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Abstract: Driven by multiple factors such as rapid urbanization, the construction of industrial clusters near
the port, and the expansion of offshore aquaculture, the widespread distribution of soft soil in Zhuhai has led
to frequent ground subsidence, which has become one of the major geological and environmental problems
restricting the sustainable development of the region. By integrating multi-temporal InNSAR monitoring and
machine learning algorithms, the spatiotemporal characteristics and evolutionary patterns of soft soil
subsidence in Zhuhai can be systematically revealed. Based on Sentinel-1 satellite imagery data, high-
precision subsidence data from 2015 to 2018 and 2021 to 2023 were obtained using SBAS-InSAR and PS-
InSAR techniques. Analysis shows that land subsidence in Zhuhai is well-developed and exhibits an

increasing annual trend, with fluctuations in cumulative land subsidence closely related to local industrial
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distribution and engineering activities. Aiming at the limitations of traditional models in nonlinear subsidence

prediction, a predictive model integrating the Transformer model and Support Vector Machine (SVM) was

developed. Prediction results demonstrate highly consistent curves between predicted and actual values, with

over 97% of the errors controlled within #4 mm, indicating the model's high prediction accuracy and

reliability. However, InSAR monitoring has limitations, which make integrating multi-source data and

optimizing model architecture be necessary to further improve prediction accuracy and reliability. The

prediction of this study provide scientific basis for urban planning and infrastructure construction.

Key words: soft soil; subsidence; Transformer model; Support Vector Machine (SVM); prediction; Zhuhai
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Fig. 1 Distribution of soft soil thickness in Zhuhai City

18 B A, B TR 8 KL B3 ik f%
SRR AR IO 2 R R B B A B CT IR, 2000) o
38 2 6 FEAS [R] B (] 3R A 7 I8 521K, InSAR 1] LA
K i e R A M RS . K EAR A E S
L e m A T RO e 5 B T, AR RS
B FH A W A o ARt DX ) b i LRSI OO, JC L
FERETT XA P p 2, 20235 7055, 2024)

HVEAN T BRI T IR DT R L Ak
AR, 38 T AR5 IX P T 38 TR B e RS 2%
#3E  DEM S FAH DGRBS . Hh (5 A
45 W4 fdi 1] D-InSAR, PS-InSAR, SBAS-InSAR
S4BT, LA SBAS-InSAR J7 7 H 1% % e H
SR W 98 6 B 28 BEZR B 1 IE1RURT L) D-InSAR £
AR5 A P RIAE, 7 e U SO A B bR
ASFERS L, XA T B AR SR AE BT AR, M
T AR U 5 DX PN A T B A s b A 1 T TR £ 5
(1 2) o [RIEEFIFE GIS R4 7 b 1o U0 e W 0 4
Pt 9 ) A PR 5 255 AT, G I AE 5 DX 1 T U R A
KR

MR ZE J5)RF 1 JE (Copernicus ) EU 5T 75 3K HL

[uitikeiE] ossaE
| Sentinel- 1k B (% |- Ko Bkt 8- (s Bear

SARTCHE . By

R R

| EIGxf ekt
A s S
ESUTEES

AT HAREER |

ZEor TN
PRk . uEdk
AR i 4

ﬁ@gﬁﬁﬁVM ST A S 15 P 11
P2 InSAR MEMHA Lk &
Fig. 2 Roadmap for InSAR monitoring technology




541 45 55 2 1)

T4 4 FLT InSAR 5 Transformer-SVM A5 B8 77 5 A Hb a7 DO RA W0 2B S BNESE. 365

WFEEIX 2015 42 6 H = 20184 6 H ., 20224 1 H
% 2023 4F 12 J Y Sentinel-1 5 ik 15 80E . 3%
Pk 95 v i (W) B, etk 7 X0k vv
R AL, #EE C BB (P 5.6 om) TR IAL AR, &
Vi 12 K. BIERSEAEN - 1.

