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Calls for Papers

ISR Special Issue: Generative Al and New Methods of Inquiry in Information Systems
Research

Innovating the Review Process

The editorial team will experiment with GenAl to augment—never replace—human judgment. This may include identifying
inconsistencies, verifying citations, or enhancing consistency across reviews. All editorial decisions will remain fully under human
control.

No submitted manuscripts or reviewer reports will be used to train models, and all Al support will operate within ISR's
confidentiality and data-handling standards.
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Article | Published: 14 January 2026

AIE h:.?. xl'Ac"l Artificial intelligence tools expand scientists’ impact
e e ™1 but contract science’sfocus

Qianyue Hao, Fengli Xu®™, Yong Li®2 & James Evans @

Nature 649, 1237-1243 (2026) | Cite this article

- 33 a1}

Qo9 38k Accesses | 19 Citations | 1085 Altmetric | Metrics
L3-4-1 HH =7
=2 &H 4 3,024 57t Abstract
3| =
O|_|§ §I¢ 4 B4HH 7} Developments in artificial intelligence (Al) have accelerated scientific discovery’. Alongside
= S Sic recent Al-oriented Nobel prizes>3436752, these trends establish the role of Al tools in
E'I’ EIE' En_l 1.37|j |_r§ sciencel®. This advancement raises questions about the influence of Al tools on scientists and
science as awhole, and highlights a potential conflict between individual and collective
. $§E1 ﬁﬂ} benefits. To evaluate these questions, we used a ined language model to identify Al-
augmented research, with an F1-score of 0.875 in validation against expert-labelled data.
- = " it . "
E'I' $_X1| .5%‘ 4.53% 7=l'_¢_ Using a dataset of 41.3 million research papers across the natural sciences and covering
distinct eras of Al here we show an accelerated adoption of Al tools among scientists and
EF-’.’X} ,n_' J_II.-rEr 22% 7=P_¢_ consistent professional advantages associated with Al usage, but a collective narrowing of

scientific focus. Scientists who engage in Al-augmented research publish 3.02 times more
papers, receive 4.84 times more citations and become research project leaders 1.37 years
earlier than those who do not. By contrast, Al adoption shrinks the collective volume of
scientific topics studied by 4.63% and decreases scientists’ engagement with one another by
22%. By consequence, adoption of Alin science presents what seems to be a paradox: an
expansion of individual scientists'impact but a contraction in collective science’s reach, as Al-
augmented work moves collectively towards areas richest in data. With reduced follow-on

Altools seem t blished fields rather plore new ones,

highlighting a tension between personal advancement and collective scientific progress.
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About Downloads Documentation Community Success Stories News Events

Download the latest version for Windows

Download Python 3.13.5

Looking for Python with a different 05? Python for Windows,
Linux/Unix, mac0S, other
Want to help test development versions of Python 3.14 Pre-releases,

Docker images

Active Python Releases

For more information visit the Python Developer's Guide.

</ ST @ BUSINES) I T

ASEAME
215314 . VS Code
o

Install Python 3.13.5 (64-bit)

Select Install Now to install Python with default settings, or choose
Customize to enable or disable features.

% Install Now

@ Use admin privileges when installing py.exe

@ Add python.exe to PATH

-14 -



AT WEHAL| Bk Al S2

o/ R @ BUSINES) 1T

1:VS Code

I
(1)

nVisualStudioCode Docs Updates Blog APl Extensions FAQ GitHub Copilot MCP D 9 Search Docs
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The open source
Al code editor

ownload for Windows

‘Web, Insiders edition, or other platforms

By using VS Code. you agree to islicense and privacy statement,
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EXPLORER index.html X - cHAT
« HIKING-JOURNAL collection to make the font styles.
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Table 4. Error statistics of Monte Carlo simulation (90 percent probability).

The Absolute The Absolute The Absolute Terminal
Terminal Longitude Terminal Latitude Range Angle
error (°) 0.042 0.125 0.126
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[ Hard to measure fluid pro
£ Measurement uncertamty IS hlgh'

* Intense radiation (High P + Soot)
* Fast turbulent flows

+ Complex compressible flow field

+ Significant refractive index distortion
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w Production of Optical Signals

First thing to do: You need to generate an optical
signal containing interested information with high
enough SNR.

Hare i "
Measurement uncertainty is high!

conc., Temp., Press.” TDLAS, FTIR

Data-Driven Method Needed!

v Spon[aneous Photon Emission

+  Spectrum Analysis: relatively high temperature medium
Conc., Temp., Press. High-Speed Schlieren, Photron

v Refractive Index Variation
+ Density Field: Schlieren, Shadowgraph
+ Temp., Roughness, Distance: Interferometry
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There are optical signals easy to understand and post-
process for extracting information of interests.
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V LIBS + Velocimetry
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5 Raw data Sample

@ Ma 2.0, Air + H,0 + CO,

g

/Oblique ghOCK i

Core flow
® Ma 2.2, Air only

Near B.L.

Core flow

Mgojeta 7oty
DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

} & battom t|1v1a's

sCMOS (pco dicam C1)
- 1stshot : Delay 50ns from t,
Gating 50ns

Gating 100ns
- Intensifier Voltage : 650V

X Spatial resolution
- Longitudinal : 48.4 pixel/mm
- Lateral : 47.8 pixel/mm

sCMOS (pco dicam C1)
-1t shot : Delay 50ns from t,
Gating 50ns

Gating 100ns
- Intensifier Voltage : 650V

X Spatial resolution
- Longitudinal : 44.4 pixel/mm
- Lateral : 48.6 pixel/mm

A7l oiarls S 938 2026.8.21.  RFLom-

- 2" shot : Delay 750ns from 1% shot

- 2™ shot : Delay 750ns from 1% shot

® Ma 2.0, Vitiated air

sCMOS (pco dicam C1)

-1t shot : Delay 20ns from t,
Gating 20ns

- 2" shot : Delay 1800ns from 1% shot
Gating 50ns

- Intensifier Voltage : 650V

Core flow

X Spatial resolution
- Longitudinal : 47.4 pixel/mm
- Lateral : 49.2 pixel/mm

Near B.L.

19
13-Aug-26

SEOUL NATIONAL UNIVERSITY

5 Velocimetry Result

- Intensifier Voltage : 650V

MNgojota 7H ety
DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

sCMOS (pco dicam C1) X Spatial resolution

-1t shot : Delay 50ns from t, - Longitudinal : 48.4 pixel/mm
Gating 50ns - Lateral : 47.8 pixel/mm

- 2" shot : Delay 750ns from 1% shot
Gating 100ns

» Ma2.03, T, 695K, P 56.1 kPa / Air Only(676.0 g/s)

€
E
T
=
I}
a
a
=]
€
2
=
o
5}
c
8
2
[a]

11 Unees req (freestream)
' (ave. / except shock region)

1y 787.3mls
I ¢————————— |

T T
B.L. thickness
6.87 ~7.85mm ]

Oblique shock

7724 mis

Ideal freestream velocity
(isentropic relation)

= == = vel. from isentropic relation
= - - - freestream ave. velocity
X aye. data per point

40—
800

AI7]4iA7|& £ 9134 2026, 8, 21.

700 600 500
Flow Velocity [m/s]

20
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Femtosecond Laser

Ar1_6ther ea;y optica_l signal
IViolecuie VeloCIty ivieasurement

Moot 7|4 gote
@ DEPT. OF MECHANICAL ENGINEERING Al 7|8 AAT|& 5% 2]34k2026. 8. 21,

SEOUL NATIONAL UNIVERSITY

5 Femtosecond laser and focusing characteristics

Two nonlinearities of femtosecond laser pulse induces “Filamentation”.
: (1) Kerr self-focusing + (2) Plasma defocusing (ionization)
Foousing .~ fewmm-orderlength T~ Fig. Filamentation induced by focusing 800 nm
Lens 7 T laser pulse (Astrella, ~ 35 s, 1 kHz, 2.55 mJ/pulse,
~~~~~~~~~~~~~~~~~~~~ f:+300 mm thin lens, static condition)
) —
a /16 @ 4 , p(?, t) a: depend_s_on initial spatial distribution
o = Sn=ny+nydy [ Y =cgengng | on=ny— g . permittivity at vacuum
dmnon; 3 Pc ny, : linear refractive index
\ Y )\ T J L Y J n, : nonlinear refractive index
1. Power of input beam 2. Refractive index increases 3. Plasma consumes energy and
exceeds thresholds. near optical-axis. energy-gained free-electrons dissipates.
R MEUotR 7|AZoe ol RFL
A E o
SEOUL NATIONAL UNIVERSITY A7 ATle £ 9134 2026.8.21. R kaor-
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23y

g Experimental Setup
BBM : broadband mirror + Exhaust
BD : beam dump A
PT : pressure transducer EEms=s= s s
SAD : spherical achromatic doublet ! z !
SPF : short-pass filter (cut-off wavelength : 700 nm) I !
TC : K-type thermocouple ! BBM BBM !
UM : ultrafast mirror I X I
UPCL : ultrafast plano-convex lens (f : + 300 mm) - ! !
W : coated window . D ! ;
— Needle VIV I * maintains atmospheric condition I : :
Vacuum Pump | \
I I
3 i : :
o i y | SAD I
I I
Coherent Astrella USP r X Fllmentad : :
oherent Astrella fs-plasma I SPF
(800 nm, 35 fs, w w I - I
1 kHz, 2.39 mJ/puise) R BD_ | Camera !
B 1 1
I ——" :q | Lens \
Um ’ 1 I
Subsonic Nozzle | 1
(Doger = 415 mm) ! !
10Hz 1 :
Master 1
l Signal e ! !
Flow Switch Needle VIV ! !
SRS DG535 ' :
Regulator 1 |
1 sCMOS 1
1 (PCO dicamC1) 1
I I
@ Mgoista 7|A ey
DEPT. OF MECHANICAL ENGINEERING Hl G| A 7|& EW o] JAF R F L};,
SEOUL NATIONAL UNIVERSITY AI 7| [ I_-*-7IE ] T‘Iau 2026 8 21 * SEouL NATIONAL UNIVERSITY
.
g Non-gated long exposure videos
Case Doutlet (mm) Qou!let (LPM) Vou(let (m/s) Pcell (tOl’l‘) Tcell (K) Y Ma
a 75 924 755 294
4.15 1.3985
b 100 123 752 294 0.358

<+— Fluorescence
Laser

Direction
L —

Filamented
fs-plasma

Subsonic
Nozzle

Fig. N, visible fluorescence generated along subsonic jet with outlet velocity (a) 92.4 m/s and (b) 123 m/s.
(Astrella, ~ 35 fs, 1 kHz, 2.39 mJ/pulse, f:+300 mm thin lens, exposure time : 40 ms)

2 AQTota F| A 2oy RFL 24
DEPT. OF MECHANICAL ENGINEERING HF A 7|4 EWH O] 3 Ak ~ .
X SEOUL NATIONAL UNIVERSITY Al7|8tdAY|E S 934 2026, 8. 21, smmwmmmuv 13-Aug-26
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Q =75LPM

outlet

v =924 mls

outlet

|

Increasing

Tdelay

Vertical Position (mm)

1 2 3 4 5 6 7
Horizontal Position (mm)

Mgojeta 7oty
DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

Q =100 LPM

outlet

v =123 mls

outlet

|

Increasing

Tdelay

Vertical Position (mm)

1 2 3 4 5 6 ¥ 8
Horizontal Position (mm)

Fig. N, visible fluorescence generated along subsonic jet with outlet velocity (a) 92.4 m/s and (b) 123 m/s.
(Astrella, ~ 35 fs, 1 kHz, 2.39 mJ/pulse, f:+300 mm thin lens, gate time : 500 ns)

A7l oiarls S 938 2026.8.21.  RFLom-

SE0UL NATIONAL UNIVERSITY

g 1D Velocimetry

Horizontal Position (mm)

R Mgriota 71 gy
. DEPT. OF MECHANICAL ENGINEERING
. SEOUL NATIONAL UNIVERSITY

- ID=0 /D =0.139
\ Qg = 100LPM ) 15 ! !
Tdelay
251 —0pus
i —5us
10 us
ok ——15ps| |
€ ~
E @2
c € -
2 -
2 2
o ‘0
o ko) y/D =0.279 y/D=0.414
© ] [ [
g 8 150 150
Q
> 100+ 100t
50 501,
0 0
05 . ‘ -50 ‘ -50
0 05 1 15 2 25 3 35 4 45 5 0 1 2 3 4 5 0 1 2 3 4 5

Horizontal Position (mm)

Fig. (a) Spatial displacements of the tagged N, as a function of gate delay time. (b) Velocity along varying positions.

26
RFL" 13-Aug-26
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&

(b)

Intensity (a.u.)
o =
o i w n
T T T

n

-

| . &
citation

| —

370 380 390 4ootation

1ce

GO

I
A C
L AT !/\‘l ﬁ\ I

0.7 CH
0.6 |

0.5
420

430 440&

0.5

o~

0 =T

A

Data-Driven Method Needed! \

A

200 300

400 500 600

Wavelength (nm)

800

—CH44COZ+ 02+N2

Mgojeta 7oty

DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

CZH4 t O2 t NZ

C}”x + (‘02 t O2 t N2

900 510

Al7|EAL7|E S8 91342026, 8. 21,

515

P

SEOUL NATIONAL UNIVERSITY

P>

&

Mgoista s Zoe

DEPT, OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

Data-driven analysis

High-order data dimension reduction

AI7]4iA7|& £ 9134 2026, 8, 21.

28
13-Aug-26

RFL~.
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w Laser-induced breakdown spectroscopy

» Quantitative atom concentration measurements using ns-LIBS
» Stochastic high-energy collisions make the optical signal hard to understand

= i

N
*0
Generation of laser-induced plasma(LIP) j\ j\
b ok bl
=03 ¢=06 ¢=09
NEosta 7|A 2ee
@ SEQUL NATIONAL UNIVERSITY Al7|i 3471 S8 9342026.8.21. RFL’

N = # of pixels (500~2000 |

| TéstlspéctrAuml(e RV )‘ Calibration spectra (€ R")
l f:R¥ > R ‘
P,T,orC KnownP, T,or C

Reducing data dimension is important for saving computational cost

R Aemiota 7| A 2oy
¢ ,,|Jﬁ DEPT. OF MECHANICAL ENGINEERING
S@X SEOUL NATIONAL UNIVERSITY
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5 Classic methods to extract information from spectrum

A Peak Area Ratio (A,/A,) A Peak Intensity Ratio (P,/P,)
%‘ | A, .% P,
= =
| D | R A
asted random-like spectral features
also contain property information.
2 Line width For example,
8 —
|-
~~~~~~~~~~ HIN ~ ¢
Information wasted Line width ~ T
Waveleng'th
) e e arleeslsse g3t s 2. RELes

