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filt 730, FEANAS R A B A AR U B AR AR, K[
Prasad SEMIBRBENLARMON “ A7 B,

LSO o (R S B il LD ASHIT 7E LA RESY] L T AE 30
AIHESI) 3 ANEH I A/ NN S 5, 3l TEN
PLZIGIERAR BRI 3 N4/ 2061 4
FR i 2 R A B R A D [ AT EE L AR
TIER S B W B TR, PSR OR A
KINFE B AT REHETI o

1 MR575E

1.1 iR X R 5k I8 &3t

WIS T 2020—2021 FAEH E LR # £
I6FEHL (35.2°N, 113.8°E) #E4T. ZHUNFJEIXIR,
AL SRR ORI, HIEAEIR BB R, 8
Bl KRR A, P SIRN 14 C, P
BIpEKE 573.4 mm, EHEANEEK. RE TR
HOyER R, MR KM 10 me SRARZLF
F AN LA EmHR KA, W E 6 NMAFEZ(ND
MEAbEE, FIEEMKE, HEK55008 NO CA
TRZHE) . N1 (60 kg/hm?) N2 (120 kg/hm?). N3 (180
kg/hm?). N4 (240 kg/hm? £ [ 2157 A &) F1 NS (300
kg/hm?, HEHED, B 30 N/DX 140 FE, 3L 180
ANX, BRI PNXATEWE 1R . it Z AR T
AR 2 AT, BEAEEZ 2 01 K5y,
TR R IR N 0.3%. /NX RS 3 mx1.4 m,
AB/NX A TR 0.2 m, HEJETERE 1 m. T 2020 4 10
HAWIHARI /N AEM, 2021 4E 6 FAHHIRL /N X Ui
3, ERIGTRREE AR &N X S & .

Bl REIEAER
Fig.1
1.2 T AWERIREUR AL T8

AARIGAE T 6 K H K 5B 4 M210 24 U jig 3 8

AHL, EANUTR RN 4.69 kg, e KA F & 1.45 kg,
LU IE] 2 20 min. JCANL#E#K Red Edge MX £ 6
EAALT A (2021 4E 4 A 17 H). FHE# (2021
4 H 28 H) FIERW (2021 5 A 8 H) K&/

Layout of test area

IR G HE AR, A8 H KEE GSPro M s MK
gk, Z IR E N S e B, S5 A] [A) g 40
FERC. KATEIEN 30 m, MiEERK 85%, A
HBHR R0%, BT EAHEN 2 mm. HiIEHEER
B 5ANEIE, 7384 (Red, R). 4% (Green, G)-
#% (Blue, B). IT44M (Near infrared, NIR) FI4Lil

(Red edge, RE), WEBUEEWHE 1 P,
% 1 Red Edge MX & % kAR buil 812 &

Table I Red Edge MX multispectral camera band information
A 0K /nm St % /nm
R 668 10
G 560 20
B 475 20
NIR 840 40
RE 717 10

ET AN RATVEML JE R Pix4Dmapper HAEX 3R
WO ATRAEDHE . 18T ArcGIS10.2 THEE £ 6
ARG FR BT 25 i B OSER X RN X AE Y T 2
1.3 HEWIEHIEEL

TR O OB b 2 N B A TR, AR
TR PR 0 3 AT R R T D B U B R A I
RN o AR50 78 U B 42 BS54 450 ( Color Index
of Vegetation Extraction, CIVE). 7 78 #4584
JURSE =R

(Excess Green, ExG). 1T ZkIHIT 4840 (Excess
Green-Excess Red, ExG-ExR ) i 1. ¥6 #{ (Excess Red,
ExR) . & o B - 3 U & 1 9% 48 20 ( Modified
Soil-adjusted Vegetation Index 2, MSAVI2). J4—4k
7= S AE B $8 2 (Normalized Difference Index, NDID .
H— L HE #4520 (Normalized Difference Vegetation
Index, NDVD. HH—ALHE##E % (Re-normalized
Vegetation Index, RDVI). LL{HAH #4840 (Ratio
RVI) . 38 75 fE 4 48 &K

(Soil-adjusted Vegetation Index, SAVD. VH—4kLZ%
53 HE 4% $5 51 (Normalized Difference Vegetation Index,
INDVD 3% 12 MEHEEL Wik 2 fis.

