M4 2]
FAl x AARY,:
Oj2H ArARHe| 21l

Al | 20253 108 21€(&}), 16:00

A | SRl BIS 2

x5 | eiEnep|asle
SRR IIEL |55

L

fodt=min PRS00 P -df -1 1)

The Korean Academy of Science and Technology

KAST

Korean Academy of
Science and Technology




Hidsl Al x AAKH, = OleH AMHATHO| sidl &

Program

ARE | o2
16:00~16:05 sl ofx|

68 0|F= AHM|CHetw AMAXHZS W~
FHYE

E@M MHETRE SAIT OAE(HS)

S|
16:05~16:50 -
(2 152) = x| [2x2] MATHE ISt IIRHI0M 2 JHE M
T skSS MSUet Mzssts uwa
[ZHI3] Al 282 ISt ME{A 7[Hte] BIHIOE 2=
MHYS stsleltilE stEsiE0HER CXIEaetATAE MBS
XNHEE 2 XREE
I & HHEO AMCiety MAXESSH} W
16:50~17:20 _ - _
2 75) Al 20144 MEst KAIST dlARESet W
= ,
EEXI AT Al EE1E X714 S0UCHet W MAXHSSHR wla
Domain X|&la} Al 445 LGYHRERN AR
17:20~18:00 EEQOF I HoISH

18:00 H 3




A
—

O

AN ZZMIA &

Project leader

=
=]

||
}

Al HIH BE W=

| O

|

=]

.1_._._ -
< 3
) K

ol

o

I.

=

4

At SAIT OfAH

SAIT Material AFME AMD-TU lead

=

St

IS}

©

.I

SAIT 7|87|=3 CAEZL

x
g1 SAIT Al & software H-ME AMD# Project leader

oo
st
KISTI H=2%

Al

0|Z= AMICH
QM ArA

IKHF
rk

CIOIE
TEE CX|SSIITAE] MEFR

ol

ol
Gl

b

EHAl 7
A

St
=

ZH

- OIcH AHAATHO

Mgl Al x AIAKH,

=1

&

A

=

-IL.
=

F

S
Sl

t

=)
So SAST O

AN HHO[H HEHA S 18

Sz

Al




% )
© o K0
% =<
o N u_”_u__.m
= . oM = el
o oF IH =

© &l EY =
© _ 1 Id R
o] ol N |_|__L T
o <l ior R0 <l
G + o =0 o -
o ERES 1L sn X
o K o . = Ho = o
0] H .. E <+ < o o =
o o0 @ < Mo K & g M
o = oor e o oF Mo &) I
© - Ho © IF ko ol = KK
& I o = = R’ 0 o &
= e g o B o o VKK

! K = ! = w| ) O
= fo =T ._HI o Z Ho g ol Tl =l
o =K 5 o T = @ Mme_ﬂ@
o A e S & 45 il
i < W5 2 I3 o gy RKOK o
= — J z & oL TH il T = = D
T 5T 5 = > > &l
=l S H R & I3 Y
= i X1 i

1Ho ~ T

< X X

- N ™

3 =3 =3

M M) )

A K K




R, Yy
AN
- .0 @__
(/] “., i
& o%\n |
4
=
7
<
o

- OIcH AHAATHO

Mgl Al x AIAKH,

Contents

—

[ =

ot AMHE ZZMA &

sk
=0

A%} 2=

FRILE 1

EP)

At SAIT OfA

.I

K
<0
<0
xr
OH
iK1

A

I.

ke

K]
il

JHE

Al

all
ny)

=)

1

2010

=

o)
OF

i
%

3

LA

=5
oMl

t

ZH|

ol

21

=

HIOIE
zomEs CXY

|I:|I
=

1o
2

EHAl 71t

o

S
[ =

o
T

s82

2 3

FHIE

Ny
S

LM HIE

S
of

t

3

-IL.
=

I.

ol
o7

ofd

T
1of
104
of
K0
=<4

Ml

37

b KAIST AAKHZEITF T2 cormrvvveeeerssssmsssssseesssssssssssseesss

MES

- 38

3

2719 =20y

A (=)

