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Remote Sensing Inversion of Leaf Area Index of Mulched Winter Wheat
Based on Feature Downscaling and Machine Learning

GU Xiaobo CHENG Zhikai ZHOU Zhihui CHANG Tian LI Wenlong DU Yadan
(Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas ,
Ministry of Education, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract; To further improve the ability of UAV remote sensing to rapidly monitor the leaf area index
(LAI) of winter wheat under mulching conditions, a UAV with a five-channel multispectral sensor was
used to acquire remote sensing image data of winter wheat during the emergence, overwintering,
rejuvenation, plucking, tasseling and filling stages from 2021 to 2022, using supervised classification to
remove background and calculate 50 visible and near-infrared vegetation indices. The LAI inversion
models of mulched winter wheat with different input feature variables were developed and evaluated in
terms of accuracy by using six machine learning algorithms; partial least squares, ridge regression,
support vector machine, random forest, extreme gradient boosting and artificial neural network. The
results showed that removing the mulched background would make the reflectance of winter wheat canopy
closer to the real value and improve the inversion accuracy. The inversion accuracy and stability of
mulched winter wheat LAI can be improved by using a suitable feature reduction method combined with
machine learning algorithm, and the inversion accuracy before feature reduction cannot be optimized by
principal component analysis and correlation coefficient method, and the decision tree ranking was only
applicable to random forest and extreme gradient boosting algorithm based on tree model, and the
optimization effect of genetic algorithm was obvious, genetic algorithm — artificial neural network model
inversion effect reached the optimal (R was 0. 80, RMSE was 1. 10, MAE was 0. 69, and deviation was
1.25% ). The research results can provide theoretical reference for UAV remote sensing to monitor the
growth condition of mulched winter wheat.
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Fig.1 Location of study area and UAV image of wheat field
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Fig.2 Trend of leaf area index in winter wheat at

different growth stages

R2 BEESEER

Tab.2 Data set segmentation results

FEAR LAI
FEA TR -

Boew  mME O RKME O HE RfEE TR R
VRS 144 0.20 9.43  2.54 2.27 0.90
i S 36 0.30 10.10 2.71 2.50 0.93

FERENEN 180 0.20 10.10 2.57 2.31 0.90

2.2 FIBRESRERERFETZW

HE T SR 1) B ALY 23 28 S 5 R
S, FR R UM W e 2 Ol 1 S R R B R T
SPRBEATX . AN 3 WTLAE L ISR 5 ST

0 1 1 1 L ] O L L 1 1 ]
450 550 650 750 850 450 550 650 750 850

K /mm K /mm
(a) IR 5chl (WG RE

B3 AN TR AT 0 I B S 5 e i 2k
Fig.3 Band reflectance curves at different growth stages

RIS ORI Y S T S =R
FEEI RIS AR IS 3 SR S iAW
BBt 730 nm F1 840 nm Y 4/ e )23 S af 8 U] )] A
ET RO B, BEEAETBNMERS, AL R
PTIN A/INFE RS R R B A A, T AR T
2 RO ) S T R

XTI 3a 3b A B, S B 54 A /N AE
J03 0 78 A 315 )2 B S R R, 0 R AE AT WO X
A AL E 4> S 0.09 ~0. 15 F10.08 ~0. 14 F[E%E
0.06 ~0. 11 F10.05 ~0. 09, 2 [H >y 4 8% 1) - 1 F1 Hb
JREET S0 AT UL 1 B S 38 3 L AR W o J2 B A R
TE 5 5 b S 0 - 38 8 5 J5 3 oeE 2 O IS R T
Ko AN, BIBR T SR I RS 3 A8 A0 R
AR AR 7], 2% WA A = A B 15 R, MR -
SO OGS R B 5 M AN
2.3 LAI REERBEEMN
2.3.1 JRIERE4ESs

T 3 3 A4 B AN 50 Bl Bl e ERo B B B
A7 M S ] - N 1 S o s i B =l
(£ 3) BRIy 22 5Tk KT 80% 1y 3 1o 1k
F N FRAE S B, BB B E TR RN
88.39% Wy F s 1.2 #i4T LAT i,

R3 EIRSSWHERBE

Tab.3 Principal component analysis variance

contribution rate %
F S
Z 3 B S T S B/ S BN
I ETERR 79. 49 8.90 6.03 2.11 1.87
Zi )y 22 kR 79.49 88.39 94.42 96.53 98.40

THFE 50 AR B AR BOM LAL (AR 56 2 850, 2 i 4
KRB (B 4) o I 4 T IR R 2 80k
e 8S LAL BAT IEARCHE , Horh VIOPT &5 LAT A%
PERCER HIOC R BGE F 0. 68, ¥ £ A1 L RECA /N T
0.5 [ ML BAE KOV i AR ZZ & . GRVILNGBDI,
ExR VDVI,EXG , TCARI ,MCARI SIPI .ENDVI NGI,
NRI 11 i #3840 5 LAL MR B/hF 0.5, X 4t



