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Fig.1 Location of research area
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F 759843 (P1) MIFFZ2 175 (P2) 2 ANfhFls 78 HEAEAE
I T, AN 7 28 78 Ab B (1) JR 2 e 20 331l 9 NTCAN T D
N2 (195 kg/hm?®) « N3 (390 kg/hm®) #1 N4 (585 kg/hm?) ;
KA T 25N WL (RFE) « W2 CIE# K,
675 m’/hm*) Al W3 (1.5 f5IEH /K, 1012.5 m/hm®) 3
Fhr A B ZREEH 16 AN/NX, 3 IREE A, JEE
AR AT W, A BIEEAT T 3 AR E B,
58 H Al 2 frs .

i1 2 HH3
Repeated 1 Repeated 2 Repeated 3

P2 Pl P2 PI P2 PI P2 Pl P2 Pl P2 PI

E: P RE/NEMM, Pl: 5T 9843, P2: 13 175; W /K040 H, WI.
W2. W3 251 3R, 675, 1012.5m>hm™; N JRZEMA, N1. N2, N3,
N4 22518 04 195, 390 F1 585 kg-hm2,

Note: P is a variety of winter wheat, P1: Beijin;; 9843, P2: Zhongmai 175; W1,
W2, and W3 are rainwater, 675, 1 012.5 m*hm” , respectively; N is urea, and N1,

N2, N3, and N4 are 0, 195, 390, and 585 kg~hm‘2, respectively.
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Fig.2 Field distribution of winter wheat
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1.2.2 RANBAHESE & REHIERIR G 432

AUGRIE R 7 \BER T AN, P& E 4.2 kg,
HWYFE 6 kg, PAEK 386 mm, S A 15~20 min,
T ANHUSR AL N 2R RSS2, B [AIFE 10:00—
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Table 1 Main parameters of digital cameras and UHD185 high
imaging spectrometer

T H Item P Type ¥ Parameters
7 H4
EREs % JE DSC-QX100
, i /g 179
Digiﬁaﬁ?ISﬂeras RoFfmm 62.5%62.555.5
LIRS AT CMOS
BR/A 2090
£ HH/mm 10
7t 1
EREs UHDI85
Hig/kg 0.47
UHDI8S AR {X RsFmm 1956760
UHD185 imaging
spectrometer Bik A C-mount
Jei 3 HE % /am 8
WIE 125
&) B%/nm 4

T NHVBS FEAG AL BE 3 200 I 7 Agisoft LLC 23
] 1) Agisoft PhotoScan Professional #1447 FAAG HF4 4k
H, SRR 1D KIS AN AR AT § BN
BEBIIEN: 2 EREES L 3) BVMKK: 4 &
RS 5) AR/ R e AN LB i i I 5
AL

To AL ol B AT A B A B R

D BN DG AR IEAPHZ . X TR R IE,
AL T AL &G R R R BB T B DN
(digital number, DN) {HFA MR 5, FEHATHAE
PHEAC PR 5 % Turner U RORF AU RCR, H53RELH)
G BHEE, FIH UHDISS H iy AL EL K A F ik &
#r Agisoft LLC A #] ) Agisoft PhotoScan {47514
PH%, KRR IEMPHEE R 7 PR TT e A
BRI moIE IERR, NMEF MR ETE 125
ANBBL BB RS 4 nm, WEGE R 454~950 nm.
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Fig.3 Digital image and hyperspectral image of UAV
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Table 2 Digital image index

F8#1 Index % X Meaning 30 Formula
R ZLGUR B R 3
G GG B R 3
B WGBS %
r = R =T RAR+G+B)
g H—ALERIZO0 G/R+G+B)
b A4k JE DG BAR+G+B)
/b2 - G/B
b (R-BY(R+G+B)
r4+b20 (R+B)(R+G+B)
(r-b)/(r+b)*° (R-B)(R+B)
EXRPY BLLAE R AL L4rg
VARI & GER TN =1 (g-1)/(gtr-b)
GRVI &I SRR AL (g-1)/(gtr)
MGRVI®! {5 IF 4 41 B 4 @+
CIVER® HUB I 18 g
EXG®! [N R R 2g-b-r
GLAP® SRR (2G-B-R)/(2G+B+RY

