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Yield Prediction Model of Winter Wheat Based UAV-
Multi-Temporal and Multi-Feature

ZHAO Zeyang, LI Meiling, XU Wei, LIU Bingxue, HUANG Pengyu,
KANG Di, ZHANG Gaisheng, SONG Yulong

(College of Agronomy, Northwest A&F University/ National Yangling Agricultural Biotechnology &. Breeding Center/ Yangling
Branch of State Wheat Improvement Center/ Wheat Breeding Engineering Research Center, Ministry of Education/

Key Laboratory of Crop Heterosis of Shaanxi Province, Yangling, Shaanxi 712100, China)

Abstract:In order to realize the accurate estimation of winter wheat yield, this study used an un-
manned aerial vehicle(UAV) to collect multi-temporal canopy multispectral data from 266 wheat vari-
eties(lines) , extracted multiple vegetation indices, and established a single-fertility and multi-fertility
combined single-stage and multi-stage based on machine learning algorithms, such as multiple linear
regression(PLSR), support vector regression(SVR), random forest(RF), and back-propagation neu-
ral network(BP), to set up. wheat grain yield prediction model. At the same time, the coefficient of
determination(R?) and root mean square error (RMSE) were used to evaluate the models. It was
found that the yield prediction with a single growth stage was best at mid-filling stage, and the opti-
mal model was the RF model with the prediction accuracy of R*=0. 655 and RMSE=0. 550 kg « m™*

and the optimal model for the yield prediction model with a combination of multi-growth stages was
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the RF model based on multi-spectral data from the five development stages(flowering, mid-filling,
late-filling, dough and full-maturity), with the prediction accuracy of R* =0. 834, RMSE=0. 381 kg *
m %, Meanwhile, the accuracy of the winter wheat yield prediction model was further improved after
adding textural features to the modeling features. Based on a single stage, the optimal prediction
stage for the vegetation index combined with textural features was the combination of dough and full-
maturity stages, and the optimal model was the SVR model, with the prediction accuracy of R*=0. 924 and
RMSE=0. 253 kg + m .

yield based on vegetation indices plus textural features, with the best prediction accuracy based on

Therefore, unmanned canopy spectra can be used to predict winter wheat

SVR models with multiple growth stages(dough and full-maturity).

Keywords: Vegetation index; Texture features; Multiple fertility periods; Winter wheat; Yield predic-

tion model

HRA AR 7= 5 R & T RN R SE AR AR T
Horpr/INZE g e R e X AR B R R T
AR B /N 22 0 B} 2 RO RN A B B
G R = e A SN R B TR DR = O E P
JHAE R SN R LK RGN
T 2 R S b ORE R A, AN PR 2R 7,
X DX 38R A 7 B A 0 S A5 AN s . 3 AF R B
N MLIE S A B A R R R 5 o R TR
T o R SRR AR S A /N 2 KT R Y
YA B PR Ay T LAy S0 4SS 7R 1) A AP 7 EE aE—
AT AL

H i 3 T I8 A HLG IS Bod 19 /N 22 77
B BF 5% © A A 2D SCHER E . B G, P B AR
LRI ALY & #5305 6 i M LR B /N 2
ZAE BRI G . k T 5 SRR SO 2 Fh
LSRR T AR AR I N 2 7 A
BAY R T AL G TEAG AR = 4Rt T 5%
Hassan % F) 1 J& A ML R 4 78 43 W 8 AN it K
BOIR ST 245/ 22 18 & 300 A0 220638 o dis . 9F M
R UG AR L 28 06 TE AF 75 43V W A Ak F T T
He Y B B FRORG B A R s Vaatter T DL 34 AN TN
NSRS BB T 16 RS ] B4 R B 41 L B
T 11 AU B 20608 EHR B 55 T LA T ]
VS TR 6 7= 1R AT O, F R LA R A O fE
J7HY R T AR, BRI BB R A AR T ek
B AR K 22 R A & B (RO AT R, i ds
(2518 78 B 22 /N A2 S A (2R b B IO FH A8k SR A 1
— A IIE , H/NZE 7= T8 R i 224 A I
(2B K & T TR e 1, R B — Y O S 4
e ¥ LS B PR  fORS AE T . gk A, BT A 5T
W JGTE A B SRR 25 A % /N 22 Rl R Rk
JEE 11 00 355 SR A T PR — I AR A B S B AE 5