w Spectrum as a sum of spectrum bases

Extract using POD

— — N
POD-Bases indicate the most property-
sensitive direction!

High-order basis vectors account for all the
random-like features sensitive to the
interested properties.

. Objective \ LA Asset (Score,, Score,)

» Every part is participating ;Z%ﬁ?j;ts( ;NSTQ]]';

MgTota 7 A 3o
@ a7 eslsseas s s, RELes

DEPT, OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVER SITY
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5 Used POD and MLR to convert spectra from USB spectrometer to ¢

' POD Basis

T T T T T 1
04r@ H —Bas 1(876/) Ol 1
—B 2(115/) N 0.8 ”

FueI Concentratlon measurement is insufficient to
understand the combustion phenomena. Oxygen
consumption (reaction progress) should be

¢ 5-Fold Cross Validation

2o

n
monitored.
3 3 gR-RT 7 T ¥ Y . B 3 iz E%
-0.01 1 ~ -0.02 g
T 1t
00 i | | cfnpcm umT‘ ’ -0.04 = g * * g
004 -0. 02 0 0.02 0.04 0.06 0 02 04 06 08 I
Score | Actual ¢
@ Mgoiotm 7)Aoty RFI

DEPT. OF MECHANICAL ENGINEERING -13 E AE ~
SEOUL NATIONAL UNIVERSITY Al 7|" g I =52 Jau 2026.8.21. AV Amor™-

5 Absorption Spectroscopy

Spectrum Temporal Evolution

Acquisition Time Window Ol
0-50 ns
——50-130 ns
— 480-750 ns ]

We found an optlcal signal containing molecular
oxygen |nformat|on with high enough SNR.

N |

-
600 650 700 750 800
Wavelength (nm)

MNgojota 7oty
DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

13 Aug 26
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v Xo; Measurement

+ Temperature also affects the absorption lines

lnnimant Af fiain Aatavimninanta MDD annma O Thawmarn wwinva mmamdallad (abadintiaall,,)

Most optical signals are dependent on multiple
properties, e.g., temperature (strong), CO,/H,0
concentration (weak)

go VA e | 2] iV Sl p4 |

“v I Influences of other properties can be

effectively decoupled!

i ol |-~ Ground Tun
+ Mixture of N,/ O, / CO, 0 5 10 15 20

+  Temperature 300-1000 K Actual X (%)

02
B RFL-

5 Transmittance spectra were fed to POD for

|~ T |
Without the help of POD and Data-Driven Machine

Learning, measuring O, mole fraction with the
significant density/temperature variations is
impossible.

72}

05t

, SPECtTUM s —l : —
Transmittance spectrum = —————4< 445 1 484 B L 15 2 B3
spectrumy, Scare |
X02

0.02 004 006 008 0.1 012 014 016 018 02

@ METiotR 7| A oty
DEPT. OF MECHANICAL ENGINEERING HF A 7|4 EWH O] 3 Ak ~.
SEOUL NATIONAL UNIVER SITY AI7| 32715 S2 434 2026.8. 21, SE0UL NATIONAL UNIVERSITY
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5 Two-Phase Fluid Measurements

» Peak area ratio analysis cannot distinguish different gas mixture ratios affected by liquid-
plasma interaction.

» Proper orthogonal decomposition successfully illustrates the complicated spectrum change.

Even in two-phase flows, POD-aided ML technique
works, because the model can disregard property-
insensitive spectral features, e.g., interactions with

liquid water.

x10°% il B £ :
0" /g
1o
o001 & 0 5 10 15 20
10 T s ﬂ:} Actual X02 (%)
g e ) 0 - 8
E .
& )
= 001 o 4
0 . o 1
s
0.02 - - 0
002 0 g (409 002 0 002 004

Mgoitta 717 Zoty ;
DEPT. OF MECHANICAL ENGINEERING 7|Hl A 7|& EB 9|3 A ~ .
SEOUL NATIONAL UNIVERSITY AI7|8 AL = =2 $3452026.8.21. SE0ULNATIONAL UNIVERSITY

P>

Flame Emission Spectroscopy

Concentration, Pressure, and Temperature

ﬁ'}ﬁ glp%?ﬁ;iunggjwsmwe Al 7]EHGAT|& E8 9342026, 8, 21
M= SEOUL NATIONAL UNIVERSITY CcorlESsaEH=y cOen
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» Introduction

Flame emission (Chemiluminescence)

Chemiluminescence changes with the gas properties (¢, 1, P, T)
Intensity of emission from atoms and radicals is the function

of gas properties

Flame Emission Spectroscopy

Ibar

oo . . 5b
— Chemiluminescence can be calibrated to gas properties o
10000 10000
OH* CH* [—¢=08,P=12bar . —¢=1.0,P=13bar
CH——0=09,P=12bar OH ——$=10,P=21bar
8000 2 ---$=10,P=13bar|] 8000 -==¢=10,P=3.1bar
—¢=11,P=13bar CH* ——¢=1.0,P=4.0 bar|
-~ ¢=12,P=13bar|| = ¢=1.0,P=5.1bar
36000 |l 43 6000
& &
! ) * *
2 4000 2 4000 B \.C}{ G,
et
| A ,,'fr)lt H0*
2000 2000 !Qj TN
0% — 0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)

A Chemiluminescence with varied @ at P=1.2

Mgojeta 7oty
DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

Al7|EAL7|E S8 91342026, 8. 21,

A Chemiluminescence with varied P at ¢=1

P

SEOUL NATIONAL UNIVERSITY
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Statistical Noise Reduction Scheme

» Introduction

Issues in Flame emission spectroscopy
Temporal resolution : signal-to-noise ratio (SNR) is too low using short exposure times
Accuracy : the nonlinear and non-monotonic trends of signals

15
|

05

2

50ms 0
5
300 400 500 600 700 800
et P
200ms £ w
205~ -
= 300 400 500 600 700 800
S —
N
400 205
ms %, -

300 400 500 600 700 800
Wavelength (nm)

(a.u)

2000ms
= 300 400 500 600 700 800
Wavelength (nm)

A The signals with different exposure time (P=

Mgrista s Zoe
EPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

P=2 bar P=10 bar
02 :
o OH*BB o o OH'BB
o CHYBB 007 o CHYBB
C2v/BB e ) 2+/BB
2015« H0vBB / 2006 - H20BB
o =
g g
2 | 005 e
g —— -
5 ol 5004
2 2003 S
2005 A 002
001 o=
oL——t Le
08 09 ! L 12 08 09 1 12

10 bar, p=1)

AI7]4iA7|& £ 9134 2026, 8, 21.

A Nonlinear trends of the signals

RFL~.

SEOUL NATIONAL UNIVERSITY
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w Statistical Noise Reduction Scheme

» Exploitation of global contextual information in spectrum

Neural network architecture

Regularization method (POD loss)

N
1
L =NZ[(1 — a)lI§; -yl
A

XX X XX X

o
o : P
[] C] C 17
d <
& e ‘ q 2
q® ¢ °
TS 48 S . : 2
0 : .: ) o 8
o] q (] 5
0 ° q® o o N
(¢} o q° ] o = °>5
[¢] [ ] q°® [ ] o (] 15
° Ue C Ny=3,N;=3,N;=2,N,=2 ui

: Signal
N=3,N=3,N,=2
®  :Extracted feature
N, the mumber of Layer, Nj:size of kemel, N, Down-sampling size, N, : the number of Channel ©  :Receptive field

a) Plain CNN architecture b) Proposed DU+CNN architecture
5 i ] : +allPOD(5) ~ POD ()R]
o q° ° 0 6
q«® o

e
—Basis |
----Basis2(x 2)
——Basis 3 (x 5)
——Basis 4 (x 20)

Basis 5 (x 20)

300 400 500 600

Wavelength (nm)

700 800

@ Mgoieta A g 4
AE
[S)EPJU?FI:AAEﬂi:::EfLUENNI?/I'g?Eg:ﬁs AI 7“’_} Ei?lg ;tg -?-.Iaﬁ 2026. 8. 21 ) SEOU\NAHONALUNIV{R;Y: 13'Au9'26
w Statistical Noise Reduction Scheme
» Result
Trained CNN to denoise the signals (DU+CNN)
¢, P
0.8,2.8
12,16 Down/Up
H‘JU 400 500 600 71‘)0 800 Sampllng
i 1| Operator
08,83 £ + CNN
12,05 20 :
E i\—
= 0 300 400 500 600 700 800
Wavelength (nm)
A Flame emission spectra captured for (a) Low-SNR (0.2 s), (b) denoised low SNR signal, and (c) 2 s High-SNR signal (2 s)
@ Mgreta 7|7 gty RFL 42
A E
SEOUL NATIONAL UNIVERSITY A7 A7|E S8 9342026.8.21. R kaor- 13-Aug-26
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w Machine Learning

» Result

Overall accuracy and precision are improved

Low SNR + Conventional (BI/MLR)

Pressure measurement result ¢ measurement result

1 13
10
121
9 *
T8
& 4 ) E L1
g6 g
el g 1
g A
R 209 ‘
Q3 | i}
2t Tl Training data 0s! il Training data
15 ¥ Testdata * ¥ Testdata
1 T Uncertainty band | | Uncertainty band
[ 07 1
0123456789101l 07 08 09 1 LI 12 13
Pressure reference ¢ reference
Calibration error ~ Prediction error  Stand. Deviation
P 54% 43% 49%
o 13% 11% 13%

Mgojeta 7oty
DEPT. OF MECHANICAL ENGINEERING
SEOUL NATIONAL UNIVERSITY

&

»  Prediction of gas properties (P, ¢) using Low SNR data

After
Using
CNN
Filter

Al7|8EAA7

08 09 1 LI 12

Train + Validation data
@ Testdata

Low SNR + CNN + POD + Kriging

Pressure measurement result

¢ measurement result

11
10 T
29 12
<
g8 2 4
; 7 g L1
£ s g !
® £ g
4 £
{,3 s A 5 0.9 7
i 5 Used in calibration A Used in calibration
- ¥ Arbitrary measurement 08 1 Arbitrary measurement
1 Uncertainty band Uncertainty band
0 0.7
0123456789101l 07 08 09 1 1 12 13
Pressure reference o reference
Calibration error ~ Prediction error  Stand. Deviation
P 43% 4.7% 52%
¢ 0.61% 1.4% 1.4%
& 54934 2026.8, 21 >
IE = T‘I s T SEoUL NATIONAL UNIVERSITY 13'Au9'26

Mgoista s Zoe
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&

Reaction Progress

Al 7|8k GiA7

|& E% 9348 2026. 8. 21.

