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Search and optimization Classifiers and statistical leaning methods Artificial neural networks

| o ( o |
2 ) . f::+
_3 /-—-\ /_“-."-“-:--_//) 5 i ::T
The overall research goal of artificial intelligence is to create technology that allows computers and machines to function in an intelligent manner.

https://en.wikipedia.org/wiki/Artificial intelligence K RI § S




Forms of Machine Learning

1. Supervised learning Four learning types

2. Unsupervised learning
3. Reinforcement learning

4. Evolutionary learning

Three elements

Learning task = {1. Representation} @ {2. Evaluation} @ {3. Optimization}

flexible fixed

KRISS



ML

Traditional programming

Data (input) >
Computation > Results
Program > (output)
>
Machine Learning Approach input
Data (input) > ,
Computation > | Program
Results >
(output)
output

learning data representations, as opposed to task—specific algorithms

KRISS



The understanding of processing-structure-properties relationships is called
the materials paradigm.

in silico exploration of as-yet-unreported materials

St ru Ct ure apriori unknown

Materials Project = computational
Cambridge Structural Database = experimental

AMADEUS

Characterization RDFSEARCH

l ‘4 ) Properties

Solar cell,

Electronic

Processing gy NN
Transport . on o
magnetic  7High mobility,
Superconductor
Perfdrmance
Nature 402, 60 (1999), Nature Rev. Chem. 2, 0121 (2018). Topological materials, Chern insulator?

7
https://en.wikipedia.org/wiki/Materials_science https://github.com/inholeegithub/winter2022/tree/main/amadeus K RI § S



Conformational Space Annealing (CSA)

« Based on genetic algorithm(GA) - maintain a pool of conformations (bank) and
new conformations are obtained by mating (crossover) and mutation (small perturbation)

« Consider only conformational space of local minima (as in MCM)

- Diversity of the bank is directly controlled by introducing the concept of distance between
the conformations

« Narrows the search to smaller region while maintaining diversity of sampling

e Keyidea : GA + annealing in conformational space

Protein structure prediction (modeling) {CASP experiments}
X-ray data = crystal structure determination

NMR - molecule structure determination

Bioinformatics

LJ clusters

Travelling salesman problem

Ab initio materials design (super functional materials)
Pathway sampling (Action-CSA)

Super-functional materials/devices design

6
https://github.com/inholeegithub/winter2022/tree/main/amadeus S
J. Comput. Chem. 18, 1222 (1997); Phys. Rev. Lett. 91, 080201 (2003); Comput. Phys. Commun. 203, 110 (2016). K RI — S



Development of AMADEUS code

AMADEUS (A4b initio MAterials DEsign Using conformational Space annealing)

Start ‘

b

Sorted configurations

Discard configuration

Random configurations N Define D, o R T e
Local optimization | D..=05D,, : 9
1
¥ |
Crossover/Mutation New type or Yes
—»  Local optimization | lower objective b F;eeﬂizzng}em
Objective function function? ' o
r 3
Mo
Yes
+ More? ‘ Stop ‘

Conformational space annealing (CSA) for global optimization
with three ingredients [Phys. Rev. Lett. 91, 080201 (2003).]

= Genetic algorithm
= Simulated annealing
= Local minimization

First-principles electronic structure calculations
based on density functional theory

Comp. Phys. Commun. 203, 110 (2016).

Mechanical stability
Dynamical stability
Thermal stability

*VESTA

*VVASP

eQuantum Espresso
eMechanical stability
ePhonopy
*Wannier90

*EPW
eWannierTools
*BerkeleyGW
eBoltzTrap
ePyProcar

KRISS



Crystal structure prediction 1n a continuous representation space

>
\trainini///
- Encoder, = Decoder, i
2 Neural network il Neural network =
z ~Nimean, deviation)
sampling >
start | known crystals + database RDFs - VAE | replica RDFs ]
no yes :
stop «— save crystal | < RDFs |——] crystal generation |

yes no [

8
https://github.com/inholeegithub/winter2022/tree/main/rdfsearch
Comput. Mat. Sci. 194, 110436 (2021); Comput. Phys. Commun. 292, 108889 (2023). K RI § S



Applications

* Solar cell (S1): phys. Rev. B 90, 115209 (2014), Sci. Rep. 5, 18086 (2015), Comp. Phys. Commun. 203, 110 (2016).
o LED (C): phys. Rev. B 93, 085201 (2016).
* High-mobility [green phosphorus] (P): 1. phys. Chem. Lett. 8, 4627 (2017).

