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Quantitative monitoring models of plant water content in rapeseed based
on hyperspectrum and related data mining

PAN Yue'?, CAO Hong-xin®, QI Jia-guo', WU Fei®’, HAN Xu-jie'?,  DING Hao-di'*
GE Dao-kuo’, ZHANG Ling-ling’, ZHANG Wei-xin’, ZHANG Wen-yu’
(1. College of Agriculture/Asia Hub on Agriculture, Nanjing Agricultural University, Narjing 210095, China; 2.Institute of Agricultural Information, Jian-
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7S B #9:2022-04-01 Abstract: To construct a quantitative monitoring model
HETE . @R A RRSE 4T H (31471415 31871522) ; ILHE K for plant water content (PWC) of rapeseed with relative better
A RHE F R R 4T E [ CX(19)2040-1] monitoring effect and more universality, rapeseed cultivars
BN K H(1997-) &, ZREEM A, B+ iFgs A4, T ENE Zheza 903, Ningyou 22, and Ningza 1818 were used as the ex-
A JIBIEITS , (E-mail ) panyuel007@ 163.com perimental materials in this study, two fertilization levels and
EBi{E#E . W % %, ( E-mail ) caohongxin @ hotmail. com; 5% % [, ( E- three water treatments were set. Based on field test data in

mail ) qi@ msu.edu growing seasons of 2019-2020 and 2020-2021, the hyperspectral
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data were deeply minined by stepwise regression (SR) analysis, successive projection algorithm (SPA), competitive adaptive re-
weighted sampling (CARS) and reduced precise sampling method (RPSM) , within the sensitive band range of hyperspectral response
of PWC. By screening the optimal band combination and spectral index, the monitoring models of the rapeseed PWC were constructed
and compared based on linear regression (LR), back-propagation neural network (BPNN), and support vector machine regression
(SVR). The results showed that, for the monitoring of rapeseed PWC, the optimal bands combination by SR analysis was 730 nm,
986 nm and 1 071 nm, the optimal bands combination by SPA method was 686 nm, 695 nm, 707 nm, 746 nm, 94 nm, 1 065 nm and
1 069 nm, and the optimal bands combination by CARS method was 694 nm, 695nm, 696 nm, 863 nm, 84 nm, 893 nm, 973 nm, 986
nm, 1 050 nm and 1 071 nm. The optimal spectral indices screened by RPSM were reduced precise sampling method (NDSI) (R981,
R8M) and ratio spectral index (RSI) (R981, R8M), all the utilized bands were located in the near-infrared band region. The above
three methods screened relatively more band variables, contained relatively more comprehensive information, and the estimation accu-
racies were generally better than spectral indices. Analysis results of modeling showed that, the SPA-LR model, SPA-BP model and
SPA-SVR model could realize accurate monitoring of rapeseed PWC. Through testing, R of estimated value and measured value were
0.693, 0.940 and 0. 841, respectively, and root mean square error (RMSE) were 1.623%, 1.836% and 1.227%, respectively. This
study proved that, the hyperspectral data have the value of deep mining, and spectral analysis method based on full-band can reduce

dimensionality while retaining effective information. Quantitative monitoring of rapeseed PWC in the whole growth period under field

conditions can all be realized by constructing a linear or nonlinear model using the selected band combinations.

Key words;

BP neural network

TSR v T AR R IR ) 2 — Al
PRI S — U, 2020 A H iR o I AR 2
6.80x10° hm® , HZEHF 7 HE1.400x107 ALK TFhNEE K,
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s R, DTS B REE R AR AR OG5 &
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MR ARG B 1 A R AR P R
J& | TRIBRFOR B 8 LA S I 9% 0 IR R 112
Wi, SEELAE K 43 S W AS RS W, AE R
JUBETTT W B0 A i e/ 51 ( Partial least
squares, PLS) %5204k [M1H ( Stepwise multiple
linear regression, SMLR ) 7:XF E KM /K43 & & 51T
HRLT BT, R A DR SE AR A3 93 0. 975 A 0. 9805
Krishna ZE " BFSE T 10 A 7KRE 3 R RUAE AN [ K 53
AT AYFIL, 18 i G TER £ 22 TCROR I 22 9 2% i
TEFAIR B, E vy TRy | 45 BRI | i fe /N — 3 [ml
JH-Z2 04k 18] 9 ( PLSR-MLR ) 2 500 M- F 25 7K %

