B R 5 TR ISSN 1671—1815
Science Technology and Engineering CN 11—4688/T

DOI;10. 12404/j. issn. 1671-1815. 2402909
LA AT, K, B BT UM 2 RB G R SE A R @R BN [ 1], RHEEOR S TR, 2025, 25(7) : 2865-2873.
Guan Xuemei, Zhang Wei, Yang Qusan. Prediction of wood dyeing formula based on improved multi expression programming algorithm[ J].

Science Technology and Engineering, 2025, 25(7) ; 2865-2873.

BT FI AiFRSL

ETHHMNEZREXNEERIEZN
¥ 3% & B 77 il

TEHE, KR, MEZ
(FRAEMRl KM S F ] TAR2EBE, MR 150000)

fli E T RAME EHEAATE TR GG E R, A T8 3 3538 KM AT R & R AT H5F AM 6 b
M, AR TR A R EH AR, FIE 8 KA 6 FME S & KT8] RSP RS TTAM B RS, R T A
MTeAT a4, 42, & T B &k %42 (gene expression programming, GEP) #9484 42 3 T —#F £ & & X %42 (multi-ex-
pression programming , MEP) - ik & Fm) 4«4 fe b KRB SR LM A M EER KR S AR ERE MEP fikae e A
G e S A Z M A EAE R AmAFE) A B AR K, A TS MEP 69 Rz B AN AN AL R T f
FTUFTOOME SHERTABRRERIMIEEAE, SARARXAHEGLERMIL MEP RASLET HH XA, FERE
Fm P EAFT 0. 113 ey AaxT M £ 4R,

Kbl AMFe; RRRERE; $RFX B, HIRE KA, $4 5k, LR E

Bk RS TS65; SCHRbRERS A

Prediction of Wood Dyeing Formula Based on Improved Multi

Expression Programming Algorithm

GUAN Xue-mei, ZHANG Wei”, YANG Qu-san
(Northeast Forestry University, Haerbin 150000, China)

[ Abstract] Due to the increasing scarcity of precious woods and the severe environmental issues caused by overexploitation, it is
necessary to mimic the appearance of precious woods by dyeing ordinary wood. Computer-assisted dyeing technology was utilized to
achieve high-precision dyeing of ordinary wood, thus creating substitutes that resemble precious woods and reducing dependence on
them. Initially, based on the concept of gene expression programming ( GEP) , a multi-expression programming ( MEP) algorithm was
proposed to predict dye ratios. Considering the complex interactions among various dyes, multi-gene expression was employed. The
MEP algorithm can handle these complex interactions between multiple dyes, resulting in more intuitive functional expressions. To en-
hance the function mining accuracy of MEP, the probabilities of mutation and recombination operators ware adaptively adjusted, and
parallel programming was employed to boost function mining efficiency. Compared to gene expression programming results, MEP delves
deeper into functional relationships and achieves a relative deviation of 0. 113 in color prediction.

[ Keywords] wood staining; gene expression programming; multi-expression programming; computer color matching; genetic algo-

rithms; spectral reflectance
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rithm, GA) F115 1% #L 4 ( genetic programming, GP)
R A (1) H PR 3 38 X G 72 (gene expression pro-
gramming , GEP) , Fi1 T H: 1] B % 4 5 A A B A2 2% [1)
FRAIRE ST, BT R T 0 [ frp - GEP WO 1
AR AR R AL, AT LAAE BB /A 1 R s
(] b oA SE A ey i, O ELPT LA F el el B PR i
JEE RIS, DT S Je 4 335 37 [ L 52 2 e R
HA AN G BRI, GEP 1l LU AR HL & J% ) i, ffi
FLRBAE N (R DT C h b M 9 8 2= 07 L %
WFFETE O (AR VT IE Fp W 22 T 1D 23, A1 €8
AN T AR M R BORAY , X iR 1Ok
2R A A AR R B AR ) e i 2ok

