114 £ 3% BIEE L BT E 2L fpHA Y

F k-

AR BRI AR FE AR B R

FREREH
VEARFRSEF £

&

A F7 3Nk BORE Pl HoR(Distributed fiber-optic sensing technique. DFOS) & _— 38 &¢
B - RRFREH S e B BB FTE R o g HER TR
A B Ak AT (e e e R R ) R S 5 Rk SR
PAEE AAREI T A7 PA SHE Y P O P Re Pl Ra o d T
KEFAT By (REHF )P ERRET - T R LS8R FHAS b ol
ARREBNE RIRFOT NG BB DA FP i TR EF AR FE A
ppim 2EIRE A 40 R T RIFE G & IR IRE DT I o Fpt o AhF R
A B R h (MIDAS) § 2885 22 BB (F 2 T LRERELT 5 F
H) kR TR ke T B EZBFFY o

Wy Al RAEEFLL I ARI PP AT B AT AR R EIRENS R
€4 5 LRSS o BB AR 3 5 2 Do & Pdo A% W 3 4) P e
B B 2 B x =@ Jrtg k22 St ende & B #5 4 ik B (Peak Ground Acceleration, PGA)
# i & & (Peak Ground Velocity, PGV) KRB~ i it 2 B s it w fF B 1 K217 5 R
B o d 2 MIDAS fjad B4 HF D0y % > p 2022 & 1 7 B drr ke i
EePAZiE 400 AW R RHLA T 4 REE G R RE BT RETREFLS T
AR g 2 e R T REE R R BES (Is) B fh
# & (em/s2) & & (em/s) 2w fFh 05 o R34 B AT w2 F 50 2 57 )
VEFS A 0y ek T R R T A DL o A RF LR R F A AT
IR Al BIEE K E o

MétF : A3 SR RIBH B YW AIFE - MIDAS -~ # T kg~ HHAw

EFO

347



Abstract

Distributed fiber-optic sensing (DFOS) is an emerging technique that can turn a fiber
cable into distributed seismic sensors. The ubiquitously existing telecom fiber cables in
high-population areas and buildings are particularly useful for providing actual on-site
ground motion measurements (e.g. on different floors and elevated metro rails) in the on-
site earthquake early warning (EEW) systems. However, since the difference in cable
coupling condition and cable orientation would all influence the amplitudes of DFOS
recording, most of the literature to date focus mostly on the phase rather than amplitude
information of the DFOS data. Here, the project aims to make use of well-coupled 3-D
fiber network of the Milun fault drilling and all-inclusive sensing project (MiDAS) in
eastern Taiwan to explore the potential of using DFOS for on-site EEW applications.

On-site EEW systems utilize the information of first-arriving P-waves to estimate
how big the latter S-wave shaking would be. Two prevailing methods in on-site EEW
systems are tc and Pd, which establish a linear relationship between the characteristic
period (tc) and the maximum vertical displacement amplitude (Pd) of the initial 3-second
P waves, and the peak ground acceleration (PGA) or peak ground velocity (PGV) of the
upcoming S-wave shaking for EEW alerts. Because the MiDAS is located right in the
earthquake-prone area of Hualien, it has recorded more than 400 ML 4+ earthquakes since
January 2022 for the regression analysis. With a co-located strong motion station, we will
conduct a linear regression between the maximum amplitude of the DFOS-recorded strain
rate in the initial 3-sec P waves and the PGA or PGV recorded by the strong motion station
to establish their empirical relationship. We will then investigate the effect of cable
orientation on this relationship, apply and evaluate the performance of this relationship to
other horizontal fiber cables, and move forward to next-generation EEW systems that
integrate the ubiquitously existing fiber cables in the future.

E AT FRER G

# R IF & i« 2L (Earthquake Early Warning, EEW) 23R 2 # B & j 2 f *
PR R I 0 L
MEREREGER LR 5“—’(Satr1an0 etal.,2011; Allen and Melgar 2019; Wu and Mlttal
2021) » F‘?EKT, ARV AL REAfoRE A (R -) - Sp&*i‘]h EJE
as@f»\‘““ * g R e muér@ FI* Rk TRl B E ¥ REE *“ﬂ*
B o R e w3 E SR (Wu et al, 1998; Satriano et al., 2011) o @ R4 3] &
FER B EE 2 A P A RIS S A A RIFL W eana bl 2> k3 R4
AT R RS B (bdcH - FRAAMERY ) BETESE a4 (Wuand
Kanamori, 2005; Wu and Kanamori, 2008; Bose et al., 2009 ) -

.\.

348



WP RARE Regional Onsite

Central WeatherBureau | ___— >

Rapid determining earthquake
original time, location and magnitude B
to estimate all regions shaking intensity 4 4

i A Estimating S-waves
=" shaking intensity
P-waves "\ / using initial P-waves

(a) | (b) |

Bl- ~ %y R EQ@ERL ¥ BFED)DT LE -

R A REE LB B EFC § 5757 F v fF a4 2R
( Nakamura, 1998; Odaka et al., 2003; Kanamori, 2005; Allen et al., 2009; Zollo et al.,
2010; Bose et al., 2012; Carranza et al., 2013; Hsu et al., 2013; Hsu et al., 2016; Hsieh
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e BE G  § R BE R Rk b BT 0 B 42 (74 DAS
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M2 RAPE BAI R B 3 by Rk R TRLTF A 7 5%
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(a) MiDAS_hor (green dots) (b) MiDAS_hor (yellow dots)
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Abstract

This project proposes a deep-learning—based regional earthquake early warning
model, the Taiwan Transformer Shaking Alert Model (TT-SAM). The model adopts
peak ground velocity (PGV) as its primary prediction metric, aiming to better reflect
actual structural damage and thereby enhance the practical utility and accuracy of the
warning system. Unlike most deep learning earthquake warning approaches that rely
solely on raw waveforms, TT-SAM integrates velocity waveforms, low-frequency
velocity waveforms, and three physically meaningful seismic features—Pd, CVAV, and
TP—to strengthen the model’s ability to capture source rupture characteristics and
identify strong-motion regions. A rolling-update prediction strategy enables preliminary
forecasts within 3 s of P-wave arrival, with continuous updates as additional waveform
data become available. To simulate real-world conditions of incomplete waveform
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acquisition, a time-masking mechanism is applied during training to improve
generalization. Furthermore, magnitude oversampling and bias-to-close-station
strategies are employed to alleviate underprediction arising from scarce high-intensity
samples in the training data. When evaluated on the 2016 Taiwan seismic events dataset,
TT-SAM achieved 97.8 % of its intensity-level predictions within 1 level,
demonstrating outstanding predictive capability and stability.

Keywords: earthquake early warning, deep learning
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Abstract

Earthquakes are a common and destructive natural disaster in Taiwan, making a
rapid and accurate earthquake early warning (EEW) system crucial for mitigating damage
and loss. However, traditional warning systems often face challenges in timeliness and
accuracy due to limited information in the initial moments of an event. To address this,
this study utilizes advanced artificial intelligence technologies to develop an EEW system
based on ground-shaking level prediction, focusing on enhancing the predictive
performance and stability during the early stages of an earthquake.

This research report covers three core directions: (1) Regional Earthquake Prediction
Model: An optimized C-GAT (Contrastive-enhanced Multi-Perspective Graph Attention
Network) model is proposed, combining an MP-GAT (Multi-Perspective Graph Attention
Network) backbone with a BYOL self-supervised pre-training framework. This
"negative-sample-free" design focuses on learning pure waveform dynamics,
successfully resolving the "negative sample conflict" problem of standard contrastive
learning. It significantly improves the model's prediction accuracy under the limited
information available in the early stages of an earthquake (seconds after the P-wave
arrival), especially enhancing the early recognition capabilities for high-PGA events. (2)
Earthquake Data Generation Application: To solve the model underestimation problem
caused by the scarcity of high-intensity event samples, this study successfully developed
a conditional waveform generation model to synthesize physically plausible seismic data.
Research confirms that using this "generative data augmentation" dataset can
significantly ameliorate the underestimation of large-scale earthquakes by the warning
model. (3) Real-time Earthquake Early Warning System: A real-time warning system
integrating Al models was constructed. It accelerates data transmission by introducing the
MQTT protocol and achieves modular deployment using Docker containerization
technology. This system can process station waveforms in real-time, predict PGA, and
send alerts via a Telegram Bot, validating the feasibility of Al models operating without
the traditional Earthworm system.