hyperspectral ; rapeseed; successive projection algorithm; competitive adaptive reweighted sampling;
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ST BT A SRR, IE A AL IE (0SC) + 4
S3HT(PCA) +SVR BRI 5 KR AR e, ]
HAEPOE FREU(RS) S E RE(R) 4331
£ 0.901 fi10. 857, UL, B 58 L RENSTE P —
B HASCHORE B4 W T AR B IS A
Py, BRGS0 r A B K 43 W 5 T iz A
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EEAE TR AR R 5K Al bR
()42 56, 1) FH 32 25 51 )5 53 BT 12 ( Stepwise regression,
SR) & L5 7% (Successive projection algorithm,
SPA) I35 4+ [ 3 N Ji AL 532 ( Competitive adaptive
reweighted sampling, CARS) fiit i LI B4 A, I
FHYS RS AR ALV ( Reduced precise sampling method ,
RPSM) fifi izt i PV — 2% (EETEAE R (NDST) R EEAA
JCIEFEEC(RSI) , R M AR R (A it 1 R A [l )
(Linear regression, LR) BP #14: /%% ( Back-propaga-
tion neural network , BPNN) 137 45 ] & UL 7] )5 ( Sup-
port vector regression, SVR) 77 I HETHFAEAK 5 K%
(PWC) WA | DLE— P4 s ili=ie PWC Wil L
SNSRI W B AR

1 MRS
1.1 Rt
I8 T 2019-2020 4 A1 2020 -2021 4EFEVL I
BARAML B BE LI £ 5 (32. 03°N, 118.87°F) it
AT, BIE AR IR P 200 i A I L an 2 1 B
AN 3 A, 435 H 4% 903 (C1) T 22(C2)
T 2% 1818( C3) it AEAKF- 73 3l A ATt A (NO) it
4% 180 kg/hm” (N2) , A A B 4 — M 1 hm’1.2x
10°Bk (F7HE 40 em , #RHE 20 em) , H3EILRHFE S . A
BUT A 31,4 g/kg, RS 2. 03 g/kg, HRE
i 20. 3 mg/kg, B 139 mg/kg,pH 7. 31,
2019-2020 AL A R 4% 903 (C1) Fl T 44
1818(C3) ,2020-2021 4L i B 4 799 22 (C2)
301
251

NN

FHARFRE KR (%)

AT 22 1818(C3) , R RIT, EX NHAL, %
AL (NO) FHtHE (N2, TR 3 i it A A HLIE 60
ke/hm? | - Jlt Z2 3 0 1 B A 15 keg/hm®, AL 180
ke/hm*$ZHEAE « BEAE « ZEA=5: 3 : 2 Zpfic) AbBE,
Al DX AR 35 AR B, 7K 43 A BRI 56K 2 min (24
INXIK)ZE 4.87 mm) (W1) 3 min( Z/NXIKJZE 7. 31
mm) (W2) 4 min( ZJ/NXIK)Z9.75 mm) (W3) 3 4>
K, 2020-2021 4EGEK G AN FALFRO~ 10 em #Z2
IR G KR A AL E 1 i, 3 12 Ak
POE 3 W, BEMLAEST, ) IXCTE AR 3.77 mx
2.77 m=~10.44 m* f7H#5 0.4 m, #E 20.0 cm, 43
T 2019 4E 10 A 1 H 2020 4F 10 A 7 H#&F, 53
BT 2019 4E 11 H 2 H 2020 4E 11 H 11 HE#k, H
R S i [ e 7 R AR

F1 2 MERSRBHOERER

Table 1 Basic situation of experiments in two growing seasons

2019-2020 o] 01-18 4 12
2020-2021 Wiy 11-18 4 12
i 11-30 4 12
it 12-15 12 36
Hi 01-03 12 36
A4 01-19 12 36
LA 04-09 12 36
S

N
=~
N
-~

~

MY
[T

1
=)

04-12 04-16 04-19 04-23 04-2
Hi (H-H)

N

05-02 05-05 05-09 05-12

OPHE7K2 min(W1); 72 %7K3 min(W2); N $787K4 min(W3)

