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2| ARtIERE o8]t AlAA] 7] AJBA7E WorAIHA] ofof] tigt A ERE 531 T AktekE
ol &3t A A WAL 2 2419 24 B WHEH) TR FEEFE =4 (property)E H&dhe B4
oft}. ofuff Afi&5kaA} o= E/ge] FARIA | met ALY A K First-principles calculation), #4528t
(Molecular dynamics), ZH7IE2 AlEHo]A(Monte-carlo simulation) 9] thst A Atx}st
Algd o/ 7]wo] 82 4= At ol=et Aktuet 7iel FAtsh st sA Y 3 &Y
SOl 7I8k FAL Qln. &, Akleke o8]t 44 AA WAl “RIEA" 7123 principle 719
AT Aol RE & Slth
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1st paradigm:
Empirical
science

2"d paradigm:
Model-based
theoretical
science

Changein Heat
internal
energy

AU=Q-W

Waork
added done

tosystem by system

3rd paradigm:
Computational
science
(simulations)

4th paradigm:
(Big)data
driven science

Predictive analytics
Machine learning
Anomaly detection

Density Functional Theory, Molecular Modeling
& High Performance Computing

Laws of Thermodynamics, Kinetics, Quantum Mechanics, etc |

Experiments

1600

(Agrawal and Choudhary, 2016)

1950

oJAH ATALs H HHolE = A Eoll wA JESAL A,

Yol AL TS

6 Convergence Research Review

At o%t Aol A ASAEY ATEd B
831 o] AT
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II &%li=0F 28 ASAls A0

ATATE AA 24 Aol B8st7] Asirle 24 glolgHolL, 71A 5 (machine learning)
daElE, 193 HH(feature) T2 HATHE (descriptor) Al 7H] /8247 BRSHKBishop, 2016).
of7|4 &4 glojE#jo]Ae 3ol FAA o R HFold dielng, o FoXe ZASk: FarelEd
A /A ATHEO Hisf AwE A} gl

71ASs EaEEe dolHHelAo FEel FAstaar sk Ao wit A|=SkE(supervised
learning)¥} YA Z=85(unsupervised learning) 22 FEHTHAZL, 2017). A=k F¢- 49
(input) Ho[E1}F Z2(outpur) HolE] LR RS Blsslo] -2 AHAlo] mdS gt I9 %,
1 B 7RI Foi7l AR =gl Histe] Sk aiSshe WAlelth. dubA o s A A7 Al
AP R(FE D PR SEHE B4 &Sk WAlolth tiAE o] 9o A|=dkso] Z-g-E o]
Aot olE S, AR 7 2ore] Af a419] 2R FEE JY WeE stof Wi=i(band gap)
ZE AAHZ B3 55K Pilania et al., 2016), S AHE ST 9 24 24/ 9% AEE
FE 929 FAUAE d&ske 59 Aol Awsks Wilel A2 4 Utk

S, WA =SS Sk AR Qlo] Jk dlolE o] 5% BAQ W¥l(pattern)olyt SHAHT
(clustering)?} -2 E-F(classification) o] &% 0 & AR 7Fs5itt. o d&2A], AR AALR
FARES weste] AElE(phase diagram)Z UERE A7} QitkLong et al., 2007). E 12 o2&t

7ASks Y] Rt I 2R e S8 2ot AEE it
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01 QISK[s, A JHEO]| EFolCt

Machine learning Algorithm Applications
Regularized least squares
Support vector machines Predict processing— structure property relationships;
Supervised learing Kernel ridge regression Devglop model Hamiltonians; .
Neural networks Predict crystal structures; Classify crystal structures;
Decision trees identify descriptors

Genetic programming

K-means clustering

Mean shift theory

Markov random fields
Hierarchical cluster analysis
Principal component analysis
Cross-correlation

Analyze composition spreads from combinatorial ex—
periments; Analyze micrographs; Identify descrip—
tors; Noise reduction in data sets

Unsupervised learning

(Muller et al., 2016.)

Theo® 34 52 tAayE] tof HuEat B &4 71A%Ks RoplA:= input JEE HA
22 yaage £23, 292 E4(property)ltal REH. 3 d2A IFA 52 o]t S

A AAE otiA T wf YRR S AT FRA HHEY SHUAE dSstaAt gt
o] A%, AR 2 ATt HA/HAIHETL He Aolth 22 7ASs WS 28 o
A TH9t E49S AAslok Stk AL S0l ol BACE ASHE WolA A=A HAHE
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YA/ AATER 9ol 244, AW B 9 7], A% FF U 5% 52 YA 4 84E I uefichd
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AEAsS LAVl 85| A dirtiee] 24 E doeHo] A7t A= ofof gttt Arelutet,
60 22 FHIA dTAS A7 - EEsHA s ol BEZ Hlo[EHo]A 501 Zolsl]

oltt. et £of WolHe Hiol 2 - ZotollA HjElofele] B8IHAIE 71 WA R[St HolE
Hlo]2 F550] LAHFH AAH Lz o] RojARIE. olof H[slH, AAlRoks T2 &4 HolEHolA
F50] Had SA ARE QAR Ad 109 E@t AFs] wE SR gofE o] o]RojR|1L Sl
aA oA ElojEHolA TS w2 Avfiskal, olF o]&ste] ofudt AFAIE AF-E0] FHZ
ojFoiFon I YFH2 ojHIA| Az AHRIT.