2M7 LGOI

Domain X[Ald} Al







I_:ll_ -4

Z._\XHJH% )|

@M AMTXF SAIT OAE(ALR)

|>-
JOII







FHILE 1] Algh 2ES BB A TRHA A

qu.' st apey|aata
The Korean Academy of Science and Technology
Hl2423| SHEIHEIE 23]
TAl x dlAXH, Oj2f AAATHO| Sl A

A9t EX S S8 ATYTHY TR HA HA
(Innovation in the Materials Development
Utilizing Al and Robotics)

Youn-Suk Choi
ST AL = SAIT

oj2HE, ‘
LLE j_\2§.10.21

~F

w SAMSUNG ADVANCED
- INSTITUTE OF TECHNOLOGY

Contents

About SAIT

= Issues of materials research

= Roles of Al for materials research

= Major hurdle of Al in materials sector
= Our approach

= Future challenges and suggestions




HAs| TAl x MAXH, ¢ D2 MPAXHO| S B

About SAIT

= SAIT

» Established as the incubator for cutting-edge technologies
» Research fields: Material, Device, System, Air science

= AMD-TU (Autonomous Materials Development - Technical Unit)

* Mission: We advance research to make a better world
» Objective: Innovation of materials development base on Al and robotics

*Applications: Semiconductor, Display, Electronic materials, Battery, Bio., ...

Convergence
HO - awo

iy H

B

ﬁ\
Ee

W
°g|8°

Issues of materials research (1/3)

= Process of materials development

® 10~20 years (7ech. Review, 98, pp.42, 1995) ®

@ lIdeation & @ Synthesis & @ Device test @ Process ® Market
i validation development

Hit rate Financial & technical burden Common questions
a. Hidden physics

A . . .
! b. Potential chemical space(composition, structure)
4

o /' ¢. Screening and design rules

< 38 ’

% S // d. Method of property prediction

()] -’

g T - e. Synthetic recipe

= > f. Optimal formulation or device combination

Requirement level
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Issues of materials research (2/3)

= Historical efforts to solve the problems

adoption of deep-learnings -

>

Informatics, Deep-learning-based

Materials discovery Machine learning {  generative models

Inverse QSAR J Exhaustive Generation l l*
GAN* for molecules
(1989, Moscow State U, (12, U. Tokyo) ilnverse Design (17, Harvard)
Genetic Algorithm 5 (16, SAIT) *Generative Adversarial
(1992, Purdue U.) SMILES Autoencoder Network
Inf . 5(16' FERETE ¥ Language-based
o ! .. foundation models
Experiment planning Rule a8 i Deep N
. . LH;SA* Synthetic accessibilit Reactidln prediction by DNN
S(ﬁ';tgssl'j g (1974, Harvard) (09, Novartis) (16} Harvard, '17, MIT) :
' “Logic and Heuristics Chematica Synthesis planning by DNN

Applied to Synthetic Analysis (12, Northwestermn U.) (18, Shanghai U, MIT )

7 7 Electronic control Robotics
Experimental execution .

: l "ChenI\puter' l

obotics + Al

Py -

Automation of

Beginning of organic synthesis . Robot-scientist “Adam” 18, Gl Us
(1828 by Friedrich Whler) R et (03, Aberystwyth U) Robot-sciéntist "EVE" ( :Zizvtv,c p),atform n
(15, L Manchssel flow synthesis (19, MIT)
; 4
Issues of materials research (3/3)
= Technological evolution
Modeling Screening Design & self-evaluation

HE -EY g
Slmula-tlon & ngh-Throughput Materla!s Al & Robotics
Experiment Computation Informatics
Physics-based I[: Data-driven
Passive screening Active design
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Roles of Al for materials research
T2'67]

.

npj Comput. Mater., 8, 59, 2022
Adv. Intell. Syst, 4, 2100261, 2022

Biology Chemistry Materials

Photocurrent

—)

Nat. Mater., 20, 750-761, 2021 Prediction of characteristics npf Comput. Mater, 4, 67, 2018

Nat. Comput. Sci, 2, 367-377, 2022 Sci. Rep., 11, 17304, 2021

+ Material, formulation, device, module

Acceleration of simulation Materials design

ML Force-Field & Hamiltonian +
chatcPT & » ~Gemini
2 Claude

Grok ~

Optimization o find suitable reaction conditions

F
E_

Cumalative Maximum
Observed Vieds (%)