152

2023 4

0.8

YILLILLL L

DV~ 0009977/

iy
reen

8T Yo

s

ENDVI
NLI

P4 R B E S5 - mAR

Fig.4 Heat map of correlation coefficients bet

2 R ] LG AE B e B, U B AT WOk B S & N E
LAT (0 S& M AS AN 30 21 0 3% B

B BN PSR Bagging 1 B AL AL 181 BURE 7
2 AR AT 2 A AN — 80, AR B A AR
TR SR B IR W RIS 1T 50 K, 8 Rt
KT 50% 1 9 AHE B 5 BOVE 0 g A28 7, IF
XPRRE EEM ST HEY (B 5) . WS W LLAE
FEAE 2 PR ¥ (H B = MR 4R Bk ok SIPL, Gk
7.42% 5 Ak REDVI, ik 4. 22% |, i3 BH 4 48 95 45 54
Xof FASE A TR Y o LN I A) RN AR AR R R
TR (5 L B e T A A AR B 4 4

12

R*=0.81
® 10k RMSE#0.99
| MAE%0.68
® 8 P<0.05 °
in
B gl
= '
E 4
2ty ¢V .
T TP s
STSTESTSHITES
TR E
BIS MR BORAE B R HE Y
Fig.5 Rank of feature importance of vegetation

index characteristics

T B T AR AU T 5 v T RS AN [] ) A8 R

CARIL /R"/’,"
SIPL /N

74
/IS

N\
v

Q@

) QWA U\
AR P A

W

0.6

0.4

NSANNANNNNRANY

- 02

AL LLLLLH NN LAY
SANNRRRNNNY N\RSe
NN\ GG

VAAII 0NN

v
Y4

N\
2
N\

&

O

/0 /0707009 \I/\/F
geeececs SSSSSS ¢
)/>Il/lll>ll)/\ V4

I 0I00/0/078/08ININIS//,

VOOOE/ O/ 0/ / III\A\/\

V4
V4
VA4

N\
NANRNRARNRRRRNNG AR ANNNNN

-1.0

5 HORH C R B R

ween vegetation index and leaf area index

R RAE T4, ks Bk 6 s, MIE 6
A LI H, RF  XGBoost 1 ANN 4> 33 £ 7 .10 .13
T AL B 45 85, B % 3 22 T PLSR \RR [ SVM 4t 314
B, 4 FpbL A% 2 2] L B E B VIOPT #5454, 45 &
K4 W50, iz 48 405 LAL A OC R AL 21 0. 68, 7E 50
FiAE #% 468 Bh 5 LAT AH OGP B, iF — 20 Ui W)
VIOPT J& LAT J5z i A5 70 ) 32 1) S B RRAIF A o
2.3.2  LATARSAEAY R ROR

W 50 Fhb Bl A8 BORT 3 14343 AT AH DG R B
PSRBT HE T (st A% Bk 4 BhRE AR 9 4 3k O 3 S
S5 53 A i A RREAS 5, ST LAT A TR 2% o,
4 PLSR .RR .SVM RF XGBoost il ANN 6 Ffi & ()
BILA 2 2] SVE AR Rl T I 44 /N 22 LA e B A5 A0 o
VIR A B S A, R 2% (I RL/R) - 11 x
100% R, R, 43 5 J Ul 25 46 AR 45 R ) LA ) o A5
TR T, O 22 R K DB R RS e PR B 25 (3R 4)

R B 4E T, RF ZE I 2548 (R® =0. 92, RMSE
0. 62, MAE Jy 0. 40) F1 X 4 (R® =0. 73, RMSE Wy
1.28 ,MAE #7 0. 81) 1545 , Hik B XGBoost Fil
ANN, 76 Il 25 4 A Gk 45 - R* ¥ 8 T 0.71, i
PLSR \RR,SVM 3 Fl 45 i1 )5 ik R* % KAE M 0.69,
PLSR \RR SVM 7 Il 2 48 70 I ik 48 b I 22 43 0 Ry
5.88% .1.45% M1 1.52% ,RF XGBoost ffi 22 T £ ik



