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Fig.3 Network structure diagram of TCN-LSTM model integrated with additive attention mechanism

2 ITHEMA

2.1 TiE#R

HESKT N T o ma EBETHEEI 120° 7
], ELZRIE 20 29 ko 7 X AR 1T SN [a] #4) 15 77
B, T 4 T 24 5 3 Vi L S B 3 T 24 BRI
[EE =Rt S VA e A v N e YRSy
KH o XN TP —A8 [T Rk IR $h 25 A
O BB A A UICE N F . TR IR R
AV IR IR, S AT SR i 8 T e AR AR ol
T, M KRN 25 25, AR T LA S K A DLt ,
Bl R YT R . w7 1L FF 40 28 -
i, HAT 1430 m P B A= B, hERRAE
N7 3 i A R 223 DX B A R ) ) 4 A% Jr & 2 1 A
AR B, AT 0 0 L 2 T A R e, AR S st
SR EUA R Ak 3 5 B e R B AR AR e 4, H T
H E B NLA410 3 857 F 55 b 1 W 34 4% 0T
H WS TAE (B 4) o AL FS T2 100 mm, 53 3¢
7 0.01 mm, B0 0] [ 2hiF 7R AR | RAE B E
i 3 2% BORR S AR ik IR AL

PP aricivesy iy SRR i B
NLA4100 #5211 100 mm | 0.01 mm -20~80 €
4 Mg EImE

Fig. 4 Field diagram of monitoring equipment

2025 £ 108 % 33%&-F 5

1023



1024

B4t

2.2 MR HEALIE

A B 5T 3k BL W1430 1 Bt 9 W1430-10 Al
W1430-11 W5 w5 79 57 B8 B8 B 47 o0 B (&1 5) 6
W 1430-10 W I 55 2080 R 4E B B A 2022 4 10 A 20
H % 2024 4F 8 H 9 H , J 3k Bt 3 310 41 %4 #% ;
W 143011 W s B4 >R B B [A] 24 2022 4F 11 H 7
HZ20234F9 H 13 B, H4RHU 1 555 41 8ds . Rk
LI SOpIEESNRE

G\
V &%@%

W1430-11

\

5 BEENSHER

Fig. 5 Layout diagram of monitoring points in the roadway

TS T Bl PR P R A o A R R
AISEI S IR TE SR A S WS . th T
I 1) 3 51) A s 2 P TS 1% 25 P T [ o e
AWFFEAE S i S A ECE AT PAL 3, B 4 P
AL S (B0 B e R ARLAR AN R B 3 — Ak
LA ORI PP 5500 B9 58 B PE AT AT S

TEECHE A BT B, T 500 T e 50 11 S (L
P8 . AIRIR A FH Hampel 38 3 25 %5 5 4 (E 0E 4T
i e (£ SCHRAE , 2024) , HoAZ O ) 32 3 5 4 2
1P 4 v A7 B30I H 7 850248 X i 25 (MAD) R 1) 5%
Mo TR EE Tk kB X B[] 3 80 v 8 A
x, B8 AT S 3k 2k0 1 ARG E DTS W, =
T T LI AR IIE O O = a1l D 219 S =1
FIMAD B9~ 0h

M =median(W,)

MAD,=1.4826 xmedian {(W.-M,) }

LR
(=1
i

Vl430—]i

(11)
(12)

Vol. 33 No.5 Oct., 2025

KM NS CFS) WA TR MAD, R RS x, X
7 1M 7 B4 X 22 5 8 T 1.4826 S %A%
A 2 A I A T AR ME A RS 1 (15 0 5 AR
WA RN R 5.

S EHE AKX

| x,=M,|>AXMAD, (13)
AP A EE 3, L 13) s, WA R «, R
RUOPREHIBR

XoF T B S LI R ) 37 il 3 YRR A
F (0T R Ab PEAT AR A, 3 YR E A% 47 (L 3 3 4
o B3R £ 5 S(x) ok LA 4 B
(s 7 ) e 00 FEH (orgn, <o e e, ), ELARIE BB S () B
Ho— A B e i BOE S, Hog e 3Rk = Uh

s,»<x>=yi+[”*,‘l‘”—’g (2M+M.., )} (=, )+

M., -M

—(x—x,) + oh, x -, ) (14)

m,
2
hi—lMi—l+2(hi—|+hi)Mi+hiMi+|:6( %_%)

i i-1
(15)

:T:EEP :h[:xiﬂ_x[j‘leiI‘ETjiﬁ ;Mi:S”(x[)j‘j—%Azﬁﬁﬁg

TSN T RS S RS M =M, =0,

v O 0 g o5, — B S8y ALE SR B i R A A
[ 22 th OB AT R R

2hoMy+ho M =6(H =)

0

(16)

hn,lMH+2h”,1M"=6(fn’—%)
n-1

B R OR AR LR T RS L MAC AT
e 2 R 8 (3 YRR S A (B 7L T i R4
(B 28 T S, DA Rkt s i 22 100 0 L 1) e s 3
% (Song et al,2023) AL F 5 A48 B W I 54 n 151 6
FE7R .