%2 3 3k 3 4 2 ( multi-expression  programming,
MEP) 2%} GEP FRut [N YL OIRRES [ & 215k
k3,5 GEP MHIL, iX W3 1 AR At ] s A
MAERRPE ™ . BUIET U EAMR DG R Rk B 3
FRLLEGERHRIE 3 FIGLRIXDERE R A2 A
HAE & T — ARSI, e 2 Hbne
A EAE S AR 2Rk mReT
TR LA AR S 2 G )

HE4 0 1k 3 AT 2 Al MEP SR Bt 4 FH K
AR A AR G B G RHRC TT . A WS IS TR AN
X—%5 [, 50 F ] MEP S fgdB g b Jr Fiot ik
RGP Z B K &R, R BEATZ B E R £ B,
XA AT LRS- BT AR A5 1Y 5t E AR G IS RO R
F g B A R 2R AR TN AR BC T

1 HEXRE

X FARM Yt e T, 5 R BB U 2R o
PRI A HER I . 76 B0 2R U T, ASF 5% fif ] =
Fh2EAY A Jh EA T AL e 2, I DG (0 R BE AR 3R
BT RS 88
1.1 ZEHEFEZE

[ VN (A TR R V229 ick ) ) 108 1 AN
40 mm x70 mm x 1 mm E/‘J%@Hﬁfé’*ﬁ) ; =5
(H,0, ¥ s OV PELL A (X-3B) Yekh | S o 1 o 6
(X-RG) Ykt S PEWE (7 ( X-3G) Yekl; BB 7] (7K
M TFC %) 5 B ) (oK BRR 8 5 Y RHiE 1k 57
(NaCl) ;3 F 2522 By SPECIM = 6% ; 57 i
AR RS (ST R IB AR AR AT BRA D) 5
TR B 52021 7 A B fE I TR

¥ M HE - www. stae. com. cn



2025,25(7) BEM, 5 T O 0 2 338 204 AR T B A Y £ L T T30 2867

1.2 KBHE

()AL A] DLRBR AR i) — S 42 )
AT 4 5 e by W Wi %6, ME A5 VR BE 4% 19 H,, 0,
500 mLIEE AW, I A 0.5 g Na, SiO, Fil Na, PO, ,
W 28 L 1) T £ BRI A 2 36 T TR TR R B A
BB 65 C RYTE IR, BEE K E A 1: 20,
283k 2 h i HOB R IF R K ek, R BR R AR
K1),

Bl EEETAE S AR B SR
Fig. 1 Wood veneer before and after bleaching

(2) G o ARG TS 1508 19 800 ZH YL RHAC L 4K
I KA AT G (5, AR B 2H Gupb Wk B T A
500 mL HGERHA W, FRERIN 0. 5 mL JRC (i W B 2R
SEALHGEE ) VORI 15 g/L 9 NaCl, #4525 SR
ABH SR E R BRI 65 C By tEIR/K .
2 h 5 IR 20 o/ L MY JC/K IR B M 2E 4T 151 5E , 30
min J& , BCE AT FIE K ik, RBRFR R E Y .

(3) T4 A e oS 1 e 5 BB TR AR
HEREZIEF 6% ~8% ,

(4) JCIEHHE R I (f JH 2% 2= SPECIM &0Gi% 43
PriEask e 8 g O & R A IR, IR ENVI
(environment for visualixing images ) £ J 4 B4 %) o
TR, R R I BEALE R AR Y A
B iir, HEE 400 ~ 700 nm P BEAYF- 3
SR AR B FR 2 2.6 nm, MK —Z Ak
FEASHR SR IR T SR 3R AN 1 7 (4 W 426. 49
nm ZJ5 )

F1 FEAREKEGHRERSREICHLE RS R
Table 1 Partial wavelength spectral reflectance data for a

stained wood veneer

P /nm S R WK /nm ik 2 G %
397.66 0.363 416.00 0.188
400.28 0.322 418.62 0.177
402.90 0.283 421.24 0.168
405.52 0.251 423.86 0.163
408.13 0.226 426.49 0.155
410.75 0.206 : :
413.37 0.198

