NFRICBITBAS - FEMEDT —FERICDNT P7
BJAXA Supercomputer and its Application Examples ;54%4
B Application Examples -NS(1/2)-
I_Epgilon Rocket Launch pad HLiguid Fuel Atomization

I

Mach number Distribution

2018/2/1 SSt Y RAFTARMARE MNERICHITDIKRE « HFREBEDT —SEEICDNT] P8
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B JAXA Supercomputer and its Application Examples W

B Application Examples -NS(2/2) -

B Airplane Lan_ding Gear

R

BRe-entry
Vehicle Design

Unsteady Mumerical Simulation of HTV-R Reer

2018/2/1 SSH Y RFARMORE NYRICRITDRE « HRMEREOT —SBIEC DN T PO
B JAXA Supercomputer and its Application Examples W

M Application Examples -EO-

M Aerosol

200/ /17 03:00

e
T

~bnaip | 1
T

|

b
%

— A
o . o . 9
- ' == N D ! k B Global Precipitation Measurement

2018/2/1 SSt Y RAFTARMARE MNERICHITDIKRE « HFREBEDT —SEEICDNT] P10
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B JAXA Supercomputer and its Application Examples

Application Examples -SS-

B Giant Impact

B Data on JSS2

SORA-FS(File System) Usage

Move to
100% Archiver & new File System

90%

New File System
for small files

80%

70% i
Total capacity
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B Data on JSS2 #;\’A
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HData on JSS2
B Number of files on J-SPACE (by size, by year)
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W Data on JSS2

A

B Amount of DATA on J-SPACE (by size, by year)
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BEO data management in EU and US, ;54#4

NEU

-~COPERNICUS(1/2) -

4 Copernicus

2018/2/1

YMCOPERNICUS IN BRIEF

Copernicus is a flagship programme of the European Union:
— Monitars the Earth, its environment and ecosystems

— Prepares for crises, security risks and natural or man-made
disasters

— Contributes to the EU’s role as a global soft power
a full, free and open data policy

Is a tool for economic development and a driver for the digital economy

COPERNICUS

Big Data — DIAS
(BiDS2017,Andreas Veispak, EC)

Andreas Veispak, EC, DG GROW

Opemicys

SSt Y RAFTARMARE MNERICHITDIKRE « HFREBEDT —SEEICDNT] P.16
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BEO data management in EU and US. %#A

BEU -COPERNICUS(2/2) -

; Member ; 'Regional/Local Scientific
Commission Statis Private sector Citizen M‘?r?ni oy Saere

ot W =,

ESA/ :
EUMETSAT Processing & Processing &

Other Value 1=~ Other Value
Added Services Added Services
I Data for Download
Data Distribution service

&
s1|s2 |s3 s4 s5 [s6

|

Datevinformation co-located with [T °c2ss & Downbad iy Data
L L e Services

Sentinels | !
Information

Sentinel
Data
ESA

Contributin Internatwnal &
g Missions Commercial
Data

Commissicn

(BiDS2017,Andreas Veispak, EC)

2018/2/1 SSHt Y RF AR RE NERICRITDRE » tHFXEED T —SIERICDUNTY PA7
BEO data management in EU and US. %#A
BEU -Service Providers(1/2) -
PEPS overview o The PEPS website and APIs e

? PEPS : Sentinel Products Exploitation Platform, since 2014 PO e

? PEPS is the French distribution and processing platform == https://peps.cnes.fr
for Sentinel data from Copernicus program
? Search
[oleYe) N _ ? Vizualisation
- - -".‘. d : ey ? Down[oad

7 Processing (soon)

mmme vmmm Glve freeaccess with ~ Pravidea tnpll’u' — o-
ummnndawnm e ] '";:m:}a"ﬁ?‘mp, o
enabling users to process SME) ]
th-mmmmd@:hm
-dnk (=1
PEPS
THE FRENCH COPERNICUS
COLLABORATIVE GROUND
SEGMENT
s g gl
peps é
Q cnes AteS
(BiDS2017, Camille Louge et al.)
2018/2/1 SSt Y RFARMDORE TFRICRITDKRE « HREREOT—9EEIC DN T P18
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BEO data management in EU and US. %#4

BEU -Service Providers(2/2) -

— spaceapplicitions 25 —— Spaceapplicitions 10
High-Level Architecture Setup - Defining Processors and Workflows
... Drag-n-drop the processes
M' = from the list to the canvas ——
Adrmin 5 L Tl '
. - [N\~ Connect the outputs
| SR .
. with theinputs
= J RN
% = D | [ il
= i -
End-User —
g L e— - 5 F
= B B o Regety,
Big Data From Space Confermce 2917 Toulouss, 28-30 Havember 2017 Big Data From Space Confacwnce 2017 Toulouns, 2830 Hovember 2017
1
— it
Automated Service Builder (ASE) Platform
A platform and application agnostic solution
for implementing complex processing chains over
globally distributed processing and dsta resources
29 Nevembes 2017
(BiDS2017,Melcot M.)
2018/2/1 SStf Y RAFTARMARE MEERICHITDIKRE « HEEEDOT —SEERICDINT] P19
BEO data management in EU and US. %#4

BUS -NASA Concept-

Three things that will become more
A Cloud-Native Generalized Analytics Platform difficult and tedious:

NASA

. Provisioning big data storage and
supporting utilities
— floorspace, cooling, power, network
3 s . Moving big data to local storage and
" cumulus Analysis- Visualizati managing them

Web Object + =< '“’d; Data - Slagsuc_s AE A " aE 3 Senice
\ Storage e ki . Analyzing (really) big datasets on local
compute

Cloud Computing Benefits

. Infinite data storage available
2. Infinite computing power available
Im i ver hi g
Different end users get data from different - Computing power “next to” data storage

parts in the \ hain based on specific — 4. Rapidly evolving ecosystem of
ne nd capabilities X high-performance analytics tools

(% EOSDIS

Archive Management of NASA
Earth Observation Data to
Support Cloud Analysis

(BiDS2017, Christopher L.)
2018/2/1 SSHft Y AT ARMARE MNERICHITDAZE « tHFREREDT —SEEIC DN T P.20

40



.

