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Winter Wheat Leaf Area Index Estimation Based on Texture-color
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Abstract; Accurate, fast and non-destructive estimation of leaf area index (LAI) is of great significance
for the production and management of winter wheat. Multi-spectral images were obtained by using the
Prime ALTUM camera at the joining stage, booting stage, heading stage and filling stage of winter wheat,
and the LAI was measured by using the LAI —2200C plant canopy analyzer. Totally twenty-five vegetation
indices were selected based on the Pearson correlation analysis. And eight texture features were
extracted ; contrast (CON), entropy ( ENT) , variance (VAR), mean (MEA), homogeneity (HOM) ,
dissimilarity (DIS) , the second moment (SEM) and correlation (COR) , and three color features: mean
(M), variance (V) and skewness (S) were extracted as well. Then the multiple stepwise regression
(MSR) , support vector regression (SVR) and Gaussian process regression ( GPR) models were used for
winter wheat LAT inversion. The results showed that compared with single type variable-based models,
models with combined texture and color features produced greater estimation accuracy; among the three
types of models, GPR model outperformed the other two models in estimating winter wheat LAl; among
all models, the GPR model with texture — color features and vegetation indices obtained the best
estimation accuracy, with coefficient of determination (R”)of 0. 94, root mean square error (RMSE) of
0.17 m*/m’, mean absolute error ( MAE) of 0.13 m’/m’, and normal root mean square error

(NRMSE) of 4.06% . The extraction of texture and color features can solve the oversaturation issue of
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vegetation indices under high-density canopy conditions, and more information can be derived for more

accurate estimation of winter wheat LAI, which provided theoretical basis for winter wheat growth

monitoring, production and management.
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multispectral images
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Fig. 1
(T17 ~ T24) 135 kg/hm’ (T9 ~ T16) . 180 kg/hm’
(T1 ~T8); # & 2 A& /K F: 100,200 kg/hm®,
&1 9Tl T3 .75 . T7. . T10  T12 . T14 ' T16 . T17 . T19 ,
T21,T23 jifi & & & 100 kg/hm’, H 4y /N X ¥ K
200 kg/hm’ ;41 90 kg/hm® , B A 150 kg/hm’ ;
BB 2 M DT 20 284 PR, BRI 8 m B
6 m, 2855 60 cm , 2855 10 cm , ZB BT Hb I | 1R H e K
8m. %53 m,E 1 T3 ~T6 TI1 ~T14 T19 ~T22
M FL /N Ry 24 5 1 2 FhE I 5 ki R
VE AR 2% /INZZ 5 7K B R 1l B8 7K 4 A R 0, 43 1
A /NAE A (2020 4F 12 H 28 H) FilR 1 (2021
42 B 14 H)#ME 30 mm, & 1§ T1 ~ T4 T13 ~ T20
A LR/ IN IR S 24 A A0 3 AN A B it
[F] 24 b A B, 75 A /N 23T 91 (2021 42 3 J 21
H) ZREHI (2021 4F 4 J 11 H) fh i1 (2021 4 4
A 30 H) FIEHR I (2021 4E5 A 21 H ) RETCADLE
14, [R5 R kb 1T S LA,
1.3 #HEHEEMEmLE
1.3.1 &/NFE LALE
I = s BURE i 7R 50 B> /N IX N T LAT -
2200C B Y 5 )2 4 #Hr 4L (LI — COR Biosciences,
Inc. , Lincoln, NE, ZE[E) & £ 4 LAL3 S
EACRIZ/NIX B LAL, Ay 500 B I 45 45 5 1 52
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1.3.2 AN BRARES kb #
FIH DJT M200V2 7Y Py fig 38 o A HLH5 2K Prime

