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AR H B0 3k B ) A
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Fig. 1  Field location and experimental design
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Table 1 Statistical analysis of plant height and above ground biomass in different growth stages of potato

£ LS okt /M s iz S FHU%
L H/em 33.35 18.50 25.99 3.17 12.19
T
AGB/(kg/hm®) 1174.10 341.70 899.98 171.01 19.00
H/em 40.50 20.38 30.29 4.76 15.71
YL
AGB/(kg/hm®) 2156.91 378.30 1243.24 387.04 31.13
H/em 40.88 20.42 27.72 5.20 18.75
Yo
AGB/(kg/hm®) 3155.25 419.71 1786.63 573.24 32.09
. H/em 40.35 15.12 25.78 5.15 19.97
BB LR
AGB/(kg/hm®) 2897.5 307.43 1293.84 438.85 33.92
H/em 31.18 12.25 20.30 4.32 21.28
R
AGB/(kg/hm?®) 2237.33 295.46 1028.97 344.62 33.49

(a) PRS2 DOM (b) 7R A DSM
(a) Digital orthophoto map (b) Digital surface model

2 EhAL RS KV DOM A DSM
Fig. 2 DOM and DSM in tuber grow period of potato

®2 HAGBHEXHEEEH
Table 2 Vegetation indices related to AGB

[IEES Eicp 18 Ak Kl ERIEi=g 1 Ak P 3

R R=R LI B (r-g=b)/(r+g) (r-g=b)/(r+g) TR 45(2016)

G G=G SR B EXG EXG=2g~b-r Som-—ard 2 (2018)

B B=B WL GRVI GRVI=(g-r)/(g+r) Bendig 5£(2015)

r =R/I(R+G+B)  A—fLJ5 MLai B MGRVI MGRVI=(g*r)/( g+7?) BendigZ(2015)

g g=G/(R+G+B)  H—fb/a It B RGBVI RGBVI=(g’~br)/(g*+br) Bendig % (2015)

b b=B/(R+G+B) W — 1k S5 11 ' U B EXR EXR=1.4r—g FE AR (2017)

b b il 3 %5 (2016) NDI NDI=(r-g)/(r+g+0.01) Vi Ak 45(2019)

glb /b IR 45(2016) VARI VARI=(g-r)/(g+r=b) Gitelson %(2002)
ofr glr fTH#TE 45(2016) EXGR EXGR=3g-2.4r-b Meyer Fll Neto(2008)

r=b r=b [ #3E %5 (2016) Wil Wi=(g-b)/(r-g) Bendig %(2015)

r+b r+b TR 45(2016) CIVE CIVE=0.441r-0.881g+0.385b+18.78745  Kataoka %5(2003)

g-b g-b R TE 45(2016) NGBDI NGBDI=(g-b)/(g+b) Kataoka %(2003)
(r=b)/(r+b) (r=0)/(r+b) fa] #3245 (2016) GLA GLA=(2G-B-R)/(2G+B+R) Chianucci %§(2016)
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RPN TRAR
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321 HEXMESH
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(r-g-b) / (r+g) . EXG. GRVI, MGRVI, EXR,
NDI, VARI. EXGR. CIVE13 /™45 % A0 X Pk 4%
B, MIE R B X HE K 0.7 LB, T - AR RN G
REH IR, N 0.796; HZEBK B, R G,
WIHHBECR AN AN, HApRMHPIE 8IS 5 AGB &
P A, Hobg/r. GRVI, MGRVI, EXR,
NDI. VARL. EXGR7 MEEUMAHICHER i, HHG
AL SHEYE 0.7 VAL, 1 EXR H8 50 ¢ R 54
XHEE R, H0.723; VEMREASE, BT
TR ECRA AN, AR AR B I8 3 B 2 K,
T A AR BRI B BRI e Mt MO R B4 XHE
410.739; A WIHE B DGR ey, AHOC R 44
SHE 9 0.547, {BAIACRT 4 AT WS, RgE
5 AGB HI M R B W i 4. S AT
H A1 Hdsm 3] 5 AGB ik 28 b & A0 G, AHOCHEIITE
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Fig.3  Comparison of height extracted from DSM and

corresponding measured height of potato
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Table3 Correlation coefficient between model parameters and AGB of potato in five growth periods