* Topological materials (S1, C, Ag,Se;sT€;s): 1. Phys. Chem. € 123, 1839 (2019), NPG Asia Materials 9,
€361 (2017), Nanoscale 11, 5171 (2019).

e Structure searches (B): Sci. Rep. 7, 7279 (2017), NPG Asia Materials 9, e400 (2017), arXiv:1902.08390
* Superconductivity (S1): phys. Rev. Lett. 120, 157001 (2018).
* Topological superconductivity (S1): phys. Rev. Mat. 5, 104802 (2021); Phys. Rev. B 107, 115127 (2023).

* Device design : adv. Mat. 38, 08332 (2026).

https://github.com/inholeegithub/InAsSb_atomic_structures 1 S
https://github.com/inholeegithub/winter2022/tree/main/amadeus K RI — S
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Design of single-layer metasurface filter by CSA for 5G mm-wave

communications
It is anticipated that 28 GHz and 38 GHz mmWave bands will play a key role in 5G deployments and beyond-5G systems. o '
[ pre-assigned frequency response characteristic functions required in the 5G frequency band ] Objective function
[ low in-band loss and high out-of-band suppression ] [ the widest bandwidth ] The more pixels the better B N "
[ angular stability ] [ polarization insensitivity ] P f(x) = /;1 | Trarger (Vi) — Tem (Vis X) | -
Metal-filled Edge Irreducible Zone Bandpass Filter Characteristics
Eﬂlﬂ
S
£
E Al—  Taget |\
Unit Cell E ---- EM Simulation
| E Frequency (GHz)
(b)
Bandstop Filter Characteristics
£\ = Target _
E M\, [+==- EM Simulation
ES
&
Y I
5G Antenna Array with Metasurface Frequency (GHz)
(c)
Coexistence of 5G With Fixed Satellite Service at 28 GHz 50 pm thick flexible polyethylene terephthalate film

6 pm thick copper foil 11
IEEE Access 9, 29764 (2021); Appl. Phys. Lett. 119, 174101 (2021); IEEE Ant. Wir. Prop. Lett. 23, 1536 (2024); J. Appl. Phys. 137, 213108 (2025). License-out K RI § S



POSFSS

* Analysis of polarization and frequency selective
surfaces in Julia

=lt=S E¥F10 2287 (S IR0 EY, =5 HES 2 FZotAL WEW=0HH 2Fs
=1t=E =0/ 2287 (2 SO0 EY, =5 HES &) 7 2

12
ACES JOURNAL 39, 139 February (2024). https://journals.riverpublishers.com/index.php/ ACES/article/view/22443 K RI S S


https://github.com/simonp0420/PSSFSS.jl
https://github.com/simonp0420/PSSFSS.jl

100 2351 = 4586997231980143023221641790604173881593129978336562247475177678773845752176969616140037106220251373109248
googol=10 4.5 x 10105

Bandpass Bandstop
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Bandpass Bandstop
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8

Transmittance (dB)
S

Transmittance (dB)
8

8

Transmittance (dB)
=

T t
o s ARG 40— Simulation — TE 0=0° -- TM,0=0° 301

22 24 26 28 30 32 34 2% 27 28 20 30 TE, 0=10° - - TM,0=10° ' ™, 0=10°
Frequency (GHZ) Frequency (GHZ) ~— TE, 0=20° - - TM, 0=20° \ -~ TM, 0=20°
— TE, 0=30° -- TM, 0=30° \ -~ ™, 0=30°

(a) (b) -20 : : : -40 . J

24 26 28 30 32 24 28 30 32
Frequency (GHz) Frequency (GHz)
(a) (b)

The emerging 5G systems will need to coexist with a number of incumbent
systems in these bands.