SERES I A B e B A SO FRRAE S L BT R
14 4% 7N 27 7= i T A 76 R A 35 T B 4 AR
SRR R SR SR TTRUIUE S o | A N
FIHTE MR EE 266 A~/ SR (RO I Z2 1 4 56
JZ 2635 R RGB 4 . 42 B A ok 48 $lorn o 3
FRAE , 90 B3 T £ e R M [0 3 (PLSR) L X ¥ 11
HALSVR) Kl ALAR AR (RF) | 2 18] % 4 #f 25 ™ 2%
(BP) S5 ML A% 2 > Sk o o — A & i A 2 A
I 45 A 0 /0N 22 7 1000 A5 A [) BN SR FH P
ZH(R?) HJ5 iR 25 (RMSE) X It 35 455 5 4 1
HEAT VAN, LI JE AN AL AR 78 /N 22 7 1 0
T 19 1o FH 48 2 2% R S ks .

1 w57 &

1.1 Ri& it

TR 50 7E 7Y b A MRORE 7 R 2 AR AE — 3 (108°5]
34"E.34°8"17"ND HEAT . % Ml X M AL R IR HF L R T
Tty 27 UM A DXL AR ST 14,1 °C L H BRE [R]
2572.6 h, LW 292 d, /K 709.5 mm, /)
AT 2022410 A 7 5 #M,/NX T 6. 75 m’
(4.5 mX1.5 m), B/NXFHE 6 17,47 0. 25 m,
4 [ il 2 A 1 48— B WU KR it 225 kg IR R M
500 kg L GRE WA 112, 5 kg JRE . L4
BN 263 AN BRI (R R E A ; Ak
Jil 2 18 J8 42 36 FI/ME 22 1822 A , B i il
W3 WEE ;L4 266 DA (RO 272 /N,
1.2 HIEXRE
1.2.1  RAM S HiEE B H KR

AN 5% 16 K 8 242 45 M300 RTK CK 58 21 3
FHE A R AL B ED /R i e AHLIE BOF 6 . 75 4%
Z£ [E Micasense 2y ) 42 72 i) RedEdge-MX 113 18
Z OGS HLAR B A /N 22 5 )2 1 2 6 1S B HE . Re-



58 I

AR PR A < 3 T JC AL 25 I A 22 R AIE 11 45 /N 22 77 42 51 ) 465 RUBIT 5% + 1091 -

dEdge-MX 7] LA [A] I 2R £ 5 ¢ V20 2030 I 21 4b
5 AWEBAOGIE AR . CAT I ] 3k B R A G
M B4 10:00—12:0004 H 26 H (M) .5
A 11 B GERSD 5 A 19 HGERWD .5 A 30 H
(EABDF 6 F 6 H MDD |, HvFE e, 5
R HE S R B, fim =S RERE
80 % , 55 ) B & KB E 70% , il & F R 10 m, &

70
60}
k)
© 50F
g
§i40
¥ o
= .8
S0t
R
§20-

—
(=
T

T B E 30 m, BRRRATHIT G B T ahdndi e
B s HI T J5 S2 4R S AL I
1.2.2 IEFENE

INFZ R WOER 272 A /N K I E PR L /)
FrE RV E S 4 000 ~10 000 kg « hm ?, H F 5
£TE 7 000 ~8 000 kg« hm 2, Hrh &4k
7500 kg « hm™* MR (RO Z (F 1D,

0 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000

7= & Yield/(kg - hm™)
B1 ZMEFESNH

Fig.1 Distribution of winter wheat yield
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Table 1 Summary of vegetation indices
LRSS =Y Sk
Vegetation index Formula Reference
r R/(R+G+B) (9]
g G/(R+G+B) [9]
b B/(R+G+B) [9]
EXR 1.4R—G [10]
EXG 2G—R—B [10]
EXRG EXG—EXR [11]
CIVE 0.441R—0. 881G+0. 3856B+18. 79 [12]
GRRI G/R [13]
GBRI G/B [14]
VDVI (2G—R—B)/(2G+R+DB) [15]
VARI (G—R)/(G+R—DB) [15]
NGBDI (G—R)/(G+R) [16]
NGRDI (G—B)/(G+B) [16]
DVI N—R [17]
EVI2 2.5(N—R)/(N+6R—7.5B+1) [18]
RVI N/R [19]
GNDVI (N=G)/(N+G) [20]
NDVI (N—R)/(N+R) [21]
OSAVI 1. 16(N—R)/(N-+R+0. 16) [22]
Clre N/RE—1 [23]
Clgreen N/G—1 [24]
NDRE (N—RE)/(N+RE) [25]
SIPI (N—B)/(N-+R) [26]
TVI 60(N—G)/100(R—G) [27]
TCARI 3[(RE—R)—0. 2(RE—G) (RE/R)] [28]
MNVI 1.5(N?—R)/(N?+R+0.5) [29]
MTCI (N—RE)/(RE/R) [30]
CCCI NDRE/NDVI [31]
NDWI (G—N)/(G+N) [32]
MSR (N/R—1D) [33]
vV (N/RF1>
MCARI ((RE—R)—0.2(RE—G))(RE/R) [34]
MSAVI NL1— CN+1)2—8(N—R) [35]