R 1 HIRRX SAR HiESH#

Table 1 SAR data parameters in the research area

2R Bl
PEZEH Sentinel-1
BBt C
UG LR (W)
25 (A5 20m
AHXHLE S 11
Mk = Vv
B SLCH
el Tl 20154F06 H 22018406 H ;

20214201 H £20234F12H

Sentinel-1 B ik T2 Fodis b H w77 HE1 7 PLiAE
MEIE RIS IE | BE UM P i . HUE A IE . RS
FIE 45 SAR B4l i Ab # . 7ESJF InSAR 43 7
r, 3 I 1R AR T B (An>0.3 ) i % g ot fE AR
JG, HEBR DA 9t 7 55 5l b R A2 Ak T B i I AH 1 X

S, A BRI, WA HER T TR LT

R S — M B MR RS RSO, O i SR TN
fmBERA
H TR AHBEAIE InSAR HHE i T S5k, 1k

B4 A H T W o ) 50 R A T X e, Here CICol

CJC09 Fi1 CJC15 & GNSS W illf 3, CIC04 M Hitt
U0 R W W00ty , DAL b T U003 %) T 2023 4 g
B, I s TIRESTRE . L 501iE, InSAR Wl
BHE 5 b TET W IO A RS B R R, A OC R K
R* K% T 0.96, FH4a X% 2% (MAE) 2~ 3.50 mm,
SEHy 4 3 5 4 HL iR 22 (MAPE) N 8.42%, 75 1%
# (MSE) 4 21.03 mm’, ¥J R % 2 (RMSE)
4.59 mm,

3 0 b TR S
T i R AL S, FE A3 BRI 20152018

AF . 2021—2023 4E P HH InSAR Wi MPECHE, A4
B & BRI T 4K+ b I TR ELA DL RRE

(D) B R I LR & H 2 A
o PRG-I . FHIX Z EAY,
FEENEBFAVGIB GRS X)) #X,
SR AR HEA B EE . SEN LR KA
X LA VG | P VD 5 B 7K AR PG A A R 58, i 7E
ZR R b DX A YN XL R X AR RR A 1
DR A RN 2, AFE R SV SRR . R 5t
FEREHR . BT & B A R AR N TR IX

2015—2018 4, BRIUF T 40 1 Hb T TR AR X 45
N, B KU R AE—-40 mm/a LL_E TTRE P Y
24N, ULRE T R AE-30 mm/a DL | A& X 38 i FH ik
7.1 km?, JUFEHFHAE-10 mm/a DL () X 58 i FRk
185.3 km>(4] 3, #2 2), 2021—2023 4, ¥k i 4k
- M TECRE A BTN, S R UTRE R A -40 mm/a
DL BT RO N 9 A, UTFEH A —30 mm/a
P b BT A 31.5 km?, TR 2 7E—10 mm/a
DA E A X AL 365.9 km?([4] 4, 4 2),

(2) Hiu DT RE X S8R 443 A X AR —B, M
AT C R X 32 A0 A3 T W] | g JOR IR S5 3t B H:
AEZKE (B T 17KGE | WG TKGE ) B, AR IX
WAy A A R TR BE B 2, TR IX 5+
JZ 53 A XAEZS [l 534 b AT s — 3tk . Uik
5K+ 2R AN A, 2 F KR, TR
BEEF AR 520 i 3

(3) T K B T 2R 175 & P /K ™= FR A X
TR B R R . T A, IR
SIS B DA R | SN B LI 498 X B Tl X
PIAE, SEV AT £ EA KSR T R R K, P
X KT R, U ORR RYE R, AR
A3 (15 5a, 5b, 5c X))o FEIKF=FRIE X AT — 55
Ao 118 i T SRR AR Al S R Eh A — B R
PEUE 2l Hb 3R 5 B Uk S PR B, FERRAE 8 H L
9 HIK, 11 A R bl 761 H .4 H
o 5 A M RBON B R TE 6) . TEKT=FE
B 2t i vt 3 R A K T R TR AL
HFZ B oK, 2 3250 — A U T Ak £
FEFRA b oK AT AL B, R, JK 7R SR A A
MR K AR E] S InSAR W i (%) 3t i R AR A B
AL FEAR—F

