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Cl. 2B TR 22 58, ME T 232001 52 AV 3 4% Y 28 S L 55 5 i o Sz 6 =5
e R A AE B AR T 0, AE 5T 10009753, B K ARMEAF B4 TR ARBFFE L, JE 5 100097
4. bR AN e R T AR AR FT 0y, B 5T 100097 5. ] B B Tk 222 5 H 45 2 T A2 B, £24E 454000)

2 < v A DR b SRR W 0 K v R AR R A R R AR A R S iSO 2015 4E 4 H -6 ARG T
2N ZEBRCTT ) PR IIR T 26 0 ) s B S AR . E SR T IE AL R I O AR A A /N A2 R A A 2 T AR
(crop surface model, CSM) , FI| H CSM $& HiUHH 4 /N 22 bk vy CHL,) AR 5 A1 FH SR ECT 21 PP 5245 BG Fe 40, 1)
AT AR ) BRI T A IR A 0 2 AR E W AR A SR, R AT B AR I 2 A i IR L a3 T 5 B
J5i & $ 3% 20 ] ) (stepwise regression, SWR)  fi £z /)N — € (partial least square , PLSR) . fifi #/l # #K (random forest,
RF)3 Rl 8575 k0 2 265 & WAL SRR R U AT X bE , Phide th & /N 22 AR i Al S e O A . 4 SRR W), SR I
SRR =5 CH D) B AT w5 BE LA 1 (R*=0.87,, RMSE=6.45 cm , NRMSE=11.48%) ; 51X F 5000 5 15 B4R 45 S0k 2 (1)
A= )B4l EBE R M EE (R>=0.721 2, RMSE=0.137 2 kg/m*, NRMSE=26.25%) , ¥t 5% 1% K% 46 B i N H M H_, it
IR R R A, e N |, (RS IRORS FE R AR e 1 (R*=0.819 1, RMSE=0.110 6 kg/m*, NRMSE=21.15%) Z 1l
TIOR8 H BT M 2 B AG SRR (R*=0.794 1, RMSE=0.117 9 kg/m*, NRMSE=22.56%) ; SWR = 4 &t fil; 4 5 71
(R=0.7212) AL T PLSR(R’=0.677 4) I RF (R*=0.657 1) A=) fE AL FBERL o A2 5T b A/ 22 AR RKOIR B0 v 2
PR S Bt S % .
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Jo A HLERE J C(UAV remote sensing) 42 i ik 12 Jak £% J&
2% « (position and orientation system, POS) i& fif. i€ % . GPS
ZE0y AL — P AR, B8 LR PRI R g B Bl AL Hb gk
Y o ) 28 A5 R, IF AR a8 PR | vy 2% S I Ak B R 43
e VEDHE = Cheight, HD F1A2 4 & (biomass) fig % 13 I
s B AE AR AT P, IR AR KR DL, A e &
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HEIU A E R AL SRR R T U RS
M A, #E 2 T ORI AW Iy o AN ) i B rpoe) A
Y AT — 8 AP
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Bl TC AL R PR & e, o AN B 2K ey
G, WIE AHLZ 6 G RO IS AH YR N H T H (A
YEP B BRI, ) i [ B H5 2 (leaf area index, LAD «
Ayt o 2 A JE AT HE AR ST B AR AL AR
T 2y AN, WA £E S 0 3 ANl IE , H 9 HER & .
BReAl AR e, v DAE A — B A 1 B4 31 s
3 B N AME 2 28 O AR A R IT . 2 PRARAECORI H
Jo NHLECH 5245, A i 3t b 17 42 46 55 Cground control
position, GCP) 3k U T K P =i 5 B, 45 2 S i o] Wbkl
AR AL LATAS S0 R 24 0.69 , 0 A Kk /&1 1 mT UL Y6 R 4 i
AN LA S0 R 0.73 0 W Ik i it 7 LATRS B
B o 5 1E A ST N A [R) R B e 2 R A ) 2 T
(1 [l U= A8 28, &35 SR 3 W) A 43 45 %X (green red ratio index,
GRRD % F A= ) & AT B A S RE T o A By 0000
T INMLEARLT BN ES 52 A5, 1 E 6 Pl WL I A 4t 45 2
G RR v TG T RE LAT[RDAREA , 7 P 0 23 AR AR 42
(PR TR0 R LAT T () 3 R de i« KRSl L TG
INIRAGLS A2 B vt = 4 I EIN S 7 A (X1 = N o o Y|
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VA At 5 7> — 3R [m V1 SR ) S L B VR BE AL AR [ U1 A5
TR IR ) LAT, 4> 73[R A b R ] 4 4SS 50k
(RS NS B2 B i o Jibo 25 H I JE AL RGB S8 1D
TR L 32 FH G AF AR A i 50T - TR i H5ORT H 1 A= 4 =k
1T TGS, 13 2DE = M FR 20 S AGB AR i IR AR Gk .
Torres Sanchez %5"1a F Jo N HLECRS 5245 1 K, FF 38 HUL
Tl WLICRE VR R VEAN P b, R IIAE Bt F6 50 Exg Al Veg fig
Wit B S TR T o Zhou Z523% T 06 AWLEUS 5215
THO 7R (1) 7= &, S A A 4 R £ (vegetation atmospheri-
cally resistant index, VARD , It I 0J At 77 7K R 1R 38R S5 UL
Som ZE2F] I JE AN RGB 78 B2 HE 1 7= 34T I
THE 8 5 A5 R0 b THURS A5 7 925 mT DA v ™ o S VS PRS2
FETH AR R B0 8 SO 4 RO . AR, K A
VEW)F RS RS AR SR (1 ke o Al B A/ N2 I AR i, O
B S0 A /N 2 Bk — R RN 22 AR B R AR A L LR
Do ARSCPLE N RS, R TE AN 5 540
TR, A2 A /N2 SR THBE R UK /5, 48 5 R ] L
R 8 5 T L' A A i 50 n N 3 T AR 2R B B P ke v DA
J ] WOGHE B R EIN AN A /INZE SIS R Pk e, JE 3 Ry i
A A, FEXTLE A BT 3 R . BRI E AL
Hhs s AGAG A /NG R R T AT R DA, DU h M
AN A AR F Al S it — A RO T
1 MR5HE
1.1 HARXBEIRE LT

