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k7F RIEHE A QIAtEh= ZHE ol CHai M=, e X0 gelel 4 240M
ZE[0f(2OEHHE| 333 vs k 1.09) O] 7t E 7<|7(|E|7<| UL — AKXt F
o| £t=0| ot S HRHSILL, Of= ZO0[E F=H 7|0fof et 210ty =F

= S0 4EHEN 2HS MSotes ol XY, N et

= =
ot Bt =0Qle] 25 Xt=E 0|8t 58 HdSS TME St (Ol ASME V&V 2| 2E HS(code

verification) 2 2 73 Y20t Y55tH, S| 2 EFd(validation)2 ¥ HIO|H 2T QI EICH.
O] G115 0|0 & sk MO|LCE fractional Laplacian (-A)A(s) 7|€t H| A 2HAtO 2 o| ShEkH| A Kt
s Y BN S INE 0. AFRYE TS %%OM Olof Edl &A= HO|E S=h(data
assimilation)S ¢t ﬂfﬂfm E

=22l 23S o= M= FLSCL o 7]0] S/4 A= Aozl ¢
CA 2

BE 5 A2 1670 AlE(972, 1053, 1386, 1719, 1954, 2291, 2978, 3661, 4447, 5026, 6113, 7129,
8137, 9349, 10531, 11933)2 17EE|0f s YUHM 32 =2 MU} SL=R0: 32 GB RAM 2
&= HE|TO| x86-64 CPUE N E 2Hd HIX|OIE 20| M= GPU EE8). Runtime: 16.1 + 0.9 min per
trial (n=163| A3). 9|Z=M: Python 3.12.8, NumPy 2.1.3, SciPy 1.16.3. TN A3 Ic&= 22| Ot 2 X
S EICHCode Availability &X). A7t SEEH@EE 45, & A2l 2A4h): 173 h=1/6401M At=h/2,
h/4 o WYl ChH| 12 LAt ZHZF 7.336e-06, 1.917e-06(2E AlZHAts =~ 1.94)2, 210 ZADt74 A|ZH7HA
MERO| £HZ0| OtEH S =QIBICt O] HF A2tk 2 =22 & =84 S A= ALk O Ql Xt
(dr?) NZERXLO| 37t 2KF7} 7H3 K| K| %28 MBI, 0|2 Yy TG

oM O
ol BAH &g AFAR ZL(r>05)7F M7 |ots AlHE=E R85 SfAtHt.

7824 HH EM (Ablation Study)

HAN M (ablation)0M = MA 2T ZEOAN AH4QAE o HOf| SILHA [0 LD MEt= S CHA| TH
Ct ®O| Z+ o X3l R2QF RMSEL §59 262 1A A|Z0| Bt HO|E{ 0| A A2 A AtSH A=7ko|H 1
X Atgs7t OfLICH R?7} YOt HOX|=X|7F 2 1 LA RAQ9| 7|0f 27|0|H, 0| QA4S WEat: &
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T4 R” (%) R’ 82t (pp) RMSE H# =at

(Configuration)

A e 2 99.6 -0.0 0.016 RE IMaA &

(Full) o —§5 ZA1tet
Y A

- Eojel Zv e | 829 -16.7 0.098 2 2E A

g (-coupling) 7 THL BEA}
Moo 2 g3}

- o5 372 78.2 -214 0.111 /=2 52 =

(-wave- HAMAH - o

augment) DC X3t

- 715 71 (4 | 431 -56.5 0.179 x7| ZChO|3E)

284 HAH) TR THE - 2K}
Stot 45

A

DL R =996% S LB SOQl 2F A4S MAHSHH HHETt R = 829% 2 31281,
2 Mots 7t 718 (THRA MAH) MA A2 R = 43.1%(56.5 pp 8H=O|Ck mats 2 pd e

78R 5 7St HIE= 7|08 otH, B 247t M §5= ST HEeCh

— LS T

Mo 9 ZA| (Declarations)

AKXt 8 HP(N=4 f|H). 2%} 125 = 1.385e-05, Loo 2Kk} = 1.953e-05, X|FY AKX} At =
1.385e-05 (h = 6.250e-03). A =X} p = 2.010 (log-log curve fit
(hp_convergence.empirical order)), O| Xt = 2.000 (X0| = 0.010, {8 2%} = 0.500), ¥X| =

True. 2410 0.