T

PCCR, 24, 2687026878, 2022
Sci. Rep., 11, 20998, 2021

Analysis of results

ACS Omega, 7, 44939-44950, 2022
J Chem. Inf Model, 61, 123-133, 2021

arXiv:2503.20020; Sci. Adv, 9, eaj0461, 2023 Experlment deSIgn

Robot control for experiment 6

Major hurdle of Al in materials sector

= General steps to develop whole new materials

Steps | Scientific finding Extrapolation Interpolation

Capability Creation Reasoning Inference Analysis Calculation Memory

Area of strength | <----- Human Al -—--=>

One of the main hurdles is lack of data, and what's even more desperate is that it
cannot be overcome easily !

Field Chemical space Available DB DB contents
Organic oo - Reaxys (Elsvier; ~75M) - Properties, synthetic recipe
Inorganic oo + SciFinder (ACS; ~100M) | . |csp (~0.26M) | = Crystal structure, property

In case of organic (@Reaxys) Number of data (a) Feasible chemical Ratio (=a/b)

space (b)
Molecule ~ 8x107 ~ 1062 ~ 1/1054

@ Too small data compared to feasible chemical space
@ High data-cost to make experimentally
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Our approach

Trial-and-Error

g T High-performance
- @ = computing & + Robotics
(‘ E = Informatics
: : :
(‘12~'14) I (‘'15) 1 (‘'16~'18) i (‘'19~)
: v - ¥ , v
Automation of HTCS Inverse Design Autonomous

simulation {wf iachine lemrning) J laboratory

“High-throughput
Computational Screening

[ 15t Gen. ] [ 2"d Gen. ] [ 3 Gen.] [ 4th Gen. ]

Viaterials discover m

Our approach

= Strategy to overcome the data issue and accelerate R&D

» Build capability to search solutions autonomously with closed-loop operation
+ Leverage exploitation and exploration depending on the data availability
» Explore undiscovered area with cooperation of Al and robotics

Materials design Experimental planning + Synthesis Formulation & Evaluation

Formulation
& device Characterization
fabrication

T

4

Mechanism Discovery Synthesis Synthetic L
study* » & Design ’ planning > experiment ’ el “>

t |

* mainly by human T

Level of AMD < . [ DB )
e ing o~
> r \\~-_:‘ ’_N/ . '. v
Human-in-the-loop ‘/'/," .. ‘\\_,: Self-evolution .‘ L g
== ® . @ o
Autonomous . .
i,
“~.__space___.-
L ETeEE J
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Our approach

Formulation
& Evaluation

Planning &
Synthesis

Materials
design

= Autonomous experiment system

[Output] [Input]
Recipe, material Target task

m——
Experimental
results

Experiment Experimentplanning

Robot
layer

Al s/iwW
layer

AMD
platform

ot
mands

Robot
S/W layer
(D Recipe generation
@ Recipe translation
(3 Online scheduling

Robot
layer

Operation concept

SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED SCIENCES AND ENGINEERING
Al-driven robotic chemist for autonomous synthesis of
organic molecules

Sci. Adv, 9, eadjo461, 2023

i ediction

Module 1

Common architecture

10

Our approach

Formulation
& Evaluation

Materials
design

Planning &
Synthesis

= Autonomous experiment system

AT S/W layer

Sci. Adv, 9, eadjo461, 2023

Robot S/W layer Robot layer

Database Experiment planning Recipe repository System management Experiment
) — ) Informatiom, . [nformation
- ——- Recipe 1 L { System monitoring & control } - —---9 Module 1
Recipe 2 :
Recipe 3 1 Module 2
. < > I
e —— Recipe i © Module 3
: - > odule 3
Recipe prediction request i g
Monitoring of | ! Module 4
4 - . ) Relcut)_e module status -
=T : ranslation 3
Optimization of Recipe 8 Redi S8
: i pe S
Iy Recipe 9 E Command S E
recipe g transfer | EETEvsT £
Recipe 10 ecipe scheduler ~ g Module N
e generation <
- - Command
Target Material structure, Yicld, Cost, dispatcher
task Kinetics, Performance --+--- [Output] Recipe &

Analysis -

material

Evaluation result

Workflow

11
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Our approach

= [Example 1] Autonomous organic synthesis platform

Materials
design

[Multi-step synthesis]
@OA+B - C, @ C+D - E, ® E+F - G ...

