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TTA 51 JIEBAL T HoAh 3 FhA3 . Karir 551 43050 2R SCHf ) s AL . N TR 22 M 2% (artifical neural
network, ANN) , RF FlAK st A5 52 THHIL 4 Fp 557 44 00 I 42 4 2 50 Il 05 T A2 8, - 5 5 (i A UL 285 R
TEXF b, e BRE T A AR (%) 3307k (38 RF FIAR st 6 B 42 THAIL) i T M BB TR 47 . VAL SR LA 22 )
SR AT DA 37 i D af 3 ) U, (R RS PR A 25, FEIR AR AL PR AR 2% H bR R Bt W Bie I A R HA S A
Ja R L o PRI, A 2 0K A SR I A TR ML 27 2T R A A, ) TR A B AR, LA T A AR ) 300
B o MRG0 R IE A 2 A 70 Ot I 1) SR e S A Ak SR 1) B AL, s 0 B R e T A, 4 v
THESEN TR RBIR A . Qi &N K AT IL 43 5 52 B M | RF 45 6 FhALAR 2% )
B, R TR A A BB, X A% N TR AR R B TN P B, 45 SR I, R R T Bk T SE
6 FhE kPR RE ULk, ELIR G 48 B AT LUAT R H 2 A 0 PR B o SR 1T, MILAR 2% 2T B H 1 i R Be X i
I () LA T 4 1 AT R o BT, A7 AE—E W R BR M . PRI, 47555 BRI SR B s | e S Y
T3 RS T T AR AR

WF5T F W, RE A5 R 7E i e 1 B e M e B 1 e 0 € 1 1 B HE 5 P Ak 3 e 45 (0 TR 8 A A
WEAMIE . KT, AW S S 9738 LY HIE (5-fold cross-validation, 5-fold CV), F4) & fig £ £ 4k 54 15
(whale optimization algorithm, WOA) 55 RF #H4%5 & AR 5 B8 WOA-RF, LS B 171 3 A M (9 0l s 21
ST AR B Z2 91, SR FH TR VB R0 I 1 o S PEREH8 B . 2R3 T4 AF il 28 LA SR T 1 ALPE M AR 78 11 4 2 A
ZALTERE, I K WOA-RF 5 A WOA fL Ak i 4 Fiss BUE 47 X6 L 43 A 5 38 o FRAE 38 220 40 7 1P Ak R AiE
PIALEE BB ASWFSE B 76 R 300 A 1 40 b 0 00 4 (A8 L e

1 HXRE
1.1 RF

RF i Breiman"¥ F> 2001 4242 H}, J&—Fh 3 T Pe S (decision tree, DT) 19 347 204 12 > 559k, Jl
b ) 22 RRORE B ST DR SREAR, TR L5 T, DA B R A SN A2 AR RE T o I RE I AR S AN
T 56 38 3 X B AR R AT A I e B ATL A R R BE FLAREAE R, I 2R AR B 2 BRI SR AR 5 I e 5 S U
SERE ) D7 VR AT AR B, DA TR AR A T 0 v o ) T 5 SR R b AR . BT, IR T T
HTEIRIZ 0 . HLas > N TR e O, i 1 —Fp s Z 4R o > vk

RF MY AL IRUNT - (1) PNUNZRAE A7 5 0] oA B m A BEALREAS, 2R R AR AR 5 (2) BE T HEARSE, Bl
PLIEEHE & D FRAER PRI (k< g, Forp g R RARIEED) ; 3) R IE (1) A1 (2) M HE n BRUSE R, IE41
G W RF; (4) R B R T 0, BD A BR U SR 15 5 D AR A B 4 1 73 25 46
1.2 WOA