<
&

H

\/

B OS5 RANV—IRADEEE T
m R
m R
m (SREME
m kigeiE
w Bt
" SEEGIE
m AT

BFED

2018/2/1 SSt Y RFT ARMDORE MEKRICHITDIKRE « tAFHEDT —FERICDNTY

25}

P.21

HIssues and Expectation to using Cloud storage

WOSDERARU—=INADA )Y

i

1| EShBTETIERATHE A=Y ERE. ECHBELFEHFIZTIERTES,
2 | NwoTYIDERIE BRI\ Ty THEE(TLRIE. T4 RN EY—ERELTHBATES,
3| EBVRTLDEREENTE Y—ERREERRTLOEREEILVTIREENER)
4 | EEARGD AT LBENTE =
5 | EAORMMRLY Small Start.
6 | HERE ERXAMROHREAL S NS,
7 | EULMERE FETRRRIC, IFERIEIHERTE S,
8 | FIAEDREE HRRAEEZORBEELIHIETES,
9 | DR-BCPXI3%K EEG IR, SR EBRER,
2018/2/1 SStft Y AT ARMDBE TFRICHITDIARZE « tHFRHEEDT —SYEEICDUNT P22
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MIssues and Expectation to using Cloud storage

WOSDORARU=INAEDT XY I~

No. T Ak SRS ok ]
10 | FIARBEHRITA X TELLY Y—ERAZ2A—D DRI EEDHBHE,
11 | B30y IIIREENROIZBTFIIIVI I MEHARERORNEEDLEILEN DD, Ed 7k
12 | FEERGE HAZBELTHRET S0, BROBFICEHELEEZRDONEL,
X )T ABEEBRIEE TELELH . BRESN TV S EF 1) TALRILOIEE
13 | wEayzg AELLN (X2 T DL A ILEEE),
FILEBEHAFEoTLBA DD S\ (FIAE BEH). Mz
RCEBZFE->TLDIAEDREEDA TETVSHRR(T VR HIH),
14 | T—ADOZRAA BIZIE, VT IR EEICKBEVY T—HRITONMRT—42I215,
15 | RRZTH+—h FEME. A=  RUbD—VEA K ADT-OMRERIENZ (TE N, e
16 | E¥ETER DN EREEEEITDICHAONDED (Y —E X, &iF. BH)EDOH,
17 | % HERAREZORGELBERLECITVRY—ERBENETTIIRY, .
18 | MRARME RBOMARETE. SV BR-AHOEERAN D HSIL,
19 | FIALTEOT—2IRYEL BERLE-T20OMYELEECERASTHRBYEHL, be:3 kS
20 | REZR® SENICPEBITET IRARAENEZALDESHENEL, RESIE
21 | HiHEE DT IREUA—DFMENENDBE HHBEEORENILE, ESIESE
2018/2/1 SSHf Y RF ARMARE TERICRITDRE « HFHERED T —YBIEIC DU T P23

HIssues and Expectation to using Cloud storage

B U Flexibility

BRIANBSZNREINY A XTSI
V25—« AL—THEI S ZAIEHEDEN.
RRTFYIIVD
SR DEEROCET TREZEL,
W [EE XTI
=BT —/NEIFTRNDS TREFEODC
EBSERND, 2E—RICESEBIEEIES.

2018/2/1 SSt Y RAFTARMARE MNERICHITDIKRE « HFREBEDT —SEEICDNT]

P.24
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MIssues and Expectation to using Cloud storage

M #2=4 Confidentiality

44

BF 1T UNILDIEREE:

FICAS>TNBONMEB TS,
R EEREL

/|I||

‘Population Set

)’ 0t 2 EEH: Access Control

(DS yH—DSBEBROTOLZAEIRZEUNELA?
IJr1ILYRTAEEZENLR?

B —AYD__RFA:Secondary use

[HRETAIRET Do CE > CEBNDHAERT 9D
2018/2/1 57t é\tg/gﬂ—gzé@g;ﬁ'g E@;}@Lﬁlﬁéﬁ; FEMEDT —FEEICDIN T

Understanding the Security Level
[COY—EAXZa3— Tﬁﬁ@kbmt$1U74@

(BLCCPUTO S Y A—DTOCRADENTNDDE, |

HIssues and Expectation to using Cloud storage

P.25

B EFE M Reliability

BN ~ITD#— ~Best Effort
(BRSO DMUREZ{RZDDN 7 ]

BEFETCEDDON:May | trust?

[ZCICBHREEZRE U TRILKIEDD ? |
MUz o> TERRCETDEBTADDN?

B SOC1/2. ISO27001%F

B HANFE. BIEHES

SSH Y RF ARMORIE ¥

FERICRITDRE - HAMEDOT —SEEICDINTY
43
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Bissues and Expectation to using Cloud storage W

W iR #E M Continuity

B % Discontinuation of service
[ZCRT—EINEZBLBZO2EBEDTD?]
[ TENBMRICETOT—AZRDEE] EEHhNTE--J
B {5kt Scalability
[FRIEND2EBICZ>TESI>BULREETIC
HUD=RBEEMNABUGRIToND 0N ?
B —ASTEZI5—DiRE
B BN
W ERETE

2018/2/1 SStf Y RAFTARMARE MEERICHITDIKRE « HEEEDOT —SEERICDINT] p.27

MIssues and Expectation to using Cloud storage W

B =it Connectivity

BRI TIEOT—SHE0D W L:
Outbound Data Transfer
(D71 IVERRREIENLSSNNBEBD?
[£BEXD B I DOICANBHLNDD? ]
BRI TN SHDIND?

D50 FENSBYRT ADEKTIE
vSINETSICERLTS?