5% Xt B4

Geographical location of study area

ALTUM Z 5 3% A8 #L [7] i) >R 4 5 06 (Blue) | 2856
(Green) 2156 ( Red) i 21 #p ( Near infrared ) . £1 i1
(Red edge)5 DB 2G5 EER (£ 1) . XA
BEWF R 11:00—15:00, KAHg K. R 4T
AMLFAZHT, th DIT Pilot fiig 328 88 %) 1 44 A sl B &) &
PS5  BCE AT R B 30 m, EIR i 0] & 5
70% , PG 55 10 B & Bl 80% , Bk BEE KAT i i
Jei, PR DX BORR B 0 4 % £ AT, BE AT S5 ) B A
1, 40 BN AR AL BE Sk 5 Hb T &2 90°

%1 Prime ALTUM HHLEAXRSH

Tab.1 Basic parameters of Prime ALTUM camera

U B4 B LU /nm BT /mm AR SR
Blue 475 20 0.543
Green 560 20 0.543
Red 668 10 0.542
Red edge 717 10 0.538
Near infrared 840 40 0.541

ZNE A IR 4 RGBT, 4
UL AT TT 2K 153 1 000 2 iR 5t 4h 52 1%, fdf ] Pix4D
mapper FfF (PixdD , Fii -1 ) #EAT AR PFH MUK AL IE
QbR BRAS 4 AR E S A BRIEBOE N RS R
fdi F ENVI B 547 [R5 8T #ds 2018058 X R/ 52
BAHE LU AT R B AR BOE AR B 1L, I i — 20 1 U
P4ER X 35, ( Region of interesting ) ¢ BUAH b 0HE o
1.4 HEHEBEBEZEIFMEEN

FE B 4 K BE 8 1) 5 HLA S0 Al DU AE Bl TAT 554
PR, 38 T A N WF 58 45 R AR BF 55 A i B
NDVI RVI.DVI 4§ 25 A FE #4847 460 2 6, B
AR 2,
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Tab.2 Vegetation indices and their calculation formulas
£k AR BQ N
B 4148 0 ( Excess red index, ExR) ExR=1.4r-g [15]
TS 80 (Excess blue index, ExB) ExB=1.4b-g [15]
H 44850 (Excess green index, ExG) ExG=2g-r-b [16]
B LM 4T 22 43 46 B0 ( Excess green minus excess red index,
ExGR=(2g-r-b) - (1.4r—g) [17]
ExGR)
P & 45 80 (Modified excess green index, MExG) MExG =1.262g —0.884r -0.311b [18]
"L O U B 2% 5 M ¥k 48 % ( Visible-band  difference 2g-r-b
VDVl ==2— [19]
vegetation index, VDVI) 2¢+r+b
R o . o
W B AL B (Vegetation index, VEG) VEG = 07667 0333 [20]
FE W% B (5, 2 BUFS %1 ( Color index of vegetation extraction,
CIVE =0.441r -0.811g +0.385b + 18.787 45 [15]
CIVE)
4k L {HFE %0 (Red green ratio index, RGRI) RGRI = —— [21]
g
23 LA 48 %50 ( Blue-green ratio index, BGRI) BeRI=2 [22]
g
IH—1k 2% 5% 45 %0 ( Normalized green-red difference index, g-r
NGRDI = [23]
NGRDI) g+r
254545801 (Combined indices 1, COMI1) COM| = ExG + CIVE + ExGR + VEG [15]
ZE5 18802 (Combined indices 2, COM2) COM, =0.36ExG +0.47CIVE +0. 17VEG [24]
H— 1k 2% 5 # 9% 38 %% ( Normalized difference vegetation _
7 " 8 vy = MR =R [25]
index, NDVI) NIR +R
N ” . L NIR
o E A #4581 (Ratio vegetation index, RVI) RVI = ® [26]
2 H M W45 %% ( Difference vegetation index, DVI) DVI = NIR - R [27]
440 0 — fb M Bk 45 %0 ( Green normalized difference NIR - G
GNDVI = [28]
vegetation index, GNDVI) NIR + G
W 3 — fk M B 48 % ( Blue normalized difference NIR - B
BNDVI = [29]
vegetation index, BNDVT) NIR + B
U — 1k 22 55 21 €6, 41 2% 45 % ( Normalized difference red edge _RE
o 8 © vpRrE = MR = RE [30]
£ index, NDRE) NIR + RE
W BLR R T T Y K (G 1 . ! (1+L)(NIR-R)
e I { S ¢ ste >getable 2X, S SAVI = ~——""—— > 3
- HE VR Y R B HE B (Soil adjusted vegetable index, SAVI) NIR+ R 1L [31]
BIE + 8 8 T A B 38 £ ( Modified soil adjustment savi C2NIR+1- /(2NIR+1)° ~8(NIR - R) (32]
vegetation index, MSAVI) - - 2
NIR 1
Pk R PR {E K W 48 %L ( Modified simple ratio index, § R
: MSR =—— [33]
MSR) NIR o
R
ek i Ak 2k M A 948 £ ( Modified non-linear vegetation 2
] g MNL[:(l +L)2(N[R R) (347
index, MNLI) NIR® +R+1L
B — 1k # 8% 38 %X ( Renormalized difference vegetation RDVI NIR - R (317
= 31
index, RDVI) V' NIR + R
, " L 2.5(NIR -R)
5 7Y i , EVI=——""r
¥ i A W 45 54 ( Enhanced vegetation index, EVI) NIR+6R -7 5B +1 [35]
- ; " " " b” . . R . G N B .
VT WG B RO = g = b= Hh T =g = b == B.G.R RE NIR 4} 3|
+g7 +b rTo+gt +b rto+gt +b R (G