& 2 AR AATH K

Table 2 Vegetation index and calculation formula

( Difference vegetation index, DVI) .

Vegetation Index ,

(LT R A 2 3Lk
CIVE 0.441R-0.811G+0.385B+18.787 45 [12]
DVI NIR-R [7]
ExG 2G-R-B [13]
ExR 14R-G [14]

ExG-ExR ExG-ExR [14]

MSAVI2 {2NIR+1-[(2NIR+1)>-8(NIR-R)]5}/2 [15]
NDI (G-R)(G+R) [16]
NDVI (NIR-R)/(NIR+R) [17]
RDVI (NIR-R)/(NIR+R)S [18]
RVI RINIR [19]
SAVI 1.5(NIR-R)/(NIR+R+0.5) [20]
INDVI [(NIR-R)/((NIR+R)+0.5]%5 [21]
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B B AR Bk PR U7, AR B AR RHIE
G NEABE AR, RSN 1 ANFFAEAR 8
BEAYBEAT 1 kS, 5 51 N RRFAE A B g ABE A Py G
A RRAE AR B PR AR R Sl 3 MRS, U BR R IE A &
AR, BHEAFEA A 5T K R AR
FINBERY, 935 A AR TR 5T R /) PR RRALE A% B A ABE Y
FA AR, ISR Sy f AR Y 241, S A5 R KR A
P00 bR HE 1 H AR A5 B AEN] ( Akaike information
criterion, AIC) B, AIC fER/N, RN ZA
FROEAD & 1) AR I BRI, N RRAE AR B 2 [A) R4
I B R SRR FE R N o e ) ATC A B/ A A
BE AR A . BEHLARAR D) AR R A 2], AL
AWM — KL, HERMHR, HEARRITR
R, HAENGRad B, AITZREE A s a]
BENLHHIFEAR, BEE 2K, AR TR, X4
PR SRR 308 1o A 3 i AL A B SR Tl 45 2R, AT 45 3
ZRGE R, XI5 BT ST 58 (B 45 2 BE AL AR AR
5] U= ) B 28 TN 45 5 o BEATLAR MBI - 38 R SRR (1) T3
M55 PRI IS R RS, I HL3Z W A REMR /N2
1.5 RENFMNIERR

WAL B 1 3/4 VR RN 2058, R 1/4 1E
Wikt . DIIIESERE R (2. WITRREE
(RMSE) JA—H 177 R % (nRMSE) 1 AIC 1
TR (RS BEVEAN bl . R RO 3R B AR M T8 2L
e & A LT ; RMSE A1 nRMSE /N3 BA 5
RUTRI R ARG s AIC /N 3R B AR AIE fie /D> [R) I
A DL 07 ) A R A

2 BRESSH

2.1 E#HEHSTEHEXM

i 3 MEBN 12 MaEM RSS2 H
KME3HMr. M R G. B. NIR. RE 112 AMbitkds
ooy AL 3 AEE WP E I BEALARMR BB,
W 3.

M 3 AN, 3 MEFHH, BRI
TR TR S = B M AH S A s, SRR ) 0 A AL A
FRES P B f K. ExG-ExR. ExG. NDI 5
FPERAHCHERAR, BRI ExG-ExR 5870
BEARSS, MHXREGEEA 022~045, HER 9 4
TR FEETE 3 /N & Wik 5= B AR KT 0.5,
TEFREIARIFAE I, ExG HIMI St ES B, 4t e 4
H8 0.57 F10.67; TEHEIR A, MSAVI2 WIAH G fe e s
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“ixHE A 0.59, WA DVI. RDVI. SAVI [ &40
PIEE] 0.58. MBETAT L, ASCIEHIR 12 METEE
S E B AR R, AT AR &N 22 7
AT A
k3 R AF A RS = B4 X LA
Table 3 Correlation analysis between vegetation