Planning &
Synthesis

Formulation
& Evaluation

Layer Module
Robot @ Pantry, @ Dispensing, @ Reaction, @ Analysis,
® Workup, ® Purification, @ Product warehouse

= [Example 2] Autonomous formulation & evaluation platform

Materials Planning & Formulation
design Synthesis & Evaluation

Liquid Dispenser

Powder Dispenser

203 Solubility Sensing

12

Future challenges and suggestions

1. How to get into the active exploration-stage from passive exploitation-stage?

+ Enhance the capability of Al

) |
| Reasoning H Inference H HypothesisH Validation |

» Harness the power of foundation models; knowledge language interface, functions of agents

» Conjugate human knowledge, experience, and intuition, but allow Al's serendipity

» Merge /in-house DB effectively with open DB

2. How to accumulate high-quality data efficiently and economically?
* Modularization and standardization of H/W and S/W; easy build, industrial eco, data compatibility

* Increase the role of robots to secure not only cost-effectiveness but also versatility

3. Harmony between AMD tech. and human for synergy

13
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The Royal Swedish Academy of Sciences has decided to award the
Alpha Pleated Pleated Alpha Be e + E
9 4 Nobel Prize in Chemistry 2024
helix sheet sheet helix

with one half to

STRUCTURE SOLVER

DeepMind’s AlphaFold 2 algorithm significantly David Baker
outperformed other teams at the CASP14 protein- " . 5
folding contest —ard s pravious Voraion's University of Washmg_ton, Se'?\ttle. WA, USA
performance at the last CASP. Howard Hughes Medical Institute, USA

100

90
80---\A score above 90

AlphaFold 2 “for computational protein design”

is considered roughly

D~ St
% % Giaenttothe and the other half jointly to
Q 3 60 experimentally ...
S 50 determined structure Demis Hassabis
25
] &. 40 Google DeepMind, London, UK
35
2% 30
O Sl John Jumper
o1 Google DeepMind, London, UK
o= y T T T T T i . o g
2006 2008 2010 2012 2014 2016 2018 2020 for protein structure prediction
onature Contest year 5

013.
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5 103
Ac Lr

o = o « XSk IZ H»
~90 JHe| M7t RE MY > et ZH
Pnnn (#48) Pccm (#49)  Pban (#50) Pmma (#51) Pnna (#52)  Pmna (#53) Pcca (#54)  Pbam (#55)  Pccn (#56) Pbcm (#57)

pocole . o 4R 21 sy 208 222
HEHEIE IR e RN EE

dudteyomohemumiy) CSPT(MOO,), Retzian BaThBrg Snwo, FeNbTe, AgclO, Reinerite Valentinite BaTiOF,

ICSD (~200k)

EH71H 2HEHOIM H 7S e AX

e [t
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...ANNs are increasingly playing an important role as a powertful tool for modelling and analysis in almost all of physics...
.... Significant advances have been achieved in this way, e.g. for quantum-mechanical many-body problems [37-39]. Here,
deep learning architectures are trained to reproduce ... the shape and strength of interatomic forces, with an accuracy
comparable to ab initio quantum-mechanical models. With these ANN trained atomic models, considerably faster

Scientific Background to the Nobel Prize in Physics 2024

“FOR FOUNDATIONAL DISCOVERIES AND INVENTIONS
THAT ENABLE MACHINE LEARNING
WITH ARTIFICIAL NEURAL NETWORKS”

The Nobel Committee for Physics

determination of phase stabilities and the dynamics of new materials can be made. [40-41]....