Bl 5 X Ah B A EHE E AT 0 — Ak ERAE . 0 —
RS YN

L 2(X-X,,
Xi: /émax _Xmin)—
Ao X, R R R A s X! o g I3 — b Ab R S
BB 5 X, X 2300 SR DI AR 1) e KA N e
/IME

2ot A — LA B S K B Fe HE 8 12 1 1 L)
R4 A G 6 UE 4 a4 | i A B @lS ik
T3 FIHLH A TCN-LSTM AR A7 I 5 (R 40 o 5

(17)

1 (18)



e AR A I B I ALE] A TCN-LSTM 4538 A2 7 62 £

A% /mm

AV d ,Q‘VQ) NG o WY

B
HEE—H—H)

(2) W1430-10357 5 Zi+-1ifs

N\ S N\ S It S
oS TG %/09/
NN E N S N S N i
HBIGE—H—H)

(b) W1430— 11050 35 23 0ik%

6 W1430-10 70 W1430-11 ¥ 22 R+
Fig. 6 Cumulative displacement of W1430-10 and W1430-11 monitoring points

AT TR R LR 7)) o
23 HRESHIZE
B HAR SR B AN AR R B 025Kk
A 35, TCN B8 iy LS 5% 22 B TR L, 2R FH R /)N
3 — RS AR, R 2 AR E 0.1 1
Dropout Z& 7 1F 15 480 45 s LSTM #5% e 5% FH W2 Mt &
TR E R S ML S A 32 4 B2 sh A flA TCN 2
LA JRy 3 R AE T LSTM AR 1l A 42 sy Bt IR 2485, 5k
KHE B MRAERE ) o 2R R H Adam IR ALAF
HEAT 200 5835 4%, LX) 71525 (MSE)AE R dit 2k pRi %k,
JER FH BIE R 0.5 86 B2 BT IR e I Zrid 72 . i
FHEERYZ AL BE T, BB A HLE] , 6 B uE SR 1 K 3%
ZE30 5 R TR 2 Y2 T8 i AR 48 2% 0 A5 1
27 2] #8 LSTM KRl )22 4E E \TCN i 18 Hi Rt i /)y
5 S B T O AR, 2 20 SR IU(E Vi LA
[0.0001, 0.0005, 0.001, 0.005, 0.01] , LSTM & ji% )2
Fo/INHUAE T B R (32, 64, 128 ], TCN 5 FH 38 18 %5 it
BT R (16,32, 64], 41t & K/NEE M F A [ 16,
32,64 ], WM SEAL A WT 2% %58 0.001,
LSTM [ J2 4 il 64, TCN 35 R0 18 %5k 32, 4t
HARNK 32,
2.4 HERINEFARMN
A 1 7 AL ) TCN-LSTM 455 74 A

DR AT 45 R AN 8 AN 9 i/ o 7E W1430-10 1
DN 5555 A 110 B [60] ) B0 T 43 A H, LSTM A5 e 7 %

AW i) 1A P YRR S A R e AR BTk (R EE>0.8)

X — 25 R T (R 8 EL A 3 A B 0 4

SHBARSIR
SRAAE A

v
| s e it o ik |

|_ LSTM-TCN-
AddAttn 5

LSTM TCN

AddAttnfFF

v
i IR IESE RS

|

|

|

—>]

|

VAR |

|
|
|
|
‘ |
YIZETCN-LSTM- |
|
|
|
|
|

AT 252

E7 BMAMEESNVHEE TCN-LSTM =5
EETERNREE
Fig.7 Flow chart of TCN-LSTM model integrated with
additive attention mechanism for roadway deformation