index and yield in different growth stages

TR FhREH M HEHI
CIVE 0.52 0.65 0.52
DVI 0.54 0.57 0.58
ExG 0.57 0.67 0.54

ExG-ExR 0.05 0.32 0.22
ExR 04 0.3 0.32

MSAVI2 0.52 0.57 0.59
NDI 0.45 0.37 0.32
NDVI 0.52 0.53 0.56
RDVI 0.54 0.57 0.58
RVI 0.51 0.52 0.55
S4vI 0.54 0.57 0.58

INDVI 0.52 0.53 0.55

22 EFERLEPARHRAETUN~ZE

¥ R. G. B. NIR. RE FN& MW H8BUE NN
A, D ERNMEAEEE DRI, 4R
WER 4. 76 3 NMEB I, RVEH4HI7E 0.351~0.412,
0.436~0.538 . 0.439~0.486, RMSE i yu Hl 7 ) 7
0.569~0.584. 0.488~0.588. 0.593~0.624 t/hm?, nRMSE
H VS5 BIFE 16.324%~17.305%- 14.396%~17.145%-
17.365%~17.993%. %5 b, FFAEHARIBIAORG B fE a7
5 MEINASE (G B. ExG. RVI. ExR) WHifE, R?
N 0.526, RMSE {8y 0488 t/hm?, nRMSE 18N
14.396%, AIC {H N 288.152,
23 ETFZELEVATFET R RAEVFER

K

I E A [l % AR B W AIC{E /MR 5
AT 5, RS BB 1) 5 N RRIE AL A Xt
R BEALARAR AR, oSS AN T A ) R2,
RMSE F1 nRMSE, % 5 iR

T G S T AR Y, St % AN IS TR 44745
EVRE, LTI ELR) R RMSE. nRMSE Al AIC N
PR FE bR 7F 3 ANEE 1, R 43 AT 0.501~0.669+
0.638~0.708 . 0.629~0.755, RMSE 1{H yu [ 43 H #£
0.457~0.552+ 0.453~0.520. 0.425~0.522 t/hm?, nRMSE
H VS 7 BIFE 13.053%~15.820%- 12.877%~14.584%-
12.093%~14.656%. FLH, TERERIA TR LG
VPG FE BT K B S P10 2 /S TN ARE A o S 0, 5 4
TRHEAR A 7 M NFHIEZ R (G B+ ExG ExR.
NDVI.RVI.TNDVD, R* 5} 5125 0.755 #10.734, RMSE
nRMSE 43754 0.425 t/hm?. 12.093%F1 0.439 t/hm?.
12.441%, AIC 1543514 306.180 A1 295.005. #EJF1E



T 5 AR T EANDCHE RN &

W, RS FEARE A 2 AN TR 3 A B 5 AN N RFAE
A5 E (ExG+ NIR. NDI. BLUE. MSAVI2) 12 ANy
NFFIEAR & (ExG+ NIR), R4 0.708 1 0.685,

RMSE F1 nRMSE 43 5°4 0.471 t/hm?. 13.288%#1 0.453
t/hm?. 12.877%, AIC {43774 293.319 il 299.338.

TERAEI, KSR a1 2 AT RS 73 0 B 5 4 AN
NEHEAS & (G By MSAVI2. SAVD) F14= ¥ fEAs
B, R24rHIN 0.645 F110.669, RMSE. nRMSE 53 54
0.496 t/hm?. 14.263%F#1 0.481 t/hm?. 13.743%, AIC
8435 315.303 F1 323.129.

R4 ZDERF AFHHE @ )3 KA A

Table 4 Stepwise regression linear prediction model for different growth stages of winter wheat