BRI (R LT LTI M LT B il SO A L e e A R R 0.5

I ENVI 5. 3 S22 4 FRAFAE $2 0T B, 3T K P EAAR G, [A)I, $ IBOA HE B AR RO R
JE AL 5 % ( Gray-level co-occurrence matrix, GLCM) BEEE AL 4G — W YR =, T
P& & HE B AR B R Y 80 3 FF AR ( Texture RoF 2R3 x3, 350710y 45°, & SUHAFETT A X
feature, T) , (5 XF FBE i\ J5 25 KB BB [R) P O AH 57 DLSCHR[36 ], 25 BB R ik E 5 A =W SCk [ 13
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FEE A K W, I I K AN (18 ~F- 24 45 22 VE by b o i
PR, o AR SR IR S 4 28 IR IR 47 2
T I AR
1.6 #EEE

VeI Z2 e 8 A0 ] AL B | S Fg ) g ] U S Y
oy ok R AT U AR RS 3 Al Ay AR B R AT LG H a0 BT
BT Matlab 2021a ~F & 3 47 Sz 38 Al 0 2 62 5 448
I3

% 0 % A [\ JH ( Multiple stepwise regression,
MSR) 7347 J& MR it AT 328 RS A2 v B 3l i 5
B &, G 1 H A3 BT 0 P B A A A, 2
JEBAGI AR B, OR Hol 01 )37 05 FR 2, 9 8
ARG 50 TH AZ B, 50 B D [0 U9~ J7 F0AS 8325 1Y 22
SRR T B B 2 on A M R R

45 M H1 ( Support vector machine , SVM ) & —
A W o 2 Oy A Bl AT e R )T L
G2, LI B T — A A 2] AR ] B R R Ak
F AR AT o A SV Hy 43 2 ] B 2 [l 9
()RS5 ] L A% 3 52 Ff 1) & [l U9 (Support vector
regression, SVR) o 283 [ S 1R 4, A< SCHm A B — 28
T 5 1 SVR AR AL e 5 e 307 bR B0V A% bR B, il A
P2 S DL 178 5 ) SVR B AU 38 8 = W ok BUAE o #%
BRI,