2 HHEFFIEEREN

IR S T E AL P AR RS I e 2 G T B AP R
EAT B TR O AERE | RO B R ) A
AR T BBl g TS AP RE . ABFTE rp il
HEAEREEE & TE 397 ~ 700 nm °] WG B2 B
JCIE TR, MR S AL (AR P A IR
X FINAE 55 FR2AT R ABEFEAEH] T BEALAR bR
B S R S N (MU e S U N a R RS R (1
JIFA PSR T REATRAS AN R ) P B (R S 2

X EAME TR TSR ) 0 20 7 O
TR AR SR PR R A R, x5 ]
VTN, fBESEA m AR AR o AT Y A A 2 2Rt
e, RPE @ R IRZE R T LI

MSER,, = 3 (Nppse /Ny) (MSE,,,.,, = MSE,,;,)

(1)
(D) H e N,y AR R0 25 RAF R AL
5 Ny B EFEAREG MSE, ., R AT A 2 07 1R
723 MSE,,,, NTEREA T 100 25 3R A5 09119 iU 1y
JriRYE, MSER ., SHFAE i 9T EPERIE He

IRIE AT ST A B R 2 50 D 80% 14 VI 5 £E A
20% BYMRAE RIS RN ZREE NSk T — A BENLAR
AR IR A By AT T Ik, e
RYNGRoe e, AT 2] 7 SR e E 2R (LA
Oy WRIR) IR R RS T TR

ABIFFE R T 20 AR B PR AT
JREERRIR A, BTk Nk 2 s

F2 ABRRETFERREHE
IREARETE R G R E R
Table 2 Partial sample spectral reflectance data of

wood veneer after feature extraction

N %

YK /om Bl S

HR 1 iR 2 i3
455.43 0.104 0.092 0.100
447.52 0.108 0.097 0.107
468. 62 0.089 0.078 0.081
546.26 0.052 0.043 0.041
561.59 0.051 0.042 0.040
473.90 0.084 0.074 0.070
450. 16 0. 106 0.095 0.103
463.34 0.097 0.085 0.090
444.89 0.109 0.098 0.109
397.66 0.362 0.350 0.436
542.91 0.051 0.043 0.042
400.28 0.321 0.308 0.374
460.70 0.099 0.087 0.091
452.79 0.105 0.094 0. 100
556.25 0.050 0.041 0.039
402.90 0.282 0.269 0.327
545.57 0.051 0.042 0.040
550.91 0.050 0.042 0.040
532.25 0.054 0.046 0.045
569.61 0.054 0.044 0.042
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1 BE R AR Sk v R B e KB TR Y, X A5
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FRREAF 4 (B0 + | — |+ ./ sin 55) FIZ 05 £F
SRR MR AL & e S A, R
(1) Sk BRI 38 2 ) A A T 1 6 3R, TR S B iy
&R b O HLBE PR B eR 08 TP AL Y B AR Y B B
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e=h(n-1) +1 (2)

R 1RGSR A 04 2 RE A I 7R AR Y
FEHBREIN T — A~ ZFE 4 TTHR ( diversity contribution,
DC)¥k, DC WAEILH G P 5| A THIMNYME B,
TEF g ARBFFE A F— N BEPLAY DC f8, DC By
KRS TR AR K B /Y

Ly =e (3)

FER RN 2 s o &I 53R 3k HE
SRS DC 8, B> GEP &R kA Ji— 4>
PP, L 27 ANR — D BELH B WA B
DC BRI 75 &4, BRBENL DC Bl AR Bl i £ 2l &
[ Qy,01,0;,053,04,05,06,07,05 ,090, ] ,ﬂﬂ%ﬁ%%ﬁé
SRR 3 R,