Machine learning interatomic potential: O(N3) > O(N)

DFT &t& OO H

MATERIALS PROJECT

T AEREEE

Jjafpr{nelr it uad ¥ oy o] & rajvi] Lu)
JAmcm Bk cf €5 Fmma o, Lr

DT
&P - FJaom

PBE (v.5.2), 1.6 M structures

Materials project

0.1M %

\ dslexandria

In-group data . conformers n alectrolytes &) Shertflongrangs)
13M otee Sampling Strategies T Chemical Complexity
e OMol25 ¥ 7
Properties m,m,.,:;‘f’ﬁ‘.'.‘;"‘m By g\'- Applications
PBE (v.5.2), 100 M structures E. d S8 AN e (@) arXiv:2505.08762
Energetics. m-';‘-""m Multipoles . @

Open Materials 2024 (OMat24)

Opensource o o
models + data

p ~ exp(-e/kT)

300K
Boltzmann o

3 K
100M+ sampling Yook

non-equilibrium
structures

Applications:

AIMD

Rattled
relaxation

Medicine.
i}m' @ .....i —— “ ‘
densities. orbitals Manufacturing Climate

PBE, 100 M structures

arXiv:2410.12771

015.
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°

@
st‘énNef (Scalable equivariance-enabled neural Network)
[ o -9 v

Node feature

« Nequip architecture NequlP
- HE3

o

Edge feature

® RMOY®

Tensor product

« Multi-task or multi-fidelity &t 7t

2t 3B etal, J. Chem. Theory Comput. 20, 4857 (2024)
z

XM etal, J.Am. Chem. Soc. 147, 1042 (2025)

Matbench Discovery

Full Test Set  Unique Prototypes 10k Most Stable

on column head rt table rows ¥ Compliant models  # | Non-compliant models ® g Energy-only models ® @ Heatmap  Columns [0

Org Model CPSt Acct F1+ DAF+ Prect MAEY R?t Kgpye ¢+ RMSD ¢ Training Set Params Targets Date Added Links r
0.018  0.866 10061  [XVIGEW) 302M EFSg  2025-03-17 6A
0.024  0.075 6.47M (133M) 25.5M EFSg 2025-04-05 w 6A
0.021 0.867 6.6M (113M) EFSg 2025-03-13 w 6A
6A
6A
5582 w 6A
5.852 ?:! X|'| ).k_-l w 5A

0.890 5.747 w 6A

6A
0760 4.629 5A
0.809 5.049 Sl 6A
0.691 4.163 6A
0.786 4.822 w 6A
0.669 3.777 i 0.091 | 146k (1.58M) 2023-07-14 w 6A
0799 4.863 0.107 146k (1.58M) 2025-03-05 6A
[BEEE 3.37M (1o2v) 2024-10-18 w 12A
7 3.25M (32.1M) 2024-10-11 w 10A
01076 146k (1.58M) 2024-10-18 w 12A
0.101 146k (1.58M) 2024-10-14 w 10 A
0.112 62.8k (188k) 2022-09-20 w 5A 4
0.095 146k (1.58M) M  2023-03-03 w 5 A Berkey
n/a 6M (89Mm) 2024-02-03 5A ©

0160
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Open
[ A ‘ Inorganic DB / Organic (molecular) DB
Model 7net-0 7net-13i5 7net-MF-ompa  7net-MF-ompas 7net-Omni
Date 2024/06/11 2024/12/12 2025/03/17 2025/04/20 WIP
# params 0.84 M 1.17 M 25.7M 257 M
MPtrj (PBE_5.2) MPtrj (PBE_5.2) MPtrj (PBE)
. . sAlex (PBE_5.2) Alex (PBE)
Dataset MPtrj (PBE_5.2) MPtrj (PBE_5.2) sAlex (PBE_5.2)
OMat (PBE_5 4 OMat (PBE_5.4) OMat (PBE)
- SPICE (wB97M) MP(r2SCAN)
# of structures 16 M 16 M 113 M 115 M M'V'?Dtggs 2(2253\1
Inference time 1 2.0 51 ?DtCZO ((Ir?PBE) )
OC22(PBE)
SPICE (wB97M)
QCML(PBEO)
OMol25 (wB97M-V)
>200M
51

Inhibitor-coated a-SiO,

ALt Xt-&S =t

Paimon: multi-agent, dynamic planning framework for meta-automation of materials computation

i - N —

i Expert knowledge Agents Tools i

arXiv Q I—g B ASE expert [ E“y; hlc;g :

; B LAMMPS expert |——>- Finalize task | ! ) .