In summary, this study establishes a complete EEW solution, from AI model
optimization and data augmentation to real-time system deployment. Results show the C-
GAT model enhances early-stage prediction sensitivity and accuracy. The data generation
technology solves the challenge of insufficient strong-motion samples. Furthermore, the
MQTT and Docker-based real-time system provides a high-performance, scalable, new-
generation architecture. This research highlights the benefits and practical value of deep
learning in advancing EEW performance.

Keywords : Neural Network ~ Earthquake Early Warning System ~ PGA Prediction ~
Data Generation.
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A e P AR RERE R § TR doB 6 4T 0 & P34 PE
E ff?;)iiﬁré% v A B & e 2 > C-GAT (MAE: 6.90) #p# Baseline
(MAE: 6.83) i A& R4 -

B o MeETT L F A b PHAF) 205 o 4oR 7 T 0 e PAS ) BF 0 C-GAT
th MAE © ¥ 1 6.50 » & ¥ &> Baseline 9 6.8+ 2 R? @B 4 (C-GAT:
0.06 vs Baseline: -0.07) o #* — 484 & P+10 #) (4@ 8) { 4 & » C-GAT i
MAE (6.28) # > A% H4]) (649)'R? & (0.14) { A EH73] (0.025)
i} o 5@ R 7 C-GAT H3lac L 5 B4pi8 (75 »xe pipl o " F R T H & (4o
P+15 #5 ~ P+20 #5 ~ P+25 45 > 4o B 9 ~ 10 ~ 11 #7577 ) » & A ehsg Bl ac 4 148 Tk
< C-GAT B&1% 45 | (414 > 23 ¥ 4 T i prAga - R o
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Log10 Scatter Comparison - 3s Window
MP-GAT (BLUE) - MAE: 6.827, RMSE: 24.446, R?: -0.080

C-GAT (RED) - MAE: 6.900, RMSE: 24.273, R?: -0.065
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21 o CGAT(RED)
‘ H =
0 P12 37T oyEx
Y - 5 T z

Logl0(True PGA / cm/s?)

B 6~ % 3 4Emls

Log10 Scatter Comparison - 10s Window
MP-GAT (BLUE) - MAE: 6.489, RMSE: 23.227, R2: 0.025
C-GAT (RED) - MAE: 6.285, RMSE: 21.758, RZ: 0.145

7
-

2]
o
U
E
G 1.
g
<
5]
=%
i
8
o
[
g
(=%
o
=
s

p
,
A H : H
i i1 e MP-GAT(BLUE)
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Logl0(True PGA / cm/s?)
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Logl0(Predicted PGA / cm/s?)

Logl0(Predicted PGA / cm/s?)

Log10 Scatter Comparison - 5s Window
MP-GAT (BLUE) - MAE: 6.826, RMSE: 24.329, R%: -0.070
C-GAT (RED) - MAE: 6.497, RMSE: 22.763, R2: 0.064

.- MP-GAT(BLUE)

—2 < ° H :
7 H H o C-GAT(RED)
/ H
o 0 1 P Ela
-2 - 0 1 2

Log1O(True PGA / cm/s?)

“+
5Z

B 7% 543R

Log10 Scatter Comparison - 15s Window
MP-GAT (BLUE) - MAE: 5.585, RMSE: 19.564, R?: 0.308

C-GAT (RED) - MAE: 5.721, RMSE: 19.912, R?: 0.284
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P20 3Ty
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Log10 Scatter Comparison - 20s Window Logl0 Scatter Comparison - 25s Window
MP-GAT (BLUE) - MAE: 4.490, RMSE: 15.051, R%: 0.591 MP-GAT (BLUE) - MAE: 4.571, RMSE: 15.301, R%: 0.577
C-GAT (RED) - MAE: 4.384, RMSE: 14.504, RZ: 0.620 C-GAT (RED) - MAE: 4.399, RMSE: 14.614, R2: 0.614

Logl0(Predicted PGA / cm/s?)
Logl0(Predicted PGA / cm/s?)

07 »
1 :
. . i , : i : :
; i o  MP-GAT(BLUE) /’ ; ; o  MP-GAT(BLUE)
=21 e 11 s CGATIRED) 21 ° 11 & COGATRED)
0 512253'7"Y:X 0 512253""Y:X
-2 -1 0 2 -2 -1 0 2
Logl0(True PGA / cm/sz) Log10(True PGA / cm/sz)
B 10~ % 20 3Rl 5 B 11~ % 25 f)3E Rl

PGA % F %2 34 £ ¥7:

xE ﬂ'}}mim—,pl'pﬂxf\gﬂmﬁ J‘lfj'] Ff'ja}i &Fg.“mag,ﬂ" 3 ’—‘F‘QJ{%&“%’E‘%
2R (PGA>25gal) TE EenS HpIppl&m -

& P+3 #)p% » C-GAT = >25gal % -7 MAE (82.86gal) %%« Baseline
(83.52gal)> eec Lt F Lo ipr MRT THREH > & PRRHOFTRENF 2 &
U,E—»-‘—),.l &ﬁ‘ﬁ‘\qx ’jﬁ"ﬂ: ,ﬁzgu » ded 1 %7 o

Ra oop P4 fide o C-GAT i $r B 4o8g IR0 o oyt pFRF 8L > C-GAT *t >25
gal % e MAE "3 2 72.99 gal » 4p# Baseline 7 81.99 gal » 32 % % ¥ "% i€ 7
11.0% > 4c# 2 #757

~ AL P+5 £ FlE HoC-GAT & >25gal ® B e MAE % 77.66 gal-
i ﬁ*,‘ Baseline =7 83.11 gal (34 "% i< 6.6%)° ¥| 7 P+10 ) (Window 15s)>
C-GAT %8 AR % B MAE (74.11gal) (v & <> Baseline (79.38 gal)
(L% 6.6%) 4rdk 3 9777 o

4ok 4 77 > Bl PHIS 5 (Window20s) > & BHA A8 2R (325) %
e MAE 4 3L 483t - & (Baseline: 66.52 vs C-GAT: 67.51) » k77 *F2 § 3}
PIRRE o HexF AR Y & PR3 I PHIIS §) chM4ES IR EFLE -

E@ii*{““‘$%§ﬁﬁﬁ'”&i’{zﬁ%ﬁﬂgﬁgaaﬁ
(<0.8gal) hFfiRlHF B4 Ko pt— Bh % 2 A A AP HIEH 1 A e BYOL
““ﬁ%“*ﬂ“%ﬁﬂméié~ﬁ% BRAE P oMisael o bt 3
RETEAZAPM IS MERLAEALAYF ¢330

?@ A= s PGA &AL THTE C-
3

GAT #2|$ s it 4 1 A= g chpre
B R P34 PR 5 A PATIFFG 4

ilS%m%%%ﬁﬁﬁﬁ’
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C-GAT #** B ER ~ B ' ¥ 2 enipipl i > B F R @A 6T o

% 13 %) PGA & % MAE ¥&* RMSE

PGA Range Baseline C-GAT Baseline C-GAT
RMSE
MAE MAE RMSE

<0.8 0.2327 0.2758 0.2823 0.3252
0.8-2.5 1.0069 1.1313 1.1216 1.2493
2.8-8 3.2720 3.6167 3.5892 3.9283
8-25 14.2055 14.3989 15.1477 15.2582
>25 83.5197 82.8576 94.9314 94.2007

% 2~5%) PGA & % & MAE ¥&* RMSE

PGA Range Baseline C-GAT Baseline C-GAT
RMSE
MAE MAE RMSE

<0.8 0.2113 0.2729 0.2707 0.3234
0.8-2.5 1.0330 1.1318 1.1701 1.2441
2.8-8 3.4629 3.3228 3.7493 3.6620
8-25 14.1216 13.8323 15.0405 14.6062
>25 83.1150 77.6648 94.4595 88.3108

# 3~10# PGA & % fFf MAE & RMSE

PGA Range Baseline C-GAT Baseline C-GAT
RMSE
MAE MAE RMSE

<0.8 0.1642 0.2541 0.2145 0.3037
0.8-2.5 0.8599 1.1307 1.0440 1.2741
2.8-8 3.3915 3.5450 3.7453 3.8386
8-25 13.8953 13.6524 14.6634 14.2966
>25 79.3817 74.1073 90.1458 84.3423
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# 4~ 15% PGA ¢ % fFf MAE & RMSE

PGA Range Baseline C-GAT Baseline C-GAT
RMSE

MAE MAE RMSE
<0.8 0.1572 0.2359 0.2081 0.2854
0.8-2.5 0.8291 0.9652 1.0151 1.1344
2.8-8 3.2546 3.2236 3.5983 3.6114
8-25 12.9121 12.8998 13.4800 13.4599
>25 66.5248 67.5120 75.7792 77.1456
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[EREER @%\ v ’ﬁ%ﬁ /ﬁtijfﬁfbmfﬁfﬁ(f/> @’J; ?F"/? 7 PGA (cm/s2)°
T4 FM (Baseline) & AFEHANIFRE > 2 FMR (C-GAT) R £ %
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C-GAT ehT a2t LpsfF 5 1574 4y > 7% > Baseline 7 1531 #) o

731 L

|- I =N

L
1/L —

o

%,

%

7

PGA (cm/s?)