3.1. A2 HO[EHI0]A 15

3.1.1. FX™E HIO[EfH|0|A

HalojlA 71 AR08 FEEofof Sk HofeHo| A EA 7hset BE AEY] 1RAE
Az oz ojn] oL ARE I Qe 2AIES =&AL 7THIeR w0l & e A
£L n% 1gkitt 7P 2 F2AH golgHo]AQl ICSD, CSD, Chem Spider® A2 4751,
27} IS F 9RE ol 20 A2Islel e
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» ICSD (Inorganic Crystal Structure Database; £7|Z2%7% H|O|E{H|O|A)

Home | Contact Weicome to ICSDWoeb. Buchsbaum , Christlan

Detailed View

Back o List View  Back to Qu

Entry Details

Expand All Collapse All
* Visualization

Published © R Powder Patiern of 1CSD Coll. Code: 109857, PDF-Num beris):

R Cu i Oz (12 00z

. om— -

fp——

J.ih|L|\ in Window I pjﬂ A A AAA n Aﬂ .i\“ fﬂ]

~ Configure Structure Display 2Theta in d_ep,rees

Unit Cells

i ] B Display in Window | Exportas x-ydata | Export as pdCiF show as PDF
Dkplay Content ~ Configure Powder Pattern Calculation and Diplay
i Calculation Parameters
Romin: 03  R_max: 23 Radiation Type: | x-Ray Ditfractom ote G20
CH-Bonas Wave Length: [ cy Tl Custom WaveLength: 15418 A

Ml ponmete

(https://icsd.fiz-karlsruhe.de/search/)

FIZ Karlsruhe 7]1#9] F& stof] 38 AlA il F7|AE 247% Holg#o]2olt). Thda
=4, FE, 75 S5t 3RE T EAET B FIAIERS Aoshal, 2 AR @R, Aol T,
Pearson 71%, Wyckoff A5 &3ttt @A 188,000 719 &A1/} SEE o] 9loH, dfujct Hit
4,0007] o139 Mz s ¥ FJEE0] F7HEAL ot
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» CSD (Cambridge Structural Database; Z{E2|X| L= H|O|E{H|0|A)

c c >< Search Q Register

Community ~ Research & Consultancy ~ Solutions ~ News & Events ~ Support & Resources ~ The CCDC ~
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==
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Ct

The Cambridge Structural Database (CSD)

The C. i Structural D: (CSD) is a highly curated and comprehensive resource.
Download CSD System case studies
Established in 1965, the CSD is the world’s repository for small-molecule organic and metal-organic crystal J
structures. Containing over 900,000 entries from x-ray and neutron diffraction analyses, this unique database
of accurate 3D structures has become an essential resource to scientists around the world.
Read the CSD Systemn data sheet
With comprehensive and fully retrospective coverage of the published literature you can have full confidence that your
CSD searches are returning all crystal structure matches. The CSD also contains data published directly through the
CSD as CSD Communications that are not available anywhere else. I
-ﬁ Take the next step: request an evaluation
900,000
4] g
800,000 - I h View CSD statistics 9
700,000 I — : i
[a) ! I View the CSD user guide, tutorials and LK
(2] =] technical documentation 2
O 600,000 | 1 |
o l ol
= (] S
N oz
e 500,000 0 -‘! View the supported platforms =
@ - [ | N|
= 400,000 =
=} | S
G .l Visit the CSD Support Page R
% 300,000 "
o " &
Qo
S 200,000 - - D
£ - b S|
= =28 =
< 100,000 - — H
— 11 =
0 lmm=mznmm =
N S 0 0 O N & © 0 O N F © 0 O N T W OO NF D 5]
I~ ks s s @ © © © 0 DD DNDO QO QO Q — = = =
@900 020002

(https://www.ccdc.cam.ac.uk/solutions/csd-system/components/csd/)

= FHB 22| 278} Hlo|§ AlEl(Cambridge Crystallography Data Centre)?] F%= stofl £5% A4
9] f71E £ golguolrolt £ &2 {718 EAEOY Bt F45-771E SIFE] dst]
T2 ZRE 85 T glck. @A) 900,000700] Dok AffEC] 5EE 0] glon, suitt & ARE
7I9FO 2 Bt 30,0007 o3 MEL AFfEC] 7t SEHIL Utk

2019 January vol.5 no.1 11
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» Chem Spider
F=gE353](Royal Society of Chemistry) & st 3fe} 29 o]-87Fs3t HE U} o9t &
H HRE she] AA ARA Fgela MQle o B4 oz ATE I} F 48001719 Hloje gzt

60,000,000719] EE3 315t E4S A+ Qict

Home Aboutus WebAPls Help & Signin N: RO?@!-L(ESSICS"%

ChemSpider

Search and share chemistry

Simple Structure Advanced History

Search ChemSpider

Matches any text strings used to describe a molecule.

I Search Q

Systematic Name, Synonym, Trade Name, Registry Number, SMILES, InChl or CSID @

What is ChemSpider? Search by chemical names Search by chemical structure Find important data

ChemSpider is a free chemical « Systematic names « Create structure-based queries Literature references

.
structure database providing fast text « Synonyms « Draw structures in the web page + Physical properties
and structure search access to over 58 « Trade names « Use structure files from your + Interactive spectra
million structures from hundreds of « Database identifiers computer + Chemical suppliers

(http://www.chemspider.com/)

DB 0| =5 =3 Holy & URL fE/RE
American rruff.geo.arizona.ed
Mineralogist 45, =ou X HE u/AlﬁS/e.nmcsd .h 22
Crystal Structure Database PP
Pearson’s Handbook: HXM A 5 N/A
AX, AsZt X X o
Crystallographic Data 289 AN, S8 TE R (Hard copy sources) we
RIF7| AM,
Crystallography Open Metal-Organic ax Ny www.crystallograph oz

Database Framework (MOF) (&,
biopolymers H|2l), 2517t

y.net

(Hill et al., 2016.)