0|1 ]2|3[4[5|16]7[8]9|0|1[2[3|4[5[6]7[8[9]0]1]2

+ 7 * |2 **alalal|?|? |alalal6|8]0]|8[3]2[9]5

K2 BEHE R

Fig. 2 Example of gene structure

3.1.2 GEP it 84

(1) AR AR AL o R B AR RAS X 4
MR 2 A R AL BE PRI N | Be i A7 28 48, WA 28
AR R HEAE SR AR 1 3 R R BE AT LA 2 AR AT ] bR
AT ML 8, WRRELRERERET, H
ABZAR M LRI 54

(2) BB AT Lhor 2 S ] S

R E R, AR REEN LR EAR
TEPE—A AR5 S X A a5 T A T A SE L,
SR RIS R e B SR 5 58
PeX A 2 T A N, fE2 S mEH P, 15k
BEALZERE N 38 X, RGNS — L TF 4R,
FAREE s M A A AR B S N A vk B Gk —
ANSE AT, SO MBS SCAR I FE N, 2
A RBIANE 4 FiR, HdksE T 3 s b, Bk
DEESH R 2.5 FT,

3 AR R aA

Fig. 3  Corresponding expression tree

1,2,3,4,5,6,7,8,9, 10

AR
A, B,C,D,E, F, G H,I1J
1,2,C, D, E 6,7, H, 1,1
Jafk

A, B, 3, 4,5 F, G, 8,09, 10

K4 ZEHnpl

Fig. 4 Multi-point recombination example

(3) ¥ £ . 454 AT 51 (insertion sequence, IS)
I Ef FUAR 36 A ¥ 1] (root insertion sequence, RIS) i
B TE 1S i BEALZE /NP 4 (G 2 R TR
A —R3) , IR A B SRR S A AL B Sk E
Xof 07 2R R R 18 B s J2 R 1 s, AT B T O Sk
FRRLEFAIAT S5 RIS 4 A5 IS 4l AL, HE 8
TEIRCRY e 51 478 A3 Sk R T A6 8L B (L3t A2 AR A2
B o 1B IR AR A R e AT LA Bk
AR A AR, DT AT BB A 58 A A W] AT R
WA 5 7], 78 1S TR D E 8 AR AN
£ RIS Hff D E i A BRAEE
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3.2 ZEEREIHRBEZX

N T A MO S A S 2R R A 3 Al
R R B IZ I, SIA T Z 3N e AR i
TE AR e MR R 1 7 | DR fiff ) —
oy, ARSI B Y AR AER — T EERY
AR, JFG A A 5 DR R 7 T R TR — el 0 )
B I, AR R B R i 3 AN AL, B
XFR T 3 R B —FR AR Qs 6 i,

A, B, + C, -, D, E

\/

IS H A, D, E, +,C -, D, E

R ISHi H D,E B, + C, -, D, E

5 A E R £ S0

Fig. 5 Insertion and root insertion examples
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AN ] %

Ko ZEEHNGEEK

Fig. 6 Multi-gene chromosome
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(3) RAFXAFRIRA

()Y E RS BT — AR AL BRI A
FFR EEER 2) AN FE A H L 2 [Ty 50 Se B, B
A Fak AR AR R
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TEARGRY GEP 15 AN AR S 3R 58 2 2 B ML
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a = f‘chro B f‘min (5 )
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Fig. 7 MEP algorithm flowchart

FEARIREL

TER2 MY A b S B A S R
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£ =1000x 1
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2

(2) 7 AR R R A A8 I 2R AR AR O A8
Jitks

(3) 818 . 5B 5V o 7 B A L IR 4 ) AT,
T R (18] S 3505 R e 38 X 3k e ML 43 W Ao 8, SR )5
S AL 22 0] A 35 BR8], RIDHS X 3 43 36 [
¥ 5 B E

(4) 4R,

(5) T . MR 4f et S5 1) o 07 o 2 A R S B
B L NS A,

(6)FEHEA . FL N B s B L5 R 23
PRIYe e i, % F 22 3k (R e o fA, B AL 3 5 — > 3
IR 5SS A Yt A A R A R A