=X 4T YE = verified (B " = 0[7|5). = = 2. HEHI A2 =22 A

=
'unverified' 2 2t degradedtd, X XtK[7} 12 M(E Y H|O|H) 'blocked' 2 XtEFSHCE

r
oz
0z

AOIE

. PASS. O|F& CHEt Z&ULCHSiE HAY AN 52 2F
S2 M= PASS(tE &2) - WARN — FAIL — BLOCKED(IH &£3) =22 H

0=
N
|.|-|



= Aol ZE0r2 XtE ot Al A|AEI QI PAPER-agent”} 217H K{Ate| X[A|2F HE SHOf H-d5HLt. 21ZF A

TR LYo h3t Mt R Y U AT of40) Ch3 HEOl AL MLk AT 4N B
Zt

T HolststE X HE QIS (ICMIE) E11(2023) U =222 23|(COPE)Q| M Al HXHdof 2tst &
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import numpy as np
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np.array([[-gamma, kappa], [kappa, -(gamma + D)]])

# FIX-93: dissipativity guard - a damped system must have a stable

#

#

steady state. Without this check np.linalg.solve returns the

fixed point of a SADDLE (unreachable) configuration silently.

if not bool(np.all(np.linalg.eigvals(Mmat).real < 0.0)):

raise ValueError(

'non-dissipative: kappa”2=%.4f >= gamma*(gamma+D)=%.4f"

% (kappa * kappa, gamma * (gamma + D)))

sol = np.linalg.solve(Mmat, np.array([

return float(np.hypot(sol[@], sol[1]))

def elasticity(base, key):

-Fext, 0.0]))

# +/-50% 2B EZ E = d 1In|X | / d 1n(param)

hi = dict(base); hi[key] = base[key] * 1.5
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lo = dict(base); lo[key] = base[key] * 0.5

yhi

ylo

steady(**hi)

= steady(**1o0)

return abs((math.log(yhi) - math.log(ylo)) / (math.log(1.5) - math.log(©.5)))

def sqrt

# JHA A = O| sgrt(t)

amat

coef

pred

sst

return 1.0 - ssr / sst if sst > @ else 1.0

_fit(t, d):

amat @ coef

np.vstack([np.sqrt(t)]).T

float(np.sum((d - pred) ** 2))

float(np.sum((d - d.mean()) ** 2))

np.linalg.lstsq(amat, d, rcond=None)[0]

&S 25 HolH xaxts M

DOMAIN = 'QtREE TE:

base = dict(kappa=0.754, gamma=1.2313, D=0.6157)

kap_e = elasticity(base, 'kappa')

gam_e = elasticity(base, 'gamma')

return_note = 'TX| dYE2 E20tY EEIE (Lpy) 2 MSEH,
HEC— 4UAS MW OxE
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fit.rmse_base 0.025

fit.rmse_coup 0.016

convergence_order 2.02

sens.kappa 1.09

sens.gamma 3.33

sens.D 0.16
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fit.r2_base = 0.988

fit.r2_coup = 0.996

fit.rmse_base = 0.025
fit.rmse_coup = 0.016

convergence_order =

2.02

sens.kappa = 1.09

sens.Li & A2k

baseline RMSE

coupled RMSE
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compute_fit_metrics

compute_fit_metrics

compute_convergence_
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compute_sensitivity —
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theta(co | 13x4 52 68 0.77x 0.00e+0 | 2 7.48e-02 | 1.805 23.3

ef.field) 0

Gamma( | 13x13x3 | 507 341 1.49x 0.00e+0 | 2 1.14e-01 | 3.490 111

couplin 0

9)