PGA (cm/s?)

454 gy T E P o 50 R

PR 0 C-GAT “T % bt B 9% Fug o it »xap i
N s s > N s
A7 Hp E0IE R AT R E‘.lfi’ﬁﬁi)i PR RS PR REERF L
Leadlng Time Comparlson NHDH
250 1728 1 i
80 o
E i : S i ues 25
o H at 25.87s
251 '
i i True>8
! ! iat 21.28s
8 ............................................ :. ..... :. ....................................................................................................
i i —— True PGA(122.8)
1 - PGA > 25 (I4)
2 L PGA > 8 (Z#)
b —— MP-GAT
. b i —— C-GAT
0.8 T T L + — v v T -
0 5 10 15 20 25 30 35 40 45
Time (s)
Bl 12 ~ NHDH p|=E3g i8] ©
Leading Time Comparlson TAP
2501 i 20.60s i : :
80
H True>25
S m =] lat 29.69s
251
True>8
iat 24.60s
8, Reserarasasassnsnene mesesesasnarararad hracssazasioianssecisininietsanssatansancinisnranased
—— True PGA (84.4)
1 PGA > 25 (T24R)
S I (Y R - PGA > 8 (Z4)
—e— MP-GAT
: : —e— C-GAT
0.8 i T - T T i y T T
0 5 10 15 20 25 30 35 40 45
Time (s)

@ 13 ~ TAP Bl=E3g ] ©

402

Tﬂ’ﬁ

*”311*

\-:nk

)
=

7R

|

B
T

2 R w % (PGA>25) h¥E4p

5
=
*
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Leading Time Comparison: NHY
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Leading Time Comparlson ZUZH
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Al BV PR A
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¢ BT R R T 0 T A F] BYOL
¥R EAAS X PIER P& 3

st 0 C-GAT $* B R = 58

N
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FEAG O MELET TR EAD DREY R LRk RN R
¢ ARG ITREATA] SRR 7 TR T B RAT @Rk 2
WP FAE £ IR LS AR T E R RO F T GiEfE
T TR SFS S E T S @*”%%@%ﬁw’Tﬁbiiﬁﬁ
FAL - Al E R R E

F B BEFHIARTNTBYS RFE
31 A

B RIRE ke ,mﬁ,ﬁﬂ,g Fehz B2 o T R SRR S Y A
REFL G MENPE  Fu i~ REEY > FROFEEF G 4eiZ R (Peak
Ground Acceleration, PGA) AR AR R Y R S oo WA EY B
BAGEN ¥ NRERRER G AR MEG R PR EY e R ;ﬁ

SRHA TS AP LAY R RET AR S e
(CFGAN) $hitr -8 I AT M~ % 4B 1 53 A8 wir o AR 2F
K5 iE- j I BtemBR (¢ RS H A 198 PGA %) R T
SRS SO R IR T

BoE o AT MR A A X TR @ S 2 i v PR A
R oL SRR o 4 2 TR RN BT EHCR] 0 B e H S R
PRAOMEIRYE  EF ?"i%“ﬁ?" B ARE kB R '%, B o

3.2 2 = #HA| % ﬁ_

AT RN - BAEE A R “‘%#F’JJ&IP‘ ( Conditional Generative Adversarial
Network, cGAN) S A5 A HCA] 0 E AW 18 om0 b2 HEd B BART R b
FERREATE S D4 AR (Generator) 2245 B (Discriminator ) o 4 & i & iz
BEEYEIFE RAGIRL F T ’}‘T:}% AT TRIER (F 58 R
BOREESES 3 A B REE VS30) R &2 I3 BB E =z fhiciE BRI B2 P>
AL BRI FET ik d > B iEar @A *"‘“"HHE] HALnE %o BT B N eI
VA FEHAFRAFIRIEE AT e AFRBIREARY 03 BREREFEHIACEY

(Adversarial Learning ) # %73 p A g it 2rigie > S 4 5% 4 & B E %é;{ %R
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2= FFH
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(Azimuth) ™ % |k Vs30 -

A AENIEE R AL E - BREARKPIEL Z - Badee B>
FAe » =8 ¥#8 (Positional Encodlng) FUE N PER LR Ti PIAL T — BAE
Brdl s S~ oA FRE b 18 o ARE - B F R Transformer SRl B
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SRS R

¥ % » Transformer %% % ”Lrﬁe?Jr,m#rﬂx@ﬁ‘_ g - B BEEREBEY -
PREE B - kA JRARFF BT - BB FHcH L ERPEEE
( Linear Interpolation ) e~ ;% -5 7] £ }?ﬁt B -ﬁ - - 2¥4# %k (ConviD)
AFA P HEEFTHEEY - A28 - B % 2 R X% (Multi-Receptive Field,
MRF) - Ak 8 B » * ik (7 5 R Fjcimit °MRF Bl LR PR H ﬁé_
# %ol enE P (Kernel) kB4 e /| ¢ Kernel size @ #4] it I P 3 #
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GEGEY B F AL G- B 5 BERRIR S g
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B R R FARA A 50 B PR E R P B B TG R A R

i Ej‘%"— it ( Spectral Normalization ) e

R OEAR P € B R iR e £ (R RRFES D 24 ~Vs30)
ipfeE > - FiE » - B Transformer $nf§ F ¥ o @ BREA W EF i =R
AenE F o B BT E H B R g T ﬁTo o # % » Transformer
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BE- DHEE > SAFREHZATE R DR S FLS o
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Ay * P 4§ %% CWASN ( Central Weather Administration Seismic
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B A REE i BT o TPUR R S FEHE 200 km R e
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ok 3l pEiE o~ 2[R E > AR A Sl Ly dest (6) o
Lp = Lygan + Agp * Lgp (4 6)

He > % - A L Wasserstein 4f 4 LWGAN’iir;‘ (7) #777  H4F 4 g bt it
EAHA x A AEA X SR D ENSSY LR c 5 IEE

Lwean = E[D(X,c)] — E[D(x,c)] (34 7)

WA L 4R AT (GradientPenalty) Lgp o 4est (8) #7577 o L 38 * S8 2
D $>Mgisid k& X PRl ® HARITH 10 A, 5 HEE - M
5 10 ¢

WS o
w%“

Lgp = E[(IVeD(%, Oll — 1)?] (48)

4 X BOLATP PRGN B A A Sfed = BINA e dos8(9)
TR

Lg = Lagy + Afm : Lfm + Astft : Lstft (54 9)

F - 30 5 #FUE 4 (Adversarial Loss) Lggy > $H4F 4 5 fede = 1 2R BHE B
A e L D(X) 0 dest (10)  #157:

Logy = _E[D(f’ C)] (54 10)
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Balanced Res 256 100 (1s) 25
High Freq-Res 512 256 (2.56s) 64
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Abstract

Taiwan is located at the boundary between the Eurasian Plate and the Philippine Sea
Plate, making it one of the most seismically active regions in the world. Approximately
twenty thousand earthquakes occur annually, and among them, many events exhibit high
destructive potential, posing significant threats to public safety and critical infrastructure.
Consequently, improving the accuracy and timeliness of earthquake monitoring and early
warning systems has long been a central challenge in seismology. In recent years, deep
learning techniques have demonstrated remarkable success across various seismic
applications, including P-wave picking and Peak Ground Acceleration (PGA) prediction,
by effectively extracting key features from complex seismic waveforms. However,
traditional models still rely heavily on large quantities of manually annotated data,

427



limiting their scalability. Building upon the development of the Earthquake Foundation
Model, this study focuses on leveraging Self-Supervised Learning (SSL) techniques to
automatically extract high-value representations from vast amounts of unlabeled seismic
waveforms. We introduce two of the most influential SSL pre-training architectures from
the speech processing domain, Wav2Vec 2.0 and HUBERT, into seismology and design
a pre-training pipeline tailored to seismic data. Through large-scale SSL pre-training and
fine-tuning across multiple downstream tasks, this work verifies the feasibility and
generalization capability of the Earthquake Foundation Model, demonstrating its practical
potential for improving earthquake monitoring and early warning applications.