E1 2020-2021 F£REAE 0~10 cm HE HIEEFR S kT

Fig.1 Variation of volume water content of 0-10 cm topsoil under different treatments in 2020-2021
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AN BCF B EACRZ/ D X B OE s Bl . G
ASD ( Analytical Spectral Device ) 2\ ] ) ASD Hand-
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held 2 B FHFAOGIE 43 A AUFE I S5 )2 77 50 em
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2020-2021 “EH I (B4 7 419 d 34 d .53 d)
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100% , 53X PWF b AE A b 1 356 ff 5 & S F1, PWD
SRR b B R, B3 MR AR SN
DX HSRAB IR B /KR
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AT, H Origin 1R,
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1.3.1.3 CARS ¥ HAEMMHZRE RS RHEL
(Monte Carlo sampling, MSC ) KA 50 K, iz FH 45 %L
T PR 2L ( Exponentially decreasing function, EDF)
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( Adaptive reweighted sampling, ARS) i 1% H fis £ /)>
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2.1 HREKESKREEERILE RS ENHELE
2 AR R PWC 5260 I R 4 A
KR BBEWE K AL AN 2 s, 03 PWC 55
SR S FAE325~ 1 075 nm P BER IS 2 2 3%
FE AN BIBEE PWC 38 K 2 F S R AR,
FF G 7K A3 MR MSCR: FH 4 S A5 15 s B 238 R A s ek
J B AT Dy SRt 2 ik S R PWC HAT AT
FERVER . ML X 31680 ~ 780 nm S S 3K Xt
IKAT A TRV 7, 3T 2T AN B I 5 53 X 7K o0 T 4%
Wi 17, B2 BUZT 10 10k B RSUT 2T A Be b A7 5 S50 #r

1.0
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Fig.2 Variation of the correlation coefficient between rapeseed
plant water content and canopy spectral reflectance as

the wavelength changes

2.2 MIFEEHESKEBNERTERERE

2.2.1 AT SR 5 A0S AR R A BT ISR
PWC R & DB G 24T SR 40 #T, &5 Rk 2 i
TNo FEHEESE T 3 AR BAY R B P AU
B 22 R K AR IR 2E W] | BT A AR ) 1k 5
0.01 B F MK, 26 3 MHEIAIG] A1 071 nm, 986
nm F 730 nm P G G R Y ] ) A AR
R* 7 0. 824 A FE B AL, UL, KA AL 3 VAt
BB A TR AL Pwe WEER |

x2 ETESEASAFENREERSKE(PWC) BIRIKER
Table 2  Sensitive wavelengths screened by stepwise regression

method for plant water content (PWC) of rapeseed

B B (nm) R? PRfERRZE WAk
1 1071 0.545  0.0182  <0.001
2 1 071,986 0.664  0.0159  <0.001
3 1 071,986,730 0.824  0.0116 <0.001

R HERKL

222 AT SPA 98 AR B RS E RHMZE PWC
1T SPA Bk, H RMSE {H Rt B AR 5 (P K50
AE LSRN 3 B, e LT R B R AR K
T 7 ABF, RMSE B B2 A0 AN P 5 25 ILIE RMSE R
1.33% ., IR 7 SR AR A RE KA G,
28 686 nm 695 nm 707 nm 746 nm 964 nm .1 065
nm A1 069 nm , HH 4 A FA] WYEHEL, 3 M T
UTLT AN B

3.0
2.8
2.6
2.4
22
2.0
1.8
1.6
1.4
1.2

RMSE (%)

T T T T T T T T 1

0 2 zt 6 8 10
IR AL (1)
RMSE : ¥ Jr i % ,
B3 ETF SPA EEMMEEKREKE(PWC) MY FIRIRE
(RMSE ) BE#E R T STt
Fig.3 Variation trend of root mean square error ( RMSE) for
rapeseed plant water content ( PWC) with number of

model variables based on SPA algorithm

223 AT CARS W94 IR B RS WHIEE PWC i2
1T CARS Fkpyii e BN 4 iR, B R
Hm  FeplE L AR RMSE (A T [, ARG T
BTG FAR BRI . IR T 5 sE Pwe ook
IR AE 35 UCRAEIG RMSECY SZ¥8 K, 17 B 7E i
PR ER TAH KGR, FIHERES 35 YORFEH
ERY 10 DK IR LA LA, 20518 694 nm 695
nm 696 nm 863 nm 864 nm . 893 nm.973 nm 986 nm,
1 050 nm A1 071 nm, Herr, 3 AP T AT WG B
HAar8Ed 7 AR A TR N B