Phi(joint | 13x4x3 156 71 2.20x 0.00e+0 | 2 2.38e-01 | 1.805 23.3

) 0




(%]

TT =8l axt 22 HAMOIAM 2= A == OfH| T2t0[H & =3tH, 4T Frobeniu
|. z

<
Hoh RE¥I= 220 S0|gtel HEZTDZ Hol[Of 5 ZE0| BHE+F SIS

&l A A4t ="+ £ X4/ 2 | d =US d fad3 | dY¢=x
theta(coef. | decouple 0.800 IMPROVED | XHEH -95.7% -44.6% +300.0%
field)

theta(coef. | amplify 0.400 NEUTRAL i =4 -27.6% +11.7% +0.0%
field)

theta(coef. | contract 0.200 DEGRADED | EtH +267.5% -29.5% +0.0%
field)

theta(coef. | partial_tt 0.800 IMPROVED | XHEH -42.9% -28.6% +100.0%
field)

theta(coef. | full_tt 0.400 NEUTRAL Kf 4 +0.0% -0.0% +0.0%
field)

Gamma(co | decouple 0.800 IMPROVED | XHEH -99.1% -71.3% +1075.9%
upling)

Gamma(co | amplify 0.400 NEUTRAL XH ER -38.2% +25.9% -33.5%
upling)

Gamma(co | contract 0.200 DEGRADED | E44 +298.9% -52.6% +0.0%
upling)

Gamma(co | partial_tt 0.800 IMPROVED | XHEH -81.9% -65.3% +520.0%
upling)

Gamma(co | full_tt 0.800 IMPROVED | XHEH -46.7% -3.1% +8.3%
upling)

Phi(joint) decouple 0.600 IMPROVED | XHE4 -95.7% -44.6% +255.0%
Phi(joint) amplify 0.200 DEGRADED | 24 +385.7% +14.8% -36.0%
Phi(joint) contract 0.200 DEGRADED | &4 +267.4% -29.4% +0.0%
Phi(joint) partial_tt 0.800 IMPROVED | Af{&H -43.0% -28.6% +91.9%
Phi(joint) | full_tt 0.600 IMPROVED | XHEt -0.0% -0.0% +0.0%

A AL F 224+ 'decouple'(=H 4 0.800, T IMPROVED)O|H, 7§ 0| =olz|of Xt HIAME &Y

HSHRALY.



PINN A6l (trivial solution) %X| 7=

Lagrangian-dual(KKT) XM 2f1} &f =3
2|2 A ZLPINN)E, X 8

- OO

(trivial solution) &X| Zt=(EH =4t LA + TAIZHE HEst

© =

of 1= Pl-Loss tH= B! dual Sl= MM E(GENERIC) HE N} 5 A=H0 A
A Z H|WSHACHKIOfH B 1) [1].

HY xHE &4 ol TAIE S EHE 24
pi_loss_only 0.44662 0 0.004447
generic_only 0.45593 1 0.0002487
hybrid 0.45593 1 0.0002487

QFHE Fa B0 PINN & o4k HAT 40 o F, Z|CH ZHA|Z 12], & £H| 40~80 O F, &&
HE 256, 24 T& 1-32-32-1, &8 0.01, A|E 20260708. HIE Of| At A HSHO| ZEOL} RYA|Z} 7tE
7b AT HHO| O BO| AHIFUCH — &4 HlW & O HITHE S Zotsh 40{of Bhot. O|2f%t 7= TS
AOM & TEH2 == G0ict A2z oS o=F o=z XA A UCH — WEtM O] H{R= SA|
el otk oto| AFE HAOIX| =1 F==of ZAH7t OfL|Ct

gl

hybrid #He CHH| &5 &4 H|&:
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