A TR A AT
REER gy BE O BEER ) BRBH ey RE REER L
B BKW R Bl BEE R
—0.542%%  —(0.545%% —(0.520%* —(0.649%* 0.121 EXG 0.714%%  0.701**  0.690%*  (0.652%** —(.493%*
-0.301%* -0.277 -0.176 -0.282%* -0.058 GRVI 0.577*% 0.763**  0.719%*  0.616%* —-0.329*
B -0.656%* —0.508** —(0.582%* —(.739**  ().355% MGRVI 0.577%%  0.762%* 0.719%* 0.616%*  —-0.329%
r 0.315%  =0.796%* —0.583** —0.447** -0.125 RGBVI 0.725%*%  0.657**  0.677**%  (0.659%* —(0.497%*
g 0.714%*%  (0.701%* 0.690%** 0.652%*  —(0.493%:* EXR —0.485%*% —0.772%*% —0.723** —-0.606%** 0.250
b =0.717%% —=0.492%% —0.624%* —0.669** (.399%** NDI -0.576%*% —-0.763%* -0.719%* —-0.616%* (0.329%*
rlb 0.688:* 0.251 0.578**  0.631**  —-0.327* VARI 0.587**  0.765*%*  0.720%*  0.613** -0.301%*
g/b 0.729%*  (0.578%* 0.645%* 0.662%*  —(0.448%** EXGR 0.681%*  (0.730%* 0.703%* 0.640%*  —0.474%*
glr 0.576**  0.769**  0.718*%*  0.619%*  —(0.324%* WI 0.101 -0.205 -0.080 -0.232  -0.547%*
r—b 0.662%* -0.071 0.506%* 0.544%**%  -0.314%* CIVE —-0.711*%% =0.706%* —0.691** —0.650%* (.493%*
r+b -0.714%*%  —0.701** —0.689%* —(0.652%* (.493%* NGBDI 0.667*%  0.699*%*  0.691%*  (.65]%* -0.495
g-b 0.725%*%  0.630%*  0.663**  0.667** —0.455%* GLA 0.728%*  0.579%*  0.651**  0.669** -0.451
(r=b)/(r+b) 0.688%* 0.268 0.578%* 0.641%*%  —0.322%* H 0.462%%  (.573%* 0.632%* 0.566%*  (0.432%*
(r—g—b)/(r+g) 0.459%*%  -0.771%**% -0.354*%  -0.339%* -0.208 Hdsm 0.512%%  0.615%*  0.684**  (0.601**  (0.482%*

e RN 0.01 L EIKE, #KR 0.05 5 E K.

322 ODHEZEAGBHERBENHAEIE

HR A FE B 48 205 AGB M CHE A Mr 45 1, K440
KRB RHE AL AR B MRS, TEARFRAT
1955 PR BE AT 7 A SR 5 = A A B 4 285 Hdsm
—EAE N [ AS A A MLR, SVM. ANN 3t 3 7
Bk A B AGB A SRR, I 6 E AL Y
KR, HE5RWEAMES, WAEFRA4FS AT,
FEA A B WK PR = Hdsm 5 R 8% 48 BCE IR A A 28
HHF P MLR . SVM 1 ANN J7 7544 # AGB f B AR 1Y
AF, AR 0 TE Y A5 HRORG 85 12 5 T AH I Y LAAE B
FEECIT R Y o RER T VAR B AGB Al BB AL,
TR RN G0 1A 24 DA IS 10T 2 He 2 00 K i 34 A
W ACBA R B WAL, AWK, RMSE
FINRMSE 2N, MATE R B 58 01 2 s U R 3%
Wi /)y, RMSE FI NRMSE 32 i K, Al %4 ST
GAR 2% o R 3 R 105 T 3 40 i) DAAS [R) A Ak 5
AGB B, 3475 P 2538 K M) 38 21 5 v i A R 2
HAEE WAL AGB I, i MLR DUEBE S B0k
{5 Hdsm 84 R 43 54 0.61, 0.74. 0.77. 0.72 Al
0.60; RMSE 73 %1} 203.39 kg/hm?®. 204.32 kg/hm® .
121.48 kg/hm*, 207.36 kg/hm® 1 217.36 kg/hm?;
NRMSE 4354 16.73% . 15.88% . 11.58% . 16.19% Al