Keywords : Deep Learning, Pre-trained Models, Single-station, Multi-station.
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B B oA I RAE A o Weighted-sum % IRk 2. (Fl-score Test: 0.9596, Dev:
0.9460) > % 7 o R Faccie e & vV R R F BAP T3 o Freeze #o5V 827 33
B BARHA o R EFRENE B B3 0 Mo SeisWav2Vec2.0 2" A S
247 BB o & SeisWav2Vec2.0 ¥t B ¥ Sl FRE B A B ik
M 2L kAR B INIRFE Y o Fine-tune - H R EAAFEIF RFRL T > i R
ﬁxfi °
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20220 @ REETALEPE > P TI PRI SR i %
JR AT B AR S Ak b # P & Picking 4%

Model Dataset | Precision | Recall F1 Mean Std. MAE

Dev 0.9379 | 0.9824 | 0.9596 | 0.0009 | 0.0210 | 0.0051

EQTransformer
Test 09118 |0.9741 | 0.9419 | 0.0017 | 0.0252 | 0.0064
Dev 0.9320 | 0.9453 | 0.9386 | 0.0008 | 0.0259 | 0.0061
PhaseNet
Test 0.9106 | 0.9393 | 0.9247 | 0.0010 | 0.0280 | 0.0067
SeisWav2Vec Dev 0.9439 | 0.9668 | 0.9552 | 0.0005 | 0.0222 | 0.0056
2.0 Freeze

Test 0.9257 | 0.9513 | 0.9383 | 0.0007 | 0.0251 | 0.0064

SeisWav2Vec Dev 0.9381 | 0.9821 | 0.9596 | 0.0015 | 0.0216 | 0.0053

2.0 Weighted
Sum Test 0.9234 | 0.9698 | 0.9460 | 0.0010 | 0.0249 | 0.0064
SeisWav2Vec Dev 0.9926 | 0.9719 | 0.0001 | 0.0162 | 0.0038

2.0 Finetune | eqe | 0.9286 | 0.9871 | 0.9570 | 0.0003 | 0.0199 | 0.0047

# 2.3 B¢+ SeisWav2Vec2.0 i 244 & (Magnitude Estimation ) ix 534
L - B i{‘;‘ #-7] MagNet '* $& - Weighted-sum % & % 3% it LA it
(Dev MAE=0.1943~R?=0.8912 )> H % % P &g 1<% FL 2 #7] MagNet( MAE=0.3063 )-
Freeze f#-7% =t 2_ » Fine-tune #% 3% 4o &3 ﬁ o B B B 57 > SeisWav2Vec2.0
SR B Y AR EAEHEL BEREA T 0 TR 20 AR T EEETS
% o Weighted-sum it Fe PFA]* 72 fo K Socnpf fFF 5 T30 > @ SEPIERA "% 4 o
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2231 AEFTHEF  REGENTHRLES

748 .3

JRAE T RAR R Ak

P A RARAE T 4 R

RARMERA4ZTRER

MAE

MSE

Std.

R2

MAE

MSE

Std

R2

MagNet

Dev

0.3063

0.1818

0.2965

0.7137

0.3471

0.2291

0.3296

0.5339

Test

0.4141

0.2919

0.3470

0.4511

0.4965

0.4004

0.3924

0.4523

SeisWav2Vec
2.0 Freeze

Dev

0.2258

0.0934

0.2059

0.8630

0.2581

0.1199

0.2308

0.7289

Test

0.2863

0.1374

0.2355

0.7789

0.3212

0.1717

0.2618

0.6069

SeisWav2Vec
2.0 Weighted

Sum

Dev

0.1943

0.0702

0.1801

0.8912

0.2209

0.0862

0.1933

0.7668

Test

0.2488

0.1044

0.2062

0.8258

0.2792

0.1285

0.2248

0.6752

SeisWav2Vec
2.0 Finetune

Dev

0.3010

0.1424

0.2276

0.7666

0.3625

0.1975

0.2571

0.4765

Test

0.3970

0.2237

0.2572

0.5998

0.4536

0.2854

0.2821

0.2548

BFOAPRRBETS
2 ﬁiﬁf’"]ml% B o % 2.4 E T
B—*r SeisWav2Vec2.0 7 Fine-tune 7 ¥ zi P47 e 5 (Fl-score Dev: 0.9470 » Test:

0.9291) » #p &> PhaseNet (Dev: 0.3237, Test: 0. 3133) IR
TR ]__*;1[_‘2* L ﬁ;,-ﬁ,,p_*; WiEAE T oTa o %P "5“‘):— %f?x.} By E

% o

:11“4

1/%*

R A

EF R R AT LT
FokEE O FAPER Y 0.01%97
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24 %% 001%FHER  PRIFHREDT RS S

4R 0.01% T P % Picking A 4%
BRI AR HL 3

Precision | Recall Fl1 Mean Std. MAE

Dev | 0.2399 | 0.8670 | 0.3759 | 0.0010 | 0.0557 | 0.0152

EQTransformer
Test | 0.2329 | 0.8597 | 0.3665 | 0.0012 | 0.0560 | 0.0154
Dev | 0.1935 | 0.9889 | 0.3237 | 0.1971 | 0.0728 | 0.2094
PhaseNet
Test | 0.1863 | 0.9820 | 0.3133 | 0.1983 | 0.0725 | 0.2105
SeisWav2Vec Dev | 09183 | 0.9418 | 0.9299 | 0.0059 | 0.0349 | 0.0102
2.0 Freeze

Test | 0.9132 | 0.9202 | 0.9167 | 0.0062 | 0.0367 | 0.0110

SeisWav2Vec | pey | 0.9211 | 0.9626 | 0.9414 | 0.0077 | 0.0346 | 0.0110

2.0 Weighted
Sum Test | 0.9089 | 0.9475 | 0.9278 | 0.0082 | 0.0373 | 0.0120
SeisWav2Vee | Pev | 0.9276 | 0.9673 | 0.9470 | 0.0006 | 0.0298 | 0.0076

2.0 Finetune | o | 0.9034 | 0.9563 | 0.9291 | 0.0007 | 0.0328 | 0.0082

# 2.5 BT SeisWav2Vec2.0 i * 0.01% P74 pF ARG B i’ i
# % IR o Weighted-sum i v% % 5 4€ © (Dev MAE=0.4191,R?>=0.4719 ) > Freeze #
=t ; MagNet e dpfe TAHE T R25 J & BRI ST A 20 FHRE R8T 0 b
Y enig ) ﬁ#‘fﬁ;p FAFFEBM N AMEERE T R B EL F D
- R o Welghted-sum Plac 1995 E 408 Boif & chgfjic > Tt b 2 R TR ek
T R WA WA A ERRE AR F v B LR B R -
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225:0% 001%FHERF > R E 7 HRES

AR 0.01% F 4 Normal M4 (mag>=4)

1 3 x
TRREHMR | Vg | MSE | Sd. | R2 | MAE | MSE | Std | R2

Dev | 0.6365 | 0.6783 | 0.5226 0.7577 | 0.9154 | 0.5842

39.144 28.589
MagNet
Test | 0.6226 | 0.6833 | 0.5438 ] 0.7650 | 0.9616 | 0.6135 ]
64.500 55.756
Dev | 0.5233 | 0.4464 | 0.4154 | 0.3815 | 0.6350 | 0.6258 | 0.4718 | 0.0729
SeisWav2Vec
2.0 Freeze -

Test | 0.6046 | 0.5922 | 0.4760 | 0.0814 | 0.7323 | 0.8138 | 0.5267 0.2885

SeisWav2Vec | Dev | 0.4191 | 0.3013 | 0.3545 | 0.4719 | 0.5149 | 0.4251 | 0.4000 | 0.0065