) l[E S MRREE
EHM A TR AlIC
R RMSE/(thm?)  nRMSE/% R RMSE/(thm?)  nRMSE/%
AR AR B 323.129 0475 0.558 15.490 0.351 0.570 16.324
RE. NIR. NDI 312776 0457 0.533 15.598 0.407 0.580 17.205
— ExGExR. ExR. NDI. NDVI. RVI. TNDVI ~ 312.039 0478 0.531 15.413 0.412 0.569 16.858
G+ B\ MSAVI2. SAVI 315303  0.464 0.543 15.838 0.385 0.576 17.082
ExG. DVI 315.641 0450 0.548 16.024 0.375 0.584 17.305
RE. NIR. NDI. B. ExG 314.189  0.466 0.533 15.484 0.408 0.575 17.060
AR A B 298.359  0.549 0.488 14.288 0.538 0.573 16.459
ExG- NIR 299.338  0.487 0.548 15.934 0.465 0.553 16.002
—_— R. B. ExG. ExG-ExR. NDI. RDVI 287.548  0.539 0.500 14.538 0.533 0.562 16.348
G- B. ExG. RVI. ExR 288.152  0.535 0.536 15.669 0.526 0.488 14.396
R. G. NIR 296.430 0474 0.562 16.523 0.436 0.552 16.242
ExG+ NIR. NDI. B. MSAVI2 293319  0.528 0.506 14.704 0.488 0.588 17.145
A ARHIE A 306.180  0.526 0.500 14.650 0.486 0.604 17.365
G. NIR. NDI. B 301.397  0.491 0.525 15.268 0.479 0.593 17.513
_— G+ B. ExG. ExR. NDVI. RVI. TNDVI ~ 295005  0.534 0.503 14.656 0.477 0.595 17.544
B+ NIR. NDI 299478  0.491 0.525 15.268 0.479 0.593 17.513
RDVI. NDI. B 299.627  0.501 0.520 15.121 0.454 0.607 17.993
G+ NIR. NDI. B. SAVI 301.994  0.495 0.519 15.053 0.439 0.624 17.780

A5 ADETR AT ML TG0 ALK = TR

Table 5 Prediction model combining stepwise regression and random forest in different growth stages of winter wheat

L M e NEA LS
R RMSE/(thm)  nRMSE/% R RMSE/(thm?)  nRMSE/%
A HRRFIEAE 323.129  0.886 0.253 7377 0.669 0.481 13.743
RE. NIR. NDI 312776 0.892 0.255 7.586 0.587 0.462 13.239
o ExGExR. ExR. NDI. NDVI. RVI. TNDVI ~ 312.039  0.888 0.250 7.280 0.592 0.552 15.820
G+ B\ MSAVI2. SAVI 315303 0.891 0.247 7.186 0.645 0.496 14263
ExG. DVI 315641 0.863 0.288 8.536 0.501 0.508 14.625
RE. NIR. NDI. B. ExG 314.189  0.892 0.255 7.604 0.612 0.457 13.053
AR A 298.359  0.899 0.238 6.916 0.638 0.520 14.584
ExG. NIR 299338 0.901 0.235 6.834 0.685 0.453 12.877
R. B. ExG. ExG-ExR. NDI. RDVI 287.548  0.905 0.230 6.711 0.663 0.490 13.865
JHE G+ B. ExG. RVI. ExR 288.152  0.883 0.256 7.429 0.668 0.491 13.838
R. G+ NIR 296.430  0.893 0.244 7.087 0.659 0.491 13.794
ExG. NIR. NDI. B. MSAVI2 293319 0.903 0.232 6.770 0.708 0.471 13.288
A HRRFIEAE 306.180  0.886 0.252 7315 0.755 0.425 12.093
G- NIR. NDI. B 301397  0.874 0.265 7.755 0.690 0.461 13.038
—_— G+ B. ExG. ExR. NDVI. RVI. TNDVI 295.005  0.872 0.267 7.762 0.734 0.439 12.441
B. NIR. NDI 299478  0.882 0.257 7.490 0.642 0.507 14.450
RDVI. NDI. B 299.627  0.885 0.254 7.381 0.629 0.522 14.656
G+ NIR. NDI. B. SAVI 301.994  0.886 0.252 7342 0.665 0.484 13.552

FIF A 3 N E BRI SE 51 /MR NRHIEAS &7
W AIC {ERR/INEIRRERL,  FE R B LR AR B 55,
Wk 6 fim. HH 1. 2 F 3 JFER AKX A I
MIRERARE, 2% IR TR E IR HE SR I o

K 6 nIE H, KR T AL 2 5 ANy

AFFHE (B_1. EXG_1. NIR_3. NDI_3. EXGEXR_3),
R2E%10.76, RMSE 4 0.402 t/hm?, nRMSE 4 11.488%,
5 1% R B i miieisy 3 NP e s
FHEE, PRI B TR .
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Table 6 Random forest regression model after selecting variables at three growth stages of winter wheat