(4) Hiv T B2 R IR 2 0 8l 15 22 b T 0% 8 %%



366 1€ B oMb R

2025 4

M4
B TEK

UUFIHE % (mm/a)

B <400
[ -40.0~-30.0
-30.0~-20.0
[ ]-200-100
[ >-100

3 InSAR A% IAl (2015—2018 4F )
Fig. 3 InSAR monitoring grid map (2015 ~2018)

®2 BLBEERZIEESITR
Table 2 Statistical of the impact range of settlement

rates at various levels

g U 2015—20184F  2021—20234F
(mm/a) SRR (km?) ML (km?)
1 =500 ~ —40.0 1.8 1.5
2 —40.0 ~ =30.0 5.3 30.0
3 =300 ~ —20.0 29.7 81.7
4 —20.0 ~ —10.0 1485 252.7
5 -10.0 ~ 10.0 1287.0 1106.6
6 it 14723 14723

YIFG . FEESIRNKIE P 2 (1] 5d X)L 48 XA
WAL TIX (] Se X)), iR == 2 AN R
REAaf A T sl T AR A it T 3 - 2
TR AR AR 4 5 R A, 3k 28 IR N AT 3 —
A ) T SR ARTC R A it 4 96 R Sy sh =X s HL g
SR A, AR T R it T8t 3 KA, D4, E4
N E2 S 2P B A HL TRE(E 7).,

g Lk, BRI T M R A, Hum Ul

Wiz Z2 IR ER LRI, o) 2 s T /KPR T
RIS L LR A 2

4 B - M O T

4.1 Transformer-SVM #&EY

Transformer-SVM #& I J& —Fl. Transformer
1 [ AL A SR ) AL (SVM) AHES G LA
I SVM TE/MEAS | ekl s 2 rh R BL
R, (K TAFE T2 (Abdelrahim E M et al.,
2024) , Transformer BE F 3l1%% > F¢1iE, (H 40
K, Gyt WA G AE, 2024; X FIRAE, 2024; Bz
(275, 2025) , HARIALE L Transformer #F174F
NEFEIUCRRRLE, B A SVM M1 714328, LIS o2k
K5 FEFZALRE S, [F]HG 5 AR AR B2 IBORT 7] A R

Transformer-SVM #18 F 2L 2 4. (1) 433
1% € Transformer Fll SVM WA~ 71 (4 414k 7 1%,
VIR 245, RS20 B R IR, LR ARAk



FHA1EH 2 T4 2T InSAR 5 Transformer-SVM B0 BB T 4% 0 VLI W20 b B FNAT S 367
LARE 5]
47 B X
e
UIFEHAE (mm/a)
B <400
I -40.0~-30.0
| -30.0~—20.0
[ ]-200~100
[ >-100
K4 InSAR WM (2021—2023 4F )
Fig. 4 InSAR monitoring grid map (2021—2023)
Fl )
UIFEHA (mm/a)
<350
©-35.0~-30.0
©-30.0~25.0
©-25.0~-20.0
—20.0~—15.0
-15.0~-10.0
©-10.0~5.0
—5.0~0
MR 5
T

5 InSAR Wil st i S A 4]
Fig. 5 Typical distribution map of InSAR monitoring points



368 & F ML SR 2025 4F
0 \4:\ - g |Erian—Esvml/ Max(Eyn, Esym) < 6 (5)
e N U Ere>Es s WWa= 1, W= 0
§ 60 h / / WREr<Esvis W Woyn= 0,Wr= 1
= g0 — R i YE" =W XY+ Wey X Yo ™ (6)
o LA s, X S WESE IR | Y, LS
“uszssecamsnzossgzasessn AT LS ASINRIES LB, v A
CRURRRZRNAAATAAgTARTasg Y™ il i b TR, v, R IR AR b R
HIE (F/178) BRI
—B —f B B 42 BRI R 55 HIEE