WOA i Mirjalili %" F 2016 4F42 i, B—F 3T AR A A S 0 oo)E kAL R
o B VR I A UL 0 B < R B R R B2 R B AT O, 7 B A R AN W ) A Y i
0 132 3 7 1a) R AE A, DASE B 4 Je 48 22 R e 35S AT 650 )~ A7 o
WOA =BT
(1) n 225 6] v i A0 AR 0 B X = (0, %0, ,x,,), 1S R0 {38 51 0 398 A LA £ T ST I A
2 Pl AT A BER A SE, BIP, = P, = 0.5,
() FL B A, 5t 25 U ) B O s BB AL, B A i f . A, C R R B &, 244> 1 B, 560 25 0 f
P B A fh, HLAS TR
X" =X, - AlCX,, - X]| (p<0.5) (1)
Ao ¢ R TR ACRE XL R XG0 ) R 2 Ak AR R ERTS de U fi £ A7 e e S Sk i A0 7 067 ) o
AR R v A T AR S B URT X s p R [0, 1] A BENLE . 1A < 1A, fi5 £ 253 o] BEAIL o7 5 A it
fa, HoA B H N
X=X -A|CX - X @)
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o XN BEAL S A A7 B R . A FC I RR N
A=2ar-a 3)
C=2r “)
K a TERAERE PR E D 2, FFBERACR B = 2, r WBECTE [0, 1] NI BEDL ) & .
(3) ML R T o Mgl £ U PO A R I 2 LA @ Z S AR W 3l , HLA e BB A
X=X, e”cos 2nl) + X;,, (p>0.5) 5)
e b N EECRMEN 1), R LI D [-1, 1] WRIBEHLEL .

2 BRRSE M M AR A

2.1 $FESHAYIEE

WA EMEZ I A M AR | b2 Tk K SO AR DL B A g 1 3l 55 2 Fh N AR sl 25 A
REOFLF R o ARG BSOS TR S B A B, ng SRR e R IO I S B 2 SR LA A
WESERRSCRAF . T A SRR BE o
PR L ST R DL K By AR AR AR L TSR
NEWF IR, SR y, RS o WEEHE H Soil parameters:
@ AT D Y E H FSLBE Sy e, 6 4> e
SO R AR g BB g AU RS S oy e ]
BEARLAY i i o FERE RSB RAT, yL c A o DL
W FEAY L ) 22 280, @ FlH i3 iy JL T 4544 K1 hBoEAr S5
B r BRI R . S T Fig. 1 Siope parameters
LAY SR E 1R
22 BIRWES T

BOE AR SR AR ST ALAR o ) 7 JERRE R B B B R, Bt A 0 i B I R R ) PR RE . X T IA
RS M 3ok 2 TR [ R, e SR rh AT (AR A B A A R R SC T AN IRl aod SR AG: 28 FI
iR B AR T 168 LI S NS, SR g R £, b, R IRAS (BRAE D 1) AR R A (B2
0) YA SR BIRCR Y 84, IXLEARAAI T P ]| SEE | SEEAEEESEIX, B iz N T issAs vk
.

TEHESL AR Z T, Sy 1 il it £ 9 3 AR 1§ B0, SR Origin 2 BV X2 8008 S b A7 iR vE e T A
AT AR ILE 1.

-X

*1 BEEmERELET

Table 1 Data set descriptive statistics

Feature y/(kN-m™) c/kPa @/(°) D/(°) H/m r/kPa S
Max 31.30 300.00 45.00 59.00 511.00 0.50 1.0
Min 12.00 0 0 16.00 3.60 0 0
Mean 21.76 34.12 28.73 36.10 104.19 0.22 0.5
Median 20.96 19.96 30.24 35.00 50.00 0.25
Standard deviation 4.15 45.96 10.61 10.25 133.08 0.16

P 2 Sy Bt 4R A R AR 2 A SR, e, o A B BT IR 1 AR B AT DL, b = A A Y
R R TR 2 W B A e vE AR 3. LTS AT AR M, Bl 4R 60 0 A B0 70 i, R 28R IE A
MR IEZS oAl o BRI AT LRt X AR AR A A T 3, AT | A SR T N R 48 AR AR RS ALBR
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Fig.2 Scatter distribution and correlation coefficient of dataset
5 I B B A A% A 50 RS 8 0 AN [, Ay ol O 5 BB R A 4 ) 22 S 0 ST 7 A NS M, R
FH B R - fie /MBI — A Ak B 7 36 X0 5t 4R AT AL 21, A 305 XX (6) . Bhds 15— A b BEASALAT LU
PRAE T SE K, f BRI ZRA0R ot ml LR i A R0 P A B RS 1k