556 1) AWt 45 . BT AR R i AL AR 2 ST (07 B4 /NFE LAL 32 J S 3 153
10 10 10
9t ot 9t i
& 8 ' st b
. P
7r Tr p | 7r SN
6f i 6F X I 6F P
X I X4l il 2l e e |0
C L A L B IR A . : : P! SO B R [
o apl b S S
N N R
[ T O A B I T R R T T R
wl i ' ' ' ' ! | 1 ' | | ! ' ' ' ' ! 4 4
2 e | e N R
0 T 10 R R ! [ A
] : , ] I ] . .
ol LA ot~ ol L 111
5 %58 %K 25z %28 EEE®E R
T =g B - ) = 2 13 =
Z (o= - E = = b - (o=
s E R HbAE I
(a) PLSR (b) RR (c) SYM
9r : 9 ol
8k ® | 8k » 8t
7t o 7t 9 | 7t
6 A o p000 i o 00000 | |
50000 i I Lseeeeiili!li <s5000000 NERNRE
Bolioi i1 4! = A I I I L~ L RIS
Sapbobobb g R R R VIR
I T A A B R SRR REEREE T
IS B RN A EERERE
e b PEbr g I O R
A R N EEEEE RN R R
AN A EEEEEEEEEE RENRRERER RN
P R i
gL e rr e B e Fp TP
SESEEEEZ BE8ZEZ08R2 SRR R
= S = 5 sm=T 8 7 & "R =5 27 7
E =)
TEBETEEL TERETEET TERETEET
(d) RF (e) XGBoost (f) ANN
B 6 ANIH) Sk B A AL Bk I e 45 R
Fig. 6 Different inversion algorithms combined with genetic algorithms used to screen results
F4 BELZ/NELAI RERBETEH
Tab.4 Evaluation of LAI inversion accuracy of winter wheat covered with film
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PLSR 0. 64 0.68 1.36 1.41 0.99 0.95 5.88
RR 0.68 0. 69 1.28 1.36 0. 90 0.91 1. 45
. SVM 0.67 0. 66 1.32 1.44 0.85 0.87 1.52
A I 20k i RF 0.92 0.73 0.62 1.28 0.40 0.81 26.03
XGBoost 0.90 0.72 0.71 1.30 0.43 0.84 25. 00
ANN 0.73 0.71 1.19 1.32 0.80 0.87 2.82
PLSR 0.42 0.41 1.72 1.90 1.29 1.34 2.44
RR 0.42 0.41 1.72 1.90 1.29 1.36 2.44
oy SVM 0.56 0.57 1.51 1. 63 0. 98 1.05 1.75
e M RF 0.68 0.59 1.28 1.58 0.89 1.09 15.25
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XGBoost 0.77 0.74 1.10 1.28 0.75 0.81 4.05
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PLSR 0. 47 0.48 1.65 1.79 1.23 1.22 2.08
RR 0.54 0.53 1.54 1.69 1.08 111 1.89
o SVM 0.55 0.58 1.51 1.61 0. 98 0.98 5.17
ALk RF 0.70 0.61 1.24 1.53 0.87 0.98 14.75
XGBoost 0.79 0.74 1.05 1.26 0.73 0. 80 6.76
ANN 0. 81 0. 80 1. 00 1.10 0. 66 0. 69 1.25




154 &l #Hl

L

2023 4

26.03% 1 25.00% , 3 W1 4% 4t 48 11 A AL Fa e v
U, 52 2R ML o 20 SRk TN g ik (B AR e R 2
FEAE B 4 I, 32 8043 43 B R OC 3R B0 Ak 3%
%, F R HT 5 1 PLSR AT RR 75 I 25 4 AL
A LA RHE AR T 0.50, 4 ¢ 5 800k 0 vk 5 B
XGBoost #h, Hi A4y 5 Ffsd AU fi 2 5 4 i 34 i, A2 7k
TR FE T U B R AE M HE Y S 0 R Bk 4 BOh
LA #5570, % Bl PLSR \RR Il SVM J J80F &
WA N, B 58 T RE Al XGBoost P Fh 5L T b 45
RUBL A% 2 > B I A P, A A T SRR AU 8 2 I g 22
A% 9. 59.20. 95 N E 43 i ML + ANN £
I K B R® =0.81, RMSE 5 1.00, MAE 3k
0. 66, MR EK;E R* =0. 80, RMSE 4 1. 10, MAE ¥

PERAF, BB T & /N LA Sl R iR 7

XF L g5t A2 B3V RN AN [RIBIL 28 2 2T R A B T 80R
ATLUE (B 7) , AR T ¢ A B 4E AT, PLSR \RR Al
SVM 3 Fhge it Iy v B i s8R A 22 , F6 2 15 0 i
SR GME, DI 2R 4RI 4 Y R EORS BE R BT
0. 60,RF . XGBoost I ANN A9 Jz 1t &% 5 15 5 B & 2k
3 i H & XGBoost Al ANN K5Ik 3] T AER A
XF L PR SN HET + RF 50K B2 35t A2 587k + RF
YN ZHEM R* =0.92, RMSE & 0. 62, MAE % 0. 40
TRz R =0.70, RMSE 4y 1.24, MAE ) 0. 87,
EM R* =0.73,RMSE 4 1. 28 ,MAE k0. 81 F %
Z R =0.61,RMSE 4 1.53, MAE 4 0.98, {)i B gt
SRS HEF T 3E T RF 3 B T R i AL 4 2 )
(=R7

0. 69, fiif 22 AL A 1. 25% , B B H: S 308 B2 v HL AR 2

100 o yigsre=047 101 o jigazR=054 107 o y|48R2=0.55
x M 4ER=0.48 x R AER=0.53 x M 4ER?=0.58
8L P<0.05 8L P<0.05 SF P<0.05
< = <
= = i =
] ) (o] d 3
i = g 3”&” L
i o4t 5%, x&g o B EZ
e XY A LRL
i > x
= ey g ..°~;" o’ e
2k o o
2 °
0 7) 4 6 8 0 ) 4 6 8
I i B A I TR B I TR E B e
(a) PLSR (b) RR (¢) SVM
107 o | %R>=0.70 107 o i 2r4R>=0.79 107 o 1ZER=0.81

x MHAEER*=0.61

x M2 R2=0.74

x MAHER=0.80

8r P<0.05

e

A AR R e

I TR

I AR RO

U RTREAS i e
(d) RF

TR B
(e) XGBoost

RTAREAS el I [E ]
(f) ANN

Pl 7 g A S 1k O 1 A T A% /N 2 T AR S T SR

Fig. 7

AW FE A I JC AL 22 1 38 R 40 o 7 8 A
/NZE LAL 725 BR 1T 5t 2% T 4 FloRe AF B 48 D7 i A
6 FhbLaR 7 B AL T 24 N EIRA /N LAL )
ALY, o3 A AN TR 2 5 09 52 THORS E , 2 BUAS ] g A
("S5 KNP DRI VES AL NS
3.1 FIBEE=EEERRHEELTNH