[EE TR AIC R2 RMSE/(t-hm2) nRMSE/%
LRI AR 296.671 0.713 0.445 12.537
B_1. CIVE 2. NIR_3. NDI_3 285.437 0.756 0.425 12.139
B 1. EXG_1. NIR_3. NDI_3. EXGEXR 3 285.081 0.76 0.402 11.488
R_1. EXGEXR_2. NIR_3. NDI_3 283.749 0.683 0.468 13.267
R 1. G_1. EXG_1 4 21 MRS 280.388 0.74 0.479 13.408

B 2 AAEEARAL R A&/ N2 7P T A 5 sk
DB XS B, P 2 o fit DU 73 1) 320 EU A A B 1570 20 S
BRI, FAHIER G B. MSAVI2. SAVI
ZRHER BHAEA, AN ExG. NIR. NDI,
B\ MSAVI2 ZHHER S H G, R IEN G. B,
ExG. ExR. NDVI. RVI. TNDVI %% EAs &4 G
B, WE 2 fUER, N4 EENEERE, T
Bk %] 9.374 thm?, BEERARNWD, FEE T

B s O miand W s B mEm

B, (H1E N1 ARG P2 NO ALBEEA/INEEF1Y)
FEEN 5.964 t/hm?, Eb N4 AFRFEAC 36.377%. &/D
F P BTN 5 9B ARG H, N1 ASBERD N4 AP
DN, HAHEE AR, FME R, NS AbH
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Fig.2 The measured and estimated yield values were compared under different nitrogen treatments
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Using Unmanned Aerial Vehicle to Evaluate the Effect of
Nitrogen Fertilization on Winter Wheat Yield
DING Fan!, CHEN Zhen?, LI Changchun'*, CHENG Qian?,
FEI Shuaipeng?, LI Jingbo', XU Honggang?, LI Zongpeng?
(1. Henan Polytechnic University, Jiaozuo 454003, China; 2. Farmland Irrigation Research Institute,

Chinese Academy of Agricultural Sciences, Xinxiang 453002, China; 3. Henan Agricultural University, Zhengzhou 450002, China)

Abstract: [Objective] Precision agriculture requires a quick and accurate evaluation of the response of yield to
managements at different growing stages, which is challenging at the large scales because of the heterogeneity of
plants and soils. Remote sensing technologies can plug this gap, and the purpose of this paper is to investigate the
feasibility of using unmanned aerial vehicle (UAV) to evaluate the variation in winter wheat yield in response to
change in nitrogen fertilization. [Method] Canopy spectral information of winter wheat under different nitrogen
fertilizations was measured using a multispectral sensor mounted on a UAV at heading, flowering and filling stages,
from which we extracted the vegetation indexes. Stepwise regression and random forest models were used to screen
the optimal indexes for estimating the wheat yield. [ Result] Combination of green (G), blue (B), modified
soil-adjusted vegetation index 2 (MSAVI2) and soil-adjusted vegetation index (SAV1) at heading stage works best to
predict the yield with low AIC (Akaike Information Criterion) and R*=0.65. Combination of excess green (ExG),
near infrared (VIR), normalized difference index (NDI), B and modified soil-adjusted vegetation index 2 (MSAVI2) at
flowering stage is the best when using the random forest algorithm to predict the yield with low 4/C and R*=0.71.
The random forest regression model using all vegetation features at filling stages gave the most accurate prediction
of the yield with R*=0.76, compared with R>=0.76 when using G, B, ExG, excess red (ExR), normalized difference
vegetation index (NDVI), ratio vegetation index (RVI) and normalized difference vegetation index (TNDVI) only.
Prediction using B at heading stage, ExG at flowering stage, NIR at filling stage, NDI at filling stage, and excess
green-excess red (EXG-EXR) at filling stage predicted a yield with R?=0.76. [Conclusion] Combination of the
vegetation indexes measured using multispectral sensors at different growing stages can predict the ultimate winter
wheat yield, but the accuracy varies. Best results are achievable using a combination of different indexes measured at
different growing stages.
Key words: multispectral; vegetation index; stepwise regression; random forest; yield prediction
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