HBA TR S A R ) M BE L R
— R 5z > 5T —ACAH S, R RS 92 R B oK
W K AR P e AN N AR B o b — AP i
TR AR, AR KA R RS R, SRR
BB 3y/R S LN N
3.5 H1TsRIEXHEE(MEP) FiE

FFAT T AR Ab 3R AR 35t % R0 [ 8 A A LA
W K 4R = R Ml e, AR SR A T —Fl
A7 2 KB G (MEP) J7ik, ol LI s F) FH 2
AL ERER AT AL AT

JF4T MEP & 26 SR 73 LA TR0, LA
FIHZA b PR 3 26 - Fp 3 43 TC 25 S [R) 1) Ak 2
o, RIETEIFAT Th AT B AL 4R A A B PE AL, X
b7 0 SRR L S5 7E T8 ROk 2> 17 B> 4b 3 8%
T T PR AR B NI HE S T R

ARWFFEAHF Python Y 22 JE A2 E S BT AT AL #E
HEBAE R A FAHE L IR T PT84 AL Y st
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3.6 RESHIGE

B, % GEP f1 MEP S5t Tk E ., %
R e A BRI AR 20 4E B R 3 4E, R
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23 E AL GEP s 17 R0% , 1Mk B 46 1T g
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RAFERF P RAW HXTERENITE, Hit,
FE) Z SRS A ST e AT T GEP 38/ MEP
BIFPRE /N, DA 5 B0k B ROCR 703 E H Gl N
A IE N bR UE 2Z R R, BEF 1B AT T 2 Lt
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%3 GEP 1 MEP 3#i% &
Table 3 GEP and MEP parameter settings

2 GEP MEP/MEP
T LA 500 100
e RN A H 3 3
KRS R 20 20
BEARREL 100 100
+., -/, X.,sin, cos, In, exp,
€S 5 1
X~ \sqrt \7
A SRR 0.3 ERRII]
8] R 0.1 0.1
IS 4 ER ME R 0.2 0.2
RIS #f i 0.2 0.2
A i A 0.3 Adaptive
PSR AR 0.3 Adaptive
19 3 17 28 S AR X ] [0.2,0.6]
[ 3 1 T2 40 B R 0.3
I 3 o 2R o S AR oA X (1] [1.35,2.25]

4 BREEREMERDT

£ Python FREE ) AR5 15 2 1 1R 5, 43 51 o2
T GEP #l MEP #4708 sR 84248, 7ESC50 G
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AT YRR BE R AL . AR 8 FNIEl 9 FYZE AL
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INBFPRERUAR T, A5 21 A e (o A LA B s 104 33 0
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REAS T 4 b 0L 5 I 2R 800

GEP Fl MEP SHEZ5 X L ik 4 FioR

GEP Fl MEP 3845 19 28 35 AE A 4E a4 7 56
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MEP A5 ek AR 48 L JEAT 900, £ FH AY 1
Brag b 2By AR 22 . SRR 22 1 A

3
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Fig. 8 Fitness optimization curve
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Fig. 9 Mean squared error optimization curve
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Table 4 Optimal chromosome results for
GEP and MEP optimization

FiFl YR RS
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# (inv) + (sin)/IARSQDSBP
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(inv) (exp) +/(sin) O(In) (In) B(exp) E(inv) */(inv)
GEP  (sin) + RTOOTROGTD
CFFCQAEK? N? T11206162011375031861613116131114
(sqrt) +KC +/(X2) (sin)//(inv) * (sqrt) K(exp) (In)/
(inv) (inv) (inv) BTCDMJB
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X5 GEPHMLER
Table 5 Predicted results for GEP
FEA IERS iy GEP TN e 7
Gi'T TEPELL TEMERT UGMERE TRPELL UEMERE IR MR AR R 22