2

R.G.B.RE Fl N 43548 2 56385 FIR b i B S B 20 B 2030 0 B I 20 e B i S I 36

R, G, B, RE, and N refer to the reflectance of the blue band, green band, red band, red edge band, near-infrared band in the multi-

spectral image, respectively.
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Table 2 Correlation between vegetation index and yield at different wheat growth stages

LRGSR AL HE S ) HEH ) 1 i 56 ]
Vegetation index Anthesis Mid-filling Late-filling Dough maturity Full-maturity
r —0.219" —0.310" " —0.555"" —0.573" " —0.347" "
g 0.209" —0.100 0.373" " 0.594" " 0.501" "
b —0.108 0.509" " 0.618" " 0.159 —0.533""
EXG —0.372"" —0.458"* 0.029 0.625* " 0.521* "
EXR 0.063 —0.021 —0.488" " —0.559" " —0.421""
EXGR —0.287" " —0.338" " 0.324"" 0.597" " 0.481" "
CIVE —0.287" " 0.456 "~ —0.019 —0.627" " —0.519" "~
GRRI 0.215" 0.167 0.516" " 0.582" " 0.465* "
GBRI 0.164 —0.426" " —0.415" " 0.572** 0.547"
VDVI 0.211~ —0.098 0.374 0.596" 0.502
NGBDI 0.171 —0.419" " —0.409 0. 585 0.555
NGRDI 0.223" 0.173 0.509" " 0.587"* 0.464"
DVI —0.054 0.695" " 0.774 0.774~ 0.609
EVI2 —0.049 0.728" " 0.782 0.775 0.603
RVI 0.452** 0.558" " 0.635 0.669 0.577
GNDVI 0.568* * 0.639" " 0.607 0.587 0.462
NDVI 0.498" 0.576" " 0. 630 0.707 0.585
OSAVI 0.172 0.706" " 0.732 0.767 0. 601
Clre 0.617** 0.681" 0. 644 0.421 0.154
Clgreen 0.545" " 0.622" " 0.583" " 0. 566 0.446"
NDRE 0.628** 0.691** 0.664 0.434" 0.159
SIPI 0.517** 0.540" 0.611"% 0.711" 0.597
TVI —0.068 0.686" " 0.774" 0.783 0. 607
TCARI —0.204" —0.258" —0.420" " 0.555 0.566"
MNVI —0.006 0.708** 0.769" 0.735 0.507"
MTCI 0.605" " 0.669" " 0.570" 0.062 —0.033
CCCI 0.611"" 0.676" " 0.561" 0. 004 0. 002
NDWI —0.568" " —0.639" " —0. 607 —0.587" —0.462
MSRI 0.439** 0.549* " 0.625" " 0.646 " * 0.568" "
MCARI —0.196 —0.254" 0.254~ 0.622** 0.530**
MSAVI 0.102 0.710** 0.771 0.774" 0.607

% P<C0.05; * *; P<C0.01.



a: Anthesis stage; b: Mid-filling stage; c: Late-filling stage; d:
Dough maturity stage; e: Full-maturity stage. The same in Fig. 3.
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Fig. 2 Variation of model performance

with number of features
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Fig.3 Feature importance of vegetation index at

different wheat growth stages
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Table 3 Correlation between textural features and yield