prediction

FRAE . p LT, B A A 30 A A AR T 32 o A
AR P F2 5, H 7 S i 3 B I 4 U

2025 £ 108 % 33%&-F 5

1025



1026

B Pt

FAE
0.826

LSTM
WE B 0.696

0.565

0.435

0.304

0.174

8 W1430-10 M5l A BN E ST Bk
Fig. 8 Heatmap of model weight contributions

at monitoring points W1430-10

P, 58 I S PR 3R AR RS T AT 7 A B R

FEXT W1430-11 W i) o 1 47 99000 %) o A o
TCN F1 LSTM A5 (A FE o1 ik 22 30 11 Sh A g i 22
SEALFRIE o NS 500 R B B, TCN o 26 ST
2 I PR SR A6 R A5 R 1 DI B, 5 T Al 402 380 16 8 50
B JR T AR REAE , 7SR B P o 4l S Bl
] (I HERS , LSTM BLER (AL R STk P 1 B A0 2 T}, 3%
B AR T I 300320 80 1 3 LA IR A 125, &R
G 19 K O A2 00 78 AR T T H ) 4 A T
FEFF . X B A AR S B ML 90 IE T @l A R e
AL B0 7] Ff 442 et 0 o 7 - 300 34 Ak vl
Ak

3 TSR AT

Sk B Rl A 1 B ML B TCN-LSTM A%
T () 00 A M Rz AR AR SR TN A R B
W1430-10,W1430-11,W1480-7 F1 W1530-11 Wil
SUBCE B AR ) T 25 5 5 TCN L LSTM Fl1 TCN-
LSTM A5 7Y (1) TN 158 2 FNPFAR F8 ARt A 7% H 2 #T o
3.1 FMhRZEXTLE

AN R ASE Y Fy F3 0 152 22 43 A 5 R & 10 B .
I Ok O R 22 % b, A5 A0 R S50 R R R P B
4 W0 AR SR AT 55 v, B — LSTM 1 TCN A Al

Vol. 33 No.5 Oct., 2025

A
0.581

0.548

0.516

HBIGE—A—H)
E9 W1430-11 1M =B E TTEk A S E

Fig. 9 Heatmap of model weight contributions

at monitoring points W1430-11

FR T 35 22 Hp 07 50 v ELAR 4R I s Rl ek, 1
TH X T A B R AE B AR 4 BE A PR 5 TCN-
LSTM #5758 15 25 4 TCN AR Y (1) Jm 3 AiF 2 B BE
FILSTM ALY fy 4 A BE 7, B AR 17 o000 (10 158 25
5, RIS/ T s L A i T R T bl
il 1Y) TCN-LSTM #% %I (TCN-LSTM-AddAttn) 1% 75
TR 2 rh ST B AIG , LA AR D 3 31 LR/ 0, B
PR L8 o 28 5 FOARRE A, 5 T AR
Xof T OB 4 A A U, HL AL TR Ak
e Afa e P

3.2 TEMIEER

AW FE R - B4 06 15222 (MAE) (Y7 MR 2%
(RMSE) J&IEHEE REL(R,,) FIOGEFRF- 4 %6 43
[ iR 25 (SMAPE) 4 TG AR XA BRI RE HEF T 1T o

R, BTG A E RS0, R — R
- DR iR PR A 2 B R 0 5 B0 A5 B8 R I o A )
R, DT B L P A A A % S LA R T A 6
% (Akossou et al, 2013 ; Chicco et al ,2021) .

SMAPE 3 1 4 TF A% 58 7 35 26 % 1 43 iR 22
(MAPE) (9 43 BER X FRVE A o 1 J5 2 PRS00 (i /)N
T LS o T 0RO B DA e 22
] L, B A R 22 BT Ah Y 2N SF PR ) G o6 T
(Ribeiro et al,2023) .



Tl WA A R T R AL B9 TCN-LSTM 45 18 A2 il 45 5

0.10
0.05}
f |
i@ ~0.05f
i
Z -0.10}
ﬁ
-0.15}
-0.20
—0.25 1 1 1 1
TCN-LSTM- TCN-  TCN  LSTM
AddAttn  LSTM
TR

(a) W1430- 108 SAS RIAE R T i 22

0.02F —
Of ===
—-0.01F
i .

o

é -0.02f
=

=

-0.03 4
~0.04F
-0.05
TCN-LSTM- TCN-  TCN  LSTM
AddAttn  LSTM
PR

(c) W1480-7WE Il x5 A AT 1R 35

0.10
0.05}
|
i ~0.05F
g
= -0.10
=
-0.15}
-0.20}
—-0.25 1 L L L
TCN-LSTM— TCN- TCN LSTM
AddAttn  LSTM
i
(b) W1430-1 15 xSAS SRR T iR 32
0.05
0.04}
0.03}
E o02f
R 001}
i G
= or
=
-0.01}
-0.02}
-003F . . .
TCN-LSTM— TCN- TCN LSTM
AddAttn  LSTM
TR
(d) W1530-11 W70 5 AN ISR TN 15 25

