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Fig. 1

(a): Experimental field; (b): Experimental field and positions of ground truths of wheat tiller density;

Study area and positions of ground truths of wheat tiller density

(¢) Counting wheat tiller numbers within the zone of “1 meter and 2 rows”

R2 NEEXEETEMEEESHEEEN VIE
Table 2 Ground truths of wheat tiller density and corresponding VI values
s “1RXUAT” /N2 ZE U L o T FvC VDVI NGRDI NGBDI RGRI
Y UEEY 34 /(s m™?) FHE FE FIE I I {E
1 138 690 0. 483 0.152 0. 075 0.242 1. 166
2 173 865 0.571 0.193 0.115 0. 283 1. 269
3 137 685 0.472 0. 147 0.068 0.238 1. 150
4 153 765 0. 501 0.16 0. 082 0.252 1. 184
5 136 680 0. 475 0. 149 0.072 0.237 1. 168
6 126 630 0. 467 0. 145 0. 065 0.239 1. 140
7 145 725 0.498 0.159 0. 082 0. 248 1. 185
8 116 580 0. 430 0.128 0. 048 0.222 1.103
9 91 455 0.402 0.115 0. 039 0. 203 1. 086
10 162 810 0.518 0.168 0. 086 0. 264 1.191
11 102 510 0.422 0.124 0. 045 0.217 1. 098
12 163 815 0. 540 0.178 0. 098 0.272 1. 220
13 105 525 0.422 0.124 0. 046 0.216 1. 099
14 110 550 0. 433 0.129 0. 05 0.222 1. 111
15 148 740 0.518 0.168 0. 088 0.263 1. 199
16 94 470 0.493 0. 157 0.078 0. 249 1.173
17 89 445 0.418 0.123 0. 044 0.214 1. 094
18 85 425 0. 456 0. 140 0.058 0. 237 1.129
19 170 850 0. 542 0.179 0.102 0.268 1. 234
20 97 485 0. 481 0.151 0.072 0. 243 1. 161
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FE77.78 ms, 1SO100, KBS A2 75 0] 43 % 48 mm., HA
L& 403 AN PEBE. SRITCL R IUAT R A I A 5 ik [
Lo fiaR], A RRKHANMEREZ 1 m A4 50T -k
LA LI E 1) @ LR ] BA EARDT 3 A4t
K ZEEE R RO, AR B 20 om 47 5E DL R N (D) JF B B
T PR N I /N 22 ZRBER /N 22 ZE B 2 80 ) st 1w BLME, SR 3F 20 4L,
mak 2 P,
Ty =5XT, (D

KO, Ty 5 T, 4 3I/NERERES “1 KW AL
T2 X P A /N 2 2R RO
1.2 REEHENSHEEESE

Rl % @ AR HL ) CMOS B4 % 8k #5383 B A 350 ~
1100 nm (45634 0 R B8 F7 . MEDLIE TR B AR UE 6 BE 51,
WAL YL FE R R 2. &, 4 =1EiE, IFE
I HL Y B BB S R o L E S R Bk e (F S (0
~255), W BA . 8. 43 MEBOSIE RN R e,
P A T ) 32 Je PR A7 8 o e AT 1) 1 25 B AR A
A5 A% IR i 7 S AT BB AR IE T LAME IE 622 Bk i S
SRR A A% ] 8 S 5 ) 1 S . ff ] Matlab A8 HLAR & T
FLAE . FAAEAR AR A o AR K R PL G P S O [ (IR R R
UG JRA AE XF F b O B S N T B B K R 1) i
) AN S U B CHE 5 A A 2R 5 4 55 AR HIL A A R I e s 22
AR P 5P RS AR AR B )« L KB AY A% 1) I8 AR R S 4 )
W5 7E A, e 2 58 G AN PLIE R R R IE . I BB . &k
20 3 AN By R, s A 2Ca), (DO R .
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High : 156 High : 171 High : 187
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B2 REFHEANEBEREG(E., &, L3 KER)
(a): WEMB; () GEJEER; (o LEMNE
Fig. 2 Calibrated drone remote sensing images
of blue, green and red bands
(a): Blue band; (b): Green band; (¢): Red band

FE B A6 B (vegetation index, VD ¥ WA 8B A L L 3 B
B30 S R B AT AL G B . DA IR B o R —
PR Y . 7E e B E A, VI B 0z N AE AR A S e
S Wt %% % (fractional vegetation coverage, FVC) fifi 5 45
JFT . 1960 4EAAK Jordan 5T 206 1k BIG  IE 20 AP I Br 5
ZLOG I B G SR B, M A L (B AR B 4 B (ratio vegeta-
tion index, RVD, H FPFAl ZR M/ LW &, 1% RVIAE FVC