(6)

anfm -

Ao xR AR RO B, Xoax « Xowin 7390 A R S5 FABRLFAREAE 5 /ML, Xoorm A7 IH — AR AL 35 1 2540 -

H— AL HR 5, S5 i B e v e s 21 [0, 1] XIAI N o B, B AR 4R 4% 1R 7 = 3 19 el e AL 3
RN G (FLIE TR EREAS 59 ], REAEA 58 ) Al i 4 (G FEFR e AR AR 25 i) L R FRAEAR 26 f4]) , 43l
FH A8 AR Y B3k LT 0 P RE
23 EES XM EERRR

TR VA B (confusion matrix ) J& i 5 43 2B B 68 19 5 FH T L, AT S 30 B S -5 A5 78 10 41 2 (1) 2%
ST AL, 3 S —A o R BRNRE R . K 3 h, TR TN AR € H S BREE IR AR ; F, AR
F T AR AH SE PR E UREAS it s ) AR SEBR 2R R (H TN S AR A Hicd s 7, AUR S PR 2R B8 H. 1
RARMFEARS A

FETFIRIEHE, Wi 2 Atk e e b . AR BEHR 5 AR AR PPAG A R (1Y) 43 2 P g, B HERR
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# (accuracy, 4..) . K% (precision, P,) . [ % Predicted lable
(recall, R,) . K& % 5 7 [ R B IMBCEBME Fore Stable Unstable
DA K Z 48 & TAE P il 26 (receiver operating
characteristic, ROC) T [ 1fi X (area under the ROC %
curve, AUC) . iU Ay # A= R/ = “
T+T, =
Am e —— (7 E
T F A F AT, I
O
T, Z
P = (8) 5
T,+F,
T SEY
T, +F, Fig.3 Confusion matrix
2P..R
F -score — e 10
! P.+R. (10)

YE 3 7 AR S JE A B PR BB A 2 —, SRR AY TE A T 1 L 4515 A At 25 A AR T 45 2Ry TE
5] v B IE A A Ll A5 5 A T 25 A AR T B T G ) L5 F e AR FRITA BRI S PR RE I 2R B HE A o
fi% 1E. %4 (false positive rate, F), ) FllE 1E 5 (true positive rate, T,,) IRk

Fp= P (11)
" F,+T,

Ty = . (12)
" T,+F,

ROC 128 2 LABEIE 26 g bk Ao b 0 1F 0 9\ A s 10 T 2 o 0 0 50 00RO 25 0 S92 o 5, 145 S I o {1
T F,, BT, i AE A bR 2 oh, 4% MU IR ROC 2R . ROC 48 M b 1 7 b £, WO AGE 280 14 i
AUC {8 J2: 5 BB R A3 SRR RE A — AN 25 5 1845, UG B 7E 0~ 1 =2 ], AUC R BHE T 1, TS 50 1 fig
R
24 BEHIFE

2RO B LRS S ST B AL P B — AR . RF BB A A £ IS8, 76 T AR SE
B, o AR S BRSBTS EOR L, SRR SRS, (R R IR AR . 0 R SR
A BEPLIE | RIS R A REIL AL 1

TEBEAT R S B0 R I 285 4538 U TIE Y, 38 SUBIE 2 — A 3T A A 280 1 R O 7 1 A5 280 o 00 45 1
Ao 5472 U E 9 JFU B AN R 4 7, BN SREEBIHL AN R 5 4, 7530 5 A T4, Horb 4 DT T4
L, 1A T IR 2, 75 38 RF BB 35 L v % 7 L LB IR, Uk R IBOAS I (1
T, BEEA TEIE Y — RIS 1k 55, 15 BRI 2 40 2518, I LR o i i
T o f 35 LB BRB Fo
2.5 WOA-RF & &!