& 3 3 B2 I8l 5 ( Gaussian process regression,
GPR) & 5 T i M o 2 56 5 % B 48 3k 47 71 5 43
T S s O RN I 25 S R R S g, B
A A Ty S RS A 3 I AR IBCR T 4 R R
R . i X, A GPR
TR e A ok KA 8 BRI
1.7 RERSETMNER

K H B & %X ( Coefficient of determination,
R*) ¥ 7 #i% 2% (Root mean square error, RMSE) |
SE 4] 45 %f 1% 22 ( Mean absolute error, MAE ) Fl |4 —
1k 15 77 AR % 2 ( Normal root mean square error,
NRMSE ) PFEA A RORS B . R F VA A 00 A0 52
DN A 4005 8 R, JHC B 42 T 1 DA Y 4L 5 R
HAF s RMSE T 7 A Al I {8 0 52 000 (8 9 i 22
JE A 8/ DA A 05 RO B s MAE T 9F A
At Y00 /T S 0 ) 52 B i 22, R B /)N ) A A 41
4 3% AT 38 N NRMSE /N T 48 T 10% B 45
RUALL 5 RCR AR # 4F, NRMSE 25 (10% ,20% ] 1 45

T ROR B, NRMSE 2 (20% ,30% ] i 458 74
WA ROR AT L% 52, NRMSE KT 30% i A58 5 40 45
SO E TN

2 H#REHWH

2.1 tHXMES

V5 AP 4 4 B L SO AR AR R (U R AT 43 30 5 44N
% LA AT A OC M 70 B (& 2.3 3) , AR 4ig Pearson
MERBAMEERY ,n =96 8, rl=0.21 £ 0.05
K LFEE(p<0.05),1r1=0.27 7£ 0. 01 /K I
WE(p<0.01),Irl=0.34 7€ 0.001 /K I b &
(p<0.001),
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Fig.2  Correlation analysis results of vegetation indices

XoF JUT A A 4R RO R B (I’ 2) A 20 A4
W 4R B A OC R B4 XHE A T 0.27 ~0.34 2
], 54 /N3 LAL {7 B E M XK &R (p <0.01),
EZ P EY ORI SN IR &R O DD W2
B8 H, v UL ik B4 B0 A O F B 4 X (E A X
#/o NDVI.SAVI NDRE EVI BNDVI MSAVI ff
FHOC R X e K, Trl =0.33, 3% 9010 5 3 AH

RO BN, FH 7 R Y AR SO B B,
FEAE ,n NDVI_MEA il NDVI_S 4351 3 7% M. NDVI
S2A% T AR B B (R A = R . X T S PR
B AE % ¥E & B (£ 3), CIVE _ COR, ExGR _COR ,
VDVI_COR ,SAVI_ENT ,MSAVI_COR ,ExB_COR [
HH O BB RHE A T 0.50 ~0.70 Z [a], 5 & /N3
LATfAFERR i A G & (p <0.001) , 3% 958 AH O
M Hop, CIVE_COR 1 ExGR_COR i 41 ¢ 2 % 4
X E f i, R 0. 63,