17.59%. SVM 4 R 5351 4 0.60. 0.69. 0.73. 0.69
F10.58; RMSE 4351 4 211.14 kg/hm’,206.56 kg/hm’
128.51 kg/hm®. 215.53 kg/hm® Fl 235.53 kg/hm’;
NRMSE 7314 18.01% . 1641% . 12.68% . 17.58% Fil
18.34%, ANN ZE45 R 5314 0.56. 0.67. 0.71. 0.65
F10.55; RMSE %351} 240.68 kg/hm®, 216.77 kg/hm®
128.66 kg/hm®, 233.25 kg/hm® Fl 25845 kg/hm’;
NRMSE 4354 19.17% . 17.66% . 12.74% . 17.98%
F119.96%. 3 FP 7 AT E# AT AGB B iE AL R 5 4
P4E 423, H RMSE FIl NRMSE #1i, 68 3 Fh
IFIEFEERA A WA Y AGB B ALRL A RIUR B4y
PR AR E o LA LA AT, MLR-AGB {545
IR, HR O SVM-AGBAEHRY, 1fif ANN-AGB
BRI e 2 .

323 MLREZRFAGBZEHFH

K FINA Hdsm A 55 £t MLR A58 7 £t 385 2 4% 2
S5AAE MR AGB, HIE L AHN A B BIRY AGB =8
oA, R MK 4R, WE 4RI LUE
MAEW, SRENIRIFGEARK, FHIbH AGB{Ekx
ANy BRZETE RN, M b ERZE b R e 2K [R] A
AR, SREACBEAR, HEmKMES M EEE
HRE RIS A P BREEIERK ], 2R ARG
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JeEERE, AP R, REERER, S HT 8 B, T AR X
B DA EA TR KRR AR, HAGB  Hb FZEM LA A E, AGBEK /MK AL,
I KB 25 (8] 537 [) LU AR IR ISR 5 SE Ry AR 2R 4 X5 RS FOIRDL /DAL B AL A A G .
LB S AR SR A B IR ) B ) M SRR RS L AGB %5 [H] 73 A IR AT LA B H 7 ) S % AR
TR EAREE SRR, A2 B R A TR BAAED, X 95 Pr Ay I A) P A8 B
MR ZE M A 7, AGB iR OR(E A AL T .
F4 SNEBHFAREREESSENERUR S Hdsm RS HEDREAGB
Table 4 Estimate potato AGB using modeling datasets combined with vegetation indices and fusion with Hdsm at five

growth periods

MLR SVM ANN
AHM ARtk ) RMSE/ , RMSE/ ) RMSE/
R ,. NRMSE/% R .. NRMSE/% R’ .. NRMSE/%
(kg/hm?) (kg/hm*) (kg/hm?)
LEIZ 0.54 238.04 19.86 0.51 248.14 20.32 0.50 254.18 21.03
B
MBS E+Hdsm 0.61 203.39 16.73 0.60  211.14 18.01 0.56 240.68 19.17
§ PR R 0.67  207.14 16.64 0.64  220.17 17.56 0.62  236.37 19.73
HZEIE i )
FE B 48 £+ Hdsm 0.74 204.32 15.88 0.69 206.56 16.41 0.67 216.77 17.66
LIk Ei=E3 0.72 135.46 12.50 0.71 135.84 13.41 0.66 158.39 14.18
& SIS
FHWE A+ Hdsm 0.77 121.48 11.58 0.73 128.51 12.68 0.71 128.66 12.74
. LR 0.66  215.85 18.09 0.61 22621 20.14 0.58  248.53 20.52
TER R 4 L
HL#EHE B +Hdsm 0.72 207.36 16.19 0.69 215.53 17.58 0.65 233.25 17.98
e IR EER 0.52 24085 20.59 048  249.54 21.55 046  277.27 22.25
DR
H 1% 48 50+ Hdsm 0.60 217.36 17.59 0.58 235.53 18.34 0.55 258.45 19.96

x5 STMEEFHAARIEREESESEEERUR S Hdsm HBSHEDRZEAGB
Table 5 Estimate potato AGB using validation datasets combined with vegetation indices and fusion with Hdsm at five