12 Convergence Research Review



3.1.2. 2=y EE CO0[EH|0]A

ICSD, CSD, Chem Spider S9IA 758 &4 F24E Hlo[efHo] A 7|Hho= tefet 24] S44E
glofefdlolx (d: et G, A7I/A1/71A44 AE 5)7F #5501 e ool dEA<L Al 7]
2AE/ AE HolEHo|AE Avista, 37t ARIES #30 ARlste] YEhlT.

» Open Quantum Materials Database(OQMD)

o=t e AAE ofs} (Chris Wolverton 8)2] S 3jof], 1CSD Wl #7112 E tj4fo2 DFT
FoluA] Alktelolel 470,00007h8 F5otglom, A AL/FAEL ek ofd ERE oM

AR FoIAIE 7Rt A= o] Ao, et 22 ARl dst Jae Attt HolHs
AREALS] FAo]| 9HA| Algs7] $IshAl, g API(Application Programming Interface)g theEE SH=s
sojlon, EE AN, 94 tholol a8 THEY|, 7IAAH SikE 2%, AYTR A4 HA
dloleHo]A ThEgE 59| APl 7|52 AlFstal AUtk & toleolAs g 4, 2F ol HiE
1aE Yt GAM 5 2ol AREE AmES 238 Y(screening)sh=H| 2] S-EE 1L ]l

OQ M D - Home Materials Analysis Documentation Download
N
The Open Quantum Materials Database
Newsflash: OQMD v1.1 is out! (Download it here.)
Welcome to the Open Quantum
! P Current status
Materials Database 0QMD v1.1 has been released! Download it here.
The OQMD is a database of DFT-calculated thermodynarmic and structural | Lo ot o o or o e‘;’;f:of":{a";jl'y";rf‘g’;:
properties. This online interface is for convenient, small-scale access; fora | Recently added compounds mclude: EuPaBe Proar

more powerful utilization of the data, we recommend downloading the entire | PaReHg AcLaPa KPaMo
database and the AP for interfacing with it, from the link below.

You can...

Search for materials by composition,

Create using the ical data in OQMD,
ground atany it

Visualize crystal structures, or

Download the entire database (and the API) for your own use!

Tweet @TheOQMD to ask what is stable at a composition, or to get a simple phase diagram!

[, [ e
¥ oamp o [ % oamp o [
onl here is your Pb-Te-Sr-Se ChrisWolvertonl LiFeQ2: stable, dH=-1.98

eV/at E_g=1.54 V=9.03A"3/at

(http://oamd.ora/)
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» Materials Projects

o= ZdA WEZT] FHATEA(Lawrence Berkeley National Laboratory, ©]5} LBNL) 4<%
Gerbrand Ceder, Kristin Persson Z482] £ 5t [CSD Wel F71A= (70,00097)E tido=
ot a4 712248 R FUoh LBNL £9F ofyet, @42%] =3 A7t4(Oak Ridge National
Laboratory), ot S A4 (Argonne National Laboratory), Aitjoflo]al 5778 Al o] &=
Gzxoto] HoleHo]AS FEIIL k. A 47lE OQMDEF APEARI R Aol Sl aAREAo]
o gttt OQMDE 739 st AE (o AUA)S AFSHCRE HlolgHo]Ast AZAI,
Materials Projecte= @98 A4S 0|1 2714 4 (A A7) BHE 37)), 1714 4 (o W=
ttolo] 18, density of states (DOS)), 71414 A4 (o: A4 =, A ©/d&)7HA Hlo|ef#o] A}
SHAT.

Home  About~  Apps~  Documentaton ~ Al

Harnessing the power of supercomputing and state of the art electronic

The structure methods, the Materials Project provides open web-based access

to computed information on known and predicted materials as well as

M ate ri a I s powerful analysis tools to inspire and design novel materials.
PrOj ect - to start using

Electronic Structure Density of States.
TbF;
Material Details
- Final Magnetic Momant
0.0000
8 kg e
5% Formation Energy/Atom {s‘)
o -4.1520 eV tﬁmﬁf
=% Enorgy Abave Kol
H Indirect XTI bandgap = 7.7511 eV 0.0000 &V
w Density
7.16 glom®
: - Space Group

Hermann Mauguin
Pbnm

(https://materialsproject.org/)
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P Citrination Materials—Data Analytics Platform

Citrine InformaticsitolA F52 Z71E AlA ] A= dolg EEo|tt. kA 470 OQMD,
Materials Projects Z1#]11 AFLOWLIB} 22 H|o|E#|o]20fi= ICSDOA Alg3he +24HE 7fte =
A Aktgro] AR=lo] Qlrt. ¥FH, Citrination EE0] 7|& dlo|gHo]AEd} ApEsts)= He
A o F 7ol (1) =&, 53], 71 HoleHolA 59 B HlolH (B3, HIAR)E el
Aptejolg #4t oz} AR s St AHTo[E7HA] B ZAIZT (2) HlolE 3ol IAA] ¢kal, 3
golHE ol8sf 7IASES dshe 715S WA CZA HolgHolA Wofl A4 g 249
disiA = =4 diE0] 7RssH She 7152 Alsshal AFA o 2e AFAREo] Woke B4 7He AT