AT BR T 5 AT IR & /N R O R A R
R T B N R, & A Y

Inversion effect of leaf area index of winter wheat screened by genetic algorithm

R A R T A AU R A T T 0 2 ) R B
AR, HET AR A R, 7N R
KB B, LAT FIM 5 3 & 5 84 0, 7 900 & Bl 7 1%
S, T T UL I W A i ) R R R R R A, —
it 25 il R R B e /M SR AN 3R A A
T P R 2R KRR 32, LAT 2L 1A B
G SRR, T IO R S R TR BN Rk
T FF 10 20 B BT S B i i 40 A B i = |
7E I 3b SRS 55 HE S 0 T 41 40 0l B S R A AR
T DR AT R A - QD ik R R 5 X A



% 6 1)

R A ST RRE FELE AL A o OB IR A /N A2 LAT 38 IR 38 155

S EA N TEFe 3 SIS A (NN i
PR B 514 . @AHIFSE T e AMLER BUOSE 19 ) AT
Ji£ 2 20 m, 4347 TE A HLELAG B3 i it JE A HLAT
TR A /NE LAL BB W 5 0 2 2% 1 A W5 25
AR XA T, ATHED 20 m AN J2 2 8 7
JE 4 /N2 LAT B et 6 AL AT 5 3, 76 )5 SE AT
R A PR 86 9 T R B AT R R, LA
TR /NG LAT ST, oAb, AR 5838 i 08 4y
S5k - SR M ST S5, A B O B R R
BTG T R, 58 T ik 56 SR H 22 v 7 T A o A
7 3, Hi A S 5 6k ' 38 S 5 R B 5 S R A
KR TR AT, &/ 22 )2 B R R AR L Y
S U BE S5 R A 5 W T N, 6 ik — 25 IE 5
TAEARY A KR, SR JH TE A HL I S A A 2 K
SRS I 1 5 0 0
3.2 FAEBEMREMIBESIEUNES

X A AIF A 4 i LAT 52388 2008 AT 0, 38 4 43
B B 4 e A A B s W (H R AR T R RS 3, PR 2 2
84343 W 155 iF 78 i 7 2 R U £ R R , HE
W 7 2 R 8k /I 10 TG O W 7 AF LB TR
{H 58 42 8 2 1 R 35 1 52 0, 42 5 B0 43 7 22 B/
E X6 55 TR 57 3 MR 50 A G R AT gl I R, e A G
JE AR S R B R AT G AR ] 4k
FCFLRE MR HE BOR LAT 22 i) 1 06 B 250 ZedE 4k
B, L 43 R 5 B ] 1 5 AR DG T (18] 4) 23
HE TR JiE ARG o e 506 A 0 0 O P 5 TR A8 280 1
RF Fl XGBoost 1 , i A &l 4 5 155 032 fL Rk 7 , %
B HLAS 2 ST L TCARACAE T o G AR o —Fb
PEAL B e A AL % RF ., XGBoost Fl ANN £ 7 7
AR AL AL B ANN AR B i 2 R 4%
PF T & /NZE LAL S ff S B LAk, 4 Rl 2327
> B I 35 1 TR O o 45 SR # A & VIOPT 454K,
EBJEh T VIOPT #5507% 18O I8 4 F | - e 7% 5
WS- 5 1R 205 i ) T 7 5 2 PR 2 X S TR
B F 3R A R MR A 15 T & /N 22 7 2 I
S 0B A /N A LAT A3 HAT R ) .

VIOPT {4 i 4 vk HH 0 A 36 B st AL 3 vk B R i 4
Ja A8 R A ) FIRRE M, X T 2 AL As 2% 2 Tk Y Rk
{38 HH ) A TR A A 0 Ay B I A Y 4R B

X E 6 i sz S AR TR (1) Sz 3 R0 BT R TE R AIE R
45 2 9 RF . XGBoost F1 ANN Jiz v A5 & o =5 1) 31
% ,3% 5 NARMILAN 25 7% (i ffF 5% 45 5 — %%, e 5%
AL 2E 2 B e A AP RO RS
PLSR \RR F1 SVM s 22 5 /]y, B 9% H 2B B8 i A2
FE M H AZ BT AR RO 8 7, R AIE R 2N BE 4 R X
3P VAR LAT RCBR . LAk, R 2K EEY)
LAT 32 8% W5 I (R i 58 v 51 T AL =% ) O ik R i) 4
B 202 I AR T B i R AR H R 2 R
JECRE IR AR S5 1) 35 58 i fulT R T B A 1) 1 9 O R A A
B, IR AS ] (A5 Y B8 et P[] — b 7 3k 3k 5 1 A AT
B EAE J i ARRIE o A9 R FH AR AR B 4E R
252 (R A BE R N B A B i — 25 i dk, T
P T I AN Z 00 S AR P A IR A R 1 it
HE T FIRS B2 o