; 4 Packmol expert —|—- Submit job » Multi-agent framework designed
| =l @ MP expert Cancel job ; for atomistic simulations

; = E é “Pna:km' run |+ . Llama-index as LLM framework

: - c query ' S ;

' . J ____~ J: = Coversentire simulation process

(planning, execution, analysis)

i User query Plan generation Agent loop i » SevenNet force field

i Observe % P wikg  Integrated with SLURM
] l f L (<7 )

é k’. /" Reasoning Executei

o+ - |

! Relevant B Tool select ! PAIMON

e ) IR Sl

10

017.
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What is the liquid density of {molecule} at room
‘ temperature? Compute it via atomistic simulations.
(8]
Ref.” Paimon « Planner LLM: OpenAl — 03
p (g/cm?) p (g/cm?) #Subtasks #LLMcall |, Agent LLM: OpenAl — 04 mini
EC 1.3661 1.3628 5 46 e LLM — generated expert knowledge
from reference*. (03)
DFEC 1.5153 1.5086 6 60 . A
 Initial geometries of molecule are
MFDMC 1.4279 1.3895 9 80 given.
TFDMC 1.6173 1.5893 9 116 + SevenNet-0 + D3
EA 1.0281 1.0234 9 88
Ep 10194 1.0092 7 53 Digital Discovery 4, 1544 (2025)
PC 1.2627 1.2672 6 62
FEC 1.5027 1.5172 8 84
11
o] RN F3 HO|HE &8 AX
- MEIEEOos W EHE (eHUEO R Ak SHSED YW 0 A 15-208HEH O| =2 0]
20X LS. (By GPT-5)

- dE B2 AFXE A s E 29l F0te| =S TF [MEt7kX| X e

- EtE2ofo| =2 ANo|of she B2t B2H TRt HEE AeH B A2 20

o SHE Lot  HX= 2 H0M S42 727 o3 2.

Yol Qlof RE S Bl Lot HEE #an B g 4 ActH
MWzSsh ZOFET 2 =20 2 A2z of &t

0180
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» Retrieval-augmented generation (RAG)

What is the best
(BH)max of Nd
magnet?

Check paper DB

Reasoning + RAG

~ 108-10° papers

Proper answers

v" LLM: web-search (blocked by paywall)
v' Local RAG: easy to update new papers

| made Nd magnet using
[...] methods. Its
(BH)max is small. Why?

@

v" Suggest keywords related to query
v' Retrieve relevant papers
v" Generate hypothesis

13
7, Bohrium + New Search what is the typical density of OH group on SiO2 surface?
& New Chat
O e what is the typical density of OH group Answer from literature %
on SiO2 surface?
G Bplos Total of 78 resources Relevance first ~  Filter =
L Subscription Understood the question and identified the research directiona 3
= Gk 9 s 1. Concentration of hydroxyl groups on the
S Library QOHgroup Q hydroxylgroup  Q Si02  Q silica surface and in the volume of silicas
=
TR A A. A. Agzamkhodzha. L. T. Zhuraviev
& Scholars 1969-10-01 ' @ Bulletin of the Academy o.
© Delved deeper
@ Knowledge B...
How does the OH group density vary with surface treatment
3% Practice * or conditions? 2. Relationship between activity of silica thin
films and density of cells occupation
QOHgroup  Q hydroxylgroup  Q surface treatment
8) uni-Lab V. Jokanovic ) B. Colovic
Q
@ critEyi i Sefeity 2013-06-22 @ Journal of Biomedical Ma... ( IF 3.9)
Computation
* What factors influence the OH group density on Si02?
O History = Q OH group density ~ Q Si02  Q surface chemistry . -
3. Surface OH group governing wettability of
Whai 18 et bicais Q silicon dioxide  Q_ surface hydroxyl groups commercial glasses
What measurement units ar used to express OH group Satoshi'Takeda @ Kiyoshi Yamamoto
AneniStiooanc density? - 1999-07-01 | @ lmvinal of Non—Crustallin  (IF 35
% % © Chat with papers Add
14

0190
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Cognitive Materials Intelligence System
Literature @ :Scamelr;\atgl
G Technolo
Textbooks e @
DBs (experimental/ theoretical)
Al (co-)scientist / Proprietary data
: / Web pages
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