x3 RiESH

Table 3 Spectral parameter

Z4J Parameter % M Meaning F /L‘\ﬁ&%% .
ormula or description
MSRZ HOH B R FE50 (RBOO/RT60-1)/(R800/R670+1)"2
TCARI? L2204 ﬂfé%%%ﬂ&%z 3x[(R700-R670)-0.2x
TR EL (R700-R550)(R700/R670)]
OSVIT RE  e)
30] A R 0.5[2R800+1-((2R800+1)*-
MSAVI M 8(R800-R670))"”]
SR i B LA 76 8 R750/R550
NDVIZ# IA— AR HAR 2L (R750-R706)/(R750+R706)
NDVIX SRP -
TCARI/OSAV - B}
Dt FARUE LLINAL B G — I
331 oy 680~750 nm Y& FE P (11 —BA
REP fLnfrE B R B K
Drmin[33] BE'&’J@IJ‘Z}E[FE -
Dr/Drwin® 4L IARIE/ R N TR
1.3.4 A EIE

AR R AN P AL A A R A, R E R
¥ (coefficient of determination, R?) . ¥JJ5HRIEZE (root
mean squared error, RMSE ) A5k 15 77 #R 1% 2 (normalized
root mean squared error, NRMSE) 3 & Fr{E ALK
A3 IE o

2 ZER5H9H
2.1 TANBBEEGIERNLLESHESTENMHEXMS
VA

BB A R B S 80 5 A& /N sl P B 5
HHATH R, R I 4.



114

A TFE2A3 Chttp://www.tcsae.org)

2019 4F

x4 TRANERBEGEEAAESHELNETNFERX
£ 0
Table 4 Correlation analysis between digital image index and
spectral parameter of UAV and measured yield of winter wheat
B Growth stage

e E A, HARIBR B MRS H SR, HRARE
7 0.795; WESI, BRBRARTEHCS S BAH SR A
WEMK, MRVELEHE R ITEECN o 0N 0.747; T
TS HINE, (X TCARI BRFMHK, HRSHIIN

e

LR

PRt

THEH

SR WSy = e Ne= H5 5 B . ¥
Type  VegelationindeX  Flagging  Flowering F'l(légm%ﬂ REMK, RINBIFIIZHZ TCARVOSAVI, K RE
stage stage g stage ﬁ?” 0.800,
R 0.661%  -0.731** 0.732%* T T S0 Jhes . o -
B 0.441%% 0577 -0.6227% S HRFNLSE
r 0.671%% 0737 -0.747%x b T S 18 K e A o g N
g 0.489%%  0.660%* 0.661 FR 5 T AN MRS 5248 F5 $0 5 46 /N 32 7 5 A0 K 4
, 0O Qe 038w g ISR SRES, R 2 T R
¥ 5y =Y & e e e o > N N Mep e 3w
ng%ﬁ rb 0.667FF  0.691%F  0.720%* fHE =8 —FE o APk 9 ANHH O R BB K RS 52
- *k - *3k N *3% ) \ W ) N NN e
Digital image (r-br);—(f+b) _822** _8222** _ggg;** 1548 50, 1 BRI B 52 A5 R BUE N & /N2 P Al B
index EXR 0.656%F  0.734%*  0.731%* B A ik MLR A1 RF SRIGEBIA, 53] 7 P
VARI 0.654**  0.733%x 0.723%* i e \ -
MGRVI 0.650**  0.730%* 0.724%* M 5 Fio.
CIVE 20.515%%  -0.669%* -0.668%*
EXG 0.489%* 0.660** 0.661* x5 ERETFTREEFHNEREZGERNHELNEZFENE
GLA 0.489**  0.660%* 0.6617** e
MSR 0.628%F  0.748* 0.758** = 7T
TCARI -0.613%* 0.008 -0.078 Table 5 Modeling set precision of estimated winter wheat yield
OSAVI 0491 0.698** 0.720%** by digital image index of different growth stages
MSAVI 0.409**  0.681%* 0.700%*
I SR 0.665** 0.795%* 0.795%* EHH MLR RF
e 1 NDVI 0.667%* 0.756%* 0.786%* Growth stages R RMSEé NRMSE/ R RMSEé NRMSE/
if;;ifer NDVIX SR 0.673%%  (.789%* 0.793%* (kghm®) % (kghm?) %
b TCARVOSAVL  -0.744**  -0.693** — -0..800%* et 048 98451 1724 024 123435 21.60
Dr 0.296* 0.6527* 0.6927* Flagging stage
REP 0371 0.398** 0.521** I 069 75265 13.18 056 90557  15.85
Drmin -0.740%* -0.141 -0.428%* Flowering stage ’ ’ ’ ’ ’
Dr/Driin 0.733*% _ 0451** 0.772** RN 071 73066 1279 057 89416  15.65
e *RORTE 0.05 K ERE, **KIRTE 0.01 K EEE. Filling stage