Measurements in Turbulent Flames

0D Quantitative Measurements: Molecular Oxygen Conc. &
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w Low-swirl burner

Low-swirl burner

Isometric View

— Injector @_ A
&
== Swirling Flow

== Straight Flow Top View
Air+CH, (¢ = 0.9)

Nerojsta 7|4 2ere 45
@ DEﬁ. OF_I;IEEHANICAEEEGINEERING Al 7|8t dA7|& EY 9|34k 2026, 8. 21 RFLI‘»
SEOUL NATIONAL UNIVERSITY = L= e SeouL NATIONAL UNIVERSITY 13-Aug-26

w Distribution of ¢

Large fluctuation in ¢ due to irregular flow field

Accurately evaluated ¢ despite the large temperature jump

Burner outlet wall (R=10mm) H atoms exists outside the flame boundary

3 ot@ 2t
¥ ;lP%l:OHF?M;HZII\II?:IAE EEGTNEERING HE G{A 7|4 EB O] A
y Al 7|8 A7 |= EY 91342026, 8. 21, -

#X. SEOUL NATIONAL UNIVERSITY SEOUL NATIONAL UNIVERSITY
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w Distribution of X,

Complete combustion zone is
maintained in the center up to
61 mm from the burner outlet
without much fluctuation

Lowered X, far outside the reaction zone

H (mm)

10 20 |30 40 0 10 20 30 40
R (mm) R (mm) R (mm)

Lowered X,, even under the flame,
hinting the product gas in the outer region of the flame

47

Moot 7|4 gote
DEPT. OF MECHANICAL ENGINEERING Al 7|8 AAT|& 5% 2]34k2026. 8. 21, RF N 13-Aug-26
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SEOUL NATIONAL UNIVERSITY

F Distribution of Progress Variable

1
29

Co (2-(9.52+ @) Xo2)

(¢ = 0.9, Re, ~ 3900)

‘W’ shaped flame front shown in ¢, map

13-Aug-26

@ Mgoietn 7)Aoty
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g Insight on Turbulent Combustion

Dilution Flame Cepter300— 200
02 e e G b 10 o 3 = 95% Confidence Interval 95% Confidence Interval
T 25003 - Experimental Results 150 . Experm_lental Results
0.15 200 Theoretical Boundary . . Theoretical Boundary
g,DllIOlgnon in Shear .
3 ~150 g -
<01 X “Layer Fitered
e N ~ 100 d
005 Dilution in S o 50
) 5
Shear Layer . iy
0 :
0 02 04 06 28 1 0 02 04 06 08 I . [?Ifutl&lﬂame Center
@ Equivalent ¢ Equlva ent o
! Cl., (¢
a(¢) %100 5%
( 0.9 02

0.8
07 0.15
0.6 ><8

05 0.1

0.4

0.05
03
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08
) [} 0]
@ Mgrojsta 7|7 g oty 49
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w Conclusion

» Data-driven analysis has opened up new possibilities for optical
measurements.

» Hidden physical information can be extracted from complex optical signals.

» Calibration accuracy has been significantly improved through data-driven
analysis.

» Laser-induced plasma can serve as a UV light source for optical
measurements.

» The advancement in machine learning-assisted optical measurements
provides new insights into turbulent combustion behavior.

G0 M2oiota 7| A 2oty 50
{/ DEPT. OF MECHANICAL ENGINEERING Al 7|H|- 7| % 2|34F2026. 8. 21. RFL&, 13-Aug-26
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Thank youl
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TREZEREY

From Classical Simulation to Predictive Intelligence

zofysn
AN e R o3
Ac

What is Digital Twin?

Our Brain as an analogy: internal model + prediction + feedback

* Craik (1943): “a human mental model has a similar relation-structure to that of the process it
imitates.” (The nature of explanation, 1943)

* “Intelligence arises when a physical brain system mirrors the relational structure of reality.”

» Karl Friston: perception itself is prediction-error minimization (active inference)

DIGITAL TWIN

sensing/measurement
—_—
—
prediction/control

Physical space Virtual space

a closed loop — the twin earns its name only by closing it

Digital Twin is a closed-loop prediction (predictive intelligence)

- 75 -




What is Prediction in mathematical language?

* Dynamical system:

dz
dt

* Present state - Future state:
alt +7) = ®[at)

state: z = [11, b, i Ylv"'aYNa'”]

22

[

Present z(t)

. =F(y

Future z(t+7)

21

* Classical simulator is a dynamical system

Zpi1 = (I)At (Zn)

* Autoregressive rollout to predict the future

Zy —Z) — 29— >IN

turbulent combustor is a high-dimensional dynamical system

Can Al Replace the Classical Simulator?

Strategy

Formulation

What Al Learns

Advantage Challenge

Skip simulation
PINN, DeepONet,
FNO, PINO

Imitate simulation
Al rollout model,
MeshGraphNet

Augment simulation
unknown closure,
matrix solver

2(t+71) ~ & [2(t), p, BC]

Antl = ‘i)ﬁ{(zn)

dz Al

df = Fresolved(z) it Fclosure(z)
t — —

unknown physics

full flow map

time-step operator

unknown physics
closure
correction

extremely fast

generalization /

inference extrapolation
instability outside
learn full . Y ]
. trained time-
dynamics .
window
learn onl
unknowr:/ What to learn?
. What to preserve?
physics
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The literature looks optimistic...?

* 94.8% of ML-for-PDE papers report only positive results

* 79% of papers claiming to beat numerical solvers used a weak baseline

* Natural experiment: positive results(non-PINNs) report efficiency 80% ; negative results
(PINNs) 8%

@ claimed (weak baseline)
@ re-measured (strong baseline)

80%

8%

report efficiency in abstract

speedup vs. standard solver
- 2 =
- o R <
X x x x
'()‘
1=
T
L e—e
1®
13
]
X
2
1
1
]
]
]
1
1
1
1
]
]
1
1
1
]
]

positive result negative result
(sample A, 61/76) (PINNs, 5/60) Li'20  Lu'21 KochkovWang'21 Hsieh  Tang
(FNO) (DeepONet) '21 (PI-DeepONet) '19 22

McGreivy & Hakim, “Weak baselines and reporting biases lead to overoptimism in machine learning for fluid-related partial differential equations” , arXiv 2024

A Harder challenge: 3D turbulence

* Learned model barely outperform a trivial no change prediction (persistence) (Dai et al.
2026)

* The best model still make ~2X larger error than a spectral solver with true questions (Dai
et al. 2026)

* Low pointwise error does not guarantee physical fidelity (energy spectrum) (Dai et al.
2026)

* High a priori correlation does not produce a posteriori stability (Park & Choi, JFM 2021)

* Good accuracy on trained flow failed to predict unseen flows (Rumsey & Coleman 2022)

Easy metric passes; the hidden physics fails.
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Theoretical Warning: Turbulence may not be directly predicted

Flow can be a computer!

* Computationally reducible dynamics * Computationally irreducible dynamics
t+106

~

Future can be evaluated directly Future must be computed

Cost(T)~Cost(10°T) Cost(T) « Cost(10°T)

* If flow is universal Turing Machine, there are always undecidable questions
* Euler flow is a universal Turing machine: Cardona et al., PNAS (2021)

v' Deterministic # Decidable
v' For turbulence, to predict is to compute (in general)

Turbulence cannot be solved by answer-matching

Prediction can be considered as extrapolation
* Theoretical ceiling

Direct shortcuts may not exist at all: fluid dynamics can encode universal computation.

* Training Data Covers the Past, not the future

=2 2 AN = ANp < Engr = e

DNS / training data

state x(t)

* Chaos amplifies Tiny Errors

]
204 = tlrbulence (truth) |
— model trained on the:past (0.002% error)

Proxy # Reality 5 ; ” T
time

A-priori accuracy is only a proxy. Prediction is judged a-posteriori.
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End of the Age of Scaling: Toward General Al

Reward Hacking Hallucination Imitation Ceiling
beats the benchmark, plausible answers, human data runs out;
misses the usefulness never graded by the world mimicry cannot surpass

(= easy metric passes, (= a-priori fit, (= training data covers

hidden physics fails) a-posteriori divergence) the past, not the future extrapolation)

The failures we saw in turbulence — now appearing in general Al.

»

Age of Research

Ilya Sutskever

7«1? Age of Experience

Richard S. Sutton

MISSING experience — the right kind of data MISSING ideas — the mechanism of generalization

STRATEGY self-play +grounded reward: the world itself | STRATEGY internal structure & value function: beauty,

grades simplicity, symmetry
LESSON  the Bitter Lesson: built-in knowledge loses LESSON  the BitterSweet Lesson: structure is the
mechanism

One says: remove priors, add experience. The other: experience is not enough — add structure.

Our Strategy: Closed-Loop Predictive Intelligence

sensing / grounded reward

prediction / control

Physical space Digital Twin
the world that grades GPU-resident LES + Al layer
Learn experience from the simulator Preserve the structure and learn unknown physics
* Learn from rollout experience, not answer labels — * Preserve structure by construction — conservation,
physics grades a-posteriori: energy budget, spectra, symmetry (DEC):
circulation + Use internal value function as directional guidance
* Simulation is not optional — turbulence is irreducible: + Not learning the data pointwise, learn the way the

to experience the future is to compute it T

Learn from experience. Preserve structure. Let reality grades
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What must be preserved? What should be learned?

* What to preserve? * What to learn?
Structures Uncertainties
* Information Topology * Discretization
* Operation Topology ¢ Dynamics/Physics
* Symmetry/equivariance * Constitutive relations
* Physical laws * Subgrid closure
* Causality
Reduce admissible function space * Fidelity
To enhace extrapolation, increase
linear algorithm alignment

Hard-code what physics already knows; learn only the unresolved degrees of freedom.

How should information flow through the Network?

* how to design topological structure of information transfer?

* Arecurring pattern in nature and a useful computational structure

, R % Rty

........
93515

LETHAN
‘Q’ ()

e

3984’

Voronoi patterns in Nature

..

* Voronoi diagram:

Convex cells

Natural control volumes and local neighborhoods
Orthogonal primal-dual pairing

Reduced coordinate-induced bias

o seed (node)

——  Voronoi edge (interface)

-~ Delaunay edge (dual)
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Voronoi Structure for both LES and Al-Physics

LES solver AI-Physics ‘ LES computation: ] M

aggregation LES: TNN:

at node

o control volume update ¢ message passing on edges
cell | ; 7
control volume “ r\ node state ;
@ ) \3) feature at node ¢ flux across faces * closure / SGS inference
( f.) edge message * exact conservation e uncertainty-aware correction
along interface

face flux
across interface I
divergence \ /
(co-differential) ) @ g
' ’ “ q = n+l _ n
conservation ;{‘) learned dt -Bf b =y vzmij
update j

correction

In Al-Physics, messages should represent
physically meaningful flux transfer.

Neural messages should live on the same topological geometry as physical fluxes.

Coordinate-free Differential Operators as Built-in Physics

* Nature does not come with a coordinate system.

* Fluid quantities can be represented as differential forms on topological geometry

Differential describe circulation, flux, and volumetric measure more naturally than
coordinate-dependent vectors.

- Stokes theorem and d?=0 enforce exact compatibility between grad, curl and div.

peQ’ el w=dleQ Edve®

[o=[a #= Va0 [ Ads=[vaw
o0 0 =) V- (VxA)=0 fgSA.dr:/S(VXA).dS

LA=V(v-A)+(VxA)xv

Lyw = d(iyw) + iy(dw)

Coordinate-free representation

Coordinate-dependent representation

Encode differential identities by constructing rather than rediscovering from data
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Learn Advection Operator with preserving Kinetic Energy

» Discrete conservation law

J dt +Z2dﬂ€F ¢J?¢k)

* Kinetic Energy conservation is enforced by constructing the discrete
advection operator to be skew-symmetric

* Learn the remaining degrees of freedom required for >2nd-order
consistency and accuracy.