ARWFFEMFE Anaconda 3 B AFH 1K) Jupyter Notebook A, 2454 Scikit-learn T ELfu, fifi F§ WOA 11k
S RF BRSPS 1 gimators s TR T BIFFIE L N,y reatures WA SR e IR E Doy e 3 71
S BT, LL 5 47 28 SCHIE J5 A5 58 1 7 87 v B 384 hy 3 07 B8 eR B, TR 4R | 2 R AR oK i
RS G, BA M E R WOA-RF IR G 7B, WOA-RF A5 7Y ) by g i #2 DL AL 5
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Training set

1 S
—__' FﬁtzgzlAcc,i

[ 4 SRR I BRSO R 3R

Fig. 4 Cross validation and fitness function calculation process
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f

I
I
I
| I
I
| Calculate the fitness of |
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| f |
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I
I
I
I

Check and amend the boundary of
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5-fold CV
M
I
I
I
I
I
I
I
I
I
I
I
I
I

Satisfy terminal condition

Yes

PFI

Accs Pre’ Res Fl-score
ROC, AUC

5 WOA-RF fSAIF i
Fig. 5 WOA-RF model construction process
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ERLNSE JSERi I

(1) B E AR R PE ST 5 AN — AR AR 3L, $ BR 7 ¢ 3 BENILA) 43 R I 2R 48 T 4 5

(2) RF 280164k, B RS B4E R IR BR;

(3) WOA Z UMt k., 15 B fiif f Fop R 00

(4) Bl de A R AR, I IR (D)~ (5) AR B &

(5) LA 5 47 38 SUHGIE i Ao 455 780 57 2 o i 238 41 Ay o 7 B pR B, 10 S B — AR R AR R A 3L Y 3 7 R
HH

(6) W L RS, fa th R AR S AL A, IF DL iR WOA-RF A7

(7) VEAS Feff; WOA-RF #5584 1) M B, I F PFI( permutation feature importance ) 5. 5 3 M 43511 81 244

3 FR5R
31 BERMUER

PO TR 2 BRI, 0 E RO 2 5 A vos
mvEREFIOC AL BB, O TR AR B IR 092
PERE, 5 Fh e it 20 5 B E A 20, 40, 60, 80 Fl 0.91 -
100, & 6 .75 1 A [F] F 7 5 o T AR AR 35 ) E i 0.90 F
AU LA DL o R ARG SO, 15 3 R f & 089+
S G, LI Bl WOA-RF FEAS 0.88 %
NI 6 T LA 45 Pl Ris T RS 2858 0.87 e
56 U 9 36 I R A 2 A A 300 1 8 R AR, WSt 0.86 %
£ T 0.92, B0 WOA 1T LA AU IR 1L RE A0 085 L
RIPERE; kAR EGA ] 17 B, 18 N BE B Sl A Iteration
BUPERE R T A2, B WOA f Ak 55 v 35 B 1 4 K6 AR T B il B 2 A th £
P48 R RE S5 FEE RS 385, A5 0 Ar SI0E ) Fig. 6 Fitness variation for different population size
e R ) R Sy 100 B, RS 9 Yk S R 7 during optimization process

T FF AR, 3 17 BE WO T LA ATRE, hH5 KA 0.924, RF B A48 2 50008 B 1l | fe k4l 5 A & b
SR SR BT 3R 2, HoH, N samples teat ™ Nonin samples sprie 23790 A 55 1 I 75 169 e /NEEAS JORI 4 5 23
ST 1A fe / NREAR KR

#2 WOA-RF EEBHIGE
Table 2 Parameter settings in WOA-RF model

Tlﬂe Mestimators N, max_features D, max_depth N, min_samples_leaf N, min_samples_split Criterion
Range [1, 500] [1, 6] [1,30]
Optimized value 167 3 11 1 2 Gini