ARYS HolRL “gulsF AYPAA” 7)15S 2r)sha Qo)

¢

@ Citrine  Search AddData DataViews Datasets
ke

Citrine's public platform for data-driven
materials and chemistry research

Here's what you can do with Citrination

§ > K

Search Add Data Analyze

(https://citrination.com/)
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DB 0IE =5 =% oy 3% URL fE/FE
172,000 Xz, 7= )
=M A y =
AFLOWLIB NM2SY, Abt o1t 77|, 7N 24 aflowlib.org 2z
Ciyst 34 BH 49
Cathpp S0 A | OUHES (22, dgg | SNOTS oel EF]
O], g3t x| S)
CINDAS High IE2F Mz
Performance (&3, oM, 7IAN B cindasdata.com RF
Alloys Database AL /AHE
DOE Hydrogen Ak TE www.hydrogenmat
Storage Materials 71|M/Ma’ 24 NY 8% erialssearch.govtoo =
Database = Is.us
Harvard Clean Energy | 87| EfUHX|, cepdb.molecularsp
. EfOIMA| T2 24 =]
Project At H&EA =e ace.org T
Thermoelecrics oix = www.tedesignlab.o
. AKX, 2oiak FHgs B S5
Design Lab STAK, 2o shee =T rg T
www.thermocalc.c
CALPHAD 4 R - om/products-servi
% A A HEE Q=
databases =% S S ces/databases/the ™
rmodynamic
Computqnonal ot T2 B '
Materials - O2ME HE HO0[F cmr.fysik.dtu.dk =
Repository s
NoMaD Repository | Lt ME, A4t Z0|LX] nomad—;iposnorv. o2
(Hill et al., 2016.)
3.2. QBK|SS &=t MY A

3.2.1. 24l

P 72 7kt HlolEMlol A B85l0] 20154 0|2 AFAS A77F Rufelo] g H2Hos
o|oiA|T et QLgAse] 4740] Toh B70] AT T I3 Hckl, B 247 A1)
welchele wkE 47t Sl 7180] Ak F]ute] ARz (Edisonian approach) 3L, 1F
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Ase 830l s AlmsS AdEste] BH0] 7hss] mieelth deAls Ll A4l A8

= HEAlo] gis) ool Arfsith

P QlISKls 2 JHES| 3TA|

345 1l e 7 AR FAHEHLiu et al. 2017). A HA HAE= AME F£4(Sample
construction)o]H, o] F-&2 oA Al dlofeo|A 5o sigErh. @A AlRofA] HloE#lolA
TE2 Ho[H9 A =oI7] AsiA Altel HESS E8ot] FE FAHEAN FFole A4
AHETES S o Wit dlojEHo]AE SAeto] BigHAlsit. o] IolA Vs 7HY 2 AR
glol8 ol B2 astAY 2Rt glofeEe] Z3tE o] =t ole ZE9] 7oy s H7iof W
[48 AERIt) o9t F2 HolEEE T 2 AA(cleaning)sh= AU o] ©APIA T HaRit.
WE 4J(Sample construction)olAl= HjolE £33} HEo], 7|A[sks Zdof Jggto s &84 nHE
27k Ak oA APt YAE 2Aske A 2AATAE] A} =HQl XAo] B4Fos
[FE. FZol= 71ARREY =g HRtAZ17] H13 e R wA S AsSfelal o5 2|5}
Sk At AR gds] A Folch

T+ WA Gl AR 2E Aotk A HE ERITFEE BolA Sl E8E JEE S8l
oW TRt 71Aeky daEEES B e /NI 4 ok ofRt JEgiat Stol A=A
A2 Ao A= H|ZA| =8k (unsupervised learning)S S E3Kclassification) EAIES Eoid
= St} PR Sl HEo] HEHAelt AF A= B E44S HEEE SRIgh. £
o8] =2 ATTIt Yo HALE W] YallA cross-validation 53 22 HH-S &8sttt sigke
7|Aks 2do] 71 ol (o714 712 AFtY] A0 wet Akl ofs A4 EE A B
FEO R Fgsithd, dlolEHolAo] gl= WA AAER Sste] B4 Ule HE £EE dSshE

% 9.
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AN
\¢

Evaluation methods, including

/ Step 390 hold-out, cross validation and
e.g., properties, structure tep ‘ Model evaluation bootstrapping;
R 0% m Evaluation indices, including
-0

& ﬂ CA, MAPE, RMSE and R’.

2 ()

Step 298 Learning methods, including
! 8 ' regression, classification,
| T T 7Y ; Samples C]ll.Stel'i.ﬂg, PrObablllty )

% estimation and optimization.

Step l’ . Data preprocessing, including data
cleaning;

.-q ‘ Original data Feature engineering, including feature
.y extraction, feature selection, feature

construction and feature learning.

1) Sample Construction (DB 7% 2! data curation), 2) Modeling building, 3) Model evaluation

32.2. AH AT ARIS AN
Ak 34 71k Blo] AR oo BlE ST ASEo] vt BiE ATET} A4 AL}

MEERE A5 ARIES oFfolA duEnt

> AXo| EIME =Y 05 ST

o= MIT A&3t Jeffrey C. Grossman W82 2412 FAAH &4 A5 5814 Crystal Graph
Convolutional Neural Network(CGCNN) Q13A)s I18&2 /st Xie and Grossman, 2018).
aA9] ARFEet B S EE5H ssol] fsiie ARl FRPEE 27l Aol
A WA dAOIRL 452 oItk Grossman 1 AFEE 2419 FRAYRE A29HAI717] HIsRA Crystal
graph® 7dS Tdsto] 244 AA9] F2PEE me FASH d23tA7l=t S SIHTHLHS).