* Voronoi Neural Network is a proper structure to enforce the energy-
preserving structure and optimize the operator

Learn conservative fluxes with enforcing the Entropy law

Hyperbolic conservation law entropy variable Entropy conservation law
o) oG
0% 0fi(9) _Ops 2+ r=0
— =0 V= — ot or
ot Oz + 0
U il - Global Entropy conservation
7= pu2 +p dot product S+ o7 df v
V= u S
(PE +pu 1 mp Dl
T dt
Discrete conservation law Discrete Entropy conservation law
ot . dp;s
d_tJJrszijl(aﬁj,%):O - ; JJFZdJk F* (95, %) = 0
‘ l
(weak) discrete Entropy condition Global Entropy conservation
(vF = vk) F* (@, ) = ¥ — Uy - YN dik (vf —vf) F (95,01) =0
j k

dy=-dy skew-symmetric
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Entropy-preserving Flux Formulations

* Entropy-conserving Flux and Entropy-source term

Discrete Flux: F = F+ Fl= F4+ P D//j A= Rk% positive se'mi-'definite in order to satisfy
i~ i i iy va entropy principle

* Discrete Helmholtz free energy of the 2-phase interface

f(Ta pynvyi) = fm(T’ payl) +fnl(T: Vyl) = fm + Kfyl2(l - Yl2) + A,fIVYl|2

" Entropy-source flux term at the phase interface Dissipative coefficient is dynamically
Ft = Cyllu| + &)axA computed based on the Gibbs residuals
v. = Crl|u| +¢)apApy
Yk Ck = f(AGrk)
: ks

=2
w PR
Fio = (jul+0) ) CarA(pier) + 7 Y FS + (ul +@)udu ) Cup¥y
k k k

Target: Structure preservation at Coarse Resolution

Air flow
Ma=1.94
water flow
5t order WENO scheme Learned Discrete Advection Operator

* Accuracy improves through grid refinement | ¢ Preserve Lie transport topology

» Stability is obtained through numerical * Suppress thermodynamic entropy production

dissipation * Minimize information loss
* Transport structure is preserved only * Preserve information transfer (Whitney form)

approximately
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Qualitative Comparison: Structure preservation at Coarse Resolution
. liquid jet atomization in supersonic flow

Experiment Simu['ation ‘ Simlation
Shadowgraph images (AFRL) Velocity magnitude at the center —
10mm . 2 10mm =

2017 data contour levels

50K fps recording - white: 700m/s
10 fps playback - black: Om/s
0.159 ps exposure

44.3 (W) x 43.3 (V) pm/pixel

Structure-preserving Digital Twin for VCSEL Heating Process

Predictive intelligence requires both simulator and Al inference

Digital Twin intelligence

o
SImU|ator d5id World mOdel REAL-WORLD Sensor data (| VCSEL differential Simulator |
- Predict admissible future states under Rt (csuremen) Physical worldmodel

* PDE-based Forward prediction
* Mesh-based geometry

* Inductive bias

* Data assimilation

t

Al Inference Engine

* Al as aninference and learning engine
- Learns hidden states, uncertain parameters, [¥ e
. 3 4 \ * Parameter estimation
and model discrepancies from data @ poums + Model upcte

physical constraints.

(i) sensors Prediction & diagnosis| |+ Uncertainty Quantification
optimization * Causal reasoning

Sensors as reality feedback L e sy | (decisionjcontrol) \ |* Data assmiltion )

- Synchronize the virtual model with the real
sensor data
v' Simulator predicts.
v' Alinfers.
v' Sensors correct

* Digital Twin as a closed loop
- Predict(simulate) - compare - infer -
update - optimize
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Predict 4D temperature field under heating/cooling process

* VCSEL Heating Process * Direct prediction of T(x,y,z,t)

* PINN: (laserinput) = T(x,y,2,t)
* Neural Operator: Ty(x,y,z) = T(x,y,z,t)

l - No high-fidelity data available (unknown material)
- Limited extrapolation (material, geometry)
- Maybe, it is Turing complete (no free shortcut)

* Why we need Voronoi-based Neural Network to predict 4D temperature?

* No need to learn energy conservation (Stokes law holds)
* Hard-code dissipative/entropy production through Hodge operators
* Preserve the way the information transfer from node to node through message passing

* (Classical simulation do not provide inverse inference automatically.

A Hierarchy of what Al is asked to learn

* Filtered Partial Differential Equation by coarse graining

= oT S
T =GaT Py = V- [k(T)VT]|-V ‘ Heat flux vector: ¢ = Gresorved T dsgs

U

¢ Graph structure with message passing * Levell: learn full flux

unknown flux : | gsas = — (k(T)VT = k(T)VT)

(o proy e, By =G5, TSyt

1
b §
q)l B poin' ( mij * Qi

* \jen)

) not working for unseen data (material, geometry)

* Level2:learn only SGS flux

mij = Qpy + NNS,gS(Ti;Y}';VTvSi]‘ni]')

mij = Syny; - G4(T, T5,0),  mi; = -my not accurate enough for unseen material
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Physical reasoning Reduces the Learning Problem

U vector closure > scalar potential - moments - one learnable parameter

asos = - (KOVT - KI)VT) | K(T)VT =VK(T), —> |lses =K@ -K(T),  as0s = ~Vllscs

¢ assume heat conductivity profile as: k(T) = ag + a,T + ayT* + a3T° + a4 T*

a = 1 83 = - 1 - - . 1
Ises = Elﬂz +a (Tuz I g#s) +a3 <§T2uz +Tps + ZM) +ay <2T3H2 +2T g + T+ 5#5)

¢ apply symmetry invariance:

po~ AN VTP ps~ A*VTTH(T)VT + AYVT'V*T

* learn only dynamic scalar parameter:

C, = NN(T, A, theta)

Cross-Material Prediction by Al-Physics model

* Training Al for Silicon-Carbode (15mmX15mm), laser 60%, distance=50mm
* Test Copper oxide (30mmx30mm, 40%laser, 40mm) and Iron-Oxide (50mmx50mm, 35%laser)

Copper oxide Iron-Oxide

015 final top-surface temperature Final top-surface temperature

0.015 Final top-surface temperature Final top-surface temperature
002 i
0010 0010
0.005 0,005 0.01
E oo E oo E oiob i
> > = ]
-0.005 -0.005
-001 —
-0.010 -0.010
-002 — ! |
-0013

0023 0150.016.0.0050.000 0005 0.010 0.01¢

0.015-0. 0190‘005&000 0.0050.0100.01¢ -0.02 -0.01 0.00 001 002 -0.02 -001 000 001 0.02
x[m] x[m] x[m]
s ok e ) : - (a) High-Fidelity Simulation (b) Al-Physics Prediction
(a) High-Fidelity Simulation (b) Al-Physics Prediction ¢

1400
r 00 + 15X speed up at the similar accuracy
% g o 2
@ 1000 v oo ¢ Fully-differentiable solver (JAX)
? 800 g
Q a 600
§ 600 5
= High-fidelity Simul. (reference) 400 = High-fidelity Simul. (reference)
400 e Al-Physics. (N=10) ‘ —e— Al-Physics
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time [s] time [s]
(a) Copper oxide (b) Iron oxide
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= A consistent error of ~150K
\\ observed at the peak

SiC experiment vs. AI-Physics model

mo calibration on VCSEL Power

Temperoture (k)

t 8 8 § § %

load RMSE [K]  Peak Error [K]

10% 153.98 -130.17
20% 183.42 -141.27
30% 205.89 ~153.68
40% 204.43 -150.67
50% 215.25 -163.09

/

After VCSEL power calibration

K No calibration on VCSEL Power

= With a single correction factor,
peak temperature and cooling
behavior are reproduced across

all power levels

F Reality Check: Prediction model update through closed loop digital twin

~

~

yyyyyyy

load RMSE [K]  Peak Error [K]
10% 35.52 —16.44 (1.69%)
20% 37.06 —6.61 (0.56%)
30% 40.96 —6.40 (0.49%)
40% 3217 +1.90 (0.13%)
50% 37.01

~294 (0.19%)/

model

Sens

Physical space

or input

m Temperature measurements
(thermocouple)

Digital Twin closed-loop framework
for the VCSEL process

Inference / control layer
n Inverse modeling of k(T), Cp(T), &(T)
u Design of experiments (DOE)

n Over-heating risk assessment

m Laser-power decision

Al-Physics simulator based Digital Twin for VCEL Process

O Prediction, inversion, experimental design, and control can be based on Al-Physics differentiable

Virtual space

Predictive layer

4— u Forward prediction of the

full 4-D temperature field
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Design Experiment by Al-Physics Model

Fixed absorbed flux, (L, t) plane

Identifiability Analysis for thermal diffusion a and radiation R

* The sensitivity correlation | pR,a| screens experimental conditions

pR,a| — 1 (Yellow regime) R—o degeneracy (inseparable)

Lim)

pR,a| — 0 (Blue regime) R—a separable (identifiable)

* Design variables: absorbed flux q,, thickness L, measurement time t (t = at/L?)

Significance

* This analysis is a regime-screening of whether an experimental condition encodes
radiation information separably from diffusion

o Asmall |pR,a| only flags a candidate condition for emissivity separation

* The final identifiability of the three properties (k, C;, €) is assessed separately via the
dimensional Identifiability analysis

10
measurement time 1 [s] (fuu=alL?)

100

Fixed thickness, (q,, t) plane

10 107
measurement time (5] (ruw=ail?)

Predictive intelligence should tell us not only what will happen, but what experiment will be informative

(0 = separable, 1 = degenerate)

10

(0 = separable, 1 = degenerate)

Flnverse Inference in an Identifiable Regime

- N

Reference-property inverse estimation

Top Bottom Top

/ Extrapolation validation on the cooling phase \

Bottom

1400 1400

1200 1200

8
8
s
S

=

8

S
8

Temperature (K)
Temperature (K)
Temperature (K)

=

2

8
3
8

B 30%True
== 30% Recovered
=k 50%True
== 50% Recovered

& 30%True
== 30% Recovered
= 50%True
== 50% Recovered

400

Temperature (K)

1400

1200

1000

8

8

20 40

60 80 100

0 20 40 60 80 100

0 10 20 30 40 50 0 10 20 30 40 50 Time (s) Time (s)
Time (s) Time (s)
=4 RMSE Max error [%]
Sic properties: C, and k
= ¢ 33.17 [)/Kg K] 4.06
1250
2 0 30% k 1.833[W/m-K] 450
gus -0 | 2
g b € (true 0.75) 0.0032 [ 0.42
£ 1100
£ s ke | ¢ 26.06 [I/Kg: K] 355
’ 1000 .
. 50% k 1371 [W/m-K] 3.39
50 60 700 90 1000 1100 1200 €(true 0.75) 0.0171 [-] 2.28
Temperature (K)

N
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SiC experiment vs. simulation validation
ﬁComputed from simulation-reference properties

load RMSE [K]  Peak Error [K]

0% 15398 ~130.17
0% 18342 -14127
30% 20589 ~153.68
0% 20443 ~150.67

= A consistent error of ~150K
K observed at the peak 0% 21525 -163.09

/

F Reality Check: Prediction model update through closed loop digital twin

~

Simulated VCSEL power calibration

/. )

Optical correction factor applied

Tm @k @ B B 1 @ D N
Time ) Time s

)

Time 5]

- load RMSE [K]  Peak Error [K]
o 10% 3552 —16.44 (169%)
20% 37.06 661 (0.56%)
- 30% 4096 ~6.40 (049%)
= With a single correction factor, 40% 3217 +1.90 (0.13%)
peak temperature and cooling
50% 3701

behavior are reproduced across
all power levels

~294 (0.19%)/

Pyrometer measurement setup

FReality Check: Inverse estimate through Digital Twin.

ﬁ Inverse estimation results ﬁ

SiC Cy: average of 5 estimates

Recovered emissivity € vs reference

08 e P A
2 k- LR SRR -
2
73 508
Y Z
2 H
g g
e E
£ 900 ui 04
]
-4
& s00{ ;G0 - G
G0N - G (50%) 02 Reference
7001 G (20%) == G, (avg,150) B (5iC, atmospheric pressure)
6 B0%) k- Recovered
80 90 1000 1100 1200 1300 1400 1500 1000 mo 1200 130 1400 1500

Temperature (K) Temperature (K)

* Estimation uses top-sensor data only, with k and R; fixed at
reference values

* Estimation was restricted to T > 850 K, below which
pyrometer readings are unreliable per the instrument
specification.

¢ (y(T) and & were recovered with maximum errors of 7% and

\5%, respectively, relative to literature references. /
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*  Laser Cutting Process Module

A\
-----

What | have learned...