3.2 WOA-RF =& 7 &5 R

3 5K DI R AR R A B A e O WOA-RF A7 v )11 25 R i 435 S A TR W 4 I AR 43 S P B 4 v A
K 7 iR, ROC BHER AN 8 Fif i o MRV M4 nT LIE H, eI 2R R 4R b, 400 1 AR 3 e
BEAR Bl AR T N 2 R, (T A B 2 R REAS S W IE B TN, DR 0k, T e o7 YR A A R R B T B e s b
HA RUFATERE, 476 TR LR K. TR &I RRRe bn vl 15 Y24 b, BRI A4, 7 0.99, P, Ky
1.00, R, 2 0.98, AUC {H 7 1.00, 15 AR RS (4 I 2580 R B 5 4R -, BEARUAY 4, 0.94, P, Tl 1.00,
R, 9 0.88, AUC {H K 0.95, 15t B R 437 ALk e A -
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60 30
>0 24
Stable Stable
40
2 2 18
= =
© 30 7
& E 1
20
Unstable Unstable
10 6
0 L 0
Stable Unstable Stable Unstable
Predicted lable Predicted lable
(a) Training set, 4,=0.99, P, =1, R=0.98, F, ,..=0.99 (b) Test set, 4.,.=0.94, P.=1, R=0.88, F, ,,.=0.94
7 WOA-RF BEITEVI SRR LE AR B R MR RIS 2E Ve RE SR bR
Fig. 7 Confusion matrix and classification performance of WOA-RF model for training and test sets
1.0 > 1.0 - >
08k 0.8+
0.6 0.6
&F o S o
0.4 7 0.4 7
02 L7 02k 7
7 —— ROC curve s —— ROC curve
ok~ (AUC=1.00) okt~ (AUC=0.95)
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
F, F,
(a) Training set (b) Test set

8  WOA-RF BAIZEYIZRAE Al 4L [ ROC Hiik
Fig. 8 ROC curves of WOA-RF model for training and test sets

33 ARG EFEBRISTEL o4

F T R WOA AL 2 B0 nT 471 Fl WOA-RF A5 Y (g 0 4 g, 8 F WOA A Ak B 1 X
4 Fh 3z B RO HIL A% 2 ) BRI (K 3T 4R 53 92: (K-nearest neighbors, KNN) . SVM, ANN, DT) #4744k, 1
{5 B AEDK 5 WOA-RF BEALFEAT XS FE /BT o 3 S AU #06% JE T I 2R 48 57, I 38 1k I 3 48 DE Ak P
BB o X SE AR A [ I 25 45 MK 4E 5 WOA-RF AR AU (1) I 25 45 Rl 3 48 R 45 — 2, DAaf PR &5 2R 0y vl
SETE

3 NS BIEEATT G IMEE LW A, FIF oo PTUAE H, WOA AL, ST A AT F o 3
R8T AR B AT, BEEH WOA FTSEELXT 4 FhLas 2 > B () 8 S 500 b B A v e i 4 7t .
Hr, ANN BRIV R A B2 TH B i, Ao, B F oo 70 42 1R 50.9% F1151.9%. WOA-RF BEHURY A, FlF . 3
9 0.94, HEE T RF B8, 3% 2 MEARIIRTE T 11.9%, EALETG RF #5586 P RE 00 TR AL BT S 4y
4 FhAE L PR RE

R 4 R H B AL S ZE DR AE b0 43 2 M BE R A, AR 4l A [ B B 7 B A 46 A5 b A PR REEA T HE 44
P B R 2 U HE 24 B5(E 8, F 4 T8 bR i HE 42 BUEAE N, 15 80 845 2y . R 4 FTLLE RIS R 5 4
R Y 54520 M B AR Y 7 WOA-RF(20) . WOA-SVM(16). WOA-KNN(11), WOA-ANN(9) .
WOA-DT(4) . Hi T° WOA-RF Hil WOA-SVM K 51535345 5, WOA-RF Hl WOA-SVM W] A i b 47 i1
Fa @ PEFI . LA, WOA-RF A B 54> B 275 T WOA-DT, Ui 1 DT 5 a5 i RF ] K 2 TH 0 i
TP BE
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ﬁ 3 %‘*Eg!ﬁtﬂ:ﬁﬁﬁal‘]Acc*u Fscore