2.0 Weighted

Sum Test | 0.4887 | 0.3961 | 0.3966 | 0.2331 | 0.5922 | 0.5384 | 0.4332 0.2811

. Dev | 0.5062 | 0.4214 | 0.4065 | 0.3323 | 0.6183 | 0.5942 | 0.4603
SeisWav2Vec 0.1303

2.0 Finetune - -
Test | 0.5924 | 0.5577 | 0.4548 0.7117 | 0.7573 | 0.5007
0.0076 0.5914

’fq%{' R B NPT R TR Ré;f"—m #ﬁ#’i—\i" Euﬁ»ms\ * Ho5N 0 @
B b BRI T A G A EaE A IR o %*ﬁ;!'r pPEREY TR OEK
AT E 712~i B & g %07 B4 1 (transferability ) &°2E p & BEY Rk %
Benigdio B¢ > Weighted-sum { v 7 £ JdiT = B & pr & & Transformer
FHCH Y R )R fch § A STk o Freeze v mFl -score &P‘ 4 %> Fine-tune
oo AgARE A HCA] 0 BER SeisWav2Vec2.0 AFEPIMIFE S B L T A gk )
Bk o

AP izt F Sk AT 0 SeisWav2Vec 2.0 7 Wit g L G s 4 H 3 g0
F R AW NS T 0.01%Hcly T T L PSR Pl o 2 Ak
ic #b > SeisWav2Vec 2.0 B3k 57 — A7 & 0f#i 2 % o 5 3 R R Ridpikie
FEPET B A chPe o A R RS ek lidp R S Ear o
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%~ T3 B A 703 SeisHUBERT 2 7 3
31 # &

R it i R E T AN Lk
:‘7:* ﬁ——‘l i"" E‘ F‘.%‘,ﬁ ..wumnpl:—l?‘# H_’_,l;f_'? zggéi::ri ) i—.-i %vaﬁ}; m,__1§ Kﬁ'{/ I\'fi\-” P /ﬁ JEQ::;F‘-
B (P-Wave plcklng) IMER o BF * o3 %40 STA/LTA (fr];’li‘ 2L ) & @
SeoE R BRAR A R 0Y o L AR RRMIRE T EAE ST A 0 2 ALK R P
ﬁ? iéﬂ Kxgi > ‘li'—}“r/\ ’ i‘ﬂ-‘ﬁtf’l é“' it 7?%‘,;\ ..VuTTl ":; l—}’— I——FE:T?E o

-
?

HuBERT ( Hidden-Unit BERT) [14] 5 &%
Bt A s A - AR P ES FEER
BEFIEPIRIe 0 T U AT FFanE EJ B 'ﬁ“—“ﬁ

BREZNFH > & B MEA 580 o

j‘Ej'ﬂ apé‘%)‘/)ﬁﬁg
- &R 7 TL%{,(-&V%,—‘%
Firevw A T 45 HE

BERTFI‘JE_E?;!,E E;Jﬂfr _;5
D EORE Y A Sl s Re ?
B R 6 R

31\\-
B m

1
i

o2l
L

—E ”—F"_i%m HuBERT ’Fk;" ’» — %ﬁé E;%fs 33 76\: T# %ﬁd
R R S R A T e R
RS BRET R T ke 2 RE BHS o

*“4“

32 2

HuBERT [4] 7% 7 Wav2Vec2.0 s § S » & BAET R P Hjdh § ¥
5 EY TR RI'E K H ~ (Masked Prediction of Hidden Units ) » %7 * K-Means 5}’3\49;1
A 4 ehiz &4 (Pseudo Labels) 1% 5 2" P % > BRI AZACB 3.1 9751 o 4 2% i
HuBERT /i %33 AR ¢ PF > SeisHUBERT ¥ SeisWav2Vec 2.0 # * % > 4p IF i1
CNN Feature Encoder §= Transformer Encoder # #% o 4p #*t SeisWav2Vec 2.0 s34+t
B % > SeisHUBERT # * K-Means R A 4 ez R ITL 0P &> Y45 R
EHRE L BANFRA T EDEY o APRT base - large ~ xlarge © = fa
# Fe = o] e SeisHUBERT -3 » #-3] SH087 28 440 ] 3.2 #7577 o
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Acoustic Unit Discovery System 5
(e.g., K-means on MFCC) !
. v . . . .
z1 22 zS zd z5 26 E
HUBERT : E
Transformer E
T ‘ ‘ 1 L |
x, | [MSK] [MSK] [MSK] | x X E

CNN Encoder

|

T

-

%] 3.1 : HuBERT 3 3" 2t #ﬁi FoA 3}5‘}1}@?] ~ B ECL P 3R H pseudo label

3.2.1 FEVRP
HuBERT ¢4 £ 8 3 PFE iz 404 2 2120 Ui -
1. Stage I: Mg ¥

o BRI SER A>T STFT 47 38 4 e 100 #8 BAF 2 % o STFT { #t
eph B Bk A S A 0 LB H R LA

o Bl PERREEIE Y Ak A S el BRI A BT
HERRE ¢

# 3.1 : HUBERT Ff 3/ st ¢ * 2 F4L &

Training  Development  Test

CWASN 505k 52k 111k
TSMIP 69k 11k 8k
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|BASE LARGE X-LARGE

strides 52,2,2,2,2,2
CNN Encoder kernel width 10, 3, 3, 3,3,2,2
channel 512
layer 12 24 48
embedding dim. 768 1024 1280
Transformer inner FFN dim. 3072 4096 5120
layerdrop prob 0.05 0 0
attention heads 8 16 16
Projection dim. | 256 768 1024
Num. of Params | 95M 317M 964M

B 3.2 : BASE » LARGE ~ X-LARGE HuBERT -7 2¢ ’f#’]‘qi-‘i
2. Stage2: BI*#EREY

o P ik &% Stage | ¥ 34F 7] o Transformer % 6 % (for base) & %
9 % (forlarge or xlarge ) mﬁig?] MIF L AT E A ¥ =tik 7 K-Means B F
(500 %7) > 2 & { # meni A -

o | D FCAIB D P K TR R E L L b % 50500 K7 AR 0 KA HAE Y
FIAAGP FRAE M o0 § BN RGL T2 B ek 2 PE A B

322 4 5 e
SeisHUBERT #df % S0 #c 8 i * £ % 2 & % 4 4 (Masked Cross-Entropy Loss )°

HoAl P BB s B SR E AT A I 1Y B 15 L ePaR R A 7 K-Means
EHERH O MEP| Lt T 2 a4 o

33 R T FTHE DA
A7 5 SeisHUBERT & * 4 ¥ B 254 ¢ 5 ¢
o FTHE 40k 31 47T

o CWASN (® & 5 % %3 ZEPIS)
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o TSMIP (4 %5 & RFHE)

o ﬁs?] et A o A535 % 3-Channel (Z/N/E )0 £ & % 60 5 (6000 $ 4k 8k )
# 1% & 100Hz -

34 RERBEFHHE

A P25 base - large ~ xlarge » = 87 F + -] i1 SeisHUBERT #:73] « #c#h i
ALET AT B Y il Y R R R NT FERIMER o 5 ER
F I EArenA P AR A 94t SeisHuBERT 1 3adp— @ fj ¥ chiz s o 245 B o
AR FD R Z A Kk L B HCT P B (Finetune) ~ W fRAE B R
(Freeze) ™ % 4c g {r 5245 ¥ (Weighted Sum) 3" -

4 3.2 % SeisHuBERT Base #-7|i& {7 = f8#c %1% ¢ % ° Fine-tune #i5¢ %
& & ; Weighted-sum = 2. ; Freeze P kg #i £ - F] SeisHuBERT i ¥ 5B 2 1%
W A SRR RAP RO F L SR RA RO OAEE Y AT
BEAEER @ F BRI T