VTR YH—RTHT—TILTERBL TN ?
v EERIC A DBIEMIE P

2018/2/1 SSt Y RAFTARMARE MNERICHITDIKRE « HFREBEDT —SEEICDNT] pP.28
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HIssues and Expectation to using Cloud storage

W EESIE Procurement system

=R E
RER
B —E 22X T3 —DEM

2018/2/1

SSt Y RFT ARMDORE MEKRICHITDIKRE « tAFHEDT —FERICDNTY

P.29

MIssues and Expectation to using Cloud storage

H Black Hole model

L4XA

Specification

$0.25M | 0.05[$/GB] X

Storage
Gateway

5,000,000[GB] X1+a

\_
Specification Service
* Reqguest
» Storage Management
$0.1M 0.01[$/GB] X5,000,000[GB] X1+a Sta » Transfer Acceleration
—_
$0.025M | 0.0025[$/GB] X5,000,000[GB] X1+a Glacier
- Specification Service
$6.3M 0.021[$/GB*month] X5,000,000[GB] X 60 [month] Standard
$1.2M 0.004[$/GB*month] X5,000,000[GB] X 60 [month] Glacier
2018/2/1 SSt Y RFT ARMARNE NERICRITDRE » tAREEDOT —YERIC DU T P.30
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Bissues and Expectation to using Cloud storage %XA
BESIET.Compliance
m i EE
[TWDOEICH. EBEEZ LUV T —9D
HNEDY —/NICEDN CLV/Corz]

2018/2/1 SStf Y RAFTARMARE MEERICHITDIKRE « HEEEDOT —SEERICDINT] P.31
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—HEH: FEEORP ORI

8 hips WWW.MUSeNC.org. : % - 3 e i
7 | B 77 LELT 977 || (SRL Tl Do :%Hf
1 Jot mathad ! end
2 new
3 i puts "a"
4 Y - newW'
5 U i graph(a)
5= n@..7
7 SO0 (21 :8) Ic : puts "b"
: graph(b)
18~ for-i-in-8..7 : — _ oiiap
11 e[t]=-c[i]-|-2**(1) - - -HBEDE & + TR 2 () IS : Elfh:
12 efi]=-c[1]-| 2**(7-1) t > (M) IT #p.59 Wil
13 #L1T 4
14 %1 H [ _.' g
15  a[7]-25 "
16 = for-i-in-1 class Graph

17 d[1]-Obleseansl k]
18 end

19+ for-i-in-0..7

20 a[i]=c[1] | -d[4i] - -#c & d
2 blt]=e[4] & ~d[1] -wc

22 end

23

24 puts "a
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27  puts-"b"
28 graph(b)
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<html>
<bo

dy>
<img name="hello" src="images/nekol.png"/>

</html>
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- X

while(true){
~ while(x<3@8){
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X+=3;
walt(38);

r while(x>8){
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X-=3;
wait(3e);
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X=0,;
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while(true){
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move ( "hellokWorld” ,x,y);
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for (i=1;i<=40;1i++) {
HTML 1£(i%3==0 && 1%5==0) {
<html> addText ("t", "FizzBuzz") ;
<body> }else 1if(1%3==0) {
<div name="t"></div> addText ("t","Fizz");
</body> }else if (i%5==0) {
</html> addText ("t", "Buzz");
}else(

addText ("t", 1) ;

}
addTeXt("t", "<br>") ’.

_—~ walit (100) ;

}
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G Compile Error
finclude<stdio.h>
int seihoukei menseki(int nagasa);

int main() {
lH-—--C CREHD_
/f (printf,scanf#{E5) .
/ (G2 Tseihouke_menseki #IFTET)
int n,menseki:
m = seihoukei_menseki (menseki);
scanf ("%d¥n” ,8nagaga)
printf ("EIE X¥d ¥n” . n)

int seihoukei_menseki (int nagasa) {
H-——-Z ZEBOHS (printfIZ{EHA L)
int menseki;
menseki = nagasaknagasa;
return menseki;
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iKadailEiJf\i— STER

: |
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00NV B W

Ji €
#include<stdio.h>
int main(){

int 4.

BB MNMET-5FE

DIERTOT L

for(i=0;i<10;i++){

}

printf("hello world\n");

—&HE®

JOJ35 A

// C
#include<stdio.h>
int main(){

int |*
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Il goFn
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#inc lude<stdio. h> = -
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printf “input a: ”):

scanf ("hd”, 8a): %%%ﬁ(

printf “input b: “);

scanf ("%d”, &b); = 78 =3
printf ("%d + %d = %d”, a, b, a+h): ° #&Eb\ﬁﬁ‘mﬁ\ L/—C-
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5
HA1

inputa : inputb: 15+ 5 =20
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RICIEETREETED D D,

INEFTO, WERFOHE : Hoi(r) = & ¢i(r)
BFKE (#18) BROEERAE (35 SR B HEEER)
-

COWMETEZLET (EB) XA FIURHE T H(n o) = ih 2P 0)
BT RE (J18) BBOETEE (BRI DN ESER

HHRE LIYBEORT, BEFTDERZ LI TE D,

[RFZEZEDIIaL—iay (BB ES ENBESIER)
FAAVKF PRI AT (1982) § 5 HER]

H. Flocard, S.E. Koonin, M.S. Weiss,
Phys. Rev. 17(1978)1682.

THREE-DIMENSIONAL TIME-DEPENDENT HARTREE-FOCK..,

1=

Time evolution of proton and
neutron orbitals.

ihg[//i(?,t):h[n(;:at)}//i(F’t)
n(?,l‘)=z ’

l//(?i’fz’“"FN’t)zA{l//l(ﬁ’l)'vyz(’jzat)'"I//N(FNat)}

w,(r,1)

1=18.8 12218 1=24.0 1=260 1=27.8
FIG. 2. Contour lines of the denaity integrated over the coordinate normal to the scattering plane for an %0 + %0
collision at ;=105 MeV and incident argular momentum L= 134, The times ¢ are given in units of 10~ sec,