I 50 Y0 B 32 KSR Wi 4 KA ) J8E. Rouse %5 48 1970 4 4)
FE TR AN B S G B ik AR B R — k22
3 A8 9% 18 50 (normalized difference vegetation index, NDVD),
BEBAT. A 150 K F0 VI 30 7E 7 2% 53 B 1 2% 4>
B, T NDVI g Rl f )z 35 BT T #E 4T i I FR AR 2
ST I L A A 7 PSR B 0 45 D . 4R . NDVI
X A e se RO U, AE FVC 8RR 5 i 3L RO, 5
Hb s BRI ZL AN BOGIEFE R AR MO8 T 206516 &%, K
T & BB RS SR e 2 5 AR T i &
VI, i B 265845 245 A% & 5, ™38 BT HAE AR 8 i+ 78
SRR 6 R

73— J7 > TR 6 A HLTE W] UL G I B v e Y (400 ~
800 nm) £ X f JE (¥ 4 (A B 5 1 8 B A B0 Y 0635 B
TR J) (U] 3 B7R) o FE B AR 20 1 il B i Tl 9 B A s i
SR T 2068 U8 B N B A I R AR R s 5 A
S M B 0 B L LA AR Y DG T S S R T A AL
G i B R PN B A R Y R 3 A AR S S AN TR i
BeG B N S 22 5, M VTR SR A LS R R
MR AR B AR AEZE e E RA R AT . B T S 1
TE AT LG I8 B 1 O i i 07 AR 5 R TS L AT b 5 S A
fIE V3 O HE IR 3 A 14 0T 3 R 3 2 T 1) I A b {2
VI, A n] WL B 22 o3 H 4 4 X (visible-band difference
vegetation index, VDVD | 4 —fk &k 21 22 43 5 #X (normalized
green-red difference index, NGRDI), 5 — 4k & ¥ 22 70 45 5%
(normalized green-blue difference index, NGBDI) | %41 [t {&
F5 %t (ratio green-red index, RGRD), I DAsE & 2 Ji /)N % 25 BE
BT A2 —X G PR .

VDVI = 2G—R—B)/(2G+R+B) (2)
NGRDI = (G—R)/(G+R) 3
NGBDI = (G—B)/(G+ B) 4)

RGRI = G/R (5

X B, G R G IEAHLE RS i B S @
SSEARGRIAE ISR R/ )R T S

807 ok | st ik

20 - Vegetation
Soil
LE /“><7ﬁ
8
— /
o

Log scale reflectance/%

400 600 800
Wavelength/nm

B3 ARNKEEEAERS TS m R i
Fig. 3 Spectral response characteristics of vegetation

and soil in visible light domain
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Z. W, ACEM VDVI, R 6) . THE I FRIUNE 5
BRI FVC L], HIT/NE 2B EIE.
FVC = (VDVI— VDV],)/(VDVI, — VDV],) (6)

K (6) 1, VDVI, VDVI, } VDVI, 435l A AL BAR R S
VDVI{E . A LIEHF 5 VDVIE ORTE/NE U5 H N AR
N LREHLE B 10 4b +3EREAE Y VDV -3 {E) o FALAH B
1) VDV H CA SCHRTE /N 22 3555 F P 38 N B ML By 10 4k
FE B R AE ) VDV S .
1.3 BIYNZZEETENATIHEMEHTNER

HF/NEEEZEEEEON 2, FVC it i ., §
A FVC M RS2 BT /s 22 25 BE RO i RS S T S
Mo AR /N A ZRBEHUE T SO B RS B S i, BT
NS BEHI T A MR R B, R VI gt 5 FVC, R
Zi4 VDVI, NGRDI, NGBDI 5 RGRI DU Fp s g 48 5. 454
N T G 9 /N A2 25 B8 3 52 M i B (A K8l » 2 57 BP (back-
ward propagation) il Z5 B 2 Tl A Y, 76 FH B )RR B 5 D
72 ZRBERE BT 8 T U

Input layer

4 BPHZMEIGER

Fig. 4 Training model of BP neural network

Hidden layer Output layer

BP 4 M 4% i Werbos F 1974 442, &2 —Fh ik £
S AL HEAT BRI SR 2 JZ FT BT 22 0 2% . BAT 4R B3R
MR PER T RE T, W RIS R H MRS CETIR T, AT
TOMRE TR R AE L M R H . BP #2800 2658 b
AZ. BEZERWEBIZEE. 23 AH n. g Mlm DHETT.