%321 % REFTAE > base WA HP L P FIRB-R R S %

Model Dataset | Precision | Recall F1 Mean Std. MAE

Base Dev 0.6408 | 0.7321 | 0.6835 | 0.0001 | 0.0583 | 0.0186
SeisHuBERT
Freeze Test 0.6316 | 0.7135 | 0.6701 | 0.0002 | 0.0585 | 0.0188
Base Dev 0.7337 | 0.7656 | 0.7493 | 0.0012 | 0.0564 | 0.0184
SeisHuBERT
Weighted Test | 0.7313 | 0.7373 | 0.7343 | 0.0014 | 0.0567 | 0.0186
Sum
Base Dev 0.9508 | 0.9869 | 0.9685 | 0.0003 | 0.0184 | 0.0043
SeisHuBERT
Finetune Test 0.9261 | 0.9799 | 0.9523 | 0.0002 | 0.0220 | 0.0052

% 3.3 &5 77 SeisHuBERT Large %] <7 % % % ° Fine-tune #-5% 3 2 &85 i
Weighted-sum £ Freeze P! &% {4 o "E -3 L H03H ~ » SeisHUBERT it § 18 { 4f fech
PR i3 o B AT pseudo label i § SRR {3 6 W R BAAPIE TR > i B AP
GEEE SRR ST

#. 3.4 % 7 SeisHuBERT XLarge #-%] «7% % % % o Fine-tune #i-;% % .27 Large
BOAAP LT o WEANF R B4 R B R BIEFEE BT AL F 2B FT o L g IFH
T RS Pl g e
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£33 @ % TR E > large fA NP R PRI NT RS

Model Dataset | Precision | Recall F1 Mean Std. MAE

Large Dev 0.5180 | 0.6313 | 0.5691 | 0.0023 | 0.0604 | 0.0180
SeisHuBERT

Freeze Test 0.5220 | 0.6183 | 0.5661 | 0.0022 | 0.0601 | 0.0180

Large Dev 0.7482 | 0.8711 | 0.8050 | 0.0010 | 0.0535 | 0.0160
SeisHuBERT

Weighted Test | 0.7553 | 0.8475|0.7987 | 0.0011 | 0.0534 | 0.0161

Sum

Large Dev 0.9328 | 0.9813 | 0.9564 | 0.0006 | 0.0204 | 0.0049
SeisHuBERT

Finetune Test | 0.9527 | 0.9907 | 0.9713 | 0.0004 | 0.0170 | 0.0040

#3400 T E > xlarge A 0 Pk T EE B SRS S

Model Dataset | Precision | Recall F1 Mean Std. MAE

XLarge Dev 0.2407 | 0.1577 | 0.1905 | 0.0008 | 0.0631 | 0.0215
SeisHuBERT

Freeze Test | 02520 |0.1615|0.1969 | 0.0008 | 0.0627 | 0.0213
XLarge Dev | 06023 |0.7516 | 0.6687 | 0.0045 | 0.0607 | 0.0228
SeisHuBERT

Weighted Test | 0.6090 |0.7354 | 0.6663 | 0.0044 | 0.0605 | 0.0226

Sum

XLarge Dev | 09459 |0.9794 | 0.9624 | 0.0003 | 0.0215 | 0.0051
SeisHuBERT

Finetune | Test | 09231 | 0.9704 | 0.9461 | 0.00002 | 0.0247 | 0.0060

BE > AP EgEd A A fEept o SeisHuBERT 3 % 2 % o % 3.5 &
F o R A (15 F8) 7% ¢ > SeisHuBERT A @@ * 20%F fL 3 T chid % o
*OrLRRERER] A TR A BE i1 0 4 - SeisHUBERT Fine-tune £ Fl-score i ¥
Test=0.9455, Dev=0.9635 » & H & ¥ 5Fip S i L $ht B % o s v ir e
Mo H 7] 43 SeisHuBERT g2 iz v 47 Z & & # _( semantic reconstruction )
T T A A R B R RE 0 T AT AR T i g B
FEMEL o
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£ 35 @@ * 15 T E > base HAh P A DB R %

Model Dataset | Precision | Recall F1 Mean Std. MAE

1/5 Base Dev 0.7938 | 0.9117 | 0.8487 | 0.0063 | 0.0506 | 0.0158
SeisHUBERT

Freeze Test | 0.7981 |0.8752|0.8349 | 0.0002 | 0.0511 | 0.0163
1/5 Base Dev | 0.8108 |[0.9433|0.8720 | 0.0002 |0.0479 | 0.0147
SeisHuBERT

Weighted | 1ot | 0.8530 | 0.8697 | 0.8617 | 0.0004 | 0.0484 | 0.0152

Sum

1/5 Base Dev 0.9466 | 0.9809 | 0.9635 | 0.0001 | 0.0200 | 0.0048
SeisHuBERT

Finetune Test 0.9241 | 0.9680 | 0.9455 | 0.00002 | 0.0234 | 0.0056

Pk E5% M%7 SeisHUBERT &7 F #7344 (base ~ large ~ xlarge ) % #c#d &
LERL el P &)k ﬁ“fa?@" <  Fine-tune { v ¢h2 ik i » 35| ¥4 Large 4L
11 SeisHUBERT F# i 3] . i T @'_—T(TCS'[.FI =0.9713, MAE=0.0004 ) > £_p = #73 |3
Werd LA ik o é_'b‘_ﬁ‘i ot B F R FEE 1 BT 7o ioh7 & Transformer
& Z 4" > SeisHuBERT eig § F Rl 4150 7 »edf 0L 7 = T3> A B R
iR o

XLarge #-%] % Fine-tune T 3% 2 (Test: F1=0.9461 ) 4p#3t Large ( Test:
F1=0.9713) ez 24k > (& 8T VR e~ bl 4o > 3 &P B o B o §
Nz.wﬁk ¥oebo i 1/5 TP R T #5pF > SeisHuBERT Fine-tune i 5 & % 45 =

%Tﬁiwf*ﬁ”ﬁﬁﬁﬁﬁﬁm e

By ey AR R4
AREVRES

SeisWaVZVec2 0 4r SeisHuBERT s oo § L@ % Test Set Pl B R
ol G REFVR - BELSAPRIFE SRR T E RN L
B oo xl?fiﬁ’}?%—mﬁ_ﬂ%%{zrgl 41 -8B 42 -8B 43 -8B 44-~-8 45 B 4.6 *r1 > A&
J BT 7 A e oA ¥ B K vk & Precision ~ Recall ~ Fl-score ~ Mean ~ Std 2 MAE
= Iﬁiﬁﬁ‘—mr £ IR o

KRG FT UFR Flne tune W v B AR P W A B i SeisWaVZVec2 0
Precision 2 F1 ! % i > @ SeisHuBERT # MAE £ Std F { f&£<_ - » ¥ 1135 3|
S

2
A
% SeisWav2Vec2.0 ! ehjs & T 1ot fen F § B 45 o
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F.

B2 7% SeisWav2Vec2.0 - Freeze W v T % iR > 2 SeisHUBERT i {4 P
& & Fine-tune FfF £iv { F »xes  EHCA Sl S 3 BRI R o« = A%~
A i3] P 5 % IR Fine-tune > Weighted-sum > Freeze - & 5 ; ¥ Fine-tune
Std/ MAE Q‘ﬂ HEs Bo] o

S
A

Precision
~ < ©o — — © —
2 8 &8 g 8 3 g S g
b p} o o ] o @ ] p *
S 2 o o o @ o S S S
] <]
g o o 2
S o i
™~ o
© o
pwd o
™ >
< =
N
mn
=)
o
[3V)
o
N
‘ =)
& Lo w"% &o é& & < S é& é‘)@a 0& o‘& ég, &e é\e 6‘9 0& o‘&
& B < S N & S N < S & S N & S X
PO R S AU AR AU AR A AR S Al AR R ol s
S Y F S E SR E SR E SRS
3 A S S &S < R < < < <& S <
& AN F P EF S F S F S
<& RN R SRR S
P O O O R S M A SO SRS
& & & & & & ¢ R RO
A\ \°§ Q° £3 Q@ > N QQ & ﬁ} QO <
&Q° M ) ® © © & P & ‘y
ge“’ N <o & &"‘

B 4.1 ¢ & Test Pl & &9 Precision = §

Bl 4.1 &7 & -3 & Test 3% & ¢ Precision & 5 » & F A% F % £ 34p4% " o
# 718 B 4% e0ic ] _Large SeisHuBERT Fine-tune » = % % 0.9328 » % 77 &#75 3¢
B3 PRNEEY FHRF B Mo BF LS 5 09286 9 SeisWav2Vec2.0 Fine-
tune > fe= 4 5 0.9261 7 Base SeisHuUBERT Fine-tune °
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Recall