AW FEALAE /Mg 227 2 /N — A i EHE , H
TCA TR BE 1 4 /N Z2 FE XA Sl % R & ok 25 A [
SRR AN AR S LA ) 2 38 5508, 91 48
AT A DX — 2 0 S0 o3 T s X A 7R g i 4
o TEAHL RAT B 23 52 i e )2 5 6 4 UK
JE RN BN CAT L IR R A /N LAL &
T 1 T AL A R AT R R

4 g

(1) B2 /NG LAT 38 J8% Rz it v 39 6% A= K i 48
b RS R - 4T AR A 5L 2 S S AR R AL, B i RS
{E, A R T A 70 B ORG24

(2) F2 L5353 W R0 AH 56 22 B0 T0 T 4 v B I &
/NZE LAY RS RS 1) 2 3 30 5 o SR B O 0 3 T 3k 1
R RE Fl XGBoost 53, B4 R4 B A 12 1k RE
J1, AL B % XGBoost FlI ANN 4154k 85 S W Wk, B A
SRR A 8 44 A AL 1) ANN 4 R4 0. 80,
RMSE % 1. 10 ,MAE %5 0. 69 24 1.25% .

& % x Wt

(1] whocseE, b, DU, % RINEREWRBIRANZIGEBIEMTITELT]. R, 2018, 49(7) : 134 - 143.

HAN Wenting, SHAO Guomin, MA Daijian, et al. Estimating method of crop coefficient of maize based on UAV multispectral

remote sensing[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2018, 49(7) : 134 - 143. (in Chinese)
[2] YAMAGUCHI T, TANAKA Y, IMACHI Y, et al. Feasibility of combining deep learning and RGB images obtained by

unmanned aerial vehicle for leaf area index estimation in rice[ J]. Remote Sensing, 2020, 13(1) . 84.

(3] ZmE%, TN, Zron, & ETIRANZE LRI E LRI A& @ AN [T]. Rl TRk, 2019,

35(8) . 126 - 133,335.

WEI Pengfei, XU Xin’gang, LI Zhongyuan, et al. Remote sensing estimation of nitrogen content in summer maize leaves based
on multispectral images of UAV[ J]. Transactions of the CSAE, 2019, 35(8): 126 — 133, 335. (in Chinese)
[4] SHAO Guomin, HAN Wenting, ZHANG Huihui, et al. Mapping maize crop coefficient K, using random forest algorithm based



156

PSS A1 M | = O 14 2023 4

[5]

[7]

[8]

[9]

(10]