1 Jld -.;,!

High : 0.455

¢. NGRDI

Low : 0.077

Low : -0.034

BAZm N X= (0 oy oy 2T BERRER Z=
) B EmME RN O=(os 050 s 0,07,
BB Y ==y 320 s 2 WAZSREZE B
GRSWL BN EREME. BESN R V="_—o, v, -,
)" HW=C(w, wy, s w,) ", BP M85 Il ke A
MAZZMBRE 2 M B R, RSN E S5 B
W IR 2, R 2 HEAT S L R, T AR AR U8 25 15 B IR A
FEHEA M ITIAUE 5 BIE . # T OE A R IH A7 o6 U
N T A R SR R YIS S Sl T TR A A

DA/INZZ 2K B8 9 B T BB A A AL 1 moX T m ORI X sk
A FVC, VDVI, NGRDI, NGBDI } RGRI X {EHE R 5 35
REIA R, NEZRGER MW T HER AN E, ]
=X (D EUE & B Z T S0 10, @ — AR
JZ. ZHEA . BRI 3 )2 BP g 4w RL, I 4 By
N o

(215 225+

l= vV in+n +a )
LD, Lom, ny a BRHRE R AT SE AR
M TCH A AR BB E 2T SO 1~ 10 Z A2

2 #ZRHHE

2.1 VIESitHHh

VILEE S MG R R A — A5 B 0 A& B4, %
T (L 3 AT 2 TR PR R o W BB ) R R e B (B AR
W, FIHE 2 Fra o AVLE RS 8 . 2%, 20 3 By
B %4554, 78 ENVI R E S BB BT, 3L T )i B
B, MR (2)—3L G IR R ) VDVI, NGRDI, NGBDI
5 RGRI & @E, i — 4, 3T VDVI L, 75/hF K
6 FH b ER Y B BE AL E B IR 4R B 10 AbAE B AR AE 5 10 Ab 4 3845
IER) VDVIE . 2 5 E A RE S L3 5 1 VDVI F 1y
fH M 0.389 5—0.069; MG (6), T P Bsd”, K
INFESYBERANY FVC £, WE 5 i,

Low:-0.119 Low : 0.015 Low:0.788

5 EWREHREIE

Fig. 5 Vegetation index maps
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TE/INZZ 156 PN T B ATL 38 B OE SR I 10 b M AR AE 55 10
b + HERRAE ) FVC, VDVI, NGRDI, NGBDI & RGRI )%
B, RS L AR EAE & VI G B E P A ST R AR
e 3 Frm. 10 A AR AE i) FVC 38 5 45 1 22 43 510K
0.77 5 0.052; 1 10 &b - HEHFAE A FVC V18 5 b5 1 25 43
S 0.158 5 0.016, PiIEEMRFFAELE FVC B E P B ER
EHAARKZESR. KLt WAEREBRFAEE VDVI, NGRDI,
NGBDI }¢ RGRT 4 [ o i) 45 R {8 19 1 2408 5 b U 22 53 )
7 0.389 5 0.071, — 0.069 5 0.089; 0.204 5 0.026,
—0.0475 0.011; 0. 375 5 0. 043, 0. 059 5 0.008; 1.516 5
0.083. AJ 0.911 5 0.020, i 3 X & 5 00, H#EFRAE
54 B EAE S VI G E P X4 . MR IEAE S VI %
BE R BAREMRERME, HARERTRAYS; MR

Mo, FHERRAEAE ik VIR R R R EE, B
AR B R BRI . AR S LR AR FCV £l
PR R E R AR ER, MEEGRREREWN FVC
SERMEAEZE 0. 612, 55— 71T . VDV XA B AE K 4 4R AE
HA SRR X A 8E T, AL AE VDV & 8 b ol i K+
T EAE 10 4 HERRAE U O s/ FE M FUE . B AR NGRDI
5 VDVI B ZEU A o 5 (H R B RFAE 19 NGRDI - 3 {4 /)N
F VDV B {E , 3% 8] F 48 BOR B R AE 19 g DA 4255 . 59
&k, NGBDI $ B 8% 4% fiE 19 g 71 A~ F NGRDI 5 VDVI Z
(8] FHC 4 EARRAE ) S (8 D s R F Y IE(E . W HAR IR
T HERRAE A BE )1 895 . RGRI Y FVC (P B AE . w28 ER
FRAERY RGRI V¥ {E AH 2 0. 605,

*3 M5 LTEE FVC, VDVI, NGRDI, NGBDI 5 RGRI % E #1 #9545 1EE
Table 3  Statistic values of vegetation and soil in FVC, VDVI, NGRDI, NGBDI and RGRI maps