* For sufficiently rich dynamics, prediction may require computing the future.
* Therefore, predictive intelligence needs a world model (Age of experience).
* Every prediction is an extrapolation in time — and extrapolation needs a rule for what
can happen.
* Structural Extrapolation hypothesis (Age of Research):
- Physics improves extrapolation not simply because it adds constraints,
but by changing what the neural network is asked to extrapolate.
- Keep the nonlinearity in the simulator; leave the network a nearly-linear problem.
* Perhaps intelligence begins when a system can experience possible futures before reality

arrives.
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Combustion Science and

Simulation

Scientific discovery

Engineering

Control

[;R=0.30]  [eR=060]  [ER=0.50]

CH, + 20, CO, + 2H,0

cmpredcte[ T E

Combustion = Chemical reactions + Transport phenomena

Image source: wikipedia, Oak Ridge National Laboratory, Wang et al. 2024 Chem. Eng. J.

- 93 -




Number of reactions, |

Are We Sufficiently Knowledgeable?

Hydrocarbon fuels

ACS PERIODIC TABLE OF ELEMENTS

1= 5K v Chemistry for Life®

4 | ' M
10 C16(LLNL) " g Decano ate

Ci2(LND, ‘n (LLNL)
CHO(LLNL), - B C14(LNL)

|so-oc1ane(LLNL) i .PRF

>
BRI S
i EE

iso-octane (ENSIC-CNRS) /" n-heptane (LLNL)

CH4 (Konnov)
103 L .. skeletal iso-octane (Lu & Law)

Usccl-c g o kIII n-heptane (Lu & Law)

n-butane (LLNL)
USCCaHe .13 Butadiene

C1-C3(Qin et al) /- DME (Curran)

GRI30 . neo-pentane (LLNL)
GRI12 u'(’:m (San Diego) @ before 2000
- CHb(Leeds) 2000 to 2005
2L
10 u after 2005

e " Ll n T | n L
10' 10° 10° 10
Number of species, K

Lu and Law 2009 Prog. Energ. Combust. Sci.

How Do We Understand Our Physics?

real m=== forward problem

world Physics e*p

e['i
Y
’7’6‘

Data
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From Observation to Model?

me forward problem

real :
Physics Q\'p ===} inverse problem

world

Decades of time
Experts’ knowledge

‘..--.

first principles
modeling

Model

https://engineering.purdue.edu/CFDLAB/

Alternative Ways?

me forward problem
===} inverse problem

real

world Physics

Decades of time
Experts’ knowledge

‘..--.

first principles
modeling

Data-driven modeling - still challenging.
* Elusive nature of physical quantities

* Sparse data

* Interpretability

* Generalizability

* Modeluncertainty
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Is Data-Driven Modeling New?

Not at all, curve fitting!

v

xil) xin)
X=|: - : Y= [y(l)
xc(il) x((in)

y®]

Step 1 hypothesis - linear function

Step 2 find parameters - optimization

y=0y

Objective function:
n
1 o
J(6) = HZ(GT"@ —y®Y’
i=1
1
=—(XTo-¥") (x"9 - ¥7)

2
Minima: VJ(6) = EXT(XTe -¥T)=0

Optimal parameters: 0* = (XXT)_lXYT

What if We Have More Complex Physics?

Supercritical organic fluids
(Harmen et al. 2018 AIP Conf. Proc.)

Author Equations

Dittus-Boelter Nuy, = 0.023Re)*Pry!

(1930) 5 -
n=10.3 for cooling, n = 0.4 for heating

= 035 -033

P kp\ 033 /011
Nuy, = Nugy (_c pb) (_k ) (I‘_)

v w w

%”Rebﬁ
Mup=|— o =~ —
12.7(§") (W§-1)+1.07

f = (1.82logyo(Rep) — 1.64)72

Krasnochekov and
Protopopov (1959)

Gnielinski (1976) Nu= (f/8)(Re — 1000)Pr

T1+127(F/8)°5(Pr33 - 1)
For smooth tubes: f=(0.790In(Re) - 1.64)%, 10*<Re < 10°

Finding a proper hypothesis group would be
one of the challenging tasks.

Author Equations

Jackson and Hall,

0825,.05 (Pw) ™ (5 ;
(1979) N, = 00183Rep 1S (22) (_L)

[Pb
& = (7 qar) /(1 - 1,)
n=04for Ty <T, <Tand 1.2Tc < Ty <T,
n=04+02[(Ty/ Ty) - 1] for Ty < Tpc < T,

n=04+02{(Tw/ Tpe) - 1] [1 = S(To/ Ty~ 1)] for T < T
< 12Ty and Ty < Ty,

Petukhov et al., (f/8)ReyPr,,
(1983) Nuy = =t}
1+900/Re, + 127,778 (P, - 1)

£ = folow/p)** (/1)
£, = (182logo(Re,) - 1.64)2

(fr)Rey Py
10741227, 78(Pry 1)

fr = 10wl £y)**® (s /1p)**°

Razumovskiy et al.,

- 065
(1990) (& /cpp)

Nuy, =

Kang and Chang 00293

= 0.7625-0.552 (Pw.
ot Nuy = 0.0244Rel762Pr (p.,)

Pr=¢,

==

Mokry et al. (2010) Nuy = 0.0061}193'9““??”-”“ (ﬂ)usm

Pb
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Neural Networks

Theorem (informal): Let f be a sigmoid activation. Given any
continuous function ‘h’ on a compact set C € R?, there exists a NN
with 1-hidden layer and a choice of parameters such that its output

F(x) = ZVif(BTx +0))

approximates ‘h’to any desired accuracy € > 0, i.e., |[F(x) — h(x)| < ¢
forallx € C. (from Cybenko’s result in 1989)

Input Layer € R* Hidden Layer € R® Output Layer € R? “Universal ApprOXimation Theorem,,

Slide adapted from MIT 6.867 9

Towards Interpretable and Generalizable Models

me forward problem

real
===} inverse problem

world Physics

Decades of time
Experts’ knowledge

‘..---

first principles
modeling

Combustion modeling - still challenging
* Elusive nature of physical quantities

* Sparse data

* Interpretability

* Generalizability

* Modeluncertainty

10
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Dynamical System as a Lens for Engineers

dynamical du =J‘ o) dt
system Ezf(u,tﬂ) my u=| f(ut,0)

is engineers’ lens for physical comprehension and design tools!

fluid motion thermal behaviors reacting flows

(—

Today, we will only focus on ODEs/PDEs modeling.
Image credits (October 2025):

https://www.shantanubailoor.com/carreau-cylinder

https://medium.com/data-science/simulation-101-conductive-heat-transfer-a4f09b3e16b4
https://engineering.purdue.edu/CFDLAB/

11
Two Scenarios in PDE-Based Inverse Modeling
fully known domain knowledge unknown
Model calibration Model construction
parameter estimation
‘ known PDEs
Lt 6, - 5 dT it
I<' L pc 4 )= V- [kVT(r,0)]
) - dt
v ; g@:
arrt) d(r,t)
g, 0 e data-driven model
dw(r,t) . E,
T [1=w(,t)]" Aexp [— R, t)]
12
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Latent Dynamics Modeling

Residual neural network

Upyy = U+ fuy, 0)

Residual Network

ODE Network
5 5 ]

4

Depth
w

~

—

=5 0 5 =5 0 5
Input/Hidden/Output Input/Hidden/Output

Time scales are widely separated in combustion.

Neural ordinary differential equation

du
P f(u,t,0) ~ NN(u,t,0)

(universal approximation theorem)
Chen etal. 2018 NIPS

du /dt  duy/dt

Uy U

13

Neural ODEs - Challenges

Neural ordinary differential equations

du
7 = f@t.8) ~NN(u,,6)
(universal approximation theorem)
Chen etal. 2018 NIPS

duy/dt  duy/dt

>

O Pure data-driven modeling for PDEs or ODEs
Q Critics

* Notinterpretable

+ Difficult to generalize

+ Challenging to train neural networks due to stiffness
(Kim et al. 2021 Chaos)

Z_I; =u(1-u) ™ Need a gigantic NN

U My perspective: the latent dynamics are always simple!

Du_au

Navier-Stokes

1 1
i . 20—~ =
HE T + @ - Vu+vWu pr+pf

Question: Can we develop a compact and transparent latent modeling technique?

14
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Compact and Transparent Machine Learning Model

Interpretable machine learning Kolmogorov-Arnold network ordinary differential equations

1 neural networks  Kolmogorov-Arnold networks dus/dt duz/dt —
v M aNGL6)
= q e
» 7
5 . 4
2 § du
g Y 4 == Symbolic(u,t, 8)
: t
w ' U1 [VF3 1—)
Sparse and symboliq X
regression H ® Koenig#, Kim* and Deng 2024 Comput. Meth. Appl. Mech. Eng.
Koenig, Kim* and Deng* 2025 Neural Netw.
> gt Kim#
Erem—arn Koenig*, Klm gnd Deng 2025 Phys. Chem. Chem. Phys.
(#: equal contribution, *: corresponding)

U KAN-ODEs: A new approach leveraging the concepts of neural ODEs and symbolic regression

U Foundation for a compact and transparent modeling tool for dynamical systems

15

Kolmogorov-Arnold Network Ordinary Differential Equations

KAN-ODEs: Kolmogorov-Arnold Network Ordinary Differential Equations

Adjoint Sensitivity Analysis
Backward solve

Kolmogorov-Arnold Network Ordinary Differential Equation Al 2 g j_i :_5
dl @ |lz=1 of &F
output 4% d_y Forward solve dr| o et e 8 g g
Layer dt dt I

u) :ug+/tKAN(u(r),€)dT

)

-
ANCIEE ) aiie

ayer dc 3 L x
NNNUN “ON) RO ) o)
u(0)
y \l/ 0 0 ti tit I

ti ti+1 tr

Input

Layer Y

Exploit time-dependent information in our data through adjoint sensitivity analysis

16
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Symbolic Modeling of Source Terms

known  unknown
2

du 0%u
Fisher KPP PDEs S +u(l—u) Goal: derive a source term in PDEs using KAN-ODEs
x

—— Learned
0.4 Symbolic regression

KAN(u) = 0.9953u (1.0024 — u)

data

0'8.0 02 04 06 08 1.0
u

Learning the hidden physics or latent dynamics from observation
(can be extended to any modeling such as in porous media)

Koenig?, Kim* and Deng 2024 Comput. Meth. Appl. Mech. Eng.
17

The Other Scenarios in PDE-Based Inverse Modeling

domain knowledge

fully known unknown

parameter estimation

‘ known PDEs

Lt 6, J dT rt
I<' - pc i V- [kVT(r,1)]
6, I dt
-
’ 2
dT(rt) , dw(r,t)
g =V Il + p— data-driven model

E,
RT(r,t)

do(rt) .
T [1=w(,t)]" Aexp [—

18
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Motivating Example: Nanocomposite Combustion Physics

solid rocket booster
Nanocomposite

combustion

metal particle
(fuel)

™ oxidizer

—— 200 ym

Laminar premixed flame theory: S~(aw)®3

Wrong for nanocomposite
Tsai*, Kim*, and Deng 2024 Proc. Combust. Inst.

+ Challenge: incapable of measuring @ and w for nanocomposites

Kim et al. 2025 ACS Nano

Kim and Deng 2023 Chem. Eng. J.
Cha*, Wang*, Kim* et al. 2024 ACS
Appl. Mater. Interfaces

* Research goals:
1. Combustion wave propagation theory
2. Quantitative analysis of heterogeneous flame dynamics and instability

19
Forward approach Bottom-up approach
Quantum Reaction pathways
chemistry Reaction parameters
i " T i Reaction
Model Prediction for L pathways
simulation flame dynamics f
ValidationT Optimize Vah’dérion Optimize
Experiments Tuning and validation Reaction pathways Reaction pathways
w/ canonical configurations “B?C*D St
(Quantum chemistry] (Quantum chemistry |
20
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Is the Bottom-Up Approach Tractable?

Hydrocarbon fuels: C/H/N/O

Lu and Law 2009 Prog. Energ. Combust. Sci.

. ACS PERIODIC TABLE OF ELEMENTS
=5k .~ i
) 10°F cio LN .(DLeL%E‘)oa(e . o r: I e e E
%; ‘ ch(lz,_,:t?‘.,u. C14 (LLNL) . ﬂ.nngm
% |so-occane(LLNLl)l',' PRF L uﬂ.
GS isoroclane(ENSICVCNRS)VI/,' n-heptane (LLNL) . mmﬂ.mmmgﬂg
S ZZ‘!E?"ZT'. iy ‘ o o o] |-
| A QB [ v o [ ] 7 o o]
R e [0 s e ol o B
T e sleleleielelellslalele ol
e m afer 2005 EEHMMM@EQE@@M
10} "'1'(')2 ' 153 T g =
Number of species, K
21
[ L J
Change in Perspective
Pre-heat zone Eoadig ias Decoupling o
Burning path ¢ Chemicall‘eaction
Reaction pathways Quantum R flne « Thermaltransport
Reaction parameters chemistry * Mass transport
Wil twanzoe
F Prediction for Model Parameter estimation
flame dynamics simulation Uncertainty quantification
Inverse
problem
v Tuningand validation Experiments| Collect data
w/ canonical configurations
22

- 103 -




chemically reacting flow

infer parameters
reactive
. ic: dr(r,t do(r,t :
thermodynamic: Ty o G (69T (r, )] + pH (1) materials
* transport: a, h de dt
* kinetic: 4,n,E, do(r,t) n E,
o [1-w(rt)]"Aexp TRTD

Decoding reaction-transport coupling!