Note:*represents significant at 0.05 level, ** represents significant at 0.01 level.

M 4 HaT R, BER BRSNS e
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O B 1) T NALERS 5245 18 535 5 44 /N 22 Sl = e 2 90
WREMG, b r BRI R B ER K, N
0.671; TMiHESEH, RSB B IRIER I 2
KA, BRSO LRI E KT, HH O B L
& TCARI/OSAVI, tHXRECHN 0.744; FFIEH, Hhds
BAREE S P B AH G M R I AR B E MG, 8%
HIAH M REAEHE i K, A 0.737; Jei S48+ TCARI
R /MRIE RG22, HARTEIESHER I

MR 5, MLR BB RE FELEAS [F) 4 & #3584
T RF #BE8Y, H 2 Fi 2y (1 £ 5085 B2 35) R I E R e s
PhowE WAL . Hofh MLR B R R 2 071
(RMSE=730.66kg/hm*, NRMSE=12.79%) , RF i
£ R* /& 0.57 (RMSE=894.16kg/hm*, NRMSE=15.65%) ,
WiBH MLR AR 354 BH 5 .

Iy RIS NEE ) 3 AN IR 7 A SRR R B
ATIAIE , SRAF AN A B AR IRAE /A 45 3, DL 4 i s
MLR FI RF A58 5611 il S0 200 SR A0 A R AR R — 3K
PR HE IR HESZ A, MLR A1 RF 7Y 15 2 300 SR 3% 1
TR, ERES I, IS BB AE, MLR A1 RF &4 R* 73742 0.77.
0.52, NRMSE 73 5iEF] 13.56%- 17.22%, WAF R R .

10 000 10 000 - 10 000
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a. Flagging stage

b. Flowering stage
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Fig.4
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Comparison of predicted yield and measured yield of MLR method based on digital image data of validation set
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Fig.5 Comparison of predicted yield and measured yield of RF method based on digital image data of validation set

2.3 ETRANSAHIERENZNEFERERES

AT FNLEIE
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SR 5 E BRI R — B0 WTIRIE A BOR LR E -
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Table 6 Modeling set precision of estimated winter wheat yield