< © = o ol o] <
S % 8 £ 8 g 5 5 5
s % 2 S5 S o 5 o = o O S
o r~ © ~
@« ] ps
° ° ™ =} <
Lo N~ L
(32 ™ ™
20N ~
—
©
[=}
wn
—
©
—
‘ (=]
S o (2 & (] & (2 & 0] 3 (2 &
&‘& s (“é) ﬁé“ > <‘0 ,%0& ~ (“'$ ',.,o& ,\"Q @é §§ ,\‘& @qy ,%éo >
O & < L. & < L . & < S . & < S . & < L. &
SR M P SR P L ¥ & S & s &
G N Fg I T S T E S TS
N I A G AP SR APy ) & & & ¢
¢ AR e R . DR S R R Y, S O R
3 > S S S >
& V A & Nt & & Nl & 3 Q- $ < Q- &
& & Q“’ o & Q,Q’ B & Q,@ o o Q@ e
& & & & A R S G R S
& A > hy
< NG & & g 7
& M & &
\\% N N

Bl 4.2 : % Testp|i& & 9 Recall = 4§

Bl 4.2 A7 & 4] & Test BI3# & ¢ Recall 5 » & 455 & L /IFAR S o
F 18 B4 A E_SeisWav2Vec2.0 Fine-tune > = % 5 0.9871 > % 77 75 FF P
53 P s Y BT A M BF LAY 5 0.9813 ¢ Large SeisHuBERT
Fine-tune > fr= 5 % 0.9799 =7 Base SeisHUBERT Fine-tune °
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F1-score

o ™ o [ 7o) ™ < -
= ~ 0 © [ [Ty) 3] © ©
5 § 8 3 8 _, o 8 g g 3
o S o (=) o § ) o [=) = [=) =
s 2 g -
©
= o =)
8
(=}
(2]
[{e)
(2]
—
| <)
&é e@\ zép %&o @‘& zé)c %&o o& e@,‘g %0& 6& @& %&9 o& eé\% %0& o&
o SR ¥ & K ¥ g X 4 AR s GRS 4 &
8 N Q & & K & & K g > S & > S W >
R < IS MR A < S & & IS
& AN F TS P ITS Y TS F IS
Q)Qr Al N & Q& & $§) Q& K QQ’ Q& < Q@ N4 N Q@
I I F TP FFgPFHF g &g
S S A MG OMEEE P A M LG M AR 3
& £ R R R
< & WP & & & ¥
& ¥ ¥

Bl 4.3 ¢ 7 Test Pl:&¢ & e Fl-score = 4§

Bl 4.3 &7 & B4 & Test Rl3# B+ Fl-score % » 4 7 % & Precision o
Recall 733 fo-L 2> # H U AR & a0 # ohd & J}F] T A HARE N A FEL G A AR
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# R AF & i 2L (Earthquake Early Warning, EEW) $+ % b eng &
Zho kL RS BRI A 2 B 5 a3 i A (Inference Time, ms/trace )
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Model Precision | Recall F1 Mean Std. MAE Time
(ms/trace)
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B
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Inferences
Model Precision | Recall F1 Mean Std. MAE Time
(ms/trace)
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Inferences
Model Precision | Recall F1 Mean Std. MAE Time

(ms/trace)
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+  NLPLAB EEW(CWA) : %7 EQ-RAG H-A|FE Rl % -
« NLPLAB LOG(CWA) : & p p #+4ii% log X 4 & -
BRFRF R FAHTHESRNETRE > PERRRFRLTER RS R

_1(

52 A FELEE v

~ % “i:};‘xé * F % 7 Lok 19 EQ-RAG (Retrieval-Augmented Ground-motion model )
o BRI - BEAI ~ ¢ gplsk B 2 2 B (ZINE) Y 12 2 %
- i P

452



NLPLAB_PICK(CWA) 12:04 AM
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Abstract

This study aims to enhance the accuracy and reliability of on-site earthquake early
warning systems by introducing a secondary alert threshold and a grid-based warning
approach to optimize overall system performance. This study analyzes the relationships
between various parameters—such as PGA, Pd, Pv, CAV, and tc—and actual ground
acceleration, followed by an evaluation of the False Positive Rate (FPR) and False
Negative Rate (FNR) under different threshold settings. The results indicate that CAV can
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effectively reduce false alarms under most conditions, particularly during large
earthquakes, and can serve as a secondary threshold to PGA to significantly improve
prediction accuracy. However, while reducing false alarms, the FNR may increase,
suggesting that the warning system must balance false alarms and missed detections
according to specific application needs. For small earthquake events, the CNN model
demonstrates stable overall performance.

In addition, to address the issue of unnecessary alerts caused by current early
warning systems that operate on a “county-level” basis (e.g., in large areas such as
Hualien and Taitung), this study further explores the advantages of a “grid-based”
warning approach. The analysis shows that refining the warning unit (e.g., dividing
regions according to station density) can more accurately represent the actual intensity
distribution and effectively prevent alerts from being issued to areas with only minor
shaking. Furthermore, the results confirm that on-site (single-station) early warning
systems can issue alerts faster than regional systems for near-epicenter events.

Keywords: Single Station , Earthquake Early Warning , Time Window ,
Supplemental Parameter Method , Grid-based Method
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o E A =#(Pd):

Py =max(lu(t) ),for0<t<tp (2-1)
e  H ik E(Pv):

P, =max(lu(t) [),for0<t<tp (2-2)
o Hosdeig R (Pa)

P, =max(li(t) |),for0<t<tp (2-3)
s G REFEPNFHFE L E(Pav):

Pry = Max|ii()xi WO xi + W0 yi * U(E)yi + 80 5 0(E) i | (2-4)

o« S ¥ R (CAV)
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0
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0
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2020 19 126 212 137 116 610
2021 53 235 221 180 154 843
301 1240 1240 1240 1240 5261
233 = %
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log(PGA) vs. log(Pd2)
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log(PGA) vs. log(Pa2)
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log(PGA) vs. log(CAV2)
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log{PGA) vs. logliD2)
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HiE2 F353 P 100 B Bhie (7 A 47 > £ 48 10 4p 4 e FPR (= W) & FNR(+
Bl) fitd e HvY »od RAREL R PGA T #FIFMIEFEFTE 4 ch FPR &
FNR ff o #%7 5 5= f6 FPR v 4 (17 5 ARF 2 1% & f8ichin b FPR £
BT AR, $ - s B0 PGA L PR TG FPR Ea- X (FlY %
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0% hfFiRe & F-2 43 & 28 FPRfc FNR B2 %% » H ¢ 7 % 5| CAV
= f8 FPR B Eif ¥ ¢ EREH eh FNR &> 7 PGA T4 % - P2 sk
BAF o

False Positive Rate (FPR) False Negative Rate (FMR)
Y0 AP POy P U WSRUSUR S —— 10 { —&— Threshold FNR 0.978
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False Negative Rate (FNR)
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False Positive Rate (FPR) False Negative Rate (FNR)

0.06 |-emessossomesartgg—————4——— | | | 10 | —#— Threshold FNR 0.982
-=- Original FNR=0.304
0.05 4 091
0.8
0.04
RSt e
& R % '
0.5 T
0.02 E
s> !
001 _-------------------T--- 04 1 i
—a— Threshold FPR ! : 0.000 !
0.00 § === Original FPR=0.060 —| 03+ _--al---.i _____________________
10 10-¢ 10+ 1072 100 102 10 1070 iol-= 10 10 102
ID2{cm?) 1D2{cm?)
B ‘g\ -16ID2 2. FPR 4= FNR & &t $i s %
False Positive Rate (FPR) False Negative Rate (FNR)
0,06 |- —semesoemesoapesens ———————————————— | 10 | —— Threshold FNR 0983
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0 10 100 107 100 10 0 1w 0 1% 100 107 10 1 e 1w
Pd2*tc2{cm*s) Pd2*tc2{cm*s)
& ’ﬁ\ -17Pd*7.2. FPR 4= FNR # &0 f '
% §-2 & %¥c2 FPR{-FNR % %
When FPR=3% When FPR=1% When FPR=0%
FPR FNR Threshold FPR FNR Threshold FPR FNR Threshold
(%) (%) (%) (%) (%) (%)
Pd, 3.01 4938 0.0146 1.02 7034 0.0422 0 9773 0.3162
(cm)
Pv, 3.01 46.85 0.1727 1.02 66.39 0.2915 0 93.06 09249

(em/s)

3.01 43.67 4.0088 1.02 6541  7.2326 0 9059 20.691
Paz
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(cm/s?)