PDE-constrained optimization

simulation

observable
T(x,t)

latent

Update 0 Update 100 Update 1000

es 9
< ¢ @

A/Atrue 12 a/atrue d)(x’ t)
Kim and Deng 2024 Nat. Commun.
23
PDE-Constrained Optimization

Data PDE prediction
t3 t 14 t3 b 1

Wave propagation j«*%*se®*e4®°,

— ‘o .o .: '..0.. .c.
{T(ri'tj)}i,j . ." ..' ®0ge %00y %0q, T(T,t,a)
ooooiolllllgzlll.::"'. ru r#

»

I Forward solve

L PDE-Constrained Optimization

Tp(r,t)

L
de

Instantaneous error £ = ZIlT(r, t,0) = Tp(r,t)l5
00 ot dy
20 " 9yde

sy

Parameter update 0 < 0 — n@ ..............

Loss gradient

J T(r,t,0)

Physical model (PDEs)
dy
— E = f(y' t, 0)
0

Forward sensitivity equations
d (dy\ of (dy N af
""" Hard | dt\d8) dy\do)" 26

c%r;s;;,aé';ts where y = [T, w](r,t)

Kim and Deng 2024 Nat. Commun.

24
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Test with Experimental Data

Fe/BaO, Ti/Si Si/Pb,0,  Citrate-Nitrate = AUZr/C

2 18t
Measur | « «
ement

Our

250 5
¥ ¥ 150, I 500 ¥ 150
& S0 & S0 & S0 & s, & S0
5\ N 5 5 5 5
o\ ) 0 ] 0 0 0
T
2 (mm)
tls \
appro | " '
ach T, 200
210 200 200
1500 1500 1500 1500

= ¥ \> f'iiii$ : Im‘ fuj:sk‘

............

Curve
m "

T ['\] 0

Kim and Deng 2024 Nat. Commun.

O Accurate prediction
in our approach

Boddington et al. 1986

Wrong prediction
in a curve-fitting approach

25

Uncertainty Quantification for Prediction Reliability

parameter

“Experimental data are Mﬂ/
always noisy.” — I
deterministically 0

determined

Kim and Deng, in peer review in Journal of Computational Physics

Sampling approach (e.g. MCMC)
- intractable with nonlinear PDEs

26
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Conventional Approach: Markov Chain Monte Carlo

Metropolis-Adjusted Langevin Approach (MALA)

0-0-0- -0
2

T
0t+1 = et + ?VlOgP(BlD) + ‘L'Gt

PDE information Random walk

0t+1

0,

€:~N(0,])

Experimental
observation

Combustion wave

Sample
size test

Kim and Deng, in peer review in Journal of Computational Physics

27

Conventional Approach: Markov Chain Monte Carlo

Metropolis-Adjusted Langevin Approach (MALA)

0-0-0- -0
2

Ot41 =0 +

PDE information Random walk

T
2

0t+1

0,

VlogP(0|D) + e,

€:~N(0,])

Model parameters

a thermal diffusivity

T adiabatic flame temperature
I heat transfer coefficient

1

g
o A pre-exponential factor
&2 ; E, activation energy
l'gxmI [
e ) % f
x10°
1 i px )
05 '
‘; e 1
0 g
x10¢ |
Wk JE. Al
8 - 2
R 04/ j e o Y
0.2 X104 x10° x10+ xm“
0 2 a5 2 25 40 05 1 020406
a Tf A

Kim and Deng, in peer review in Journal of Computational Physics

o X108

One million samples do not accurately represent the posterior distributions.

28
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Our PDE-Constrained Stein Variational Gradient Descent

PDE-constrained optimization Stein variational gradient descent

Deterministic approach using a sensitivity analysis Transforming prior to posterior

0s
Transport
space

prior
Reaction
space

0;"" < 0;+n¢'(61)

minimizing KL divergence

I
Coupled
space

=P Model discovery posterior
along the coupled space

Kim and Deng, in peer review in Journal of Computational Physics
29

Our PDE-Constrained Stein Variational Gradient Descent

N
1
8@ =3 ) [1(6;,0)7s, logp(8)1D) + 75 k(6;.6)|

forcing to high repulsing
probability

Prior » 500 updates ——— 1000 updates

stretching
= find coupling
0.46

— 10000 updates —— 50000 updates ——  Posterior

e

Kim and Deng, in peer review in Journal of Computational Physics

expanding
- find scales

30
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Uncertainty Quantification for Prediction Reliability

parameter

“Experimental data are Mty Sampling approach (e.g. MCMC)
always noisy.” — 1N - intractable with nonlinear PDEs
deterministically 0
determined
1 N
New PDE-based Stein variational approach $°(6) = ﬁz [k(8;, )75, logn(6,1D) + V4 k(8. 6)]
j=1 - n :
PDE-constrained optimization + Stein variational gradient descent fo;;liﬁ{';‘fh repulsing
0" < 0} +n¢"(6}) 60
rior » posterior —
prio minimizing KL divergence P 3 90
:\EE 40 Y
= 30
38
- m 20
A: pre-exponential factor 1.5
E,: activation energy
A ; a[mm/s] 1 1.2
U Efficient & numerically stable approach for PDEs 2.5 0 0.20.4 0.60.8 <108
A[s™]
Kim and Deng, in peer review in Journal of Computational Physics
31

Uncertainty Quantification for Prediction Reliability

prediction uncertainty
-0.00373 08
* Measurement
2000 p |——Mean prediction|
0.6 (v Gt 2 1o confidence
X, .._.M'J"/\ 2 confidence
[: i uncerta]nty N 1000 4o confidence
propagatlon 0
S 02 ——True value
4 —— Mean prediction|
" o confid
) 00724 v p du T, . B s
2 . d_ = f(u' t, 9) 2 5 40 confidence
1 t 35
10 02 j\
1 0
< i 15 10 5 0
05 .
Model parameters @ [mm]
.,42 m il 06 a thermaldiffusivity
x10° . .
0.6 Ty adiabatic flame temperature
5 04 48 h  heattransfer coefficient
02 X10¢ e X101 <10 A pre-exponential factor
0 2 45 2 25 2 4 0 051 020406 E, activation energy

a Ty h A E, 10

Kim and Deng, in peer review in Journal of Computational Physics

p Pearson correlation 32
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Wave propagation

10°

7
/
;
,
;
,
;
/11
; !
,
;
;
;
,
7

"

e

10°

+ Nanocomposite: § & %3
« Laminar premixed theory: S, « &"

& 571

5

S A o 10° -
S, A
_ A
I‘OW (U 'g' 10-4 T /','ff‘
> Q vI'
i
high w (+) [+) . i
[ g > °O° ’ °°° 107 3
) 00 10 . 10
quenching o7 [
: } ’
A ) 1
1.0 2.0 3.0 4.0
¢ []

Q First theoretical analysis for nanocomposite combustion - enabled by an inverse approach

Kim et al. 2025 ACS Nano

33

Model calibration

pc

Concluding Remarks

fully known

domain knowledge

unknown

parameter estimation

ar(r,t)
dt

dw(r,t)
dt

dw(r,t)
dt

=V VT, )] + pH

=[1-w(rt)]"Aexp [— ﬁ]

Model construction

known PDEs

Tt o (kYT (r, )]

dt
+ ool

data-driven model

Interpretable modeling can be achieved by PDE-constrained optimization and KAN-ODEs

for reaction dynamics.

34
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Ongoing ML Work in Our Group

Governing egns.

Numerical

methods Prediction

Forward problem Geometry

I.C.&B.C.

Governing eqgns. discovery
Numerical

Geometry optimization Experimental data

Inverse problems (or simulation data)

[.C. &B.C. inference

Reduced order model

35
Ongoing ML Work in Our Group
Ongoing projects will be briefly shared in the workshop.
- Virtual sensors
- Gradient-based design optimization
36
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Contact Information

Suyong Kim
(suyong@snu.ac.kr)
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(Materials)
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(Design)
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Doosan Gas Turbine Auto-tuning

© Gas turbine info

© Input Data

2026.08.21 14:34:45

© Calculation Result
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Bt /H[0|Q0HA: HEXMQI & F MR 1K=

/
e B = MEHHIO|QIIA GIATIK
o DHE 937X 9T RN U3 S
0 G4 HH: 71X — HR0H(pyrolysis) — ZK(char) Mat Ash
0 IS0 2 72 BHO|QUA — OfEF — 2Tt — OfOIHEr  Of3Et — R01et
3 J
T
Char
conversion
Pyrolysis
Wood pellet Wood chip
0 ¢z E40] et Bx 24 ﬁ
Combustible (7|312) Drying
M?_J'k_s_é:"e Volatile matter (3/2£) Fixed carbon (U &EtA)
c H (0] N S ﬁ
o 58 2M(Proximate analysis): &, 3|42, 1HEL, 312 Fuel
o &4 24(Ultimate analysis): C, H, O, N, S
o 24 HUCHL IEY o= M= ME7HC 58
- AN 4
Rz A
0 UH%s AAHHC 2 EF
o S2ISEHA HAL SH AIZI0| THE HHISQ S& AAH
o Oz OO, 57| 0| S, 942 + 292, di7pA FR 4H|(EE, 29, TX), 371 MO01S/E¢Y
o O1& £ e £H0| 0, K1z B4 HEL 2N 2is
o O Y A B A2 U 13, HI0|20A Ha HH|= g A £
o Qg 240 FYUY Hale 459 HE2 RYdtL MOE OEA &
o YT HH|Q| A MWHNLIX| ST [ fot s 3H 57t
2 A A=t 22/ M0 HelE 7|82 oAl RHO|
2E S iR =3
1. %z 24 HAH OIS
2.NOX 2t 4 B3 58 B
3. 2o} WSO M2 F Hof 248 —
L]
H }
Coal silos E Burner D [zgg'%x
: DeSOx
Coal feeders Air preheater f
A-F —
T | Electrostatic Induced
Bl " Fored Precipitator draft fan
ir =
A-F draft fan
MEL3|3 A q
KEH312] | 24 O —

- 124 -




Al 7]dt MEH/HIO| QA HAMH| g 2 %

5
AA MH| 2421 20 Al 2E
0 IHAs AAMH0| 2= £ Al 2 07 |EA
Convolutional neural network . Hﬁ.ﬂ 1RI(AAIZ), 2X+24(0|0]X]) E|O B Xz oy -
wl'_‘;')ay” pSception - Of21 ), 53 bk AO[O] BHHH BN(static)dl T4 315 2H B0 2 A5, 012 24 05 S
* AAE CIO[EQ] AZHY o= 8tE S S
8 QF BIA0| BB T3t O1A A0
Recurrent neural nefwork * [j& 2% Gated recurrent unit (GRU), Long short-term ~ *71 ther o) HifOf thet 94 959l
(RNN) NZHE 58 745 0|5
memory (LSTM)
) i jionS 0|25f 1A A|A|S9| THEIDt A2 =
Temporal convolutional network ;I‘E' (ﬁ;lsalgfﬂvolutlona 183l 241 A S THEL A HUR{O| CHHEF AH Y 0= 2 RFT|
(TCN) G 2 (long-horizon) 45 0%
* AAE Y M2 sk QP A, 71 9 7t R
» Self attention mechanism Eaif A7 L N2 DOZI AIF
119 SQT O 72| o= IS bsheirs 2 #H4:0] HSI0] TSt CHTA, A5
fransfofinet w2} Q1O OYEBIR| 210t 71 U2 AIHA U LR OJE (long-horizon) A5 01
Helof sty
6

Part 1. Part 2.
tiz EUY 3 24 05 AZEHMAM 4L NESE 22| 45 BF7| 0
2ERES B4 AAY 500 MWe D:2E 3%
(Circulating fluidized bed) (Pulverized coal boiler)
AE Xz 024 -E-’S AUzle,
(H7HA B, 271, 71 2, B2 MO 5) FZSMYAZ O

l }

GRU-Transformer

MER hybrid
o2 £, £ 113 205714
(42, CHONS, 3% 31, oz mjolay|H| 5) HUZ &1 7tA 2 NOx, 0, 8=
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Input layer