E AJFoA= A7) A70 = Materials Project(LBNL S5} /gt E4 glo|g#o]A) Wof Q= 4R
HE ZA(F 70,000997)F sEAZLH, 2419 7 712490 Afa4d]] Sk, A7, 71A1A
BASS T2 gtie s Aeolth g 59, 3 A4ouA(bulk formation energy), At o]

(absolute energy), Bi=78(band gap), B20| AlHA]|(Fermi energy), A& edS(bulk moduli), At

18 Convergence Research Review



eFAJ-E(shear moduli), Eo}& H]-E(Poisson ratio) 0] Zst=th AAQ] BAdE A= Myt

e Q5514 Yehdon] 7S WU wokE(density functional theory)e] AddH] 7IX= of#&
He} 7|43k o o7t H WSS HolFo], ZIAsks0] 2AE A&l #8 7leE AR 4
e E (3™10).

L‘i

Bulk Structure Crystal graph

(a) o
L) L E’E S~ —~

(b)

[ ]

([

° Output

° Material property

eg. Formation energy, Band gap,

R Conv L. hidden Pooling L, hidder Bulk/shear moduli, Poisson ratio
' J
~
CNN
/©) Prediction accuracy I
# of train
Property data Unit MAE4e1 MAEpgr
Formation 28046 eV/atom 0.039 0.081-0.136 [28]
energy
Absolute 28046 eV/atom 0.072
energy
Band gap 16 458 eV 0.388 0.6 [32]
Fermi energy 28 046 eV 0.363 e
Bulk moduli 2041 log(GPa) 0.054 0.050 [13]
Shear moduli 2041 log(GPa) 0.087 0.069 [13]
Poisson ratio 2041 e 0.030

(a) A%HQ] ZXTX HHO| JHT THE} (b) Crystal graph? CNN IS E5t HI2M 0E TAE
(c) CGCNN ZHo| ATHEY 0= MElT (MAE=mean absolute error)
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01 2ISKIS, A JHEO EESHCt

p AXf ™LX FESHCrystal Structure Classification) ¢7

=9 Fritz-Haber 974 42 Angelo Ziletti, Matthias Scheffler W48 7|Asks RS 7fdlsto]
A79] 318 EH(x-ray diffraction pattern)d 229 AHHAIE ShaotithZiletti et al., 2018).
o213t A Szo] FAor o|Folthd, w9 Aol tisto] JEueS Hojik Fof|, 7|A ks
2eS 3 A4S FRAEE dobd 4= = ARo] ol A B ARIAN] HAl= el wie- 2 o=
7|

A7) WA ofoltioli= FAEE o|n|A] I AA = HgRE Zolth. AFAlT FAEEE AK aA

- o]o]| ofulA] ZAAF (Z=2 24 5)oll mie- S3l=lo] WEHo] foug AA) /idE Hed daElEs
(convolutional neural network 7[¥H&2 ovA] #4 % ol Sf=of3int. A7+ o=t AMde
QAL S HE S ofw] A3t A|AA thefRt AAfofl Hsto] 2HFE2E FEs =t gttt /dE
Y252 H3Hdefects)o] Bol EAst= 49| ol 2-8o] 7Fste Ko, AA] A A A<
A9 &8 7Rl - 2 ZAow wdEd

a b c
| 1
1 1
[ I
mn| o s :
| | (1]
= H L
Conv&lutlon Convulution Downsampling Fully connected layers Classification
non linearity non linearity

(a) OJX| 229 diffraction pattern, (b-d) Convolution, pooling, fully-connected layer 1Y, () ZHTZT T8 XX

P ORLSIErA SHHE FOPHY 7155

uj= HAYot g Hongliang Xin 4> G782 SH] CO2 &8 Sa5t /g A7l 71ARksH e
EJFHMa et al., 2015). Ff EHY] FAUAE sfohtsde] Haadsz g2 EHA
T FEUA] g2 vt W2 H FAARIE FRE I AR 7IRke= Allsiofol dg 4
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whol whe B AHY AUT AZHE 27 o ATHE 0|9 W Aol thelel, HIISHE X
@ 7A)9] d-i ARSI SR (2 ATolAE C0) FHoA0) ABiAE ABAAE SaeiEes
S5 1 A7 e 7Asks B9e 7uos A8 eE Ao gl SuARse) FhIAE
o9 e w2 AZHAHAT Bt oF 0.13 eV). Fu) Hole SoiE Fu, BRI FF,
sfohilg 2 So| YR teslal B3kt wEe] Aol Aol A4 Agstel AfRE Hohy]
7l P Hopoltk, BAH 7|Aka e £YS oleat WA FHAA A AR Aol b 14
548 02 7|TEtk, 20154 Xin 3490 AT o] A5 3Ugk ch WHS-S 2AA1Y] St Zel
e Qi70] Z1ARk o] A8HRoR, 1 ARKE F9 S okl H3ol st

(a) Oplimal | | | i}

.. :::: ++ .:8: zz:g: 05 [RMSE:0.13ev ]
¢ -

=l eo ooe ee® o0 o,

15 S‘-o.s

2 Mo7 B ol

: 83 0.