A7 0+ o ~
16 _16 . e éHﬂ'@X/\:l/
0-7°0 collision CRAY-1 (8OMFLOPS)

Spatial grid 30x28x16, time step 4x10?
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RFES113F: FHxRemk (ZF=7 L)

2015.12.30 IUPAC, IUPAPHY, #1703 Z=113, 115, 117, 118 % F87F,
Z=113TTE D ZIEA B 7L — 712, 2016111 FE & FRRE,

B{LFHAPMOMITRERE

= _ (ERE
BETRDIID

BT | o Pt | @ FTES |

BERFZ =120 EROEEKRGEEENBEHERICL S IalL—va v

K. Sekizawa, K. Yabana, Phys. Rev. C93, 054616 (2016)

238U + 64Ni

(proton number: 92 + 28 = 120)

228 T238+64=3021E D
bt dtF (7L IfF)
T 52FIal—>3v

R

R

12, 1)~ o 6.0
n(f‘,t)=z ’

w,(r,1)

7L b X—FIL(1015m)
Y7 htHh v F(102s)
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+ /KT DIIGE D R E = BB ET E (1996-)

K. Yabana, G.F. Bertsch, Phys. Rev. B54, 4484 (1996).

TCR M AR
[eV1] ‘ I l
: ot X Exp:Lijsq
g —— TDDFT
ﬁ_ 40 [ i
¢ / ETCOBEBFICENZMAILRDOETES) ; ;j Xzs ”
= & ———-—LI} '\;\\w\
VAE&! / . I , N _‘,IJ‘\,.\
ol EomemiEEE - S
: \ Energy [eV]

)
3
)
)

X
)
)
)
)

‘Q

)

o

0
’0
)

[
WA
)

=] A . bt =/ oo R
s
. N L ..‘."’0’4’"‘4‘9\&"" g
3RTF NI FEEEE B BRENE NS
SO NG ey
BRT vl ig!!=‘=~=.'=”‘!!’ 7
J. Chelikowsky et.al, Phys. Rev. B50(1994)11355 l‘;‘\:‘H‘H’!g"" g
\‘I‘\.ii..‘f"
Pl : . S
— —2-; nI'E‘NCHI':Mxi +n 1h'yj)2k )'*‘BI-E'_NCRZ‘JMIH)’] +ﬂ2h.2k )+,,3 z_ﬂcnsﬁx" 3 4 Ei”
+( Vion(xnyjrzk )+ VH{xi:ypzk )+ Vi (x,p),2k )]!f’{xu}’j.zk )=Eﬂ'l(xf,)’j.zk ).

RSDFT (2013 Gordon Bell Prize) & B CETE 7%

BEREOT7ILITY XL BEE(T4 5 —EH)

K. Yabana, G.F. Bertsch, Phys. Rev. B54, 4484 (1996).

v, +40)= exp{M}% 0~3 l(M)% () N=4
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http://www.attoworld.de (Max Planck Inst. for Quantum Optics) . ]
E. Goulielmakis et.al,

Nature 466, 739 (2010).
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KED [ RENILVYHTNAR] EFRICAEITT

Attosecond nanophotonics
G. Vampa, H. Fattahi, J. Vuckovic, F. Krausz, Nature Photonics 11, 210 (2017)

Figure 1] On-chip ultrafast photonics. Nanophotonic devices can be designed to introduce controlled
delays between different wavelengths of broadband laser pulses, akin to the role of bulk, chirped
gratings in free space. This capability potentially allows controlled, ultrafast optical waveforms to be
obtained at the output.
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K. Yabana et.al, Phys. Rev. B85, 045134 (2012).
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Laser pulse propagation: 10 um SiO,

Laser electric field, red (strong), blue (weak)
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B. Chimier et al, Phys. Rev. B84, 094104 (2011)
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S.A. Sato et.al, Phys Rev. B92, 205413 (2015)

SALMON 7' B2 = 7 b (gumks + 9 FREZH )
Scalable Ab-initio Light-Matter simulator for Optics and Nanoscience

- FIRDOABFREREBEICRMT 2BERREZRRT 2,
- ERRPEEIRECTHE > TRICIIDV 7 bV 2 72 EHET %,

cRZAN [R] ELBET [RURDEEE T X DFHELET /NA X - SHEEMRIDAIRL
Y7R™EB [V - BTRAT /N1 R
© ST-CRESTHIZR R [ - EFREE—REY 7 b7 7ORFEEICA]

Open-source software, License: Apache 2.0

a :
gm( Main page Discussion Read View source View history |Search salmor

SALM&N  Main Page

SALMON (Scalable Ab-initio Light-Matter simulator for Optics and Nanoscience) is an open-source software based on first-principles

About SALMON time-dependent density functional theory to describe optical responses and electron dynamics in matters induced by light

download electromagnetic fields. At present, SALMON is under a trial release. We plan to release an official version in a few months. Please be

Documents informed that some major changes may be applied in the official release version.

Felorances « About SALMON .

sk o DA http://salmon-tddft.jp/

User Information « Documents )

Nenn  Samples HEEREE (BMSRHBER0IL—7) Lo
sl e HE6AGBE (3 TH1Y)
Help P « User Information ’Iﬁﬁij(Dz E%“WEK.EE (4355)
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BT EETFNFOLEEERE T2 —> 3>

il

- Oakforest-PACSZE / — FHE 0 = A

Oakforest-PACS =/ — NEHE

15tin Japan
7% in the world (2017.6 Top 500 list)

Machine time 2017.3.25-28 (72 hours)

CPU Intel Xeon Phi 7250 with 68 cores, 1.4 GHz base clock
# of nodes 8208 (use up to 8192)

Memory 16 GB MCDRAM and 96 GB DDR4-2400
Interconnect Intel Omni-Path Architecture with 100Gbps link
WS G ) oJo) [ef=47  Full bisection bandwidth of Fat-Tree