at different wheat growth stages

i 4] LLIRLRRAE AR
Stage Textural feature Correlation
WAL Mean (b) 0.477**
Anthesis .
Homogeneity (b) 0.370**
Dissimilarity (b) —0.397" "
Secondmoment (b) 0.368"*
Correlation (N) —0.352" "
HEAE o Variance (b) —0.546"
Mid-filling .
Homogeneity (b) 0.507"
Contrast (b) —0.536"
Dissimilarity (b) —0.532"
Entropy (b) —0.514" "
HEH IS Contrast (r) —0.418"
Late-filling . .
Correlation (g) —0.367"
Entropy (r) —0.439"
Secondmoment (r) 0.446 "
Correlation (RE) —0.386"
i 4 B Mean (1) 0.420°
Dough maturity s
Mean (RE) 0.430" "
Mean (N) 0.456" "
Entropy (g) —0.425
Secondmoment (g) 0.465**
Bt | Mean (g) 0.420" "
Full-maturity
Mean (RE) 0.498"
Mean (N) 0.466 " *
Secondmoment (g) 0.349**
Entropy (g) —0.390" "

x4 LEEWNHPAES

Table 4 Growth stage combinations

HeE
Combination

HE I
Stage

S1

S2

S3

S4

S6

S7

AW Anthesis stage

IR T R R

Mid-filling stage, late-filling stage
I 3 52 U

Dough maturity, full-maturity stage

WA HEI P SRR

Anthesis stage, mid-filling stage, late-filling

stage

WA R 52

Anthesis stage, dough maturity, full-maturi-

ty stage

THE SR TR ) SRR ) I e 2

Mid-filling stage,late-filling stage, dough ma-

turity, full-maturity stage

Anthesis stage, mid-filling stage, late-filling
stage, dough maturity, full-maturity stage
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Table 5 Training and testing results of winter wheat yield models based on vegetation indexes for single growth stages

[y L6 EE oy E7E ] HEH R0 Ity I I8
Model Data Index Anthesis Mid-filling Late-filling Dough maturity ~ Full-maturity
PLSR Y4 R? 0.376 0.617 0.601 0. 605 0.426
Training set
RMSE/(kg + m~?) 0.726 0.603 0.633 0.569 0.702
LianE S R? 0. 358 0.527 0. 494 0.589 0. 400
Testing set
RMSE/(kg * m~?%) 0.751 0. 644 0.666 0.601 0.725
SVR VIS R? 0.472 0.635 0.756 0.753 0.572
Training set
RMSE/(kg * m ?2) 0. 687 0.589 0.522 0. 587 0. 832
LA S R? 0.417 0.565 0.628 0.557 0.176
Testing set
RMSE/(kg * m ?) 0.715 0.618 0. 560 0.623 0. 850
RF lERS R? 0.552 0.752 0.722 0. 692 0.539
Training set
RMSE/ (kg * m~?%) 0. 642 0.502 0. 560 0.526 0.576
I E4E R? 0. 460 0.655 0.589 0.638 0. 445
Testing set
RMSE/(kg + m?2) 0.688 0.550 0.601 0.563 0. 602
BP UlERS R? 0.568 0.736 0.733 0.706 0.523
Training set
RMSE/(kg * m ™~ ?) 0.436 0. 406 0.392 0.396 0.488
LA S R? 0.507 0.629 0.392 0.636 0.473
Testing set
RMSE/(kg + m %) 0.487 0.423 0.416 0.418 0. 504
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Table 6 Training and testing results of the winter wheat yield models based on multiple vegetation indices for multiple growth stages

kES ¥ oy
1\%) i | %ﬁ(ﬁ Iff“ d*fx s1 S2 S3 S4 S5 S6 7
PLSR ENS R? 0.376 0.553 0.579 0.622 0. 666 0. 659 0.752
Training set
RMSE/ (kg * m~?) 0.726 0. 602 0.586 0. 580 0.532 0.536 0.486
LioaniE S R? 0. 358 0.530 0.565 0. 604 0.659 0. 647 0.724
Testing set
RMSE/(kg + m ™ 2) 0.751 0.642 0.618 0. 590 0.547 0.556 0.492
SVR M =S R? 0.472 0.709 0.562 0.721 0.629 0.709 0.752
Training set
RMSE/ (kg * m~2) 0. 687 0.521 0.622 0.482 0.568 0.502 0.483
IE4E R2 0.417 0.677 0.531 0.713 0.616 0.698 0.735
Testing set
RMSE/ (kg * m™2) 0.715 0.533 0.642 0.501 0. 580 0.517 0. 500
RF Il i dE R? 0.552 0.713 0.659 0.752 0. 800 0.829 0.842
Training set
RMSE/(kg + m ™ 2) 0.642 0. 500 0.521 0. 460 0.421 0. 390 0. 366
LioanES R? 0. 460 0.682 0.638 0.733 0.779 0.821 0. 834
Testing set
RMSE/(kg * m 2) 0.688 0.528 0.531 0.484 0.441 0.396 0. 381
BP Il Zh e R? 0.568 0.726 0.719 0.761 0. 794 0.817 0. 834
Training set
RMSE/ (kg * m~?%) 0.436 0.371 0. 370 0. 340 0.324 0. 304 0. 290
o IE A R? 0.507 0.707 0.706 0.747 0.774 0. 806 0. 820