b1t 3 3333 83333.

l6 ..K‘ —-

§3333 3333358833888 L=

o 208 -07 -06 -05

Sc Ti V Cr MnCo Ni Cu Zn GaGe v NbMoRh Pd Ag In Ta W Re Os Ir Pt Au Tl Pb AEZT (eV)
a. 7I7EkE REE oIE5E 0¥ 3 BEY CO SE0UX|

b. 7/HskE 2&t DFT AMYEES| SROUIX| 053! Bl
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01 QISK[S, A i

o Eisict

ABE 7|H=tE

e o

N

(EXoIux ¢=8)

Toyota. Ryoji Asahi | local similarity | EHTEE HE (metric 7§, NO Zafure S PEZ; %hem.
HIALE kernel local structural similarity) = 1779-4983 i2017)
S;L”eggihzﬁr‘i”w TPOT QAME, YRS, OjAtaIELA Nat. Catal. 1,
: : ' HMI|SME  HiQA H7|13e -
Ulissi 1] regression M7ISME, 94 M7\ 696-703 (2018)
Univ. of
Massachusetts. graident O[AtBIEIA J. Phys. Chem. C
Ashwin boosting d-band 4%, BiQI4 erliﬁ,: 121, 5612-5619
Ramasubramaniam regression - (2017)
g
. 8 SHoIX|
Penn. State Univ. A0 L
x|, AtA ZZ ore . .
Thomes P. Senfle Lsso | HHE S Aﬂﬂ B o s 00!
e 2V [[EWN (single-atom 531-539 (2018)
Te catalyst)
KIST sty ZE2 ° o = AT , .
st Graph CNN FIBE Y HAIES | o (o) wuy) | AAV1812:02949
. . - Chemical Science
KAIST MM DA kernel Ridge d-band 4% (Muffin RIS EN 9. 5152-5159
Regression theory) M7|etd ' (2018)

> ENYE AN BY Ti48 o

u|=t glAA FAE 18} Jakoah Brgoch ¥482 2117} % (super-hardness)9] 71412 A2 7=

A GG S5 AT 83

do

fe 712 &

A& (sampling)te], A2 8T} Ak PSS
o= gaslo] % 118287719 sist Ao
150 GPa oAl AEE %

% $579] ol Aus

#oz Ausisct

300GPa o[, e THE
Mo0.9W1.1BC, (Re0.5W0.5)C
el S AHk0.

THE E0

S AowA A
H2Esfolsls ARs &2 SE2 e

22 Convergence Research Review

5}t Tehrani et al.,

Z]3H o]g—

2018). A=9 7= (hardness)=
32 AA T3E(bulk moduli)et A TdE(shear moduli)oltt. 8 2,572719] Awg
247F oot A& 4 Sl 71ASs REES S
71ASks Hes A8sto] A4 2E

AEsto] AolA
SISl AA AlolA oF 129179
2 AR E71ESE, Z1AIRs B
Ak 24 7o) 7iEskE Adet

~ESo,

=2 o

S

Bk

a1 A%

2dg S AolA

o] 7he] Shfolrt.



7|1AEtE 2 sHEZE0t A (=0T EMEDt
a) - 400 (c) 400
?5 | {® Mo, W, ,BC
‘7;300 o (Re, W, ,)C
& 300
- 200
2 L
o »
8 100 & 2001
o S
3 o i 1 - Auiaininiaing
100 200 300 400 O]
B¢ (GPa) 100+ !
b) 05 : I !
© S 0.4 - !
c 503 - |
O o B O |
5 202 - ’
s £ 0.1 - i
= O ] - H =
(8] 0 1 | 1 | 1 | Il " 1 | 1
-100 -75 -50 25 0 25 50 75 100 0 100 200 300 400 500
L percent error By (GPa) J

(@) 7175t 22 2 (b) 2EQ T (o) & 12200700 AXHO| SHEEl 7R o XS X H3H B AR

P HIYE Z4(Glass former) B 7145 o7

o= AT ik Apurva Mehta 58 2 AYAE tish Christopher Wolverton X482
M2 v E F(metallic glass)E 23 Hl= 2ol 71AI0RsS EUSHATHRen et al., 2018). A
w52 2P40] ARt 55 UBl 22 71AA Aot #4dS Hol7] wiZo E87H7F Atk AA| 39A%
49A19] S&E0IM HIARESKE = 5550 0] He 97T g2, BMstoolske Alrgd(Rasy
2 270l YT HhisiA Ate] ZIgio] wie- T A7goltt. AAlE 394 B5E(A-B-0)Y e TRt
ZAollx] o] HIZA FAd52H(glass forming ability)E 71 4= A=A S5 7|ASE BdS
TSI} oF J- 14914 Co-Zr-Ti, Co-Zr-Fe, Co-Zr-V AE 394 Z&AZE0] o ZAof|A
A S50 EAT 4 Qe 7FsAel X9 Hisf 71AIsks o2 A&t s Holet A"
AREL AA5S Sl A 152 A (glass formen)7t AR E 471 98-S BRIEIHOH, A7
S A+ 2of a4 T2 £=F oF 2008 /MAAI7l= Bt Qvkal Btk

d
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01 2ISK|S, 21 JHEO| HFoHt

d3 14 J|AskE &8st 1dEse| HIYE 24 BM. 384 =

0= (glass forming ability) Ziat H|x.