Pav, 3.01 44.13
(cm?/s%)
CAV, 3.01 4238
(cm/s?)
w2, 3.01 45.75
(cm?/s?)
ID2, 3.01 47.89
(em?)
Pd, * tc, 3.01 53.54
(em * s)
243 RFELHT

0.5197

2.8661

0.0064

5.34-05

0.0097

1.02

1.02

1.02

1.02

1.02

63.79

62.17

63.21

70.54

75.15

1.9845

5.4159

0.0173

0.0007

0.0691

FEF A% CAV = BH L FPR ¢ 5 B
AR - F o AR BB EIRA Y TR CAV (T L B g

S WL AL a2 =

o T K wr

& e L
4L 21

E’r’m/uF

241+ AR ¢

AFT PR A B R AT B2

1P i

P33R P 2. A 47 8 % o #TiE Bz
AO09 FyiciEs B 2018 2% 6 p 23 50 4 41 4y i B~ R 2016 & 2 7

6 F 03P 57 » 26 @ 2%k &

Fl"t»ffj’ii‘2024-&4” 3]37;@#«}&1;,,]%]
- B HERF2H o
FEAETEFIFEL o
ﬁ—-} ’EREJJI@‘?’UP?‘

;L‘/
«E'T‘
=i

T 2 CNN A g b

b REFEEFTAIT LI
(-2 R A ANE A

471

90.33

88.51

94.55

98.18

98.51

LB R
12024 # 4 " 3 p 07 pF 58

o M T L EITM A BRE B2 EE

20.691

13.257

0.2466

0.0933

24771

& i FNR
D E - R PGA L PHERF TR FPR

(9% 3%); %= »FPR AR5 1% %= - FPR Befte ¥20 0% -
Phrdiplzb 5 H g (7 o

T A

-18 ¢ B¢ * PGA (v 4 H
E.Au\‘)ﬁ “% o d BV E.‘ 23] WiE* PGA £ 5 %

%43 (3 P 2



Latitude, N

120 121 122

Longitude, E
M §-18 # * PGA 5 #4F g2 = 204 48L& F (240403)

2 -3 - AR e A+ (240403)

Threshold TP TN FP FN
(cm/s?)

PGA = 25gal 19 28 0 93

PGA = 25gal ~ CAV = 2.87 cm/s? 17 67 0 56

PGA = 25gal ~ CAV = 5.42 cm/s? 15 67 0 58

PGA = 25gal ~ CAV = 13.26 cm/s? 12 67 0 61

SEFE 2018 £ 20 6 FHEFEEE B F-197 B 52 PGA T 5 E
_ Fﬂﬁj_pé;— Hepbo ARFELES TR 5T 0 F | BRlsk R (FY &
ZhAfEze )it HI A o PHEECAV (T4 % - PHEE IR T =27 b
CAV il i (&m;sﬁhm) HEER 7-1997 d 22 LA BHBZAME
KA R T L o e CAV (SR i 8 v g o B PR E A P T 0 4

11 ERER o
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Latitude, N

Latitude, N

T T T T T T
120 121 122
Longitude, E

B f-19 @ % PGA 3 #34F P iz = <R 484 # (180206)

Latitude, N
Latitude, N

[ 3
2323 9m

———— — T T
120 121 122 120 121 122 120

| T
121 122
Longitude, E Longitude, E

Longitude, E
Bl 79-20 4 » CAV G HHEFHE2Z - ~RAFAELL T

(= : CAV =287cm/s?~ ¥ : CAV =542~ + : CAV = 13.26 cm/s?)

% -4 - mRA e EE A (180206)

Threshold TP TN FP FN
(cm/s?)
PGA = 25gal 11 95 1 10
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PGA = 25gal ~ CAV = 2.87 cm/s? 10 96 0 11
PGA = 25gal ~ CAV = 5.42 cm/s? 7 96 0 14
PGA = 25gal ~ CAV = 13.26 cm/s? 2 96 0 19

Bfs4r 412016 # 27 6p Bai ke RE R ® ¥ PGA 175 33 P HEchs
ARAEEL TS AR TT 0 F 9 BREEF AR (2 2 £ )0 S8
— LA AT s » CAVIFS $ 2 PO T & % Z /67 e CAV
PHEEE AT - SR EREEPE TR ) RASILFES L 1125
CRFEE RIAPHE e APEERMRERT AR ANISE AT 305 T
BRI R0 G R o

Latitude, N

120 121 122
Longitude, E

B f-21 @ % PGA 3 #4F P2 = <R &L 4 7 (160206)
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Latitude, N
Latitude, N
Latitude, N

W OER
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A FP
FN
150 ' 151 122 1%0 12‘1 1%2 150 121 122
Longitude, E Longitude, E Longitude, E

Bl 79-22 4 » CAV G2 B2 = ~RA A ELAs#

(2 :CAV =287cm/s?>~ ¢ : CAV =542 ~ - : CAV = 13.26 cm/s?)

2 ?\_5 - AR :{Eu_éf_@;i T (160206)

Threshold TP TN FP FN
(cm/s?)

PGA = 25gal 33 78 9 15

PGA = 25gal ~ CAV = 2.87 cm/s? 18 85 2 30

PGA = 25gal ~ CAV = 5.42 cm/s? 10 85 ) 38

PGA = 25gal ~ CAV = 13.26 cm/s? 4 86 1 +4
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R AR S G

% ’%\‘ Z ¥ BR¥ # 73 F PH#E FPR v FNR ' i
Event FPR FNR FPR FNR FPR FNR FPR FNR
() (o) () () () () (%) (%)
PGA = 25gal  CAV CAV CAV
=2.87cm/s? =542cm/s?*> =13.26cm/s?
20240403 0 83.0 0 88.4 0 92.9 0 97.3
20180206 1.04 47.6 0 52.4 0 66.7 0 90.5
20160206  10.3 31.2 2.3 62.5 2.3 79.2 1.2 91.7
242 ) BRE#
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Latitude, N
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Bl 723 & * PGA 3 #4F g2 = <R L (211114)
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T T T T ] T
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Bl {5244~ CAV 2 8F g2 = AR gt A%

2 OR7 2 AmpELicd A F(211114)
Threshold TP TN FP FN
(cm/s?)
PGA = 25gal 0 107 3 0
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PGA = 25gal ~ CAV = 2.87 cm/s? 0 108 2 0

PGA = 25gal ~ CAV = 5.42 cm/s? 0 110 0 0 e
=¥
PGA = 25gal » CAV = 13.26cm/s®> 0 110 0 0 37
2021

EQ 26 EEMPATE F F257 FHii? PGA friH - PIEERE
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# -8 - ARl gcd A 7 (210926)

Threshold TP TN FP FN
(cm/s?)

PGA = 25gal 10 111 7 2 B 1
& ¥t
PGA = 25gal ~ CAV = 2.87 cm/s? 6 114 4 6 2016
£ 5
PGA = 25gal ~ CAV = 5.42 cm/s? 4 117 1 8 130
PGA = 25gal ~ CAV = 13.26 cm/s? 0 118 0 12 g\ i
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Threshold TP TN FP FN
(cm/s?)
PGA = 25gal 0 95 1 0
PGA = 25gal ~ CAV = 2.87 cm/s? 0 95 1 0
PGA = 25gal ~ CAV = 5.42 cm/s? 0 96 0 0
PGA = 25gal ~ CAV = 13.26 cm/s? 0 96 0 0
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Pigts > 2487 2 2% (FPR=0%)> ¥ FNR a4 5 0% k7 &2 CAV [ i
B AR EEREN ) F A ok LEAR o

2 R-10 28 BT 4 FHEE FPR o FNR

Event FPR FNR FPR FNR FPR FNR FPR FNR
(%) (o) () () () () () (%)

PGA = 25gal CAV CAV CAV
= 2.87cm/s =542cm/s = 13.26cm/s?
20211114 2.72 0 1.81 0 0 0 0 0
20210926  5.93 16.66 3.38 50 0.84 66.67 0 100
20160530 1.4 0 1.4 0 0 0 0 0
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