1 0.14 0.38 0.05 0.158 0.417 0.046 0.101
2 0.27 0.23 0.1 0.330 0.272 0.073 0.224
3 0.25 0.65 0.05 0.176 0.567 0.054 0.167
4 0.19 0.52 0.03 0.196 0.557 0.028 0.054
5 0.04 0.21 0.04 0.032 0.197 0.047 0.147
6 0.13 0.11 0.02 0.170 0.143 0.014 0.295
7 0.3 0.6 0.1 0.328 0.694 0.073 0.174
8 0.14 0.38 0.03 0.184 0.252 0.026 0.269
9 0.23 0.1 0.12  0.246 0.113 0.113 0.089
10 0.03 0.06 0.01 0.032 0.062 0.010 0.035

%6 MEP LR
Table 6 Predicted results for MEP
FEA By GEP T i Jr
i VEMELL WEPER TEMEEE WEMELD VEMEEE TR A2

1 0.14 0.38 0.05 0.161 0.452 0.051 0.121
2 0.27 0.23 0.1 0.285 0.270 0.118 0.139
3 0.25 0.65 0.05 0.261 0.663 0.051 0.029
4 0.19 0.52 0.03 0.216 0.668 0.036 0.202
5 0.04 0.21 0.04 0.040 0.212 0.041 0.013
6 0.13 0.11 0.02 0.109 0.126 0.025 0.179
7 0.3 0.6 0.1 0.287 0.625 0.118 0.088
8 0.14 0.38 0.03 0.167 0.374 0.035 0.128
9 0.23 0.1 0.12 0.284 0.105 0.141 0.153
10  0.03 0.06 0.01 0.032 0.063 0.011 0.076
0.5+
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»»»»» MEP
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a
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Fig. 10 Relative deviation of recipe prediction by
GEP and MEP models
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Table 7 Comparison of mean relative deviation for
GEP and MEP models
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BT LR, BT T A= RCR A T
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Bff 2 1 T RE 23 R A0 b 5 SR 0 o B e FD mT S O
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I T DL E IR MEP 78 A A4 Y (0 v J3 Tl
FIE AL 7 1T A 7 PP S S g R A 25

& % x #t

[1] Raj A, Jhariya M K, Yadav D K, et al. Environmental and sus-
tainable development through forestry and other resources [ M].
New York: Apple Academic Press, 2020; 1-24.

[2] Smith P H, Lore-Chavez I. The matter of mimesis[ M]. Leiden:
Brill, 2023 27-53.

[3] LiJ, Lindenmayer D B, Yang W, et al. Diversity and density pat-
terns of large old trees in China[ J]. Science of the Total Environ-
ment, 2019, 655. 255-262.

[4] Jons G M, Keane J J, Gutiérrez R J, et al. Declining old-forest
species as a legacy of large trees lost[ J]. Diversity and Distribu-
tions, 2018, 24(3) . 341-351.

[5] Chen M, Tsang HS, Tsang K T, et al. An hybrid model CMR-color
of automatic color matching prediction for textiles dyeing and printing
[ C]//Neural Computing for Advanced Applications; Second Interna-
tional Conference. Guangzhou: Springer, 2021 603-618.

[6] Furferi R, Governi L, Volpe Y. Color matching of fabric blends:
hybrid Kubelka-Munk + artificial neural network based method[J].
Journal of Electronic Imaging, 2016, 25(6) ; 061402.

[7] Wang Q, Shuai L, Dai X, et al. PSO-BP neural network-based ge-
latin hollow capsule color matching model[ C]//2020 IEEE Interna-
tional Conference on Mechatronics and Automation (ICMA). New
York: IEEE, 2020: 94-99.

[8] ZEcuf. FETHRERA I LY AZ A b e € i I 8 485 B F 5T
[D]. W/REE: ARAbMollRE, 2022.

Li Wenfeng. Intelligent color matching model for wood dyeing using
genetic algorithm and extreme learning machine [ D ]. Harbin;,
Northeast Forestry University, 2022.

[9] Hike. BT GA-BP M2 ML X R & (4 241 4 3 (B 202 1 Bl 1,

B[ D], R RETARY:, 2019.
Huang Ye. Color prediction of solution-dyed cellulose color yarn
based on GA-BP neural network [ D]. Tianjin; Tianjin Polytechnic
University, 2019.