B 10 AEERFMIRZERTEE

Fig. 10 Prediction error comparison of different models

MAE .RMSE .R*,, Fl SMAPE $& 5 1) 154 343
HFR N
(19)

(20)

(21)

(22)

(23)

A

A Y OB RS TIAEL 5 Y, O SE PR (R s N oW REA R 5

POAREARF IR

P REPEA F5 45 UL 3% 1. MAE .RMSE Fll SMAPE
FEARAIN 2 I T 1) 1 28 T 245 A5 750 St 50 1 00
0 R 5 R2 B AT 1, U5 IS TR X 000 1 4005 3K
SRR

XS 1Y 4 04855 (MAE \RMSE .SMAPE
R #EAT 3 A AT A Rl n vk O AL Y
TCN-LSTM #:# , Bl TCN-LSTM-AddAttn #5875 4%
g AR L0 T H A AR

TE W1430-10 W5 25 898 45 1, A4 T TCN-
LSTM . TCN Fl LSTM £ | TCN-LSTM-AddAttn 15
R MAE 53 5 A T 47.95% . 68.09% F11 68.50% ,
RMSE 4y 5 &A% T 37.34% . 60.00% H1 61.21%,
SMAPE /3 S F&AK T 47.91% . 68.12% F11 68.48% ; 1¢
W1430-11 W5 I 55 %4 45 |, TCN-LSTM-AddAtin
R () MAE 53 BB T 28.79%.55.02% F161.71%,
RMSE 43 5| F&AK 27.52% . 50.27% 1 56.27% , SMAPE

2025 £ 108 % 33%&-F 5

1027



1028

B4t

F1 BSEBMRITMIERTEL
Table 1 Comparison of performance evaluation indexes
of each model

W T AE Y MAE  RMSE SMAPE R’
TCN-LSTM-AddAttn 0.0292 0.0396 0.0337 0.9861
TCN-LSTM 0.0561 0.0632 0.0647 0.9646

W1430-10
TCN 0.0915 0.0990 0.1057 0.9131
LSTM 0.0927 0.1021 0.1069 0.9077
TCN-LSTM-AddAtin 0.0282 0.0366 0.0738 0.9799
TCN-LSTM 0.0396 0.0505 0.1035 0.9616

W1430-11
TCN 0.0627 0.0736 0.1636 0.9186
LSTM 0.0737 0.0837 0.1924 0.8947
TCN-LSTM-AddAtin 0.0057 0.0082 0.0049 0.9805
TCN-LSTM 0.0122 0.0133 0.0105 0.9487

W 1480-7
TCN 0.0151 0.0212 0.0130 0.8689
LSTM 0.0134 0.0166 0.0115 0.9201
TCN-LSTM-AddAtin 0.0100 0.0111 0.0340 0.9808
TCN-LSTM 0.0154 0.0159 0.0523 0.9604

W1530-11
TCN 0.0186 0.0220 0.0628 0.9246
LSTM 0.0254 0.0309 0.0862 0.8518

I3 5 A 28.70% . 54.89% Fi1 61.64% 5 £ W1480-7
W) 5B SR |, TCN=-LSTM-AddAtin B84 i) MAE
I3 IR 53.28%.62.25% F157.46%, RMSE 43 5| [FA%
38.35%.61.32% H150.60%, SMAPE %3 548 53.33%.
62.31% 1 57.39% ; £ W1530~11 Wi il s B di 4 |,
#H % F TCN-LSTM  TCN I LSTM A% , TCN-LSTM -
AddAvn BERL MAE 73 5IBEAK T 35.06%.46.24% Fil
60.63%,RMSE 53 HIFEE T 30.19% .49.55% F164.08%,
SMAPE 43 S &A% T 34.99% . 45.86% F1 60.56% , If:
H TCN-LSTM-AddAun 58I7E 4 N EREE L1 R,
AR 1, 7040 2R W G Ik T 2 7 AL Y TCN-
LSTM B 70 iU B8 fe fmy (iR 25 o0 A de S v, TRl A L
7 o 0 B v R BE iz AL RE