Cooling Water cooling for CPU and Air cooling for others
Cent0S7 (for compute node)

(LR IEN Intel compiler 17.0.1 and Intel MPI 2017 update 1
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(a) Macroscopic system (b) Microscopic system (Silicon)
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Picture by M. Uemoto
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L —H—/LR%EF /U 3 ERICEBET(1012W/cm?, 1.55¢V, 5fs)

2.5 hours by Oakforest-PACS, 8188 nodes

Strong incident (o = 102 W/cm?)
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Strong scaling
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Dynamics time / Iteration [msec]
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# of compute node
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¥Best CIE#R1L

o« EDIFEAENNIIL LTV DOHERRE
1. 70 XBEBEIFT—YTEETNEN
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* Non-algorithmic load-imbalancing
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2. TurboBoostliC & 2B O v 7 FHEE
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BALOTAT407 VAT LMESR BERMFENHE 20175 ERE

TTYVTPNVNRAVTH#T 47 ADREKT

- 1,2,3,4 . . .
&H = yoshidar@ism.ac.jp

UIFER- L AT LTI ST SRR T TR R EHR

2 'Iﬁili AT LIRS A BEHAER 2O KN TAREFH R E4— -
SHAMRKRFERKFE %EAﬂ—T—E)Tnﬂ Mt P EBUERR

CE - BT AR FERIBEEE

« “Materials research by Information Integration” Initiative

'] WERARNE - PR A=ST 747

WFHTFRE RR" OF — ZF

Data Science towards Extrapolative Prediction and Discovery

B T—2YM T ROFRIE “RIEN" (MRFARE ORBRCES RERIC)
B HMERFRIERER 2XRITHVFUF?
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Bayesian Inverse Materials Design

A R THIEZHRT S

MACHINE LEARNING

THE BIG MATERIAL SPACE
e.g. 10%° small-sized organic molecules (GO game: 2501°9)
O 00|00 0lo|l 0|0 ﬁ OO0 0 o
I L | L I T | I | I [ L . f‘ i s
Q0 OO0 0O O |0|0C H (v E) O O

| Identification of new promising materials with a given property requirement )

MULTI-OBJECTIVE, COMBINATORIAL OPTIMIZATION;

Jo Lt Lo Lo J 1 K I | L 1 1. Tedf I T
O 0O 0O 00O OO0 O J O 0O 0 O O
Tl i rrirx . J LR B L L)
QO Q0O 0O O O Q0 OO O fﬂ
JE | X I I | I L | L ,1 J ,L | I
O 0O 0O 0 0 O O 5 Q10O O O
4
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BAYESIAN INFERENCE

Transforming forward models into the backward prediction

) FORWARD PREDICTION
Given data < Unknown

Y > S
BACKWARD PREDICTION

Posterior - backward prediction Backward Forward Prior
Likeliness of S with respect to observed Y S~p (S |Y) o« p (Y |S) X p (S)
Likelihood - forward prediction

Goodness-of-fit of S with respect to Y \/

. L. Inversion
Prior distribution

Prior knowledge on S

BAYESIAN INVERSE MATERIALS DESIGN

Ikebata et al., J Compt Aided Mol Des, 2017

FORWARD PREDICTION - p(Y|S) BACKWARD PREDICTION - p(S|Y €U)

New structures S with properties falling within a desired region YeU

Prediction of properties Y= (Yl,..., Ym) of input material S
Generation of new ‘materials’

Machine learning with structure-property data

; , Y o
L .S g Descriptor Learning % [o {"j}\ o-@:- c <’_:}J ][o—@—j—{’:“/-} ~ p(SlYEU)
%027t ’."‘_-épg"“' —»  01000100000011010011  —p %e o i n
backwardY — S forwardS — Y prior

S~p(S|Yy eU) « p(YeU|S) x p(S)

PRIOR DISTRIBUTION -p(S) R package igspr v2.3 @CRAN

Regularization to generate “chemically favorable structures” https://cran.r-project.org/web/packages/igspr/index.htm
Natural Language Processing techniques: “chemical language model”

R package iqspr v2.3 @GitHub

O Molecular graph x General graph Geometry https://github.com/GLambard/inverse-molecular-
- %o ._ . Exclusion of chemically unfavorable bonds design
~ "_*'ji“’”‘"B = .- w !4 . Chemical stability

t_.h\/\,oa/*\_ =, el
T Y Drug-likeliness
g

Synthesizability
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EAFMRE Y ST — 2B HMEHERZ DI

R A XHERR < € Palylafio

M R R (@ el
Xu, Ku'\\flvzg i”r:’:ll:l ?(c()-ll:\c:::(c:/c()N-I;el\;Ig;
PolyInfo (@NIMS) PROJECT

Hongo (JAIST)
Yamada, Lambard (ISM)

Wu S
(ISMm)

WORLD LARGEST POLYMER DATABASE X STATE-OF-THE-ART MACHINE LEARNING
Target: higher thermal conductivity polymers

Structure (S) Descriptor () Properties (Y)

0 -
1]
J[O—Q—O—@—C‘Q}n—b 01000100000011010011 —» A: thermal conductivity

T, glass transition temp.
T,,: melting points
and so on

S = molecular structure of repeat unit (monomer)
(and/or process/other parameters)
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Quantitative Structure-Property Relationship

IEAFRDOYEFRETILEES

FORWARD PREDICTION

Quantitative structure-property relationship analysis (QSPR)

Structure (S) Descriptor () Properties (Y)
i Physiological activity
ﬁf—@ —— 01000100000011010011 ———» Toxicity
Band gap
Energy
Molecular fingerprint Deep Learning
PubChem Elastic Net
MDL MACCS keys Random Forest
ECFP6 Gradient Boosting
Kolekota-Roth Support Vector Machine
etc etc

e.g. molecular fingerprint feF @ [} ﬁ OL Ny .........
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R PACKAGES: DESCRIPTOR & ML ALGORITHM

