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Abstract: Wheat above ground biomass(AGB) serves as a crucial indicator for assessing its growth sta-
tus. Currently, unmanned aerial vehicles(UAVs) equipped with various optical sensors have been ex-
tensively utilized for monitoring wheat AGB. However, in the late stages of wheat growth, high veg-
etation coverage hinders optical sensors from capturing information within the canopy, thereby dimin-
ishing the accuracy of AGB monitoring. To mitigate this issue, this study incorporated point cloud
characteristic parameters(PCs), which are related to canopy height, as representative indicators of
canopy structure for estimating AGB using spectral indices, including color indices(Cls) and vegeta-

tion indices(VIs). The accuracy of AGB estimation models was then compared before and after the in-
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clusion of PCs. The results revealed variations in the effectiveness of AGB estimation using different
characteristic parameters during the jointing, heading., and filling stages of wheat growth. In the
training set, the effect of Cls was slightly lower than that of VIs, while in the validation set, it was
marginally higher. Although PCs did not exhibit the most remarkable performance across the three
key periods, their stability was notably strong, and certain canopy structural characteristics demon-
strated potential for AGB prediction. When individual features were used for AGB prediction, the r?
values ranged from 0. 47 to 0. 75. In contrast, integrating the three features of Cls, VIs, and PCs
substantially enhanced the accuracy of the AGB estimation model. Specifically, during the three
growth stages, the model’s r* values were 0. 79, 0. 81, and 0. 77, and the root mean square error
(RMSE) was 0.42, 0.74, and 0.80 t » hm ™ ?, respectively. Among different types of remote sensing
features, support vector machine regression(SVM) provided superior estimation results compared to
Gaussian process regression(GPR). Therefore, by integrating the three features(Cls, VIs, and PCs)
and employing the SVM algorithm, an effective estimation of wheat AGB can be achi.

Keywords: Aboveground biomass; Machine learning; Spectral indices; Point cloud feature parameters;
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Fig.2 Visual image and corresponding RGB image of point cloud under different nitrogen treatments
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Table 1 Point cloud characteristic parameters
and interpretation
i 4 R NN 3
Variable Specific interpretation

Canopy_reliefl_ratio 72K FK
(CRR) Canopy_relief_ratio

=T

Curt_mean_cube

Curt_mean_cube

(CMO)

He—Git BTN T RN Z (BT ME
Mean The average of Z values of all points in a
statistical unit.

B—GEh B IT N L BT SR Z R R A
The median of Z value of all points in a
statistical unit.

Yo7 R 2 9 J5

The square of the root mean square error

Median_Z

Sqrt_mean_sq

(SQRT_SQ)




F1

A T 0 A < i G 1 A 2 R /N 2 M b A £ + 1579 -

1.6 BEXEIEH

SRR RGB M2 i s R 3 T % H
R AFL 1 i B (R 2) M 38 B (3R 3) , IR i it /s
MEEE T AGB A%, i/ Matlab 2022a % %
T S PR B 4R BORT B €0 e HOH I, IR O e
INAE E A ) AGB R A AT B, X s
FEHAU 4% GOSAVI, SAVI , OSAVI , GNDVI, MSA-
VI2,VIOPT, NDVI, TNDVI 4§ 16 4 #8 % 45 %«
(V1s), L GRRI,GRVI,GLA,VARI .ExGR % 13
ANEEFEE(Cly) . T R SRS AGB %4
MR C R B G BT BE 11 5 /N A2 AR R D 5 VDA
KIFEEL I TG 2L AGB TR Ry 2,
1.7 BEF%E

LIRS TRURON TR F G- K& € D=

W18 4r 5 AGB Z 8] 4T Pearson AHE TS, A
H i 1 A DG T B A AR AE A S8 O 4y
WL T 3 H AL (SVMD R 37 1 72 w0
(GPROM /N AGB A AL AL, SVM i 3 #%
PR ST AR e S 8 R A 4 1], DA T Ak B IR 2R 1
KFR I NFEARBE T R B iy e e v .
e Ak A e U (GPRO 38 3 36 5 R 8] 19 4% oR B0k
TR B S A, 0 A 3 v AR AR R R
ABEFERE 75 00 BB AE R I 24 L 25 Do 1 Bl HiE A
REIESE . AN AT T AT 2 LRI
Bm R o A A Hh A& T
S5, T — A TN, B 2 5 Ok 2R R g
WEJE s LAVEAL 38 A5 09 7 Y PE A AU B2 . R
R RE G R 22 ( RMSE ) FlF- Y 4 %)