[11]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

on leaf area index and UAV-based multispectral vegetation indices[ J]. Agricultural Water Management, 2021, 252. 106906.
DU Mengmeng, NOGUCHI N. Monitoring of wheat growth status and mapping of wheat yield’s within-field spatial variations
using color images acquired from UAV-camera system[J]. Remote Sensing, 2017, 9(3) . 289.
R, XILLAS, AR, M. BT 07 WG EIGORA BU 48 M 2% 1) & /N 2 iR A S B 5 [ T] . 4ol TR %4, 2019,
35(5). 183 -189.
MA Juncheng, LIU Hongjie, ZHENG Feixiang, et al. Estimating growth related traits of winter wheat at seedling stages based
on RGB images and convolutional neural network[ J]. Transactions of the CSAE, 2019, 35(5): 183 —189. (in Chinese)
oA, EAE, X, S BANUR R TOKGE)Z LAT HIM 3R & i (S8 [T]. el T4, 2020, 36(19) :
58 - 65.
SU Wei, WANG Wei, LIU Zhe, et al. Determining the retrieving parameters of corn canopy LAI and chlorophyll content
computed using UAV image[ J]. Transactions of the CSAE, 2020, 36(19) : 58 —65. (in Chinese)
X, sk, £, 5. R IEABLL 6 A BN M AR BOm M R S R [T]. el TSR, 2021, 37(19)
65 -72.
LIU Tao, ZHANG Huan, WANG Zhiye, et al. Estimation of the leaf area index and chlorophyll content of wheat using UAV
multi-spectrum images[ J]. Transactions of the CSAE, 2021, 37(19): 65 —=72. (in Chinese)
VKA, BRAL, B, . JET RO MR A BOE 2 SR S [T]. WAL R (AR,
2018, 42(2): 157 - 164.
SUN Yonghua, ZHANG Dongdong, TIAN Jie, et al. Inversion of vegetation canopy chlorophyll in wetland based on
hyperspectral data[ J]. Journal of Hebei Normal University ( Natural Science), 2018, 42(2) . 157 - 164. (in Chinese)
PRIGEEL, 20ss, LR, & TANL &GS @A /N E M AR & (1], Rk T4, 2020, 36(22) : 40 -49.
CHEN Xiaokai, LI Fenling, WANG Yu’na, et al. Estimation of winter wheat leaf area index based on UAV hyperspectral
remote sensing[ J]. Transactions of the CSAE, 2020, 36(22): 40 —49. (in Chinese)
BIPRTT, SkSRas, EFRIE, 5. BP MZR W45 7R L0 Ab BB CEOR BU A< /N2 i e LT ] OB A S50 A
Br, 2013, 33(6) . 1587 - 1592.
HU Zhenfang, ZHANG Luda, WANG Yuxuan, et al. Application of BP neural network in predicting winter wheat yield based
on thermography technology[ J]. Spectroscopy and Spectral Analysis, 2013, 33(6) . 1587 - 1592. (in Chinese)
2, RIDEE, &, F. 2O SRR S AN Z P RAE I R R T[T ], 2 R AEY i, 2021,
41(12) . 1564 - 1572.
LAN Ming, FEI Shuaipeng, YU Xiaolong, et al. Application of multispectral and thermal infrared data fusion in estimation of
winter wheat yield[ J]. Journal of Triticeae Crops, 2021, 41(12): 1564 —1572. (in Chinese)
FU Y, YANG G, WANG J, et al. Winter wheat biomass estimation based on spectral indices, band depth analysis and partial
least squares regression using hyperspectral measurements[ J]. Computers and Electronics in Agriculture, 2014, 100; 51 —59.
L, 3, iR, TANEETE Y W b rg o AT SE st e[ T]. fE# 28, 2020(5): 1 -8.
TIAN Ting, ZHANG Qing, ZHANG Haidong. Application research progress of unmanned aerial vehicle remote sensing in crop
monitoring[ J]. Crops, 2020(5) : 1 —8. (in Chinese)
HiCEE, karon, R, 55 TEANUEEEORTERS A IR R R (1], R4, 2020, 51(2): 1 -14.
HAN Wenting, ZHANG Liyuan, NIU Yaxiao, et al. Review on UAV remote sensing application in precision irrigation[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(2): 1 —14. (in Chinese)
DARYANTO S, WANG L, JACINTHE P A. Can ridge-furrow plastic mulching replace irrigation in dryland wheat and maize
cropping systems? [J]. Agricultural Water Management, 2017, 190 1 - 5.
KA i, AR, B B, SE. RO Al A R e B s e (1] E AL L, 2022, 55(20) : 3983 -3996.
ZHANG Jinhua, REN Siyang, DAI Jizhao, et al. Influence of plastic film on agricultural production and its pollution control
[J]. Scientia Agricultura Sinica, 2022, 55(20) ; 3983 —3996. (in Chinese)
PesAe, BRRoe, WA BE, 5. BBEX T AN ZO0EE &R SR E A ENEm ] Rl TR, 2019,
35(19): 89 -97.
YAO Zhihua, CHEN Junying, ZHANG Zhitao, et al. Effect of plastic film mulching on soil salinity inversion by using UAV
multispectral remote sensing[ J]. Transactions of the CSAE, 2019, 35(19) : 89 —97. (in Chinese)
PR, RRz, A, . ST ZHLE S S BERL R Z /NS PM2. 5 ik BE IO L [T ], m st bRl R 2 2= 4 (A SR B2
fiR), 2022, 46(5) : 152 - 160.
CHEN Jiankun, MOU Fengyun, ZHANG Yongchuan, et al. Comparative analysis of hourly PM2. 5 prediction based on
multiple machine learning models[ J]. Journal of Nanjing Forestry University ( Natural Sciences Edition), 2022, 46 (5) .
152 —=160. (in Chinese)
FORA, R, B, A JET IR ANLE A E KM RIS & S AT KR, 2020, 28(6) : 88 - 93.
WANG Laigang, XU Jianhua, HE Jia, et al. Estimating leaf area index and yield of maize based on remote sensing by
unmanned aerial[ J]. Journal of Maize Sciences, 2020, 28(6) : 88 —93. (in Chinese)
TR, WOREF, FSEEE, AF. JET IR AN ZOIGIE BN EORAR I g S KRB [T]. AR HUAR A4, 2019, 50(7) -



% 6 1)

R A ST RRE FELE AL A o OB IR A /N A2 LAT 38 IR 38 157

[22]

(23]

[24]

[25]

[32]

[33]

[34]

[35]

[36]

246 -257.

ZHANG Zhitao, TAN Chengxuan, XU Chonghao, et al. Retrieving soil moisture content in field maize root zone based on UAV
multispectral remote sensing[ J|. Transactions of the Chinese Society for Agricultural Machinery, 2019, 50(7) ; 246 - 257.
(in Chinese)

EE, G, BT, % AFEBESE T EANZ OGS R A [ T]. AL PUA AR, 2022, 53(8):
220 -230.