Overcoming Challenges

24 Convergence Research Review



37olA A viet Zo] P AFAIT 71e AN vt Zofoll E-851L Qith. of7|A4
AeE B iFE 222~34 ool FRE T Aol 5T Za7t itk AlTolA AGRE HIL Zo]
SARROR] JIBAS 712 B &ofl HIs) =A AFEI $2l= 1 olE &4 HlofEH|o]2 oA
ZHZ 5tk & 23 2 A A 7 s &4 HlolE o] A F8/3E & EA] Zokal Jllrh
J139H % 7] EYo} tistal(University of California, Berkeley)2] A&@3}8k2}1 Gebrand Ceder W4+
20008 24 QI7HAIE T2AE(Human Genome Project)oflA 37+ ¥o] 183 (High-throughput),
glole] S4(Data-driven) 4 53 247N otoltjolE AZsltt. o1F AVI=Z 2011 ml=olA
‘AAARFe YA E]E(Material Genome Initiative, MGI) 7} %911, o|& 7|5to2 A4 Hlo|gfHo]A7}
AAR R F557] AR 22|13l 24 glojEHo]A7E FHet AFIFs SR ATAsS
aA7E] B-857] AlZkstgith

I8 o= A4 FoloflA QIFAls 7I&o] ofd e r gdA At e A% ue- S35t
A 24 ZokollA AFAE 71e2 24 24 9 72 YERERE A4 245 dlSske T HIE
ASAE 718 &4 A PAL 71E ALlst Algdold7les A fiit oS St 89 £ o
o]k AaE XYL YA, oH5] Al¥2(trial-and-error)oll 718t & o) AY<HEdisonian)
A Ao HEY ATHIE 15). &, @AY ABAT 7IeRe 2910] Yoke a4 £4d0] U fi71]
24 FEERAY E TR 5E HHHEEA dEsEs Aot

I

E
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01 2ISKIS, A JHEO EESHCt

Edisonian (forward)

Epc OQ@ e~
B OS>
EcOQD<e
EcOS2<0
Epc OB«
=Tl T-T
B0«

C R % Jen- IR

Inverse design

7
se5. i@k O
*.ov—)
oD
9 Iy
ik ®

(Ceder and Persson, 2013;) €& JZlg X2 53t

SHEASE W7t ole EAS dE BEE ol ojuf 1 E4S 2= A JRE EEdias 484
7]%0] 7ol E¥ 7] oftjaueh HIFAelA 23 & Q11 © Yot AR A2 setilS
ABdHE & Atk 71E a4 YRERE B4S 5ok WAS AU AR (forward design)ol=t
Siobd, L gkQl E40llA A FRE diEohs WAl I (inverse design)olgt BE 4 Qlth
FPol= ol FF a4 AANY AFAIsO] T do] Y Zow wditt gt a4 dA A9 o
MRS 22 vs AEYES k] Frenkel ZE| A7olA Zokg 4 JAtHIH 16). EF 24
HAE7he Mz A el o] 2419 72 FH 52 SRk ] A8 X-ray 59 4 ZRIE o183t
5, ol2fet WAl A M WHaloltt. kAT, Frenkel WHE Ui YA X-ray 4 Hlo|E]
Hlo|AE F551al, o]F 7IMIC® x-ray AHEHYW WA} F2/371010] AUIAE AT
(neural network) 9z F535I3t oA 54 ATAT ZES o-8sto] WA U 4419
dago] 2AHEY HWE ZH(N 1 Y yAe] gtz 9 37] 59 RS 9T & A =

26 Convergence Research Review



Experimental Neural o
data network Coordination

numbers

2
Q d “‘“‘i"“t{‘i

Y

<
=

3D structure

-
- model

Absorption

coefficient
(Timoshenko et al., 2017)

ASAS 719 I 241 44| 71& dole B2 ofee] U2 4 itk 7I8ae= = e
MEY i 8 PER AMPIEEY, 7=, BY 52 Wt B7] tiEelth &, dEAks HEoflA
I=5E YHERE B2 RS Folof ke ofFtEo] Sl 32k AYYHALS dES 271 A Aol
3719 7 4je] Hadk, o 7ie] " ARt 7HAAL 33 AR &8t
oA 71E ABAS 7t I 24 AVeS /Hdshldl AL 3k = 3T olE S5
ot Hjte g 7|E HAF/AEE A Vet U34S 7eY H5S ZAY ek Stk

[A5As 7la 71 Axtet Algeold/ a3 7ieol visf oS vt 4 whar] miZo] 44
7ol u- axtaoltt. SRR AEAIs7ES oA AlaAE 4 oR iEdtke AlRle @A
- Aot ok aAlRopel JIFAls 7les ZEAIE At HA efl] wiio] & H]lolxl
Sttt of2jet olfr= @A 241 2ok ABARs 7IE2 A 5 AFEUE oFF] aA)-E/dRte] A
29| HYS wole dol AFH 3t ol FB F e &4 dISolA wle- F23itt

rir
pack
j‘;_l‘
Jo
)
&
55
e
£
o)
r
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01 2ISKIS, A JHEO EESHCt

AEPgo] Qe 52 AM 2 2Auit Qi A= o2 24 AAIE 77 A= ol2et S
FEAE = Qe R AAE &4 dlolEH|o]A0] FE SRl ZAolth oYl =&, £3] 59 Tad
8 AETO =R HolEHo]AE F55he AHE e AuiE A ZdH] e AFEE $EAY
ZHE lolEHjo|Aglsk= o] Fasitt. dEE Ao /dH HlojEHo]AE ofu] HEFE(biased)
HHEE ZIEO] Sltke A AuRith IS A5Y HEdE =ol7] HsiAlE ol=et H S Eole A
o] % F83itt. ofd HolA 4A] HoleHolAe AufE Ayt oA 5 2art Ak