Regression and classification

Descriptors in the rcdk package

Method Package Name Description

Elastic-net glmnet standard Paths of a given length

Deep Learning h20, mxnet extended standard + ring + atomic property
Support Vector Machine kernlab maccs 166 bits MDL MACCS keys
Gaussian Process regression  GPfit, [aGP circular ECFP6

Boosting Boost pubchem 881 bits PubChem fingerprint
Bagging Ipred graph standard + connectivity

Random Forest randomForest, kr 4860 bits Kolekota-Roth

ranger, Rborist

Gradient Boosting xgboost

hybridization standard + Info. on hybridization

shortestpath  shortest paths between atoms

»

Hyperparameter optimization

signature count type of fingerprint

+ more than 200 physical and chemical descriptors

Method Package

Bayesian Optimization

rBayesianOptimization

11

POLYMER PROPERTY

Glass transition temperature

Correlation between observed and predicted T, with different descriptors and ML models
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One of the grand challenges in Materials Informatics

HIGH-THROUGHPUT SCREENING

mE - KEOREMEZER - RETHI P, EXLMEZEAET

o}

Millions of virtual
materials library Material property

Descriptor space

OO mm— O

Machine Learning based HTS (w/wo Bayesian Deep Learning for solving Schrodinger equation

Optimization) for materials property prediction Mills et al., Deep learning and the Schrédinger equation,
arXiv:1702.01361, 2017

Goémez-Bombarelli et al., Nat Mater, 15, 1120-1127, 2016 . .
Carleo et al., Solving the quantum many-body problem with
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BACKWARD PREDICTION

P(Yls) Limitation = Low hit rate - when the input space is exceedingly high-
dimensional, the exhaustive search is impossible to perform

Virtual materials

Properties
Descriptor space
o
@ O > .o o.o > o ¢
® )
Explore promising materials intensively around
P(SlY) oc P(YlS)P(S) high probability regions of the posterior
Virtual materials Properties
Descriptor space
@ @ o 30| @
15

BACKWARD PREDICTION

MONTE CARLO STRUCTURE GENERATOR

Creation of promising hypothetical materials (e.g. molecules) with the posterior
probability distribution

Backward prediction Forward prediction Prior
¢ I ' |
Y -_.:.ai-.:.-_:_o._.'. -0 o ~D (S |Y c U) oc H D (Yq c Ug ‘S) s p(S)

1 gl

¥ Prior: “RKU=2—nHLE" DFFFETI

1 Compat Aided Mol Des (2017) 31:379-391 @ CrossMark
DOT 101007/ 10822-0 | 6-0008-1

Bayesian molecular design with a chemical language model

Hisaki Ikebata' + Kenta Hongo™# « Tetsu Isomura® - Ryo Maezono® +
Ryo Yoshida'™*

Received: 25 October 2016/ Accepled: 31 December 2016 / Published oaline: 9 March 2017
© The Author(x) 2117, This artick is published with open ccess at Springedink com

Abstract  The sim of computational molecular design 1s this issue, we derive a chemical language model that
the identification of promising hypothetical molecules with  acquires commonly occurring patterns of chemical frag-
a predefined set

§ properties, We address the issve  ments thy I language processing of ASCI
of accelerating the material discovery with stae-of-the-art  strings of existing compounds, which follow the SMILES

myschine lesrning The metll invnbues tae dif ~hesmical o
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CHEMICALLY FAVORABLE STRUCTURE?

Molecular graph General graph

p ( S) Geometry

Exclusion of chemically unfavorable bonds, e.g. F-N, C=0=C
prior knowledge

Chemical stability

Drug-likeliness

Synthesizability

Liquid crystalline likeliness .

P(S) CHEMICAL LANGUAGE MODEL

Ikebata et al., ] Compt Aided Mol Des, 2017

B EEOLEYE Y b S EAYS L 3T

C M E XTI THER (SMILES) o vanillin CH,0,
. EEEFAERLTXFONE — Y PXEESE J 0=Celece(O)c{oC)cL

| -~
L%Locm BOWA L HARE LT

OH {85 (38
IS NAEEEFETIV  LEYO LWEE D&rERe L TER
* Prior dist.

* Proposal distribution in SMC or MCMC
o i P e i
p (f"“" 3 |Y eU, o ) ®=p (Y eU | all - )P (é‘”" | 5 *)
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TWO TECHNICAL ISSUES

B Grammar error: Avoid the occurrence of unclosed ring or side-chain indicators

S[1:i-1] = CCCcCcCcC(cccc(oc(o)cC

Two unclosed parentheses ‘ (’

The Markov probability should be biased such that two closing letters “)’
appear somewhere in the rightward

B Long term dependency: ‘Neighbors’ in a molecular graph are not neighboring in
the string representation

AN CN1CCC[CRH]lc2cecenc2

\

NEW FUNCTIONAL POLYMERS f;wm@

Higher glass transition temperatures and higher melting points

Property refinement process Structure modification

Melting temperature [C]
&

T T T

-500 0 500 1000

Glass transition temperature [C]

Orange: existing polymers with experimentally measured T and T,
Blue: polymers computationally created by igspr (circle size: the magnitude of likelihood)
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NEW FUNCTIONAL POLYMERS

Higher glass transition temperatures and higher melting points

Further expansion of the materials landscape (T,and T,)

Orange: polymers with observed 7 and T,
Green: HTS of polymers with unobserved T, and T,
Blue: newly created polymers of igspr

Result & Conclusion

(@ Polylaffo

Our algorithm has predicted the existence of yet-undiscovered many (9,685) polymers with 7 and T,,

much higher than those of the state-of-the-art 8

o
-

observed < HTS < igspr

Melting temperature [C]

500
1

Target region

Glass transition temperature [C]

T
500 1000
21

LOW BAND GAP MOLECULES

Application of igspr on novel monomer discovery

Band gap vs molecular weight
(vertical, horizontal axes)