A SO FE DX AAE T A6 T P 1)/ i 1 1 SORS T
RNV IR, B AR JEZE 40°007 ~ 40°21 ", R4 116°
34"~ 117°00" , 454 i FE 20 36 meo J& T i Al Flf
SV K ot 1 2 RS, A R /K R 20 8 640 mm, A F IR
MHEEZ)-10°C , 4 d il FE 1 40°C

TR FH 23 7 1) K b 84 m, mE AL K BE 4 32 m, F
FH TR it ol e 20 R E R o 1) A RS R BG e v . 2 A
Bl a4 AR 3R o b B, SL 16 AN BE, 3R EH
LA AN, BEAS /NI Ny 56 mPe HE RN ] 52 2014
E10 H 7 H , Bkt 25 5 2 490 #/m?, R 56 5 Bl 5T 9843
(J9843) Fll /i 3 175 (ZM175);4 AN it & 7K 7 4 0 JR %
(N1).195 kg/hm’ J£ % (N2) .390 kg/hm’ J§ % (N3) .585
kg/hm?® JK 25 (N4, 3 AN /K 73 Ab BE A Y 2% (WD 1IE & K
675 m*/hm’(W2) . 1.5 f% 1E % #£7K 1 012.5 m’/hm*(W3),
AR T Z W 1,
1.2 HbTE &R IR EN

A3 SR B /N ZE BRI 32015 4F 4 1 21 HD Bk e
(201544 H 26 HD JFAE 15 A 13 FD kR = A A =
Ko o & N2 RR R RI 5 V5 AERES N IX I
L R e ) o7 3 L 328 L A AR SR 1Y) 6 BRAELRR , 7E 4l
R P AR ) A HEE P i 381 25 366 (19 P 2 5 A ek S
TR I AN G K 0 A Tty 1 25 R R R S . AN
My b A= R A B H R AR R e R AR SR
W o BEMLI 20 FoRE AR , K AELRR (1) 25 b 20 5 T, 4R 5
JKIFYE T8, 105 “CAF, 80 CHET-48 h LA b, 1 21 &

FURAEHEAT R TURE o 43 Dol AR Hh R R (1 % 3 87 100 Jo o
R Hh PITAS K 1K~ S AL D R (i, A48T 3 B
T J0IA 3 e - A e AN 2R AR W T AR A B B
PR R R AR R R P R EAT NS 2
A= B, fo i B ABORE TR B A& /N2 ) AR

HE—
Repeated 2

HHE—
Repeated 3

HE—
Repeated 1

W3

w2

w2

W1

ZM175 J98437M175J9843 ZM175 J984384ZM175 19843 ZMI175 J9843 ZM17519843
I m 1

W ZM175: 142 175;09843: 5719843 N /& JR 25, N1: 0 kg-hm?2.N2: 195 kg-hm?,
N3:390 kg-hm?2N4: 585 kg-hm2; W 2 /K 70 4b 3, W1: 5% W2: 675 m* - hm™2,
W3:1012.5 m* hm?2,

Note: ZM175: Zhongmai 175; J9843: Jing 9843; N isurea, N1: 0kg - hm2, N2: 195
kg-hm?2, N3: 390 kg-hm2, N4: 585 kg-hm; W is water treatment, W 1: rain, W2:
675 m*-hm?2, W3:1012.5 m*-hm?2.