®2 EEREHREGTEARX

Table 2 Vegetation index and calculation formula

[EREE R HRAR 2% 3k
Vegetation index Computing formula Reference
A2 JR T £l BE A B AR B (GOSAVD . _ o L

Global spectral angle vegetation index(GOSAVD) GOSAVI =1. 16(Nir— Green) /(Nir+ Green+0. 16) [16]
B TR AR B (SAVD SAVI=1. 5(Nir—Red) /(Nir+Red+0. 5) [17]
Ak - 5 5 A8 B R B COSAVD . _ L .

Optimized soil adjusted vegetation index(OSAVI) OSAVI =1. 16(Nir—Red) /(Nir+Red+0. 16) (18]
P L i

ERJEIH L2 (AL B AE L (GNDVD GNDVI= (Nir— Green) /(Nir-+Green) (197

Green normalized difference vegetation index(GNDVI)

18 IE - HETR 55 R AR B (MSAVI2)
Revised soil-adjusted vegetation index(MSAVI2)

A LRI R B (VIOPT)
Visible vegetation index(VIOPT)

I3 —fLAE B 45 E(NDVD

Normalized difference vegetation index(NDVI)

e d 5 0 A — AL R B 48 B (TNDVD

The normalized vegetation index after conversion(TNDVI)
16 1E 255 B H 4R B
Modified comprehensive vegetation index(MTVI2)

5 — 1k 25 5 2158 5L
Normalized difference infrared index(NDRE)

L 18 54 AL

Vegetation restoration index(NRT)

Datt 484X
Datt index(Datt)

2 AU AE AL

difference vegetation index(DVD)

J 2% SR W KL

Generalized difference vegetation index(GDVD)

A — Al 7K A4 22 5 45 B
Normalized water difference index(MNDI)

L4 A 5 4 K

Proportional vegetation index(RVD

MSAVI2=0. 5{2Nir+1—sqrt[ (2Nir+1)2 —8(Nir—Red) ]} [18]

VIOPT=2. 45(Nir 4+1)/(Red+0. 45) [20]
NDVI= (Nir— Red) /(Nir+Red) [21]
TNDVI=sqrt((Nir—Red) /(Nir+Red) +0. 5) [22]
MTVI2=2(Nir+1)2—[6Nir—5sqrt(Red) ] [23]
NDRE= (Nir— Rededge) / (Nir+ Rededge) [24]
NRI= (Green—Red) /(Green+ Red) [25]
Datt=(Nir— Rededge) /(Nir—Red) [26]
DVI=Nir—Red [27]

GDVI= Nir— Green [28]

MNDI= ( Nir— Rededge) /(Nir—Green) [29]
RVI=Nir/Red [30]

Nir: FELLAM % B s Rededge: 200 B s Green: £ 6% B s Blue: # 6 B . 3 3 [A],
Nir: Near infrared band; Rededge: Red edge band; Green: Green light band; Blue: Blue light band. The same in table 3.
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Table 3 Color index and calculation formula

0 F5 4L NN EE PN
Colour index Computing formula Reference
fireﬁenﬂrﬁfmﬁﬁé(li&)( GRRD GRRI=Green/Red [31]
SR L AL CRVD v GRVI= (Green—Red) /(Green+Red) [20]
@jfﬁffjff‘z e (GLAY GLA= (2Green—Red— Blue) / (2Green+ Red+ Blue) [32]
1”2 zzjﬁvi@:lﬁzﬁlfgi%g{ﬁm) VARI= (Green—Red) / (Green-+Red — Blue) [33]
PR IR HL(EXGR) dex(ExGR) ExGR=(2—Green—Red— Blue) — (1. 4Red— Green) [34]
?Eitgﬁfrmo index(GBRID) GBRI=Green/Blue [35]
A index(RBRD) RBRI=Red/Blue [35]
fiifffd*%fgemnon index(GRVD GRVI=(Gree—Red)/(Green+Red) 6]
JIfedestini dex(NDD NDI= (Red— Green) / (Red+ Green4-0. 01) [37]
AR e IKAW) IKAW = (Red— Blue) / (Red + Blue) [38]
T R oL GLA= (2Green—Red+ Blue )/ (2Green-+ Red + Blue) [397
. Egﬁjfgi?fion index(ExR) ExR=1. 4Red = Green [40]