growth periods

MLR SVM ANN
R AR | RMSE/ RMSE/ , RMSE/
R ,. NRMSE/% R . NRMSE/% R? .. NRMSE/%
(kg/hm?) (kg/hm?) (kg/hm?)
THAEAE AL 0.59 236.57 19.21 0.58 245.84 19.57 0.56 252.39 20.33
B )
FEWEFE L +Hdsm 0.68 201.17 16.22 0.67 208.51 17.65 0.65 228.66 18.22
‘ AR 0.68  180.46 16.42 0.65  181.13 17.31 0.63  204.77 19.33
YL il o
TH AR E+Hdsm 0.74 151.38 15.49 0.72 155.43 16.02 0.71 162.43 16.74
LRI R 0.74 102.03 11.28 0.73 109.44 12.01 0.71 115.72 13.33
eSS ]
TS5+ Hdsm 0.81 94.02 10.23 0.78 103.94 10.42 0.76 102.48 11.22
. TGS 0.67 20673 17.78 0.63  211.47 18.97 0.60  234.81 19.78
TER LI o
TS E+Hdsm 0.72 182.37 15.66 0.71 185.78 17.45 0.68 189.94 17.82
. FHAEAE 0.57 238.78 20.09 0.56 247.49 21.32 0.52 262.41 22.14
il
TP BB+ Hdsm 0.63 215.36 17.05 0.62 198.58 17.78 0.60 234.82 19.43
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AR SCHETTC AL B 1 B 5215 45 A GCPs A B il N8 3 T AL T B A% 2 BUVE W) i P 4% AR
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Fig. 4 Spatial distribution of AGB estimation for five potato fertility stages
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Abstract: Plant height and Above-Ground Biomass (AGB) are important agronomic parameters for crop growth monitoring. Therefore,
efficiently and timely acquire this information of potato plant is important for guiding farmland production management. Traditionally,
manual actual surveys are time-consuming, laborious and destructive, and fail to meet the modern needs of smart agriculture. With the
advancement of science and technology, remote sensing technology has attracted people’s attention for its advantages of non-destructive,
high-throughput, and rapid acquisition of phenotype information of ground objects. Compared with satellite, aerial and ground remote
sensing, UAV remote sensing technology is widely popularized in precision agriculture monitoring due to its strong mobility, simple
operation, low operating cost, and the ability to obtain high-resolution digital orthophotos under the cloud. In this study, the UAV equipped
with high-definition digital camera was used to obtain the image data of potato with budding periods, tuber formation period, tuber growth
period, starch accumulation period and maturity period, and the height (H) and AGB of potato plant on the ground were measured, and the
longitude, dimension and height of Ground Control Points (GCPs) were obtained by Global Positioning System (GPS) from March to July
2019. Firstly, the Digital Surface Model (DSM) was generated by structure from motion algorithm based on the image data of the
experimental area and the location information of GCPs, and the Hdsm (potato plant height) of each growth period was extracted based on
DSM. Then, combining 26 image indices with better performance in AGB monitoring based on the digital number value of the image, crop
height of field survey by ruler (H) and crop height extracted based on DSM difference calculation (Hdsm) into a new data set. The first 7
indices and Hdsm based analyzing the correlation between these parameters (26 vegetation indices, H and Hdsm) and AGB were screened to
construct the AGB estimation model of five growth periods. Finally, in order to further increase the variance of the different model, Multiple
Linear Regression (MLR), Support Vector Machine (SVM) and Artificial Neural Network (ANN) are selected to build the AGB estimation
model based on the sensitivity parameters. Through the quantitative analysis of the model, the optimal estimation model is selected for each
growth period to monitor crop conditions. The results showed that: the extracted plant height (Hdsm) is fitted with the measured plant height
(R*=0.86, RMSE=6.36cm, NRMSE=13.42%); the AGB estimation model was constructed by three different modeling methods in each
growth period, in which the model by integrating with Hdsm into vegetation indices was better; it is found that the effect of MLR model
(R*=0.61, 0.74, 0.77, 0.72 and 0.60) with incorporating the Hdsm into image indices in each growth period to estimate AGB is better than
that of SVM (R’=0.60, 0.69, 0.73, 0.69 and 0.58) and ANN (R*=0.56, 0.67, 0.71, 0.65 and 0.55). The results of this research help solve the
problem of monitoring AGB in the traditional way and provide reference for real-time monitoring of potato growth and yield prediction
accurately.

Key words: unmanned aerial vehicle, digital image, digital surface model, potato, plant height, above-ground biomass
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