2.2.4 T RPSM #9bik s sk Tl
PWC S{EE M B A1) NDST YeE ZE0an & 5 B
TR o VIR AU B R D R AN Sa FTow,
NDSI PerE 280 KA R 0. 716, 3 21 4 BE880 ~
1 000 nm FY 53 P28 F U8 1 0,500, [ I 328 H
880~ 1 000 nm FYEHE SR SEA TAF AR A, 25 R 40
& 5b ffix , NDSI( R981,R894) Jy Wiilllyh =% PWC fif
S8t NDSI, P 5E 280K 0. 787, RSI PeE R
5 NDSI #1Ll, RSI( R981,R894 ) A Al RSI, thiE
ZH0H 0. 786, W8T NDSI(R981,R894) , ik HiAE Ky
A B EEINSE PWC WAL
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Fig.4 Process of selecting variables of plant water content ( PWC) monitoring model based on CARS
a 1075 0.716 b 1,000 gy 0.787
0.573 0.630
975
_ 0.430 — 0.472
=) g
£ £
Mo 875 0.286 W 0315
0.143 0.157
775 0 0
680 880 .
680 775 870 965 1065 880 900 940 960 980 1000

WA (nm)
a:7E680~1 075 nm 7 FE AR 10 nm KkE ;b 7E880~1 000 nm JE I PN EFRE 1 nm RAE

WK (nm)

B 5 HREKRSKE(PWC) SEERERAGHNE—LEEIEIEH (NDSI) HENERERERYET L

Fig.5 Contour map of linear model determination coefficient ( R*) of rapeseed plant water content (PWC) and normalized difference

spectral index (NDSI) by any two band combinations

2.3 HXEHEESKRMENERWEERLE IR SRR RIS, IR R R EI AL, AT iy B W RE Ay, (H
231 LMwasER XFFREM 60 N IMZEREA T SR .SPA .CARS i 5% 174 SRR I B 2 5 R A

42 AT LML IR AL 18 AN FH TR, AR %G
HUNER 3 R, B8R R i s 2RI SPA L CARS
SR .RPSM-NDSI . RPSM-RSI, & NDSI . RSI #4 & f)

NI NS 5B >, BT — a5,
SPA-LR ML R® TS50 R* 5, 20 M 0. 878 Fl

0. 693, {5 %: RMSE Fl1 Dap 73520 1. 623%F1 7. 530%

R3 HFEKRSKE(PWC) B DB K G T
Table 3 Linear regression models for plant water content (PWC) in rapeseed and their performances
. — n RRRIEEL 7
i 39 77 1% At A 76 A R
r R2 RMSE(%) MAE(%)  Dap(%)

SR Y=0.899-0.367XR, 7, +0.765XRog ~0.471XR3 0.824 0.783 ** 0.614 1.803 1.386 8.767
SPA ¥=0.885+3.763 X Rgg —5.33 X Rgo5 +1.704XR;; —0.238%  (.878 0.833* 0.693 1.623 1.191 7.530

R4 +0.162X Ry —0.339%R | 465 +0.293XR | oo
CARS ¥=0.902+1.606%Rgo, = 1.914 X R9s =0.403X Rgg, +0.253%  .873 0.760 ** 0.577 1.935 1.241 7.850

Ry73+0.292X Rogs +0.223XR | 059 =0.256 %R, o7,
RPSM-NDSI Y=0.895+0.667xNDSI( R, ,Rgo, ) 0.787 0.687 ** 0.472 2.112 1.42 8.978
RPSM-RSI  Y=0.533+0.362XRSI( Ryg, , Ryos) 0.786 0.690 ** 0.476 2.108 1.419 8.976

HARE R LRI BE R e AL, r AHOCREL, RPN RIE RABL, RMSE 3T B2  MAE 3 P I 0 TR 2% , Dap -3 46 05 5 22 o WL {EL Fr
HAH, ™ FORTE 0. 01 AKFHEMI 3, r(0.01,16)=0.59 , SR: BB EIATHT; SPA . FELHL LS 1 ; CARS - 384 1 35 B AL SE 1% ; RPSM-NDSI - 15
RS AR AR - — U 2R FR 25 RPSM-RSI - 5 G A1 SRAE 125 LU (IS HR 4
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2.3.2 BPAWZMABEAR  XTRER 60 R
A2 AT U4 BP g 45 1A, 9 A I F 5
UE,9 A HF I, BRI AR an 3 4 s, U4k R Hh
B B YK A SPA  RPSM-NDSI, RPSM-RSI SR &%

R4 HEEHRESKE(PWC) K BP HEZMEER IO

CARS, DL SPA-BP AUl %k R® fe i, 4 0. 964,
SR-BP #EAIFIGIE R B¢/, i 0. 977, SPA-BP £
Ik R® % 1, N 0.940, RMSE F1 Dap 43 %
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Table 4 BP neural network models for plant water content (PWC) in rapeseed and their performances
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Table 5 SVM models for plant water content (PWC) in rapeseed and their performances
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