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Estimation of environmental parameters of Yungang
Grottoes based on empirical mode decomposition and
long short-term memory artificial neural network
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Abstract: The weathering process of grottoes is directly influenced by environmental pa-
rameters. Consequently, estimating these parameters is important for the effective preser-
vation of Yungang Grottoes. This research utilized measured time-series data of wall
temperature, environmental humidity, and temperature from the 10th grotto of Yungang

Grottoes. These data were decomposed into various components using empirical model
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decomposition (EMD). Correlations between the measured time-series data and intrinsic
mode function (IMF) components were also investigated. A combined model, based on the
EMD-long short-term memory (LSTM) artificial neural network (ANN), was then deve-
loped. Using mean absolute error (MAE), root mean square error (RMSE), mean absolute
percentage error (MAPE), and R? as the evaluation indices, comparisons were made be-
tween the recorded environmental parameters and those estimated by the combined model
and standalone LSTM-based ANN. The findings suggested that as the rate of change in
the IMF components increased, the correlation between the IMF components and mea-
sured time-series increased. When only employing the LSTM-based ANN, optimal results
were obtained with 2 hidden layers and an initial learning rate of 0.001. Conversely, when
using the combined model, MAE, RMSE, and MAPE values decreased, while R? values in-
creased, indicating the improved estimation efficiency. The accuracy of the environmental
parameter estimations largely depended on the extent of parameter changes, with smaller
changes leading to better model efficiency. The insights gained from this research can be
useful for the preservation of cultural relics of grottoes.

Key words: wall temperature; environmental humidity; environmental temperature;
empirical mode decomposition (EMD); long short-term memory (LSTM); artificial neural
network (ANN)
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Fig.1 Distributions of extreme values in measured time-series data of wall temperature
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Fig. 2 Measured time-series data of wall temperature

2 IMESHM EMD itE

BEIS T AR AL IR B S 400 (B FABEIRE . FRBRR ) 2 MRt . JE P55 Xk
55, EMD J&—MAT R0 o0 i 757%%, v DLRRHE PR BE S 805 - 10 I 8] ROBERFAE K 52 205 5 40 fit
g HAT J5UE 5 JR AR AE (14 [ A7 A 25 B8 2L (intrinsic mode function, IMF) 43 . M5 A EE 4
B EE S(t), fF/H EMD 3543 IMF 3 &[0 AR,

AR REBNGESHUN P8 S(t) BB R B/ IMELAL

W2 i) S(t) MRS LI ha (1), W S(t) 5 hy(t) MIZEE ma(t).

HYR 3 FIE T FEH ma (t) 272 IR NS T SN B S sl 2 5o 1, LA R
AL 2% L K T IN T) AhR BRI S AL, W oma (8) B S(t) AR — AN IMF gk & R0, 4
S(t) = ma(t), EERRDEE 2L X —540, 2] S(t) ME—A IMF /3 &,

LA Lori(t) = ha(t), BB I~D IR 3 RS HON Pl S(e) B r(t), ER
IR 1~ PR 3.

HIRS Mr,(t) P H B AR AN, g5 A SR, 3B 2N IME 4y = Ak 2
7 (2).
R L SIS 4040 16 IMUF 4 S R 2 P 3 o, e b 21 e gl 4 A B 3 S ) e e 5080
Wi 22 o B IME 70 &, B0 ihek k2. nTLLE L, BER IMF2~IMF6 4 & B i) [a] 4%
1 EAAH RIS, R R AE X — b 35, R /N — e JsU B A A B IMF 43 3
SRR I I 5% e B, ki UE S AR AN BE IME J35 (09 JE .

HY 5 MU I 1) A AN [F) IMF 45 8 (AR A I R AN ), BB S 4 IMF 43 & R0 T, T el
KEVNEE IMF 73 8RR R34 3 ANER, 70 T < 30d. T € [30,365) dv T > 365 d.
AN [F) B gL S U I P 4800 IMF 43 R o 4 Rk 1 o, Wl LUE H: IMF1, IMF2. IMF3
SYEM T < 30 d; IMF4 4321 T € [30,365) d; IMF5. IMF6 4> &1 T > 365 d.