A ikl 0 L A ExB=1. 4Blue— Green [41]

Excess blue vegetation index(ExB)
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Table 4 Descriptive statistics of plant height and AGB
k7 Plant height AGB
R - —
Growth stages  SPIff Mean/cm iM% SD/em  ERRHCV/% oot Men/ o REE SDE 2 oy
te hm ?) (t* hm %)
J}&fﬁ{;{;ﬁ 47.98 6.91 14.41 5.39 2.02 37.55
omting
gﬁﬁiﬁg 75.75 8. 45 11.15 9.19 3.27 35. 60
A 73.43 8. 45 11.50 12.93 4,47 34.56

Grouting
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Table 5 Correlation of vegetation index Table 6 Color index correlation
Eig i FL R FiLEL THE XA EiEEd L &R A THE 34
Index Jointing Heading Filling Index Jointing Heading Filling
GNDVI 0.79" " 0.78" " 0.79" " GRRI 0.77"" 0.65" " 0.68" "
MSAVI2 0.80" " 0.83" " 0.77" " GBRI —0.35"" —0.56"" 0.23"
MTVI2 0.78" " 0.82" " 0.77" " RBRI —0.53"" —0.64"" —0.12
NDVI 0.84" " 0.77" " 0.79" " INT —0.49" " —0.39"" —0.60""
NDRE 0.78** 0.78" " 0.747 7 GRVI 0.81** 0.68" " 0.68" "
RTVIcore 0.79" " 0.82" " 0.727 " NDI —0.81"" —0.68"" —0.68""
SAVI 0.81"" 0.83" " 0.78% " IKAW —0.58" " —0.69"" —0.12
NRI 0.79" " 0.74" " 0.75" " GLI 0.58" " 0. 04 0.74* "
Datt 0.69" " 0.75" " 0.18 GLA 0.79" " 0.74" " 0.59" "
DVI 0.80" " 0.83" " 0.76" " VARI 0.81"" 0.72*" 0.70" "
GDVI 0.79" " 0.83" " 0.72% " ExR —0.81"" —0.69"" —0.64""
GOSAVI 0.81** 0.82"" 0.797 " ExG 0.56" " 0.01 0.747 "
MNDI 0.75" " 0.77" " 0.57"" ExB 0.05 0.52" " —0.59""
NGI —0.79" " —0.78" " —0.80" " ExGR 0.72"~ 0.39" " 0.71° "
OSAVI 0.81*" 0.82"" 0.79* "
RVI 0.79" 0.77" 0.73%" *x7 R=HESHEXYE
TNDVI 0.82" " 0.76% * 0.80" * Table 7 Correlation of characteristic parameters
VIOPT 0.82" " 0.82" " 0.79" " of point cloud
=72, % P=0.05; % » P=0.01. T, e T e Tl
n="72; % ;P<C0.05; ¥ ¥ ;P<C0,01. The same in belows. CRR 0,58 * 0. 73" * 0.59 *
PCs 5 ABG WA SCHEAE & I 40 W 35 (3R D) cMC 0.72* * 0.72" " 0.75" "
MEEZ . VIs 5 AGB e m FHALF S Mean 0,72 " 0.72" " 0.75" "
. WERREPEE . CIs BY A S PEAE = A if 97 1) 22 Median 079" 073" - 075 -
SRR T HAS [) 2 $400 AR G 1 I 1) 3 725 Ak 1) AR SQRT SQ 0. 79 079" - 0. 75
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Fig.3 Estimation accuracy of wheat AGB based on SVM model with three types of parameters
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Table 8 Estimation results of different AGB models based on different characteristic parameters
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Growth  potures  Modle % e e WAl 4 g KAl 4
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35 10 Cls GPR 0.65 0. 69 0.43 0. 44 0.15 0.15
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Vis GPR 0.67 0.61 0. 44 0. 44 0.27 0.15
SVM 0.70 0. 62 0. 42 0. 44 0.25 0.15
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SVM 0.68 0.63 0.39 0.48 0.27 0.16
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Fig. 4 Estimation accuracy of wheat AGB based on GPR model results with three types of parameters
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