[10] Chaoch S, Moussa A, Ben M I, et al. Application of genetic algo-

rithm to color recipe formulation using reactive and direct dyestuffs

¥ M HE - www. stae. com. cn



2025,25(7)

BT, A5 B T RO 2RI A I A e G B T7 B

2873

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

mixtures[ J]. Color Research & Application, 2020, 45(5) ; 896-
910.

Zhan J, Zhang X, Wu J, et al. Dyeing recipe prediction of cotton
fabric based on hyperspectral colour measurement and an improved
recurrent neural network [ J]. Coloration Technology, 2021, 137
(2): 166-180.

Li F, Chen C, Mao Z. A novel approach for recipe prediction of
fabric dyeing based on feature-weighted support vector regression
and particle swarm optimisation [ ] ].
2022, 138(5) : 495-508.

ZEWSC, R3O, MR, L TG RIE AR S
AL B O R K S S AR [T ], BhedioR 5 IR,
2023, 23(1) . 283-289.

Li Bowen, Song Wenguang, Li Haoyuan, et al. Anomaly detection

Coloration Technology,

for oilfield centrifugal pump water injection stations based on one-
class support vector machine optimized by genetic algorithm [ J].
Science Technology and Engineering, 2023, 23(1) . 283-289.
Ferreira C. Gene expression programming; a new adaptive algo-
rithm for solving problems[ J]. Complex Systems, 2001, 13(2)
87-129.

Peng Y Z, Yuan C A, Qin X, et al. An improved gene expression
programming approach for symbolic regression problems[ J]. Neu-
rocomputing, 2014, 137 293-301.

Zhang H, Zhou A. RL-GEP: symbolic regression via gene expres-
sion programming and reinforcement learning[ C]//2021 Interna-
tional Joint Conference on Neural Networks (IJCNN). New York:
IEEE, 2021 1-8.

Wan Y, Wagner N, Rondinelli ] M. Symbolic regression in mate-
rials science[ J]. MRS Communications, 2019, 9(3) : 793-805.

Liu G, Li X, Xu H, et al. Preliminary application research of re-

[19]

[21]

[22]

(23]

[24]

[25]

gression analysis in camouflage color matching[ C]// Pacific Rim
Laser Damage 2019 Optical Materials for High-Power Lasers.
Washington: Society of Photo-Optical Instrumentation Engineers
(SPIE), 2019 SPIE 11063.

Alav A H, Gandomi A H, Sahab M G, et al. Multi expression
programming: a new approach to formulation of soil classification
[J]. Engineering with Computers, 2010, 26, 111-118.

Awan H H, Hussain A, Javed M F, et al. Predicting marshall
flow and marshall stability of asphalt pavements using multi expres-
Buildings, 2022, 12(3) ; 314.

Fallhpour A, Wong K Y, Rajoo S, et al. An evolutionary-based

sion programming[ J].

predictive soft computing model for the prediction of electricity
consumption using multi expression programming[ J]. Journal of
Cleaner Production, 2021, 283 125287.

Wag J, Sun X, Cheng Q, et al. An innovative random forest-
based nonlinear ensemble paradigm of improved feature extraction
and deep learning for carbon price forecasting[ J]. Science of the
Total Environment, 2021, 762 143099.
Laksmanaprabu S K, Shankar K, Ilayaraja M, et al. Random
forest for big data classification in the internet of things using opti-
mal features[ J]. International Journal of Machine Learning and
Cybernetics, 2019, 10: 2609-2618.

Igba M F, Liu Q, Azim I, et al. Prediction of mechanical proper-
ties of green concrete incorporating waste foundry sand based on
gene expression programming| J]. Journal of Hazardous Materials,
2020, 384. 121322.

Khn M A, Memon S A, Farooq F, et al. Compressive strength of
fly-ash-based geopolymer concrete by gene expression programming
and random forest [ J]. Advances in Civil Engineering, 2021,

2021(3) : 6618407.

¥ M HE . www. stae. com. cn