Vi T B + 5
R H s /IME ¥iE bR R fH fie/IME ¥iE P ifE 22
FVC 0.851 0. 687 0. 770 0.052 0.184 0.133 0.158 0.016
VDVI 0. 544 0. 301 0. 389 0. —0.013 —0.256 —0.069 0. 089
NGRDI 0. 250 0.167 0. 204 0. —0.035 —0.073 —0. 047 0.011
NGBDI 0.474 0.323 0.375 0. 0.072 0.046 0.059 0. 008
RGRI 1. 667 1. 400 1.516 0. 0.932 0. 863 0.911 0. 020
UL, MY ERE 5+ B AE A 45 VI 8 i 4T Neural Network
FerEm ., fRe KN £, BA %K VIHK B E SN - [ ) Loyer e
WS . SECHL VIR &GP 29 D W . 6 X E 1 St et Eell -5
(b) JIF 7R 14 /1N 22 Z5 68 %% 13 b 1) B A AL A8 A, 0 0 e 3 45 e % T i
# [X 48, (region of interest. RoD WA R E S Y FVC, VD- Algorithms
VI NGRDL. NGEDU KGRI, 3196 VI VA0, oS v s i
o N A R EE R A Calculations: MEX
2.2 BP &M EHNRE Progress
£ ENVI 38 BB 4 B4R (F 217 8 R, B F FVC, VDVI, Epoch: 0 [ [2297 iterations | 20000
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Fig. 6 Training result of BP neural network model
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Inversion of Wheat Tiller Density Based on Visible-Band Images of Drone
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Abstract Nitrogen topdressing is a vital agrotechnical measure to boost tillering process and improve the population structure of
wheat stalks. However, uniform nitrogen topdressing is apt to cause excessive application and low agronomic efficiency of
nitrogen fertilizer. However, variable-rate fertilization can solve the contradiction between individual development and formation
of population structure of wheat stalks, by decreasing the application of nitrogen fertilizer according to the actual growing status
of wheat stalks in the field. The key technology to improve the population structure of wheat stalks using variable-rate nitrogen
topdressing is to accurately obtain the information of spatial variations of wheat stalk numbers at field scale. Thus, with the
objectives of fertilizer reduction and yield increasing, this research studies wheat growth status in the tillering stage to invert and
regulate population densities of wheat stalks at field scale. Firstly, a DJI mini 2 with a CMOS (Complementary Metal Oxide
Semiconductors) image sensor is utilized to acquire visible-band imagery of wheat from the experimental field. Secondly,
vegetation indices of ratio type such asVDVI (Visible-band Difference Vegetation Index), NGRDI ( Normalized Green-Red
Difference Index) , NGBDI (Normalized Green-Blue Difference Index), and RGRI (Ratio Green-Red Index) were calculated out of
the visible-band images, in order to highlight vegetation features and reduce the impact of uneven light intensity on remote
sensing images. Furthermore, FVC (Fractional Vegetation Coverage), which indicates the growth vigor of both individuals of
wheat tillers and stalk population as a whole, was calculated based on the VDVI map. Subsequently, a BP (Backward
Propagation) Neural Network prediction model was built to quantitatively invert wheat stalk density, using FGV, VDVI,
NGRDI, NGBDI, and RGRI the input layer, and ground truth samples of wheat stalk densities as output layer. Upon completion
of the BP Neural Network training, weight and threshold values of the prediction model were obtained, and a validation
experiment was implemented. The result of the validation experiment showed that the RMSE (Root Mean Square Error) and
MAPE (Mean Absolute Percentage Error) of the BP Neural Network prediction model is 19 and 3.62%, respectively.
Compared with the average value of 635 of the wheat stalk density’s ground truth values, the BP Neural Network model has
extraordinary wheat stalk density prediction accuracy. The statistical data of the inversed wheat stalk density at field scale
indicated that the area of wheat stalk density below 500 stalks * m %, between 501 ~800 stalks * m ?, and above 800 stalks *
m * accounted for 6. 67% , 74.67%, 18. 66% . respectively, which provided data support for variable-rate nitrogen topdressing.
The implementation of this research under the background of “negative growth of fertilizer usage” proposed by the state is the
actual demand for developing resource-saving and environment-friendly Green Agriculture. The research results provide new
approaches and technical support for digitalization of wheat plantation, theoretical basis and data support for creating a high and

stable yield of wheat in a large area, which is of great scientific significance.
Keywords Drone; Agricultural remote sensing; Wheat vigor; Wheat tiller; Vegetation index; Fractional vegetation coverage
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