VS,
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AN
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Hidden layers Output layer

A
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Ab A

CHiof 24|

0 CHAPASH]: 253 MW, 2B9E% Bol3)
0 9B QW + 2CF BY

001z S U 24 05 ATEHA T
o 2 E8H| YHEX 4T, PEHY B4 Hal
0 912 U 9T MY AS0IL HO| 13
> HAZ EE YUY FIIE OR 5O B4 H
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Bed
|_material ——

Circulating
fluidized
bed
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EEEREE ﬂ

Primary
air fan

Secondary Stack
air_fan

T |

Fabric
filter

MIEFS, Wl eE 8%

37198, B

€02,
H20,

NOx,
SOx,
-7
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Al 7|8 MEL/HIO| DA HA

HHV [M] /kg] = 03491C + 1.1783H + 0.1005S
LHV [M]/kg] = HHV — 2.4419(M + 9H);100

Az XA Moisture, C, H, O, N, S, Ash
EE —ECQ%F: mfuel

lZ7|H|: A

917| SE: Tatmx )c\!q'lﬁE

57| 0 2% Ty,

HUR ST HIIA 2% T,

Fuel-N2| NOx 22 :f v,

—-0.10340 - 0.0151N — 0.02114sh

Channiwala & Parikh AfH4|

'g_7| ‘IQFFF‘DF: l./air
EER= o Hi71A 24 CO2, H20, 02, NOx, SOx
EPS E||0|E| HH”A 'IQFEOF: Vproduct

IIJ%F—IOF: Qsteam + Qloss

- 9
- MRS,
Step 1 Eh L
c A2 SX(CHONS, 22, 3%), 0|2 AHAA . o
8 Bl0JE A4 i o H7HA 24 U B3| TR
- ol
Step 2 Ea =
01|p§ EEY o2 S, 24, Yo ANN 7|t AZEHA
ol (Al = M = - ~
Step 3 “ifffﬁ'_qs ) A2 | o Eoly=y £
Ty M| &g P e o AZEHN & SR Y, YTy
= 10
84 BIOJE] A4 22 AMY #1
D 9l ¥g ST4X|
(Hy0),, CeHy0,N, S5 + a(1 + 2)(0, + aH,0 + bN)
= xC0; + [+ + aa(1+ D]H,0 + €0 + 550, +nf o, NOx + b1 + 4) + L2 y,
W, x, Y,z ns A2 ZY AL o HR 12T B MAF N BYSIH|, £, Fuel-N NOx Htg
EEERE - EON
Tfuel Tair . . Texit Texit
mfuel f Cp,fuel dT + Mair f Cp,air dT + mfuelLHV = Qsteam + Qlass + z mp Cp,p dT + Mash f Cp,ash dT
298 298 298 298
LERE 27| g wey B gy gad E7 4714 Y 3l 3l
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X0

g HoH 4d: #2 7MY &

0 02 XA Ho|

0 C,H, N, S, Ash, Moisture: 2Y/HE 2M7t 7|1F

00=100-C-H-N-§

e

(=3
O

?I

Min/Max &%

0%

0 2ME35} 89l 80~100%
O 24 He: 83 7|1F FA-F0
Parameter Unit Min Max
C 47.08 54.37
N [%daf] 1 2.1
oz XN S 001 026
Ash ; 03 1124
Moisture Dowet]l | 4 242
HYUH Z1 1A 280 350
oA 2% [°cl 225 270
A7IRE -10 40
28 e N
e AsE [%] 5 100
ERSVE [kg/s] 15 22
qAZ7|H| 009 023

7+
o Y12 HIC M| 1%: HIC = 0.1240
* 34 HI0JE 45 Al H=0.1240 C2 %% Ay
« CHHY HIS2|% X3t 8K X o T4 Uiy &
0 Fuel-N2 NOX H&3(f o, ): 4.7% (**ﬁla;)
o 2 L E(Fuel-S)2 M SO,2 M3t 71K

.239% (A7)

 0.700%(R123H1)

0 HI0|E1 X H#
o H|0|E{Al 28k Train 80%, Validation 10%, Test 10%

'Ke et al., Journal of the Energy Institute, 105 (2022) 415-423.

Vi V,

air

o9 o3 (12794)

Tall" Tatml TgaSl =k
C0,, H,0, 0,, NO, SO,

product Qboiler

o o o
oy o O»
> 4% ux

G
Al5}

3

aussian noise: 0=0.005

1024 768

576

432

3t Property, Physics, Local consistency2| 758}
* Property loss (%2 24 2A}): clean/noisy 0I5S
* Physics loss (22| J74 2} 013 HEMHE 9-2

* Local consistency loss (34

o X3}

g

any

S: AdamW optimizer

Physical mapping

e T o e R
H=0.1240C C,H ON,S,
0=100-C-H-N-S LHY, B |H|

E-r Y Y0 x|

): Y42 noise X% Wléﬁgl 3} ol

Xy = X + ¢, e~N(0,0.0052T)
X 2 B389
" Xp: Gaussian noise’}t 715 2

Je =fo(x), Ta

Ltotal = Lproperty + 0-1Lphysics + O-OSLlocal

1 R R
Lproperty = 7 [MSEsq(Fe,y) + MSEeq (9, )]

Lphysics

Lyocar = MSEtq [y, stopgrad(9;)]

=f9(xn) =9-y, §=10

1
= 2 [Hubergeq (F(9:), %) + Hubersg(F (), )]

1
=12, Irl<é

Huberg(r) = 1
6<|r| —56),|r| >6
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_ 13
Ht- [
ANN JHE: 05 g5 B7H4E
0 Wty
o MAE (Mean absolute error, B Hrif Q)
1 n
MAE = —z .
s _Iyl il
=1
o MAPE (Mean absolute percentage error, B M W25 QX})
n
100% " |4, — Ft
MAPE = Z’ ’
n Ll A
1=t
o RMSE (Root mean squared error, B# H&2 24
1 n
RMSE = |- (- 50
=i
o R? score (R-squared, ZX72:)
Rz =1- Z’l1=1(yl _)/ii)z
E?:l(yi - y)?
- — 14
= E=
4 HIOIE 718t 015 45
0 BE £3 #H200M R20.999 £79 =2 0= 45 ) -
0 Ashi 71 2 ATHRRIE HO|X|2H, HIQAIRE 0.061 wt% 45
G|E#4 | MAE | RMSE |MAPE% | R? ®%
C 0.009 0.011 0.017 0.999 6 18 20 2 2 1000050 12800 13000 17h00 20000 22800
H 0003 0004 0045 0999 True [kg/s] True [K)/kg]
O 0009 0012 0022 0999 Excess Air Moisture s Ash
N 0.007 0.009 0.542 0.999
S 0.001 0.001 0.927 0.999 e
Moisture | 0.042 0.054 0.330 0.999 = . s
Ash 0.061 | 0.081 | 2556 | 0999 £
Fuelflow | 0.014 | 0019 | 0078 | 0999
LHV | 13704 | 17.809 | 0.092 | 0.999 1, N
Exces air | 0.001 0.001 0.143 | 0.999 L T T % o B = S T T
True [-] True True
56- C 7.00- ul 48+ 0 8 L 060 5
) §u'r“.§z i s6 375 600 s‘zsm.e‘su 65 100 B3 3% x‘sTsz PO 1) 1 ‘zm.i 4 5 000 015 To"aju. 045 060
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- - 15
Cof 2H| HE: o Cl0E HXie|

0 3= 6ojgy
o B0|H: 300,960 points(209% (2024.01.01-2024.07.27), 1& 74, 30 variables)

O GO| ZEY: 28-AZ 014 ¢ 01I Cigt screening

0 121,440 2 Z 0|AVZZ BI0|E7} 28 2(2%) £t Al 512 U A<

o OA/ZE B 7|5 e —
« Ef¢1 52> 85 MWe PR IS I = IMRA A WA A AR “W""WW“[’” ar
+ SNCR & NO: 0~60 ppm [T |
* Stack COy 5~10% i . | _ I
« Stack Oy: 0~8% 0
« PA flow > 10 Nm¥s i B \‘ -
+ Stackgas veocty > 15 M/s L : "dL‘ iii AW Wi
¢ Tgs > 250°C S ’ W

o HE115/209% 9§ H|0| & (55.0%) 2
0 605 HA3Y
0 0,52 7|Z0R 3 HYU 57 A F4 it

M

Stack O [%]

04

010
0.08
T 006
So04
002

sil o ! n "
0 AR BN - HUZ HAY AL S . ] T
0 o HOIH 0F He !
0 01422 U UZ SHHSS 1510 1Y /15 Y7 | |
|0|E1§ ANN 0% %3 !‘
_ 16
M x A7
Clief 26| XE: 1% Raw H|0[E 0= 21t

0 01z £ 9 B4 0fF 21 0¥ #S0| 30 UEAHK RY

O Energy consistency ratio(ECR) 2 H/O/N/S balance0jA| A&t 2LUX| &0

[

Raw field prediction: energy and atom-balance consistency (115 days)
52.1%

-- 2% reference 49.9%
Raw field data prediction, 1-day average to prediction ( 50

—— RAW1day | 140001 —— RAW 1-day

{\[1\1 gl
i 12000
> 11000
3
10000
9000

40

30

J R ——

—— RAW 1-day

- Mupper=2420% | _q99

s
2108
108
C104] = R 1day
Loz Ashumper = 1124

20

Mean absolute residual [%]

-
(=)

H [% daf]

Sy

—— RAW 1day 125{ — RAW Lday
=100
5
075
2
=050
z
025

0.00

0.00

Jilh m P

Jan Feb Mar Apr May  Jun Jul
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Al 7|8t MEL/HIO| QDA H

22|

—t

k=3

- 17
At MH| M- H=7FHX
Cied 2H| HE: AZa 23
0 € 3 24K Hede 0|5 2Ue] HBZS MUt 117 Y40 tfet 28 A (o) =5
Xeorri = Xraw,i®%
0 B8 A%(a)) Z|Z{2k Global ZXg} + Local Y Z|Xst 7|2 260 & 5= ug I
o EX3l Y (3% O|Lf £H): 0.97 < a; < 1.03 FWD | ANN 0I5 2402 AZ H4 M7Y 1
= = ECR | Energy balance 1
0 HH3} AN Sa
TEEET CHO | C/H/O atom balance 1
Ltotal = LFWD + LECR + LCHO +0-1LN5 +LFuel +0-01La NS N/S balance 01
Fuel | ¥4 A= fuel flow?t G537k bl 1
0 92U X2 2 BN 232 A T} I EETEEEE 0.01
o, EX{3} 21t
1.03
imz
2
8101
c
] Q fixgd
B 1.00
L
g 0.99
3
[)
o 0.98
0.97
< }\( & @ < 9@9 O (,01 o \ﬂo q }\( Q‘odua \e(x\o,,s ‘:01
P "
- 18
At AMH| M- HE S [={o]I=1
Cef dH| Mg 2 M Az &, LHV H[1
Calibration Test
23
— 22
(']
S 2
X
= 2
g 19
E 18
[]
=Y
w
16
15{ —#— Measured Fuel —e— RAW  —e— Calibrated -~ Calibration / Held-out
Jan Feb Mar Apr May
2024
160001 —o— RAW —e— Calibrated  ---- Calibration / Held-out
15000
i
O 14000
&
13000
&
> 12000
I
- 11000
10000
9000
Jan Feb Mar Apr May Jun Jul
2024
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Ab M N X S AH felg=
Oies 8H| HE. 2 82+, C ¢ Hlu
Calibration Test
24
2
&\‘: 20
e 18
=
-
JC
[<}
S u
12
0] = RAW  —e— Calibrated -~ Calibration / Held-out
Jan Feb Mar Apr May Jun Jul
2024
52 —* RAW  —e— Calibrated -~ Calibration / Held-out
51 .
“;'; 50
3
é 49
o
48
47
Jan Feb Mar Apr May Jun Jul
2024
A MH MR HH S 12t H| g =
l:Ho EH| i te) Eo AlES 01 N 23S H|J-|-
Calibration Test

O (%daf)

N (%daf)

—+— RAW  —e— Calibrated

- Calibration / Held-out

Jan Feb

Mar

Apr May Jun Jul
2024

—+— RAW  —e— Calibrated

== Calibration / Held-out

Jan Feb

Apr May Jun Jul
2024
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Al 7|8 MEL/HIO|RDHA HA