Table3 Acc and Fi.score before and after optimization

Model A, Fgore Model A Floon
KNN 0.76 0.76 WOA-KNN 0.82 0.82
SVM 0.80 0.80 WOA-SVM 0.85 0.84
ANN 0.53 0.52 WOA-ANN 0.80 0.79
DT 0.71 0.71 WOA-DT 0.75 0.75
RF 0.84 0.84 WOA-RF 0.94 0.94

x4 BEBMAESLMEETRRAESR

Table 4 Classification performance and ranking of models after optimization

Model A A, rank P, P rank R, R, rank Flgore F|_qore Tank Total score
WOA-KNN 0.82 3 0.82 2 0.82 3 0.82 3 11
WOA-SVM 0.84 4 0.85 4 0.84 4 0.84 4 16
WOA-ANN 0.80 2 0.83 3 0.76 2 0.79 2 9

WOA-DT 0.75 1 0.75 1 0.72 1 0.73 1 4
WOA-RF 0.94 5 1.00 5 0.88 5 0.94 5 20

& 9 Ry A AT AE I X AE Y ROC A1 AUC fH . 7T LAF th: 1A ARl — B ROC {14k 7] 58
Al 2% HAAR A ; WOA-RF, WOA-KNN Hl WOA-SVM 3% 3 /ME R ROC #h£k 88535 /2 |1, AUC {8
53514 0.950., 0.864 Fil 0.846; WOA-RF ) AUC fH K, KT 0.9, ik, WOA-RF I 14 e fc 4t
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Slope Stability Prediction Based on WOA-RF Hybrid Model
ZHANG lJiantao, LIU Zhixiang, ZHANG Shuangxia, GUO Tengfei, YUAN Congxiang
(School of Resources and Safety Engineering, Central South University, Changsha 410083, Hunan, China)

Abstract: To effectively predict slope stability and prevent slope instability occurrence, a hybrid model
WOA-RF, combining whale optimization algorithm (WOA) and random forest (RF) was proposed. Based on
the collected slope cases, the classification and generalization performance of the model was evaluated
according to the classification performance indicators given by the confusion matrix and the area under the
receiver operating characteristic curve. Additionally, WOA was used to optimize four widely used machine
learning models, and the optimized machine learning models were compared with WOA-RF. The results
demonstrate that WOA is effective in optimizing hyperparameters and improving model performance. The
optimal WOA-RF model achieves an accuracy of 0.99 on training set and of 0.94 on test set. After
optimization, the accuracy, the precision, the recall, and the hamonic mean of the precision and recall are
increased by 11.9%, 19.0%, 4.8%, and 11.9%, respectively. Comparative analysis reveals that the WOA-RF
model is superior to the others in all indicators. Furthermore, the feature importance ranking was determined.
Analysis of the feature importance indicates that unit weight is the most sensitive feature affecting slope
stability. The established WOA-RF model is proved effective in predicting slope stability and facilitating the
development of appropriate protective measures based on the predicted results.

Keywords: slope stability prediction; machine learning; whale optimization algorithm; random forest;
feature importance

035301-12



	1 算法原理
	1.1 RF
	1.2 WOA

	2 边坡稳定性预测模型
	2.1 特征参数的选取
	2.2 数据收集与分析
	2.3 模型分类性能指标
	2.4 超参数调整
	2.5 WOA-RF模型

	3 结果与讨论
	3.1 超参数优化结果
	3.2 WOA-RF模型预测结果
	3.3 不同分类模型对比分析
	3.4 特征重要性分析

	4 结　论
	参考文献