A AR MZE S A GAEES Wdshe AR 3 194 AAEE 71E SueES L-85to]
aA19] 24 52 dSshke AT @A-4 T 2E el FHE F
Y1 EES oA 2ol 88 Al A= 5] Stk & ATHY A2 ITAT 7IEE ol&std
A9 Aol disf 242 IS w1 499 AAfto] S HlolEHolA HE
S Ho ARt gloEHo]A R vl i Aol AtiA o W2 FES Helth &, @A Bol
85 A5 2 RS Waik(interpolation) A= 2 84S HolAW Qi extrapolation)
Aol iR es W2 Fede Helrh FAFQl dl2Al, tloleH]o]Ao) o 249 QlEHEE
(intermetallic) o944 ghgoll digt FERE A3, o] 7[Hto g AFAs RS 7L, of HolE
Hlo]Ao] gli= 249 QIEHEE o]dA T B4 w2 A 7L 5T & sk ARt
F0]-(core-shell) #29] & 4> UEMEE Fg9] FrErhe ¥ e Btk =& ol
e A= 24 dlojEHo]Ad] Fof-d 2 o] 242 AP ol A= S5 & ok SRRt
olgA HH thA| dl& A= adol obd Ulie] wAlR AdEh IFF AFAlE 7Ie AR HolH
HolA HHE5E 1AL YRS A&shs WFe R APF Aolct. o] oA &4 HloleHo] Al
FE e AR A AEAlE 71w e AT 28T AP o & 19] /IBAlE
P52 or o1/ A/ A4S 52 24 9] ZoF 382 lsiA 7 Zolth. &, 24
e 2219 F2 o= 7dd AFAs YaEES okdAE A= itk B 7]
oot o] ol a4 A= a4 foofl B3t Q3 Als aEE Adol= Il 71 B 8Tt
Aoz ofd A= Al AFAIA ofEtgo] itk WA a4 JISAlE 71E Eoke

(]

mO
=

N
i
o

diEEe 28

ok

o)
v}
i
r I

3/ B/ A 50 B Bof HEiele] Welo] Bolurt Fast Hojoleh
Aze ABAE Sues D DS AU AL ST ALE 7148 St 244 28T 4
UES SHe AR S SR BE AR 48R} Aolols Felze] At weta A
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T 2JAAI] A=F=(Windows)®] SHC= 47 olsfd 4= k. d=%=7}
Uo7 A HFE 2YAAE o= EADOS)E AL, oA B Aol
A F-20h 22 ARA Ho9] E3iEo] MTHA| AUthd AFE ARgol AgET
HAZ Aolghs F0 Fshe ol BAl 9= Aol

HEo AY Aevke A9 @A valTE 9 24 59 A EERE E470] oA HeAlE
YL o] Btk 52 AT QAFAE 7o) ofFA /T EHIAEA], oE PSS o8 RE=Al, oRA

59 714l 2 A #S ZE etk 183 B39 Aol 1E ek itk

glofe#jo]Ao] Zlo] Usk= A1) E4dgke] A, HoleH|o| ol Itk 11 gk A&siF71E HiE

& A3AE 9 &4 HhelHE E3E3} ok A3Als 59 71€49 Fi2 w714, 7 &84
A E4S AN 9 AiED 71 A Ho. 24 HEolBE E3ES} sk 7Ie2 Al AlsS SHeE
gdbs| AYP= Qlck 1 924, u]=9] Materials Project(www.materialsproject.org)?} OQMD
(The Open Quantum Materials Database, www.oqmd.org)e] U1, ¥ H¢ 5 FHo=2
NOMAD(Novel Materials Discovery, www.nomad-coe.edu)?} .09, 7I7ke QL] Ao A=
AFANIMS)E S42& MAT Naviths E3Fo0] Qith o]2e EHEL 44 HEolHE AAcR
S, AREAPE £ 24 AEE AT & Sl 7152 AlSstal Sl shARE glojEH|o]A &
2A19] 24Z AEche U3AIT 7Ie= ERekL Al gt FulolA= 2919 445 KIST ALkttt
ATAE A= Tt 2R B4 ST 4 Ue ERFE(www.viab.org)& 7 E 7 Fof
THLE 17). o] EHEL F2 AL ALT 2 #ARsHs 59 Aklast Algdold 7]&2 7|9t 4
A 24 A5she 7152 AL Ut AT of FoflM oA HA EFES ibat(battery.
viab.org)oll= 71& AL AlEdold7]& 9ol AAAo® 53t olA-A LA E4 Elo|EHo] A%
ol 7|§ko & stof 7hst tlofEmtold(data mining) 715 Al&otal At @A) o] ZHE AFAS
7lE&2 7Rte R a4 242 d5she 71e MEE Agska itk
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8 17 KISTHIA 7HE 3¢ AlS20|M SHE

+ [ | s Legaut

Kls:r @ @ ¢4 Insiico

http://www.vfab.org http://battery.vfab.org
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Research Technology Innovation
v v v
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High—-Impact Al Apprenticeship Al for Everyone
Research Programme (AI4E)
Collaboration Al for Students

(A14S)

(AlSingapore, 2018) M4
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