2 AAFRERY IMF 43 SERIGR 22 348 . J7 26« ARdEZE  AHOC R BT 45 . v LG
H: IMF5. IMF6 4 5 AR SC R 2040 004 0.62 0.76, ¥ KT 0.5, 55 92l i e B (A0 5 M e



1 FTEW], & BT EMD-LSTM A T2 M4 11 2 X A7 e 2R 85 2 H Tl 5
W| 2 WWMMWMWMMWM
2z
200 300 400 700 100 200 300 400 500 600 700
KAud KAud
(a) S ¥ Hd (b) IMF1
o 1.7 o (0.8
=
300 400 500 700 100 200 300 400 500 600 700
PNAY KHud
(c) IMF2 (d) IMF3
¥ 08 0 8]
SN\ e | B S N
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
K¥ud KHud
(e) IMF4 () IMF5
Efo_él\v\ L 1 ! ! ! | "@55M|
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
PRAY RHud
(2) IMF6 (h) 5k 2%

3 BER SN 7 A J2 3L EMD J3 45 R

Fig.3 Measured time-series data and corresponding EMD component results of wall

temperature
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Table 1 Periods of IMF components of wall temperature d
IMF 4y JA IMF 4} JE
IMF1 5.38 IMF4 40.91
IMFE2 10.89 IMF5 450
IMF3 24.11 IMF6 675

& 2 B IMF 2 iifigevh 45 R
Table 2 Statistical results of IMF components of wall temperature

IMF /)&t PRk 22 ¥l Ji % IR FRHL
IMF1 0.28 —0.01 0.08 0.05
IMF?2 0.31 0.004 0.10 0.14
IMF3 0.25 —0.01 0.06 0.16
IMF4 0.34 0.11 0.11 0.36
IMF5 5.37 —0.18 28.83 0.62
IMF6 0.39 —0.02 0.16 0.76

B 0.92 6.89 0.84 0.52

U IMF4 Sy Ao 2 E0h 0.36, 5 Sl e 2 ds A 5 M 4 25 IMF1. IMF2. IMF3 43 &5
(FAE 2 2050 500 0.054 0.14+ 0.16, F3/NT- 0.2, 155200 i 8 0t (AR Dtk Je 25, vy 4, B
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Table 3 Contribution rates of standard deviation of IMF components of wall temperature

IMF 4} & FRUEZE DTIR IMF %) & PRUEZE DR
IMF1 0.04 IMF5 0.68
IMF2 0.04 IMF6 0.05
IMF3 0.03 bk 7e 0.12
IMF4 0.04
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Fig.4 Integrated and measured time-series data of T' >365 d IMF components of

wall temperature
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Fig.5 IMF components and residuals of measured time-series data of environmental humidity
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Table 4 Periods of IMF components of environmental humidity d

IMF 734t J13] IMF 73 J1 39
IMF1 3.30 IMF6 259
IMF2 8.04 IMF7 519
IMF3 18.24 IMFS8 602
IMF4 42.19 IMF9 964
IMF5 96.42

R 5 HENEIE IMF BG4 R
Table 5 Statistical results of IMF components of environmental humidity

IMF 4 FrifEZE B Ji 7 FHICFRHL
IMF1 2.05 —0.15 4.20 0.09
IMF?2 2.15 —0.39 4.62 0.21
IMF3 3.45 —0.16 11.90 0.26
IMF4 2.80 1.01 7.84 0.35
IMF5 4.80 —0.11 23.04 0.42
IMF6 12.10 —2.15 146.41 0.52
IMF7 9.75 —1.40 95.06 0.66
IMF8 10.20 —0.41 104.04 0.72
IMF9 23.40 —0.46 547.56 0.79

b7 6.75 58.74 45.56 0.64
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Table 6 Contribution rates of standard deviations of IMF components of environmental humidity

IMF 4 & PRAEZE TR IMF 4 & PRl 22 DTk
IMF1 0.03 IMF6 0.16
IMF2 0.03 IMF7 0.12
IMF3 0.05 IMF8 0.13
IMF4 0.04 IMF9 0.30
IMF5 0.06 b7 0.09
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Fig. 6 IMF components and residuals of measured time-series data of environmental temperature
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Table 7 Periods of IMF components of environmental temperature d
IMF 43 & 3 IMF 43 & JA3
IMF1 4.52 IMF4 44.41
IMF2 8.65 IMF5 482
IMF3 19.85 IMF6 733

R 8 AAFIMELRE IMF Zr s FIGk ZE I8ME 7 25 W22 MR RBOT 45 R, LA
Hhe T >365 d 1455 8 55 PREE I AR OG5 K, W DU b 5 Bl B 55 30 8 ST I e 530 1) A8 4
L.

RO AN AEGIR FE IMF 43 S8 0] 2 558 15 B S0 B 1 0 1) b fE 22 Dk 6. mT LA e
T =365 d 15y AT AR AR AP, T € [30,365) d ik, T <30 d
(1953 2k 52 W gz /I8

3 LSTM MBIEBIANE T

ARTAFRAL T = KA PR S E 0 1) LSTM W48 I 42 B MRS PRAN i bs A 20
ZHORETT ] T I AR BAR ST
3.1 HEHELTERR

X T AR A ) LSTM P2 AR | SRRy SR PR R 2 2 PR R T I3 1) T B4R
ALAEHERN AR BESHCR LSTM. EMD-LSTM [ 2% B K TN AUR BEAT L35 VPH . 7EDF
FUH, H LS BRI 25 S 388 ZEAE R /N BB 4% 1R 72 (mean absolute error, MAE) . [ it
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Table 8 Statistical results of IMF components of environmental temperature