Xf T A 8 R O 3 & B (3% 3) ,MSR_V [ 4H
KRB R 0. 41, 5 & /NFZ LAL 716k i 25 A1



352 VS A R S S 14 20234
x3 gE-HEFENEIESTER
Tab.3 Correlation analysis results of texture — color features
— SO RFE B AR
CON ENT VAR MEA HOM DIS SEM COR M \ S
ExR 0.39 " 0.327 0.42 0.31™ 0.37 ™" 0.39 ™" 0.317 0.36 " 0.01 0.26" 0.14
ExB 0. 44 *** 0.41 0.47 " 0.02 0. 42" 0. 44 ™ 0. 40 *** 0.50 " 0.14 0.03 0.19
ExG 0.32™ 0.34 ™ 0.39 ™" 0.28 " 0.36 ™" 0.34™ 0.34™ 0.41 ™" 0.03 0.17 0.13
ExGR 0.29 ™ 0.28 0.42 " 0.14 0.27 " 0.28 " 0.27" 0.63 ™ 0. 04 0.08 0.18
MExG 0.41 ™ 0.35" 0.47 ™ 0.29™ 0.39 ™" 0.41" 0.34 ™ 0.39 ™~ 0.02 0.22" 0.15
VDVI 0.28" 0.35™ 0.35™ 0.32™ 0.33™ 0.30™ 0.35 ™ 0.56 " 0. 04 0.19 0.02
VEG 0.30™ 0.32" 0.35™" 0.28 " 0.36 ™" 0.34™ 0.31 0.46 ™~ 0.03 0.08 0.12
CIVE 0.25" 0.28 " 0.37 " 0.10 0.26" 0.26" 0.27™ 0.63 ™ 0.03 0. 06 0.18
RGRI 0.21° 0.27 0.277 0.20 0.28 " 0.26" 0.27" 0.36 0.01 0.19 0.25"
BGRI 0.03 0. 05 0. 01 0. 46 " 0. 06 0. 04 0. 06 0.327 0.03 0.03 0.10
NGRDI 0.327" 0.31°7 0.45™ 0.30™ 0.34 ™" 0.33™ 0.30" 0.36 " 0.01 0.27 " 0.14
COM1 0.30™ 0.32" 0.36 ™" 0.31™ 0.35 ™" 0.33 0.31™ 0.43 ™ 0.03 0.13 0.12
COM2 0.327 0.33 ™ 0.37 ™ 0.27" 0.36 " 0.35™" 0.327 0.46 ™" 0.03 0.10 0.15
NDVI 0.03 0.13 0.08 0.28 " 0.02 0.03 0.19 0.34 " 0.01 0.07 0.03
RVI 0.20 0.33 ™ 0.20 0.19 0.33™ 0.29" 0.317™ 0.12 0.02 0. 06 0.11
DVI 0.08 0.19 0.09 0.28** 0.16 0.13 0.19 0.17 0.01 0. 06 0. 04
GNDVI 0.07 0.01 0.02 0.16 0.01 0. 04 0.02 0.45 " 0.02 0. 05 0.19
BNDVI 0.02 0.23" 0.02 0.25" 0.14 0.08 0.27 0.40 ™" 0.01 0.02 0.01
NDRE 0.317" 0.26" 0.33™ 0. 04 0.28 0. 31 0.26" 0.03 0.01 0. 06 0. 05
SAVI 0.19 0.53 ™ 0.26" 0.39 ™" 0.33™ 0.14 0. 06 0.08 0.01 0.07 0.04
MSAVI 0.29 " 0.46" 0.297 0.31™ 0.37 ™" 0.35" 0.47 0.51 " 0.01 0. 05 0.02
MSR 0.15 0.25 0.18 0.26" 0.25° 0.21 0.24 0.42 " 0.31 0.41™" 0.29 ™
MNLI 0. 04 0.14 0. 10 0.20 0.10 0. 06 0.16 0.28 0.01 0.03 0. 06
RDVI 0.29 ™ 0.37" 0.33™ 0.21° 0.36 ™" 0.34 ™" 0.36 ™" 0.28 0.01 0.08 0.13
EVI 0.17 0.07 0.25" 0.29 ™" 0. 05 0.13 0.10 0.33™ 0.01 0.15 0. 04

T IR p<0.05, =% KR p <0.01, #=x IR p <0.001,
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Tab.4 Input variables of model
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Tab.5 Estimation results of winter wheat leaf

area index based on different input variables
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Fig.3  Scatter plot of winter wheat leaf area index (LAI) estimation results based on different input variables
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Tab.6 Estimation results of winter wheat leaf area

index based on different models
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Fig.4 Scatter plot of winter wheat leaf area index( LAI)

estimation results based on different models
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