Property requirements

Band gapin [0, 3] eV
MW unconstrained

HOMO-LUMO Gap (#V]}

8w 200 e 400 €0 e 700

Molecular Weight {gimal) ot
Orange: existing molecules (PubChem)
Blue: molecules created by igspr
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R PACKAGE igspr v2.3

CRAN: https://cran.r-project.org/web/packages/igspr/index.htm
GitHub: https://github.com/GLambard/inverse-molecular-design

B Version 1 released: 2016/05/22
B Number of downloads: 2,805 (2017/08/31)
B Version 2.3 released: 2017/07/27

Tutorial for the package iqspr v2.1

2017-05-10

Introduction

The structure of chemical species can be uniquely encaded in a single string of standard text characters called
SMILES (Simplified Molecular Input Line Entry Specification). A very nice presentation of the SMILES notation
can be found hare. If one knows the SMILES of a chemical compound, its 2D structure can be univoquely re-
constructed. One of the aspect of the SMILES format is that it is particularly useful in the prediction of
jproperties of compounds. The link that exists between the struciule of a compound and its properties is
generally called a QSPR (Quantitative Toperties F . and it has been widely used in
cheminformatics for the design of new drugs or dyes. Generally, compounds struciures are primarily
investigated by chemists following a trial-and-emor construction controlled by their existing knowledge of the
chemistry and their intuition. The properties of the investigated compounds are then checked by direct
experiments and/or driven by a QSPR analysis. In this kind of analysis, numerous descriptors can be build from
the SMILES format. These descriptors can be represented a set of binary and/or continuous properties based
on the existence of cerain fragments in a molecule, or on the abllity of its bonds 1o rotate for example. An

ion and overview ing the molecular descriptors can be found here. Then, the descriptors are
parsed as input features for a given regression model to pradict output properties for a list of novel compounds.
This kind of reconstruction of the properties of compounds from descriptors is called a forward prediction.

This package is entirely devoted to the inverse pronlem Much is the backward prediction. The gerlurminn of
entirely novel SMILES in output, and I ds, from input largeted properties
initially constrained by a user, Thanks to the inverse-QSPR model\ml this is now possible. This package has
the ambition 1o become a useful tool, in the innovation of novel materials, in a field that is now widely referred
as Materials Informatics. It is important to note that as SMILES is the basis format for this package, only organic
molecular non-crystalline compounds can be generated.

Lambard, G
(1ISM)

Forward prediction methods
* Deep Learning (mxnet)

* Gradient Boosting (xgboost)

e User-plugin models

¢ van Krevelen models

Other additional features
e Synthetic Accessibility scoring
¢ A set of molecular filters

* Richer descriptor set

23

Go Bevonp INTERPOLATIVE PREDICTION

P:

R FRDRAZREZ S
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ATEHERIC & S1REL
FIRST PRINCIPLES CALCULATION (DFT)

B |dentification of promising materials based on DFT calculation (filtering)

B Poor prediction of the machine learning models in regions with few data points

Ly DFT scheme
1 B3LYP functional, 6-31G basis set

124

10- R Orange: existing molecules (DFT)
1 VA Blue: hypothetical (ML prediction)
Green: hypothetical (DFT)

HOMO-LUMO Gap (eV)

— T T T T T 7T S

0 100 200 ' 300 ' 400 500 600 = 700

Molecular Weight (g/mol) 25

VALIDATION (DFT) ey

12

Black: existing compounds
Green: 10 hypothetical compounds with the
properties calculated by GAUSSIAN 09 (DFT

10

VLR ] B3lYp/e-31+4G(d))

HOMO-LUMO gap [eV]
6

S % wi ‘. Desired property region
0 100 200 300 400 500 600
Internal energy [kcal/mol] 26
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VALIDATION (DFT)

t=20

12

10

Black: existing compounds

Green: 10 hypothetical compounds with the
properties calculated by GAUSSIAN 09 (DFT
.| B3LYP/6-31+G(d))

. -

S
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@
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e o
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I
77
- ‘Desired property région
0 200 300 400 500 600
Internal energy [kcal/mol] 27
VALIDATION (DFT)
t=50
] |
" E Black: existing compounds
Green: 10 hypothetical compounds with the
i B : properties calculated by GAUSSIAN 09 (DFT
21 AL L | B3LYP/6-31+4G(d))
S
L e
o
)
14}
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S o
>
Y
o
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I

‘ * Desired property region

o

200 300 400 500 800

Internal energy [kcal/mol] 28
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VALIDATION (DFT) 100

12

Black: existing compounds
Green: 10 hypothetical compounds with the
properties calculated by GAUSSIAN 09 (DFT
.| B3LYP/6-31+G(d))

HOMO-LUMO gap [eV]
[

0 100 200 300 400 500 600
Internal energy [kcal/mol] 29
VALIDATION (DFT)
t=200

12

Black: existing compounds
Green: 10 hypothetical compounds with the
properties calculated by GAUSSIAN 09 (DFT

| B3LYP/6-31+G(d))

HOMO-LUMO gap [eV]
6

o] i % _ ik "7 Desired property region
0 100 200 300 400 500 600
Internal energy [kcal/mol] 30

131




VALIDATION (DFT) 4300

12

Black: existing compounds
Green: 10 hypothetical compounds with the
properties calculated by GAUSSIAN 09 (DFT
.| B3LYP/6-31+G(d))

HOMO-LUMO gap [eV]
6

0 100 200 300 400 500 600
Internal energy [kcal/mol] 31
VALIDATION (DFT)
t=400

12

Black: existing compounds
Green: 10 hypothetical compounds with the
properties calculated by GAUSSIAN 09 (DFT

| B3LYP/6-31+G(d))

HOMO-LUMO gap [eV]
6

nf e g *© +  Desired property region
0 100 200 300 400 500 600
Internal energy [kcal/mol] 32
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HOMO-LUMO gap (V)

HOMO-LUMO gap (eV)

