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Abstract

Slope disasters often occur suddenly and result in severe consequences, making slope stability
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prediction a key focus in slope engineering research. Traditional slope stability prediction methods
suffer from limitations such as limited accuracy and insufficient generalization capabilities. To en-
hance the predictive accuracy of algorithmic models in slope stability classification tasks, a hybrid
intelligent model (ASSA-Transformer) integrating an adaptive sparse self-attention mechanism (ASSA)
and a Transformer architecture is proposed. Support Vector Machine (SVM), Lightweight Gradient
Boosting Machine (LightGBM), Transformer, Grid Search Optimized Transformer (GS-Transformer),
and Particle Swarm Optimized Transformer (PSO-Transformer) were selected as comparison models.
Model performance was evaluated using accuracy, precision, recall, and F1 score as metrics, with clas-
sification results visualized via confusion matrices. The results demonstrate that the ASSA-Trans-
former model outperforms all comparison models across all evaluation metrics on both the training
and test datasets, exhibiting strong classification prediction performance and generalization capa-
bility. Analysis based on the Permutation Feature Importance (PFI) algorithm identifies the internal
friction angle, slope angle, and pore water pressure as key influencing factors. This study provides
a novel approach for predicting slope stability, holding practical significance for slope engineering
safety assessment and disaster prevention decision-making.
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ARk, JRE BBt @ R PR R R, B RORET @A KR K A SR TR A AU ) A B
TRER BRGNS0 F I R AR AR, IR T E I AR R FHE S ARTTA1]. 143
AR =R T 0 T 22—, HARTE 1 1) 70 By S50 FO0IU Pl 4 25 S 320 3 B v v () S B i) [ 2], A 7
AR ELA 0 3 3 e P PO A %) T 28 = TARE DA S o ok S () B v A B2 3

I B 1 3 TR U0 T transformer R Y (1) S A BIF AL B0/, G 0t T3 e rA) A s P TRl 7 T
AR SCHRE Rl ASSA i Transformer I3 RR & PE TN A ASSA-Transformer, HARKEREUIT: #4
ASSA ML f N Transformer B FI4mfd 2, ARG 5 ASSA-Transformer #5285 35 1) £ i P 3E
TR0, 5 SRR SEEe H Y, R iR b B A HL(LightGBM), SCHfIAIEAL(SVM) LL R R & ik
Wb PR Transformer AL 53 71l 15 B AT R 2 K LB % B 73 RBCR Rz ARE 77 o R FH R ST 1) S S5 K00H0 e
DIVERfZE . R5ifiZe. HEIZE. F1 - BUMNTFM AR T 45 G LA JF454E ROC 4. AUC {E LA JIRIE
R PR B BDW R VAL S MR B RE[3] . i JLFR T EE AT BGE,  ASSA-Transformer 7EFTA VP 48 b7
ERR AR, R H A T R 43 SR TR RE ) AR 2 AL RE T

2. IR
2.1. BEMNBREZER DG

H & MR B E v = S HLH] (Adaptive Sparse Self-Attention, fE#RX ASSA)E HER /18— 4],
HzO BAL @ T 5] N B IEROERERNE, AR R TN T 90 BSR4, BRAR TV EE 1A RE
PITHEEIREE, MRS iR, HEmmE 1.
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Figure 1. ASSA structural diagram
[ 1. ASSA &5

ASSA HUHISR X S2 450, A4ER G EIER J1(SSA) 5 %4 BIEE J1(DSA) AN 337, ASSA il
A TAEE SSA Fl DSA HIRE, R4 BARAE S Fdi A\ N 256 0t P75 B, IXAEBE RS 8 fi o AL,
AR BER SR, BAAARW R

0=XW,,K = XW,,V = XW, (1)
SSA = ReLU> (QKT\/E + B) )
DSA = sOﬁMax(QKTJE + B) 3)

Horb, X ORI ARHERIS,  okY N X AR AW RE O B K FE Ve B 2R A E
2

w,=e" /3 et n={1,2} 4)
A=(w, xSSA +w,xDSA)V )
e, wy,wy XU SCHIAN AR, {ay,a,} A2 IS4
2.2. Transformer & &

Transformer Yl Vaswani 25[S]AT 2017 S REH, ERN—FOIH BIRE = HESE, HAZO
FEF H 1 2 JIHLH (Self-Attention) I N FH o iZAHLHIE T £ 3% & 71(Multi-Head Attention) ) ¥t i1, & 342
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Figure 2. Transformer model architecture diagram

2. Transformer 2B Z5#[E

Transformer 7 [ 2 SkiE = IHLH] SOV ILTE A F F K8 T R p AT By b &, A3 A=
MG XAE B . O (Query). K (Key)Fl V(Value)HiFf 2 HiE B NG AR5, eATH TiHEER D)
BUE, JFEYnAS a8 AR AD 28 vh BE AT P AE Wb FIRFAEHEEN[6]. Transformer H3% 5 JIHLHI R R W :