[ ] trreducible Zone

an [] metal-filled Edge [ ] Metal-filled Edge
(©) (d) co-channel coexistence of 5G in two critical mmW bands,
58 Metasurface . SAMM 27.5-28.35 GHz (28 GHz) and 71-76 GHz (70 GHz) bands
Bandpas Fl!!e_r
fixed satellite service and fixed service, such as wireless backhaul
432 mm

13
IEEE Access 9, 29764 (2021); Appl. Phys. Lett. 119, 174101 (2021); IEEE Ant. Wir. Prop. Lett. 23, 1536 (2024); J. Appl. Phys. 137, 213108 (2025). License-out K RI § S



High quality-factor resonances 1in an asymmetric pixelated metasurface

1
TE
™
sym.

>
>
c
~= NN
g
o ~ Resonant
Y
¢ state
________ ~ 1 \ N :’
\ RN ¢ K ! ' v o< RS 4
AR \\,I \\,: s .
Q 2 e
3 =, ]
= Bound & 1] . } i
o \ o “ : : \ \ | : 1y 3 ‘, .
2 _— & ] TE | N4 15 TE 30}
© ™ WA ™ |
sym. : ! sym.
=40 1 1 ! 1 -20 Il ! ! ! _401
25 30 35 4 25 30 35 40 25
Frequency (GHz) Frequency (GHz)

(d) (e)

In fact, Fano resonance is closely associated with the physics of bound states in the continuum (BICs).
It is known that symmetry protected BICs cannot be excited if the symmetry is not broken.

https://en.wikipedia.org/wiki/Bound_state in_the continuum
J. Appl. Phys. 137, 213108 (2025).

30 35 40
Frequency (GHz)

(f)
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Applications of machine-learning methods

|

Number of Matched Peaks by Plastic Type and Model
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Data Preprocessing Tree Based Algorithm
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Peak-based machine learning for plastic type classification in time-of-flight secondary ion mass spectrometry

J. Am. Soc. Mass Spectrom. 35, 3107 (2024).
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(b) Noisy image taken with the pixel dwell time
of 100 ns.

(a) Clear image taken with the pixel dwell time
of 30 us.

Low Dose - High Dose

Medical, materials science, measurement, and more

Autoencoder, CycleGAN, DnCNN, DDIM, U-net + Attentiol

Measurement Science and Technology 36, 015406 (2025). https://github.com/seoleuns/SEMdenoising

Noisy test image

Clear test image

Jeraised test image

Autoencoder

prediction




Applications of Bayesian inference methods for fast and accurate scan

L L
LT R
/[ /JJ ff If 15 R‘n H\ \\ ffr IR
L] I ol Lo
[ b ff ] I
A [ f L] ] Lt h
L] L L U
;] I R W A [ W
A [ W W A [
Raster Scan Yector Scan

Laser printer /’::z:;e
« SEM(scanning electron microscopy)
AFM/STM/STS

« CT

* MRI

Quantum gates(e.g., single electron transport)

Mmotorized
Table

ionizing radiation

computed tomography scan (CT scan)
https://web.cecs.pdx.edu/~jeske/litho/scanning.html

17
https://en.wikipedia.org/wiki/CT_scan
KRISS
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k—nearest neighbors(KNN) regressors:

kNN classifier | k=3

Classifying a single test point Drawing the decision surface
o ¢ |1 e °
. e . Many KNN regressors
[ ® . .
° e 1® . - Bayesian inference
R RS . R . o
"o ! o -> mean and variance
o ®
@ e

O(n)

N

Gaussian process(GP): O(n’)

p(fl X ~ N (fl i, K) (normal distribution, mean : i, covaraiance : K).