by spectral parameters in different growth stages

b [N MLR RF
M 6 FIEN, MHKHEHZEIREIR I, XFT MLR Hl RF EaE
s ) . e e A A ] Growthstages gz RMSE/ NRMSE/ . RMSE/ NRMSE/
PR, ALY )ik SRS BE IR 3R 5, LA RO R R 4 (kghm?®) % (kghm?®) %
" e
Hrp MLR #8954 R? 2 0.77, NRMSE J& 10.32%; RF Flagfii’ﬁage 0.64 81884 1433 037 108593 19.01
i B2t p2 H =) o e 371 [P
B R/ 0.61, NRMSE /& 14.79%, MLR SR {45 Flowfr‘iﬁitage 075 67745 1110 058 87875 1537
HRIEAE AR B 000 T RF 8. reing
. . A N . % feor 0.77  646.67 10.32 0.61 83899  14.79
N T IR B AR, KER 3 XEEWE (16 Filling stage
100008 4 635 54261 3 / 10000r y=0.873 4x+889.67 / 100908 10778 6x41 1479 /
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Fig.6 Comparison of predicted yield and measured yield of MLR method based on hyperspectral data of validation set
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Fig.7 Comparison of predicted yield and measured yield of RF method based on hyperspectral data of validation set
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53 I T8 NATLECRS s ' 1% 5248 B s w4 /N 22 77
BHATME, WETET 2 BB NEARRE
A AR MLR F1 RF B8, FIFHAHIE ik, ASESE a2
FEEAG A, T IE AL s Tl A AL A ) e AR Y
ORI TR T T ANBRS B L, @i e AL
SR AITE AL 4 0 B AR R A R 4351 h 0.77
0.71, RMSE %3%] 646.67 kg/hm®. 730.66 kg/hm?*, NRMSE
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Abstract: Accurate estimation of crops yield is of great significance in agricultural production and has a strong guiding
significance for agricultural managers. It is necessary to use an effective technical means to estimate the yield of field crops
quickly and accurately. Taking winter wheat in Xiaotangshan National Precision Agricultural Research Demonstration Base as
the research object, this study compared the performance of unmanned aerial vehicle (UAV) digital image and hyperspectral
data in winter wheat yield estimation. The field surveys and campaigns were conducted in three typical winter wheat growth
stages including flagging, flowering and filling stages. The digital images and hyperspectral data were respectively acquired by
digital camera and Cubert UHD 185 Firefly imaging spectrometer, which were mounted on a UAV platform. The wheat yield
data were collected during harvest. Firstly, the typical digital image indices and hyperspectral parameters were extracted from
UAYV digital image and hyperspectral data, respectively. Then the correlation analyses between wheat measured yield and
digital image indices and hyperspectral parameters were carried out. Nine digital image indices and hyperspectral parameters
with high correlation were selected for each growth stages, respectively. The selected digital image indices and hyperspectral
parameters were used as modeling factors and the yield were estimated by multiple linear regression (MLR) and random forest
(RF), and the models constructed by the two remote sensing data were compared to optimize the remote sensing data and
model. The results showed that the digital image indices and hyperspectral parameters had significant correlation with the
wheat measured yield. Among them, the correlation of the best index of different growth stages was the reflectance of the red
and the best hyperspectral parameter of the three growth stages were transformed chlorophyll absorption reflectance index
optimized soil adjusted vegetation index (TCARI/OSAVI), simple ratio vegetation (SR), and TCARI/OSAVI, respectively.
Through the digital image indices, analyzing the effect of the modeling set, the accuracy of the MLR model was significantly
better than the RF model in different growth stages, and the estimation accuracy of the two models was the highest during the
filling stage and the lowest during the flagging stage. The best R? of the MLR model was 0.71 (RMSE = 730.66 kg/hmz,
NRMSE = 12.79%), and the best R* of the RF model was 0.57 (RMSE = 894.16 kg/hm*, NRMSE = 15.65%), indicating that
the advantages of the MLR model were more obvious. MLR and RF model verification effect and modeling effect remain the
same. The performance of MLR and RF models had gradually increased to the filling stage to achieve the best. NRMSE
reached 13.56% and 17.22%, respectively. The yield effect was estimated based on the spectral index. For MLR and RF
models, the accuracy of model modeling was gradually improved, and the fitting effect was getting better and better. Among
them, the best R? of the MLR model was 0.77 and the NRMSE was 10.32%; the best R? of the MLR model was 0.61, NRMSE
was 14.79%, the estimation accuracy of MLR model was better than RF model in different growth stages. As the growth stage
progresses, the verification R gradually increased, and RMSE and NRMSE gradually decreased. This result was consistent
with the effect of the modeling set, indicating that the validation effect was relatively stable. So using UAV hyperspectral
remote sensing data, the estimation model of winter wheat yield established by the MLR method can quickly and easily predict
the yield of crops, and can effectively monitor the growth of crops and the performance of yield estimation models in different
growth stages.

Keywords: UAV; digital image; hyperspectral; winter wheat; yield; estimation; partial least squares; random forest