T
Attention(Q, K, V') = softmax [ ?/127 J (6)

k
MutiHead (Q,K, V) = Concat (head1 ,head,,---, head,, ) we @)
head, = Attention (QW[Q,KWI.K ! ) ®)
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b, 0, K,V 4 5IAEH(Query) MR, HE(Key) iR, fH(Value)fiFE, FHF 751 ) & DATHEAHBLE DL JE
THBINEBTEERE . wewr Wl ASEERE . OK™ A SRIBLEE, R B 1M B 5 SR o 2 1]
(RRRABLEE , P RS R 76 28 IR ) SRR . \Jd, NAIR T, softmax () F¥s s R4k S B 4 M M 20 o)A
U — 1k R %
A TEFETI IR N 2% AN AR 2 A — AN T 38 (A1) ReLU BUE R A . SRR BRI T
FFN (x) =max (0,xW, +b, )W, +b, )

Transformer H (147 B gt 25 M H T F ZI P AR B IR R . A7 B gD =2 i 4 AN 7 51 A 1 &
AN BN — AR B ) R R SZIL . Transformer M0 B 4wt it H 77 X0 -

PE,,,, =sin( pos /100007 ) (10)
PE,,, 5.1y = c0s( pos /100007 (11)

Horb, PEACERIZ AL B MDA BRI R A B A FERE, | ORYETZIRE, pos KR BIEHL, dmd
REEHN YL -

2.3. ASSA-Transformer 15873
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Figure 3. ASSA-transformer model flowchart
B 3. ASSA-transformer 2! F 12 [

1) XPEARIA—A, IR 80% 5 NIZREE, 20%5 AL .
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2) ASSA I JETURRHIEIF 58 H B KA ¢ &R, Transformer MK F L HAEH . &AL EE RFIE
T I A TE R R WU A AR e A R .

3) SR Adam LA, 455K 8K H5 28 UG (Cross-entropy).  HIUAS ) 26154 0.001, SR /ML &2
2], fitE R/ (Batch Size) W BN 128, Hil )AL & A2 BTN 45 55 e v A% Fo b0 B2 S S8

4) K H B 4EHLH(Early Stopping) BB RIS UESE ERTERE, IR B MR AR 107 2R dae /N (A A DLRE S it
G-

5) IZRTERE, WREARLTINEE SR AT SO — e 4 = IR AR BB AL, DAB DR &5 F I SEBR w] R E

6) WL HERIZ (Accuracy). FEHflifE (Precision). 7 A& (Recall)f1 F1 43 4(F1 Score)Z Fi i An PFAd 155 7Y
(RPN e, T8 VR IR AR M AT S B IR 0 2R 85 R, IR AT AP AR B M A0, DU AL SRR AR AR B RS
USRI BE PR DT R A

3. BURERMSHEXM S
3.1, B RGIBEE

M FRRGE R R R WA 20, GRS, AP KR MAS LTSS 2 AT, @it
o A A TR e B TORE BRI SCHREE T A, SRR y L R T WEE M 0 .
Yoty g B3 E B h ALK R T AR IR e A TR bR o AR SCHR[7)-[1 1A SO T A 280 A
R GIEIERE, W 1 Fr. AR RFNZACRE )T, ZEREAS T L. A ROKEEZ T T
Y SR KRS A R 146 1, REBIRSDI RN 134 A, Righ “S” FoRAiae,
“F7 FRoRiAHR S N T BEMR & S BHE - ARIE, RN S B 45 S AR 2 B 1 5 1 AT B,
Wi 4 for

Table 1. Slope database
= 1L IR

e 2y
M5 RS
7 /(kKN-m™) ¢ /(kPa) 0/() BIC) h /(m) r, /kPa
1 20 0.1 36 45 50 0.29 F
2 16 10 35 40 115 0.35 S
3 273 10 39 41 511 0.29 S
4 31.3 68 37 46 366 0.25 F
5 209 6.5 40 40 12 0 S
6 27 32 33 42 289 0.25 F
7 17.2 10 243 17 38 0.4 S
8 23 20 203 462 403 0.25 S
279 28.01 9.5 2736 41.86 538.1 0.23 S
280 31.25 25.73 27.97 4823 91.55 0.21 F
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Figure 4. Violin plot of slope parameters
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3.2. XM

FE BVEAL SRR IR DG, A FiLs il 1 R RIMAESCHE R [12], LI 50 B R ARE R (1) = £fy
oyl ARt ANERRIEAR & 2 (A AH OC R AR T 0.6, R EATZ [MAAFAETRAH 0.6 <R <0.8),
RE MR y Z IAAEAE PRI EIE0.2 < R < 0.4). HILATIA kB 6 NEFRIE ST, B 1
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Figure 5. Feature parameter correlation analysis matrix diagram
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4. RS 73
4.1. T IEFRIEER