4 ik

AW GEA EE T A 0 R LT Y TCN-
LSTM A7, i B A 2™ AN [5] rv B 1 Wl s 4o %
AV IS bl A N 0 A T 58 2 434 A 4 SHPE A

LA N R T T

(1) @A PR TR 2 HLH] 9 TCN-LSTM A5 7Y 3

1 IR AR 4R B TCN A Ry AR i S BURE J7 AT LSTM
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B TR AR 3, I8 S PR v = AL sh 25
PEACFREAL R 43I0, 0 4R T 1 52 2% i 5 2008l 1) 7t
DUKS B2 o EAN [R) B 4 A4 W 0 i g T A 55 o, 208
R MAE .RMSE F1 SMAPE %5 TCN-LSTM £ %143 5]
FEA T 28.79%~53.28%.27.52%~38.35% F128.70%~
53.33%, H R, #7355 0.97 LA b, B0 745 75 H Ay
o5 AR PRI G e ) Az AL RE T o

(2) 1 % W1430-10, W1430-11, W1480-7 I
W1530-11 Wi o 00004 45w, il 42 3 2 0 L
il i) TCN—LSTM A5 76 751300 25 5 15 % 38 67 B W i A
1o B[R 20, $00I a5 2 U 2 ¥ BT AE 0.1 mm LAY, TiE A
155 B A0 K VR B2 (B A2 P B Jmy B 5% AR R AR A
LN gy <E 2N

(3) 38 & {8 A al A e 1 & HLI A TCN-
LSTM #5255 A ok A8 T8 1 A 7RG E 0, 45 & 228
BRI, A B P AU T TE AU 2B IR X B, 5
St TN G AT R ET S, NI A8 L A5 T A 1
i e e TUESRALEOR S Hr
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TCN-LSTM Roadway Deformation Prediction Model Based on Additive
Attention Mechanism

WANG Longfei, CHEN Junzhi
Faculty of Land and Resources Engineering, Kunming University of Science and Technology, Kunming 650093,

Yunnan, China

Abstract: As mining activities continue to intensify, underground roadways encounter unprecedented stability
challenges due to increasingly complex stress environments, dynamic geological variations, and anthropogenic
disturbances. Accurate prediction of roadway deformation is essential for ensuring mining safety and optimizing
operational layouts. However, conventional single neural network models often struggle to effectively capture
both abrupt local features and long-term evolutionary trends in nonlinear displacement time series. To address
these limitations, this study introduces an innovative hybrid model combining a Temporal Convolutional
Network and Long Short-Term Memory (TCN-LSTM-AddAttn) architecture, enhanced with an additive
attention mechanism, to achieve high-precision predictions of roadway deformation. The proposed architecture
employs a parallel framework to leverage the strengths of both TCN and LSTM. An additive attention
mechanism is incorporated to dynamically prioritize critical patterns from both networks. The model employs
learnable parameters to calculate feature similarity and utilizes the Softmax function to generate normalized
weights, facilitating the adaptive fusion of multi-scale representations. Validation of the model is conducted
using displacement data from four monitoring points(W1430-10, W1430-11, W1480-7, W1530-11) across
various roadways in the Yunnan Zizou iron mine. Data preprocessing involves the removal of outliers using a
Hampel filter, interpolation of missing values via cubic spline, and min-max normalization to standardize input
scales. The processed data are divided into training, validation, and test sets in an 8:1:1 ratio. Hyperparameters,
including TCN channels (32), LSTM hidden dimensions (64), batch size (32), and learning rate (0.001), are
optimized through grid search to ensuring generalization across diverse mining scenarios. Experimental results
indicate that the TCN-LSTM-AddAttn model outperforms standalone TCN, LSTM, and the TCN-LSTM hybrid
models. In the case of W1430-10, the TCN-LSTM-AddAttn model demonstrates a Mean Absolute Error (MAE)
of 0.0292 mm, representing a 47.95% reduction compared to the TCN-LSTM model. Additionally, it achieves a
Root Mean Square Error (RMSE) of 0.0396 mm, marking a 37.34% reduction, and a Symmetric Mean Absolute
Percentage Error (SMAPE) of 0.0337, indicating a 47.91% reduction. The Adjusted R*> (R,;;) value of 0.9861
suggests near-perfect prediction accuracy. For W1430-11, the model records an MAE of 0.0282 mm (28.79%
reduction), an RMSE of 0.0366 mm (27.52% reduction), a SMAPE of 0.0738 (28.70% reduction), and an R, of
0.9799. Comparable improvements are noted for W1480-7 and W1530-11, with prediction errors consistently
remaining below 0.1 mm. By incorporating multi-scale feature decoupling and dynamic weighting, the proposed
model offers robust technical support for assessing mine roadway stability, identifying risk zones, and providing
early safety warnings.

Key words: temporal convolutional network; long short-term memory network; additive attention mechanism;
time series prediction; mine roadway; prediction of roadway deformation; machine learning
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