Testing set
RMSE/(kg * m ™~ 2) 0. 487 0.376 0.376 0. 349 0. 330 0. 306 0.294
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Table 7 Training and testing results of winter wheat yield models based on

vegetation indexes and textural features for single growth stages

LY B &b E7K A ] TS P WA G I ) 52 A
Model Data Index Anthesis Mid-filling Late-filling Dough maturity ~ Full-maturity
PLSR VEES R? 0. 540 0.614 0.679 0.776 0.721
Training set
RMSE/(kg * m~?%) 0.677 0.621 0.566 0.472 0.527
IE4E R? 0.486 0. 603 0.617 0. 750 0.671
Testing set
RMSE/ (kg » m™2) 0. 659 0.579 0.568 0. 460 0.527
SVR VIS R? 0.721 0.905 0.919 0. 960 0.936
Training set
RMSE/(kg * m~2) 0. 469 0. 306 0. 283 0.199 0.251
AT S R? 0. 689 0. 764 0.715 0. 836 0.777
Testing set
RMSE/(kg * m~2) 0. 486 0. 446 0. 490 0.372 0.433
RF VeSS R? 0.702 0.770 0.819 0.931 0. 886
Training set
RMSE/ (kg » m™2) 0.545 0.479 0.424 0. 260 0.337
LiTaneS R? 0.677 0.61 0.647 0.875 0.776
Testing set
RMSE/(kg * m~?%) 0.522 0.574 0.546 0.324 0.434
BP RS R? 0.692 0.658 0.698 0.872 0.851
Training set
RMSE/(kg * m~2) 0. 374 0.392 0.38 0. 254 0.263
I IE 4R R? 0. 669 0. 629 0. 666 0. 846 0. 824
Testing set
RMSE/(kg * m~?%) 0. 399 0.423 0.401 0.272 0.291
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Table 8 Training and testing results of the winter wheat yield models based on vegetation

indices and textural features for multiple growth stages

pom HiR s b7 : i i . ]
Model Data Index S1 S2 S3 S4 S5 S6 S7

PLSR MES R? 0. 540 0. 696 0.716 0.757 0. 781 0.783 0. 806
Training set

RMSE/(kg * m ?) 0.677 0. 55 0.532 0.492 0.467 0. 465 0. 440

Liogn:S R? 0. 486 0. 668 0.632 0.729 0.713 0.796 0.802
Testing set

RMSE/(kg * m %) 0.659 0.529 0.558 0.478 0.492 0.414 0.408

SVR ME%S R? 0.702 0.919 0.970 0. 985 0.988 0.992 0.992
Training set

RMSE/(kg * m %) 0.545 0.283 0.171 0.121 0.108 0.088 0.088

I IE A R? 0.677 0.712 0.924 0. 854 0. 894 0. 876 0. 863
Testing set

RMSE/(kg * m ™ ?) 0.522 0.492 0.253 0.351 0.298 0.323 0. 340

RF 4% R? 0.721 0.931 0.957 0.968 0.971 0.961 0.975
Training set

RMSE/(kg * m™2) 0.469 0. 262 0. 206 0.177 0.169 0.195 0.157

o IE A R? 0. 689 0. 791 0.828 0. 887 0. 843 0.796 0. 857
Testing set

RMSE/(kg * m™?) 0. 486 0.420 0. 380 0.308 0. 364 0.414 0. 347

BP I ZrdE R? 0. 700 0.798 0.920 0.836 0.928 0.931 0.927
Training set

RMSE/(kg * m™2) 0.387 0. 321 0.211 0. 311 0. 206 0.201 0. 201

I IE A R? 0.648 0.734 0. 886 0.766 0. 889 0.907 0.900

Testing set
RMSE/(kg * m™?) 0.411 0. 357 0.233 0. 336 0.230 0.211
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