GO BEYOND INTERPOLATIVE PREDICTION

B Limitation of igspr: unreachable to regions where data are sparsely populated (i.e.,
interpolative prediction)

B Extrapolative prediction by the integration of igspr and DFT (computer experiments)

10
10
10

Vertical axis: HOMO-LUMO gap

i Horizontal axis: internal energy
Gray dot: existing molecules

2% Black dot: newly created molecules

&
.
HOMO-LUMO gap (eV)
1]
[
%
HOMO-LUMO gap (eV)
8
]

T T T T T T T T L
0 100 200 300 400 S00 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600

Internal energy (keal/mol) Internal energy (keal/mal) Internal energy (kcalimal)

t=100 t=200 t=400

6
)
HOMO-LUMO gap (eV)
[
i
HOMO-LUMO gap (V)
6

T r T T T T T T r T P
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 60O
Internal energy (kcal'mol) Internal energy (kcal/mol) Internal energy (kcal'mol)

Lambard,

S PAC' E R Go Bevono INTERPOLATIVE PREDICTION .

o s o IMPLEMENTATION

Initial structure-property data Existing molecules "
D={Y, S} {s} System "A" - SGI UV 2000 {320 cores)

Intel Xeon E5-4650v2 (10 cores)

1-2h for 100 molecules

{  Backward model (igspr)
Initial tftr.get ok | New molecules
properties = emica
y* Forward models |9 language model Sy S
e Z

DFT outputs: New structure-property data & target properties
HOMO-LUMO gap : 5 : :
Dinole motvent Properties Design points Target prfpertles
Melting point Yaisr Y S Y
Boiling point
Mulliken charge
Frequency
Molecular volume
Atomizatisnenergy DFT (GAMESS) Experimental design |
internal energy Y =fS THERA 5 y* <
lonization potential fis) ua (S ¥%)
Electronic affinity * Acquisition function

[ Desired properties & migration rate

] Aya(S,Y) = ~|lv* =S| ~ o (s) ~ Ajnflly* — |2
U A
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Vert.ical axis: HQMO-LUMO gap
S PAC' E R Go Bevonp INTERPOLATIVE PREDICTION e

Black dot: newly created molecules

Higher HOMO-LUMO gap
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S PAC' E R BNAYEFX Yy 7TE/)2—DFEE
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FECIZEXTHETEL,

Q- F—ADBFEELEWVENY F¥ vy 7HEBICERT 2
] REOHMEIFRIES NI

Orange: DFT properties of existing materials
Blue: newly discovered materials (SPACIER)

Band gap [eV]
10

o Synthesis
8,601 hypotheticpl .’ Experimental validation
1 e materials ]
. in the next 1-2 years
lll 2CIID 41;0 SIIJD M;'ﬂ

Moleular weight
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MERER & ZREHEE

B MEEARTIE, XK (REM - REZRE) — AN FEEHIEIIEHBOTEE
B BV : O EBRIR FoFl, ONEZ ZHREBOBIR

‘\-
N?

EERPBE A LEDEITH A A HITE A2 RDTH, KEEDGE, 21
IR DT L2 L LHEE 2 TNDIIRbDTIE, bLrLTz
HiftatEE X RRDRRZFEVH$hbL e,

Fisher R.A. (1938) Presidential Address, Sankhya, 4:14-17.

R. A. 71V %— (1890-1962)

BROHHE, EHEEFORIRE. OYLRTYREEHRBIZHITS
%%%g&)ﬁ%@]l:ﬁﬂ‘éﬁﬁﬁéﬁbt ERITEEOCOBONE, B2
TR FESL.
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Seko et al., Phys Rev B, 2014
Property: melting point
Input: crystal structure

Seko et al., Phys Rev Lett, 2015
Property: LTC (lattice thermal conductivity)
Input: crystal structure

Balachandran et al., Sci Rep, 2016

Property: elastic properties [bulk, shear, and Young’s modulus]
Input: crystal structure

Kiyohara et al., Sci Adv, 2016
Property: grain boundary energy
Input: interface structure (grain boundary)

Ju et al., arXiv, arXiv:1609.04972
Property: interfacial thermal conductivity
Input: interface structure

[SOFTWARE] Ueno et al., COMBO: an efficient Bayesian Optimization library for materials science,
Mater Dis, 2016

38

135




A ZRBILICED C EZFOER - et o @R

4 x9B|DEEEHY A 7L iR EEEZRE

ARTICLE

Received 2 Sep 2015 | Accepted 4 Mar 2016 | Published 15 Apr 2016 OPEN

Accelerated search for materials with targeted
properties by adaptive design

Dezhen Xuel?, Prasanna V. Balachandran', John Hogden?, James Theiler?, Deqing Xue? & Turab Lookman'

Finding new materials with targeted properties has traditionally been guided by intuition, and
trial and error. With increasing chemical complexity, the combinatorial possibilities are too
large for an Edisonian approach to be practical. Here we show how an adaptive design
strategy, tightly coupled with experiments, can accelerate the discovery process by
sequentially identifying the next experiments or calculations, to effectively navigate
the complex search space. Our strategy uses inference and global optimization to balance the
trade-off between exploitation and exploration of the search space. We demonstrate this
by finding very low thermal hysteresis (AT) NiTi-based shape memory alloys, with
Tiso.oMNise7CuggFes3Pdp, possessing the smallest AT (1.84K). We synthesize and
characterize 36 predicted compositions (9 feedback loops) from a potential space
of ~800,000 compositions. Of these, 14 had smaller AT than any of the 22 in the

original data set.
39
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Band gap [eV]
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Orange: DFT properties of existing materials
Blue: newly discovered materials (SPACIER)
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(aka Marr-Albus-Ito model)
INE N —E T b

(Marr 1969; Albus 1971; Ito 1982)

Climbing fiber (& _L#F#)
Purkinje cell (7)L 3> THfif2)

Granule cell (EBXI4HAD)
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AN 757

membrane potential (mV)
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(Yamazaki and Tanaka 2007)
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