ZHANG Zhitao, TAI Xiang, YANG Ning, et al. UAV multispectral remote sensing soil salinity inversion based on different

g

vegetation coverage [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022, 53 (8): 220 - 230. (in
Chinese)
WANG F, YANG M, MA L, et al. Estimation of above-ground biomass of winter wheat based on consumer-grade multi-
spectral UAV[]J]. Remote Sensing, 2022, 14(5): 1251.
TR, ST, BRehE, 5. BT IREANLEGR XK R R E kil 5w e e L], gl Pl , 2019, 50
(HEF)) . 182 - 186, 194.
QIAO Lang, ZHANG Zhiyong, CHEN Longsheng, et al. Chlorophyll content detection and distribution research of maize
canopy based on UAV image[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2019, 50 ( Supp. ) : 182 -
186, 194. (in Chinese)
Wk, B, BT, B ERRBES SN AN T AL NERBEMT]. R TR, 2021,
37(20) . 71 - 80.
XU Yunfei, CHENG Qi, WEI Xiangping, et al. Monitoring of winter wheat growth under UAV using variation coefficient
method and optimized neural network[ J]. Transactions of the CSAE, 2021, 37(20): 71 —80. (in Chinese)
JANNOURA R, BRINKMANN K, UTEAU D, et al. Monitoring of crop biomass using true colour aerial photographs taken
from a remote controlled hexacopter[ J]. Biosystems Engineering, 2015, 129, 341 -351.
PR, FPHG, E/NE, . BT Sentinel -2 ZOGIE B ML ES S UL M &N LAT B IRAGSE[T]. ZBAEW 2
%, 2021, 41(6) : 752 -761.
SHI Botai, CHANG Qingrui, CUI Xiaotao, et al. LAI estimation of winter wheat based on Sentinel —2 multis-pectral data and
machine learning algorithm[ J]. Journal of Triticeae Crops, 2021, 41(6): 752 =761. (in Chinese)
KNG, GES, PSR, 4. HET XGBoost — Shapley By L R A A B M LAT B BAG S [T]. Rl HLM 24, 2022,
53(7) . 208 -216, 225.
ZHANG Hongming, HOU Guihe, SUN Zhitong, et al. Remote sensing estimation of maize leaf area index at different growth
periods based on XGBoost — Shapley algorithm [ J ]. Transactions of the Chinese Society for Agricultural Machinery, 2022,
53(7): 208 =216, 225. (in Chinese)
XUE J, SU B. Significant remote sensing vegetation indices: a review of developments and applications [ J]. Journal of
Sensors, 2017(1): 1 -17.
NARMILAN A, GONZALEZ F, SALGADOE A S A, et al. Predicting canopy chlorophyll content in sugarcane crops using
machine learning algorithms and spectral vegetation indices derived from UAV multispectral imagery [ J]. Remote Sensing,
2022, 14(5) . 1140.
EITEL J U H, VIERLING L A, LITVAK M E, et al. Broadband, red-edge information from satellites improves early stress
detection in a new Mexico conifer woodland[ J]. Remote Sensing of Environment, 2011, 115(12) ; 3640 - 3646.
LEE H, WANG J, LEBLON B. Using linear regression, random forests, and support vector machine with unmanned aerial
vehicle multispectral images to predict canopy nitrogen weight in corn[ J]. Remote Sensing, 2020, 12(13) . 2071.
R, A, IhEE, S R TECE MR Filler FRAEESRSIL(T]. TFRHLTRR, 2013, 39(4) : 230 -233.
LI Zhiguang, FU Feng, SUN Xin, et al. Filter feature selection algorithm based on coalitional game [ J]. Computer
Engineering, 2013, 39(4): 230 —233. (in Chinese)
TR, FEANT . HET Word2Vec T i A FL S 4k A 45 5 PR 28 5 3 4% 59 05 1 SCAR R AR e £ 07 ¥R [T ] H R AL AT, 2021,
41(11) . 3151 -3155.
ZHANG Yang, WANG Xiaoning. Text feature selection method based on Word2Vec word embedding and genetic algorithm for
biomarker selection in high-dimensional omics[ J]. Journal of Computer Applications, 2021, 41 (11): 3151 - 3155. (in
Chinese)
CHAPPELOW J, BLOCH B N, ROFSKY N, et al. Elastic registration of multimodal prostate MRI and histology via
multiattribute combined mutual information[ J|. Medical Physics, 2011, 38(4) : 2005 —2018.
EMHT, Brot, TRRE, . BT LATR VTCI K Copula BR LAY A /N B AGMI[T]. el HLAR 24 4R, 2021, 52(10) .
255 -263.
WANG Pengxin, CHEN Chi, ZHANG Shuyu, et al. Winter wheat yield estimation based on Copula function and remotely
sensed LAT and VTCI[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2021, 52(10): 255 —263. (in
Chinese)

(T4 % 167 T1)



% 6 1)

R A BT Ok E AL TE BT A /N DX/ 2 B e TR LI Ty 1k 167

[16]

[17]

[26]

[27]

[28]

characteristics and plant height[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022,53(6) :202 - 208,
294. (in Chinese)

KA, W, BT, . T R ERTE R HAE RS P R PTE OR SR [T B AR (R 3e30) , 2021
(3):1-15.