AR, A4TH HEFMITAE ASSA-Transformer #AIVERE, i 5 ADCBEIEIY: AR
(Accuracy). ¥ (Precision). #0153 (Recall) 1 F1 43 HU(F1-score) LA S 3238 TAERFAE #1285 T THIFR(AUC),
X et n] DL BUE R AR Ve e, BRI BUE B, RO ) VERRBR AT . BEAMETIN T ROC Hf
LARIEFERE, W DL — 20 B S R ASE A 14 B

Accuracy = TP+ TN (12)
TP+ TN +FP+FN
Precision = TP (13)
TP +FP
Recall = P (14)
TP +FN
2x(Precision - Recall )
1-Score = .. ( 1 5)
Precision + Recall
PR = TP (16)
TP +FN
FPR = FP 17)
TN +FP

A, TP ToRHEIERMIFEASE, TN BREMAIFEAE, FN BRBOEFIFEAE, FP RRBIEEAIF
ZAH. ROC Hhzk LLEFH 2R (FPR) MR AL bR B BH ISR (TPR) AL by (& BUE JE F #5410, 1]), AUC
(MR NIRRT 1, AR [ TR 1 bk
4.2. BERHNGER T

AW TR TD I e P I3 =B LL 8:2 B LLBIBENL e A Zh e SR EE, I ZREE Ty iy,
MRREE N FH TR R v R . 403 5 8dE SN ASSA-Transformer #2784 331145, B RNEE R 45 £ a0
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Figure 6. ASSA-transformer model confusion matrix
& 6. ASSA-transformer ¥R EE EFEFE
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Figure 7. ASSA-transformer model ROC curve
[ 7. ASSA-transformer %! ROC #hZk

4.3. TR FAREMERERTEL 34

kS ASSA-Transformer B8 T M RE Sz ALRE 7, A SCEBGCRR A EN(SVM). RH B
TFHL(LightGBM). %% & 24 B FZ 2 TFHL(LightGBM). Transformer - W% 48 Z 14k, Transformer (GS-Transformer)
PLECKLF B Transformer (PSO-Transformer)E A% LUARTY, REIHERZR. KR, GREXS F1 4%
PR FEAR XS AR ) 7 S 48 AT AL, W36 2. #9515 HH, ASSA-Transformer FE28Y FAERR 2 . FHHA2E
HEFAF1 23050504 0.9464. 0.9459. 0.9611 F10.9684, FEFTilEAETEbr AR T HABBRL, F5
PR Sz Rt IR I . SR Transformer BEAUAH L, ASSA-Transformer B8 [ % T PEAN 15 bR 42
BERER S, MR, KR, HREE F1 28707 0.9464. 0.9459. 0.839 H10.867 #2271 %] 0.943.
0.875. 1.000. 0.933, XFE WML ASSA LN Transformer FERLEFGBEAT AL, BEHTE T BRI 433
T R 5z A RE 7T o

Table 2. Performance comparison of different classification models

2. FRIZFARBR M REXTEL

it HER & AT ES FEIEES F1 738 AUC {8

SVM 0.8471 0.8653 0.8871 0.8761 0.8726
LightGBM 0.8827 0.8819 0.8963 0.8927 0.9182
Transformer 0.8634 0.8758 0.8849 0.8736 0.8927
GS-Transformer 0.8952 0.8924 0.9013 0.9047 0.9359
PSO-Transformer 0.9065 0.9082 0.9147 0.9104 0.9275
ASSA-Transformer 0.9464 0.9459 0.9611 0.9621 0.9684
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Figure 8. Feature importance analysis chart
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1) AWFFAE T — MRl a BN E 3= JIPL (ASSA)AT Transformer ZEA4 112 35 8 e 14 Tl A5
A, FEIDYE TR AL 0 U 70, ASSA-Transformer B HERR S . KEHIR . BRIZRA F1 43809 50
0.9464. 0.9459. 0.9611 1 0.9684, Koy MEA b (B, BE4 T ANN P45 25 5 Bl 04 1)
i, UEB T ASSA-Transformer A5 & ¥ 70 Pk R 52 10AE )T -

2) 5 Transformer BEAAHLE, fEfb /5K ASSA-Transformer %! 1) % TR ARG BT, HERRR. K
R, ARIZEY F1 5805 T 9.6%. 8.1%. 8.6%F1 10.2%. T4k, AH T MHAEZR(GS) Mk 17
(PSO)EIEMLAL I Transformer #:7%, ASSA-Transformer [ TR AR T &, XA/ HAUE T ASSA HLiI7E
etk Transformer BEHAE R, G098 7 AR AE DB RR € PEAT 55 v B TN 14 R ANV 1k R

3) JE I ) ) A S B AT A MR AT, RIAFIE S H L AR A R AR R G R . Jik
THRHMEEZEMESTAEH, AEEA SO R EENNER, Hgdms tkEE. R\E
AR E MERRE Fe v, BSOS N BERE A L A S R AR E T, B TR RS E VPN AT REFE

2% I, ASSA-Transformer 58! g 3 e e I TINER AL T — ki ik, i ik TR 22 0Pl 5Bk
R HA SRR L
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