IMF %) & bt ¥fE Ji % FHICFRHL
IMF1 0.24 —0.01 0.06 0.08
IMF2 0.35 —0.02 0.12 0.11
IMF3 0.41 0.02 0.17 0.20
IMF4 0.62 0.03 0.38 0.42
IMF5 4.03 0.41 16.24 0.56
IMF6 0.71 —0.13 0.50 0.69
B 0.56 4.90 0.31 0.48

&9 HMEGESE IMF 7 RO EZE TTiikR

Table 9 Contribution rates of standard deviations of IMF components of environmental

temperature
IMF 4} & PREZE DT IMF 434t PrRUEZE DTRR R
IMF1 0.04 IMF5 0.51
IMF2 0.05 IMF6 0.10
IMF3 0.07 Bz 0.14
IMF4 0.09

TIAE R 25 F 53 LIP3 4650 H 73 % 28 (mean absolute percentage error, MAPE). Js Bt fii
DUAE 55 S0 AE A 25 F2 BE 38 7 AR IR ZE (root mean squared error, RMSE), BAA S BT & 5K
DHEPL G LS 2 RE (R?) VB VPN T BE AL (R FR AR, 3X 4 DNVERHRBR VA 050 K

n

1 ~
MAE:;ZHH—%% (2)
=1
100% <~ | 55 — vs
MAPE = , 3

> @, (@)

Foym— G

Aot n NSRS S HREALL y AIREESEENE; 5 MBS EIONIE; v, AR
PIE.
3.2 {RESHIEEL
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S IEAIRBAE. T T LR R S I B A A N LSTM 9 266 50 84 S 481, K45 D 45 A
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JAHUEE 2.
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Table 10 Evaluation indices of LSTM-based neural network with various hidden layers

e 22 2 4 MAE/°C MAPE/% RMSE/°C R*/%
1 0.16 23.65 0.44 97.75
2 0.12 16.45 0.39 98.42
3 0.18 24.39 0.43 98.03

A TARR T L AW 2 /N BBV L, ) P XA 15 R R A SISk A bl 5 VA A 1 B2 9 o
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250 I, TR (BRI LLSE s B R T 1, vl BARI kI AU BB ).
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AL e R 22, ] T R g AU 1 A, RS R I B 7 . X AR e I R
BULZEFF8 0 B2 A28 T, LA BB Ok B AR TG, I8 14 5 W 2% BTz A PE - 5840 2% 1Y i
AN ELSE L B B S BRI H 0. A2 R 28 SEOUR, Sl Pk B 57 e ot N —A
IR RE.

7 Dropout FH7RE K
Fig. 7 Schematic diagram of Dropout model

4 HEF EMD-LSTM HE#EERINES TN

AR TR T B EMD-LSTM 2 S A RRIAH N 2 J06 M 85 2 Bk AT 7 900, I %
P ARY 5j — LSTM W) 4RI F U4 R AT 1 X LE a0 A7 RS 2 Sl i 2 P I 25 K



12 LiE 2 ¥ K4 Camp

i 30 %

W 11 froR, ANRZETTIREESENAE S SSE R MAE 138 12 B, J552 500 i) Sk
VAN FEbR N 13 Fios.

& 11 MBS HIE IS5l

Table 11 Parameter values in environmental parameters estimation

PRI S5
782 Reh 2 4 5 50
LSTM Fajel)z /=% . . W2 2] & IEARIREL
B—Z B
B 2 85 60 0.001 250
B7NE TS 2 88 65 0.001 200
I 2 86 62 0.001 250
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Table 12 MAE of estimated and measured environmental parameters in different seasons

T
B
T s k== X2
BEIR /°C 0.087 0.14 0.10 0.15
IRESHLE /% 2.41 1.17 1.95 1.38
WEiR B /°C 0.095 0.15 0.12 0.17
F 13 IS HH I FabR
Table 13 Evaluation indices in environmental parameters estimation
VR RS
WEZH TICHASE A
MAE MAPE/% RMSE R?/%
. LSTM 0.17°C 24.89 0.46 °C 97.26
BEI
EMD-LSTM 0.12°C 16.45 0.39 °C 98.42
LSTM 2.24% 30.15 0.52% 96.95
IRl
EMD-LSTM 1.57% 21.32 0.41% 98.29
. LSTM 0.20 °C 27.62 0.49 °C 97.93
PRI
EMD-LSTM 0.14°C 18.59 0.44 °C 98.86
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Fig. 8 Estimated and measured wall temperatures
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Fig.9 Estimated and measured environmental humidity
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Fig.10 Estimated and measured environmental temperatures
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