ZHANG Jian, XIE Tianjin, YANG Wanneng, et al. Research status and prospect of near-ground remote sensing technology in
plant height measurement of field crops[J]. Smart Agriculture, 2021(3): 1 —15. (in Chinese)

. 2T T HLIE S A A W) i 3R BT BTG [ D] s A PRl ey, 2021

XIE Tianjin. Evaluation of crop height acquisition method based on UAV remote sensing[ D]. Wuhan: Huazhong Agricultural
University, 2021. (in Chinese)

OEHME L H, REINEKE A J, WEISS T M, et al. Remote sensing of maize plant height at different growth stages using UAV-
based digital surface models (DSM)[J]. Agronomy, 2022, 12(4) . 958.

HAN X, THOMASSON J A, BAGNALL G C, et al. Measurement and calibration of plant-height from fixed-wing UAV images
[J]. Sensors, 2018, 18(12) : 4092.

MONDAL S, DUTTA S, CRESPO-HERRERA L, et al. Fifty years of semi-dwarf spring wheat breeding at CIMMYT: grain
yield progress in optimum, drought and heat stress environments[ J]. Field Crops Research, 2020, 250 107757.

KIM S, KIM T K, YOON S, et al. Quantifying the importance of day length in process-based models for the prediction of
temperate spring flowering phenology[ J]. Science of the Total Environment, 2022, 843, 156780.

QIAN-QIAN M A, YONG H E, MENG-TING Z, et al. Responses of winter wheat phenology to accumulated temperature
during growing periods in northern China wheat belt[ J]. Chinese Journal of Agrometeorology, 2018, 39(4) . 233.
CHARALAMPOPOULOS I. Agrometeorological conditions and agroclimatic trends for the maize and wheat crops in the Balkan
region[ J]. Atmosphere, 2021, 12(6): 671.

DEMIR N, SONMEZ N K, AKAR T, et al. Automated measurement of plant height of wheat genotypes using a DSM derived
from UAV imagery[ J]. Multidisciplinary Digital Publishing Institute Proceedings, 2018, 2(7) : 350.

VILJANEN N, HONKAVAARA E, NASI R, et al. A novel machine learning method for estimating biomass of grass swards
using a photogrammetric canopy height model, images and vegetation indices captured by a drone[ J]. Agriculture, 2018,
8(5): 70.

TEODORO P E, TEODORO L P R, BAIO F H R, et al. Predicting days to maturity, plant height, and grain yield in
soybean: a machine and deep learning approach using multispectral data[ J]. Remote Sensing, 2021, 13(22) : 4632.

OSCO L P, JUNIOR J M, RAMOS A P M, et al. Leaf nitrogen concentration and plant height prediction for maize using UAV-
based multispectral imagery and machine learning techniques[ J ]. Remote Sensing, 2020, 12(19) . 3237.

BORGES M V V, OLIVEIRA G J, BATISTA T S, et al. High-throughput phenotyping of two plant-size traits of eucalyptus
species using neural networks[ J]. Journal of Forestry Research, 2022, 33(2) . 591 -599.

(L#EE 157 ,T)

[37]

[38]

[39]

[40]

[41]

[42]

[43]

KARE, BEE, MOFDT, . BETZEEANBRFIER G & /N E TATA LT gl TR %4k, 2022, 38(9) .
171 - 179.

ZHANG Dongyan, HAN Xuanxuan, LIN Fenfang, et al. Estimation of winter wheat leaf area index using multi-source UAV
image feature fusion[ J]. Transactions of the CSAE, 2022, 38(9): 171 —=179. (in Chinese)

CHENG M, JIAO X, LIU Y, et al. Estimation of soil moisture content under high maize canopy coverage from UAV
multimodal data and machine learning[ J]. Agricultural Water Management, 2022, 264 . 107530.

FeTOMK, 1T, A, . BT RANURB SR I AN E LATAS[T]. flHU 4R, 2020, 51(1): 176 - 187.
TAO Huilin, FENG Haikuan, YANG Guijun, et al. Monitoring of winter wheat growth based on UAV hyperspectral growth
index[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(1): 176 —187. (in Chinese)

FAR, S, T, . BT IRANLE OGS B &N AR B [T ] Ak TSR, 2016, 32(22) .
113 - 120.

GAO Lin, YANG Guijun, YU Haiyang, et al. Retrieving winter wheat leaf area index based on unmanned aerial vehicle
hyperspectral remoter sensing[ J|. Transactions of the CSAE, 2016, 32(22): 113 =120. (in Chinese)

ZHANG Y, HUI J, QIN Q, et al. Transfer-learning-based approach for leaf chlorophyll content estimation of winter wheat from
hyperspectral datal J]. Remote Sensing of Environment, 2021, 267 112724.

SUPE, BRI &L AR A T AMUSZAR S P A0 A /N R BE SO S R [T ] AR LA 4, 2020, 51(7) : 164 - 169.

JIA Dan, CHEN Pengfei. Effect of low-altitude UAV image resolution on inversion of winter wheat nitrogen concentration[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2020, 51(7): 164 - 169. (in Chinese)

REYNIERS M, WALVOORT D J J, DE B J. A linear model to predict with a multi-spectral radiometer the amount of nitrogen
in winter wheat[ J]. International Journal of Remote Sensing, 2006, 27(19) : 4159 - 4179.