B
—C2 C3 C4 C5
6 K7 FrAi X Sl s ARl I O e R Sl R
Fig. 6 Cumulative ground subsidence variation map of typical

points in aquaculture area

JEAE (mm)

] (5F/ 3 7H)

{7 TR SO R T A B

Fig. 7 Cumulative ground subsidence variation map of typical

points in the engineering activity area

IARUKEG (2) DAL 73 i R B )
SRR, JE SR RIE R AR E TR 2E; (3) X
ARG UE SR A TR 22 HEAT HIM, ISR iR 22
FH 22 EBOR I3, e 1R 22 /N AR A A e 28 114
AR, A 2R A TR 2 ] R 22 /N T — R B B
(0), XS P TY BEAT AT 445, o ) TIEI 45
RIS RR T EL B ASUAR I (1] 8)
HAAG AT

ETran = |Y;I‘rﬂn_XV| ( 1 )
ESVM:|Y5VM_XV| (2)
Esym
W ran — o ( 3 )
! Ertian + Esym
E ran
Wewn = ———— (4)

FIH Matlab 3475, #E—1> 9 JRIRE
> W g Bk, Hodh 55— 2 input HFHEA R, 4
)2 pos-emb M7 B AAL)ZE, EEH T AT
IO S B 5 =2 add WINEER, BT gy
Rk H 2 MG 20 A, A BT Mm%
TE VI Zgaed 2 v O G b A 46 A6 BB, AT 40 fif Ao B35 T
IR m R [A] T 265 DU )2 FEE 7S )2 selfattention Ay H
HEIIZ, Rt BB AR A B P 5 B R B, XA
)47 B P A 8 R A 738 2 B AL, AT B b 4
JE A OGS B 55 HUZMIEE L)2 R drouptout
2, TG A G 552 fc Wi
2, feJni— 2 reqressionoutput A Bl 7% H 2

TE MM Y Ml 1A W O i A (CICO1, CICO04,
CJC09. CIC15) FF7EIX 1Y 2021—2023 4 InSAR
WIS AT B ] A SO RS LR
W 85 A, RRLH AR Rl BR s [a] o 12 K, Bl
S0 s Sk 10, TEE sSSANECR 6, il ad i
ST R DL 10 B ARRE, 6 it RRAE A 25
AZ b BdESE

45 A SRS A3 4% 6 1 2 1 2 LLflil 4y
RIS | SouE ARSI Rt b, X
SEN R REECH 1000, 3151 AR G105
(SSA R A L) #HA T S5k, £ 2k
B, A s S A A B g AR 8,
HEREIIOLEISL A 18, R PG 32, KGR
4 0.26, 2% 2] %4 0.009,,
4.3 TR 557
4.3.1 FRNPHKS BEFNA] S 3 By

XoJ 5 LAY o5 TN 25 SR 1 B PTAS (5 3) R,
Transformer-SVM AEAIZE MAE(1.840.8 mm ). MA-



FAarEH 2

VT4 1% 22T InSAR 5 Transformer-SVM A5 BRI TT 4 A i 1 DT RA W 404 S FOAR 28 369

P I —

| sehnss

| A |

AR

WALE
¥

WE— A H{E0
<E‘Tran_ESVM|/ max (L Esyn)<0

| s
‘ WTran= E, b

Tran T Esvm S ErtEson

Waon=0, W,

Tran

1

€l 8 Transformer-SVM #5713 B2 4]
Fig. 8 Main flowchart of Transformer-SVM model

®3 IGERTINREE

Table 3 Prediction accuracy of training model
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