;.J(ﬁ | X.. X, f?) ~ N{ﬁ | /.., K, ) (normal distribution, mean : /., covaraiance : K,).
i, = KI'k7'f.
K. = K.-K'K'K..

https://en.wikipedia.org/wiki/Gaussian_process
https://en.wikipedia.org/wiki/K—nearest_neighbors_algorithm#/media/File:KNN_decision_surface_animation.gif

\ 4
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Example

175
150
125
100
—0.05
75
50
—0.10
25
—0.15 -
25 50 75 100 125 150 175
—0.20

Spiral sampling
Set target .
~0.25 1 el N and 5| skip=30
fine grid training of (e.g.. 10%10)
(e.g.. 300%300) regressors
—0.30 -
Predictions on the coarse
- | arid
0.35 skip=skip-1 € i
J Grid sampling and training of
—0.40 | | | | | r | | regressors if variance is large
—-0.40 —-0.35 -0.30 —-0.25 -0.20 —-0.15 —-0.10 —-0.05 A
~ No
skip<2
v Predictions on the
es |

target fine grid | end
(e.g., 300x300)

\

9
unpublished (2025). https://github.com/inholeegithub/Bayesian Inference KRI S S
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unpublished (2025). https://github.com/inholeegithub/Bayesian Inference K RI § S



(@)

(b)

©

175 175 175

150 150 150

125 125 125

KNN 100 100 100
75 75 75

50 50 50

25 25 25

25 50 75 100 125 150 175 25 50 75 100 125 150 175 25 50 75 100 125 150 175
< >

(d) (e) H

175 175 175

150 150 150

GP 125 125 125
100 100 100

75 75 75

50 50 50

25 25 25

25 50 75 100 125 150 175

Jlx, y) = cos(0.1x) cos(0.2y).
Ay = max{] fur(x,y) = fle,y) |} maxi] flx. ) [}

unpublished (2025). https://github.com/inholeegithub/Bayesian Inference

25

50

75

100

125

150

175

25 50 75 100 125 150 175
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KNN ()
Complexity: O(n)

300
200

100

©

300
200

100

unpublished (2025). https://github.com/inholeegithub/Bayesian Inference

(b)

(@)

Frequency (arb. unit)
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400

—H'

i

0.00 0.01 002 0.03 0.04 0.05 0.06 0.07 0.08

Standard deviation
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GP

. (a) (b) =
Complexity: O(n?)

400 -

300 .

200 .

100 o

100 200 300 400 °3 100 200 %0 P 500
(© (d)

. __—_
= 104+ Inse
c |

300 > -
s i
hr-Ef 103‘ __
- -

200 2
7]
3
o
E 102 4

100 w

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
Standard deviation
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unpublished (2025). https://github.com/inholeegithub/Bayesian Inference K RI § S



Variance and O(n) T O
100 L ep

Raster scan applications(SEM, AFM, STM/STS, CT, MRI, E > .

) 2 o 5 Qe

40 e

Bayesian inference : mean, variance = 5

Gaussian process(GP), k-nearest neighbors(KNN) regressors | @

O(n) complexity vs O(n’), Large data sizes (n > 5000) 1000 9000 17000 25000 33000

Data size

o1/ov,

V:
unpublished (2025). https://github.com/inholeegithub/Bayesian Inference




120 n =
1001 : O e
c 80
£ 6o- : ___...Q
) H e
g 40 ] a e
= P e
204 e 5
1000 9000 17000 25000 33000
Data size
@ 4x10-5 (b) 90
O 0
3%1075- 80
4—: 70 7
<
W 2 x10-5- Y £ 60 0
= <> o) 50 -
- O
= 401
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Grid points along axis

Measurement Science and Technology, submitted (2025). https://github.com/inholeegithub/Bayesian_Inference

Grid points along axis
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Applications of Bayesian inference methods for single-electron transport experiments
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unpublished (2025). https://github.com/inholeegithub/Bayesian Inference
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Introduction to Julia Programming
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