= 2
L AH| M8: BH0| T2 St H|
Y3 W B § 02 S A0l L WBUAX| oFf A 24

est 20| T4 Z0] FAIE(0f 2 21t9| Wttet 759 &2l

— S HOES AZ 21 F2 ZLAF|L, HELDL 2=| Ygs SA0 1Y

Loss components
2 oy 74 (929) HAE 27H(232)

Em RAW 1965 . RAW

15.44 15.60 B Calibrated B Calibrated

Weighted loss contribution
= - = =
£ o (- o ~N & o

N

0.00 0.00

o

S e e ” \Nard el 76 o0 0‘1"“3 . e
[\ [\

22

Part 2

GRU + Transformer hybrid: MEtstE 22 N5 HZ7| of

AP

Long-horizon prediction of NOx emissions and boiler performance for operational optimization using a guided
rollout hybrid forecasting network Energy vol.360, 141578, 2026.09

- 133 -



23
T AJAR U I S
0 ChAS AIAZE: 500 MWe AEFI2! (HMIAN B2, 71857 AlZIZ)
0 917 28: BY ST0MO 37 A 45

hat)
o 1. NOx sk: HiE MUS 5t A ZNsl0 =5 Ha }

Pl
EH
=
i
rok
ozt
¥
~
~
(=]
AL
=
A

ol

o=
02.0,5%: 94 NEE U= X E
0 3. 7A RE(T, o) BES B2 LEHE KR

2 2T Hxe), YEGH|(SCR)Y MRIN YRLI0HFY S0 28

Ammonia

Coal silos
DeSOx
Air preh :
Coal feeders g Burner NOX O, T T Induced
A-F M2 Lgexit Forced draft fan
draft fan
Pulverizers
A-F
Primary air
XKl SE 2
LI ==
0 SAAIE: 69U7H2025.07.07-2025.00.13) 1777} t, 84,3607] C|OJE] HOIE, 1 742
O Dataset 7&: Training set 80%, Validation set 10%, Test set 10%
500 ; 250
E 450 % 200
g 400 E 150
g 0. i’ 100
300 g 50
0 10000 20000 30000 40000 50000 60000 70000 80000 0 10000 20000 30000 40000 50000 60000 70000 80000
Time Time
=g 85t NOx & (ppm)
360
g 350 23
3 Q
E 340 % 4
2 o
E 330 g 3
2 5
FEY T2
0 10000 20000 30000 40000 50000 60000 70000 80000 0 10000 20000 30000 40000 50000 60000 70000 80000
Time Time
THA R (T, o1, °C) 0, 55 (%dry)
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Al 7|3t MEH/HIO|RDiA HAAMH| A Y %

EWERSEEEE] B

0 GjOJE M2 O OO 257
o THZ} HA U 0} ZX7 HA o Operation variabIeS' LA RTAIE MO 7t
o HtE =X H0|H Bs} o Target metrics: 05 CHef XIH (NOx, Oy, Ty o)
o eI AU XI0] HAE flot HES o Steam parameters: EO' | B2 SR O|HS LIEUE QNS
(m7 =0, BEEA = 1) o CHIRE AR 33 QRS 5 015 458 HIuol0] 23 QRS 1Y
-— i
* Xnorm = T
RNz A2 2 ERE U He S5 3 G0[E Y
Features Unit Avg. Min Max 1 Features Unit Avg. Min Max |
Target load MW 439.2 3015 506.0 | ECO header outlet T iC 331.8 317.8 339.7 |
Coal demand of burner A % 7415 00 95.11 | Furnace header outlet T iC 4270 3786 4578 |
Coal demand of burner B % 7663 0.0 95.21 Division SH inlet T e 4368 3056 4694
Coal demand of burner C % 76.74 50.72 95.21 I Platen SH attemperatorinlet T |°C 4785 4335 516.8 I
Operation Coal demand of burner D % 76.66 50.72 95.21 I Platen SH attemperator outlet T |°C 4622 4295 4787 |
variables  Coal demand of buner E % 5565 0.0 9355 | Steam Platen SH outlet T £C 5156 4794 5389 |
Coal demand of burner F % 1155 0.0 83.69 | parameters  Final SH attemperatoroutlet T |°C 5062 4766 5228 |
SA master control % 4188 2351 5397 I (B2 5§) Final SH outlet T c 5621 5354 5723
Feedwater flow ton/h 13944 9249 16653 RH attemperator inlet T iC 3268 2610 3348 |
Main steam pressure kg/cng 217.4 150.4 254.2 I RH attemperator outlet T o) 300.1 2717 4763 |
| Primary RH outlet P kgom’g 4090 4675 5195 |
Features Unit Avg. Min Max | Final RH inlet T @ 4975 5748 6024 |
Target NOx concentration ppm 1137 4818 252 | Final RH outlet T C 5004 2620 4610 |
X 02 concentration % 3.68 1.28 5.72 i Final RH outlet P kg/cmZQ 39.56
metrics Exit gas temperature (Tgexi) © 3419 3138 3583 I— E_—_—_EE_—__—_E—_E—_E—_E—_—_—_—_——————————— I

29 07 |ER *
0 Guided rollout hybrid forecasting network (GRHFNet)

o (&9 guidanceZ H|Zot= Model Gt rollout 2A19] (=S 4:35H= Model RZ 14

o Model G: £/2| steam parameters2£E| 0= X|H A2l guidance M4

o Model R: 0= X Li 2 time step 2 guidanceS 2%t =2 £+

o 0= XIZ2J 0j2K A0l CH3t operation variables S8(2H AlLte|2)S Hret OHEHRI H37| 01 75

P t: current time step being forecast
Input 1: pes [pestt| oo [ et | py0 ModelG ! input: p* I As:sequence length
Steam parameters . N . . 5 1 :
®) e e (S i [ ModelG | 1 Model R
2 b g ¥ 5 1 encoder =| --------------------- -
: Il input: 0% i
pn‘s pn’SM e pn‘1 pn0 : 11 g :
2H AU : FC layer :: :
| ] Model R input: yAS 1
Input 2: or* JorTy «o o | o [RERIRIRITE R o 1 outputg i1 encoder ’ H
Operation variables |5 | % [ &+ | « | « T « | o 1 + 1 . 1 I | 1
() . . . . . . . . . bmmm———————— : o 1
. . . . . . . . . I
i v
-5 St L eee -1 0 +1 2 1 eee h-1 1 1! 1
o° 19 o 9 9 9 9 ALl : :: FC layer :
’ T 0% : I b !
y1-s y1-s+ see gy’ Y y1+1 y1+2 GO0 Ylh'1 ylh : =: VR :
. . . . B 5 e 5 T . 1 H I
Input 3: 100 T P PO PR B S P DO S ! i !
Target metrics 0 o 0 0 . . . . . . : :I :
. : output: y5* 1
v 7 £l ICCEN R A R SV SOCEH SVAEE S R B el L N T 1
smin o000 Tmin * * * *  hmin . calcutlfltlor: ________________________
Past < Present ————» Future using y¢ -, yt autoregressive update for next time step

- 135 -




2
¢ Lbase

]

¢ Ltrend .
o 7§ &A5H4 I Huber loss

1
eZ

o lle) =

+ Target metric 2 &
005 459 7t

QKIOII EHO* iz &4

Wil ZSt0 et &4

(lel <)
(M—?)(M>®

0IE XIZ U step 82 715

o Rooted mean squared error (RMSE)

RMSE(y;,9;) =
o R?score

Z?:l(yi_j’\i)z

RZ=1-
T 0i-9)?

e=y-y,6=1

X 12} (4, wp)

N
%Z(yi -9)% (v true value, 7;: predicted value)

27

Hyperparameters
GRU Hidden size 64

Layers 2
TCN Hidden size 64

Blocks 3

Kernel size 3

Dropout ratio 0.1
Transformer Model dimension | 64

Layers 2

nhead 4
a 08
B 0.45
A [1.2,1.0,0.7]
oy [0.96° 0.96, ..., 0.96%]
Optimizer AdamW
Learning rate 0.002
Weight decay 1e-4
Batch size 64
Scheduler ReduceLROnPlateau
Scheduler factor 0.9
Scheduler patience 5

24 3%

2 53 ™| hyperparameter 74

Bl 7+ AJZHR[O

=
24

0 Cross-correlation: &

D 7|2\'_:_ ﬁ'jlk' Tg'exit
[=]

o =gl o =
o Tgexit: =E Tol' o2, H

o NOx % O,
O%7|5—|9— "4‘{45}%{'

FYIE A@ﬁ 20|(As): 30 £, 0=

@;q om_on oI} -|-

Aol Ajzt SR 418 74 27}

gexitE z
= 2 152 3¢, &
XIg 20| (h): 20 £

- —Tg,exil
1.00 } I
| goo! |0
075 I 9
T T |
T 050 | I
% | f O Target load
8 025 | A Coal demand (burner A)
= | | B Coal demand (burner B)
o 1 E = Coal demand (burner C)
© 0.00 1 D Coal demand (burner D)
° | | [ Sl E  Coal demand (burner E)
5 -025 I 1o | F Coal demand (bumer F)
o | | v SAflow control
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Cross-correlation coefficient:

Piy(K) =

28

E[(¢ = ©)err = V)]
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Correlation analysis (CA) SHAP analysis
G olzS o5t = MK 3
Model G &2 ot | steam parameter M
O Steam 3 H4 M7 Y(CA, SHAP, GWO)0| IE 0= ds Hlud
o 2 31M: GRU-GRU, Transformer-Transformer
o 7t X|H: 208 H R?, 208 £ R* ZAE(decay)
NOx [0) To o
Model G~ ModelR | Method : o5
R? Decay (%) R? Decay (%) R? Decay (%)
GRU-GRU CA 0.934 717 0.940 521 0.979 4.32
SHAP | 0.935 747 0.943 521 0.980 411
GWO | 0917 10.41 0.936 §53 0.985 3.16
Transformer-Transformer CA 0.943 6.23 0.936 5.16 0.993 1.21
SHAP | 0.938 6.70 0.931 6.30 0.987 276
GWO | 0.925 8.96 0.930 6.75 0.991 1.55
= HF Re 7} 51 ZA80| H2 CA7|8tol T3t 4
CA
ECO header outlet T
Furnace header outlet T
Primary RH outlet P
Final RH outlet P
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*Trans: Transformer
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S =" g - _ s R |RMSE R |RMSE R |RMSE R
F2 0|5 242 Transformer ZA| 0|5 50| MHOR g (ppm) (%) ()
o Rollout ZFE0IA Transformer} K& 2 0|2 = Q35 XXO| Zt2 TCN  TON | 5589 0922 | 0120 0937 | 0.841 0986
MEHMOR JIE Wy} — Xt7| OfZA| 3t QA £HS FY TCN GRU | 5986 0903 | 0.115 0940 | 0.828 0.987
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Trans GRU 5402 0928 | 0119 00936 | 1.063 0.979
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o Y9 ZZA0I NOx K20l SIHH0 28 Z7S 2012

Changes in NOx emission (ppm)
Load change (MWe) o T Vi Starld.ard
deviation
Large increase 15 AL -2.04 -3.48 -0.38 1.04
Small increase 5<AL<15 -1.09 -4.35 -0.44 1.31
Steady -5<AL<S -2.52 -5.66 0.05 1.04
Small decrease -15<ALs-5 -2.25 -4.18 -0.51 1.21
Large decrease AL<-15| 1,34 -6.10 -0.13 1.65

2029 05 X1 Lf NOx tZ S #(Xfst Zat: Rot HE 37|0| T H|

35

28

D ot 50| 5 015 U OH HX3IZ 9J3t Al 28 e
o ‘Domain knowledge’: & #4, HAE, 22/HO2 0| Ol ZH MF0| B4X01 7|2 24
o HIO[E9 S2|X21 EH0 St= 22 078N 74 TR
o CNN: Z44/0]0[X|Q] 34 TE — 1% 0|5
. MLP- EII 7|Hr AJ:IEA-"A — SMOIXjH %1
+ LSTM/GRU, TCN, Transformer: Al
o Hybrid 72! =42 £2| HAHUZ 4% =
* U015 J5= Hlot 22 YZE Uel(Physics- mformed) HIOIE—J AMelo 22 A 28
o e HH|OIA 2S5t AS 22 HEY, MM E4/2F, HIOJE 7t AR} SOl CH3t O[3} 010 7|EH5H MA2| EaH
o Al 2% i Zuto| MR M8ES A5t Cst AR 7 TR

>

0x

0 Al should complement, not replace, physical understanding
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