Bl R %
Fig. 1 Experimental scheme

1.3 T AHERS R 5 HIEIREL

PN W TR TR SN Gl 31 N e
B i 3 PR SR, R ) Ui 32 #5000 AL R
K 386 mm, L& 155 B 4.2 ke, AT 6 kg, SEATHT (]
1520 minD KRGV 6. REHETHAmBTRE
Cyber-shot DSC-QX100 H S AH AL, =24 R~F o4
62.5 mmx62.5 mmx55.5 mm, Jii & 179 g;2 090 J7 1% %
CMOS L& 2% s 2 5E 10 mm GE B 8D o EFRAE R /P
AT TEE B 5 R B AR, I R 2 I B 2> = KD
PEACRSE o TE ML AT R BN 55 m, Bt 545 7 18] 73
R 90.013 mo SEERIUBHLUIL 1.

F1 Z2NEMNEBHR T AL G IRENET 8]
Table 1 Growth stages of winter wheat and digital image ac-

quisition time of UAV

A SR 3| g5 5 5 H
Growing stage Shooting time Number of digital images
AT Jointing stage 4H721H 90
e Flagging stage 4H26H 101
JF 4t Flowering stage 5H13H 126

1.4 B G EIELE

I H] Agisoft PhotoScan Professional {4 %) 3k H (1 £
TR AAT AL B, S S AR AT P, 493 B IX S5
FH F #5727 (digital elevation model , DEM) Al &5
U7 IE Y 5214 (digital orthophoto map, DOM) . HAK4L B
WRE A B 254 F WK POS 5 B A8 s s 1% 5 N 3|
A, 23 B0 I TE AL 225 ) A7 B R3S s 0 55 I
AR BTG ML CAT X IR 2% 48 s AR R S R s
SR b g T ) A R TR S0 s A e AL e
B (DEMD A7 1S54 (DOMD .
15 ZFNEHRSRR

FHAT 20 (1) o NALEL - v B A5 2 (DEMD FIER 7 1E 5
AR (DOMD & PR i ) 20 B« DR AL FR AT 2 1)
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DEM H1 DOM SCAF, B AT REUE sk 4 2) T JLHE i 2
15 s 3) i FH 7 HL 4 N 4 7. 0E 4T DEM W 3 4) St /E )
RIMBAL(CSMD s )3t I Mk v 545 B /N bk . Bk
HEFELE Arcmap A4 58 1
1.6 W] L AE 15 A AYIEEY

SR AR LT RN 6 B S [ SR G FIT 21 A1
Bto MR FREUE AR B B SO R A TR s L 1 2
EEBR IR B 5 B, T 3R 151K DOM $2 HGR B0 /N X 1)
ST 23 W BE DR P 1 DN, BIDER B 545 T 40 4

W5 3ANE IE DNAEHEAT IH— b AL BE K5 3 AN I 15 Y DN {H 58
ARG BB I DNAEE XL A rgbo THHE AU :

r=R/(R+G+B) (1
g=G/(R+G+B) 2)
b=B/(R+ G+ B) (3

R 48 STk AT B RE A AT 0 T LA B A A e,
IEH 18 Ma] WOt RE #4525, In EE LI R .G .B.r.g.b—
FE 24 A B R AR G FRHL, AR SO X 24 AN FR BT &/
FAEYEAGE, HAAWER 2 iR,

R2 G EGEY
Table 2 Digital image index

SEESIRA A b AR EUR AR B ' KI5
Image index Formula Digital image index number References
R R=R I AR 22
G G=G 11 IR T2
B B=B 11 WE B
r =R/R+G+B v VAL 5 26 B
g 2=G/R+G+B \ IH—A 5 R 4o ik B
b b=B/R+G+B VI A —Ab J5 W6 I B
b /b VI SCHR[26]
alb glb VI XiHik[26]
rb r-b IX X Hik[26]
r+b r+b X SCHiR[26]
g-b g-b XI SCHR[26]
(r-b)/(r+b) (r-b)/(r+b) XI Xiik[26]
(r-g-b)/(r+g) (r-g-b)/(r+g) X111 SCHR[26]

EXG EXG=2g-b-r X1V SCHR[21]

GRVI GRVI=(g-r)/(g+r) X VI SCHR[27]
MGRVI MGRVI=(g>r)/(g*+17) X IX SCHR[27]
RGBVI RGBVI=(g2-br)/(g*+br) X X XHk[27]

EXR EXR=1.4r-g X X1II SCHR[22]

NDI NDI=(r-g)/(r+g+0.01) XXV k(28]

VARI VARI=(g-r)/(g+r-b) XX 1 SCHR[29]

EXGR EXGR=3g-2.4r-b XV SCHR[30]

WI WI=(g-b)/(r-g) X VI CHR[27]

CIVE CIVE=0.441r-0.881g+0.385b+18.78745 X VI SCHR[31]

GLA GLA=(2G-B-R)/(2G+B+R) X X 11 SCHR[32]

1.7 8RS 1.8 iR

Pr R H I8 07 3 72 2 8 1] JH (stepwise regression,
SWR . i 5 7]> — 7 (partial least square, PLSR) . fifi . #&
#K (random forest) , 3 11X 3 B 5 V246 4t A& /N A2 AR ) o
FRIAT B ABE Y, A5 FH SWR AL o A= 40 e Aih S ASE AR I, A 20 2
Sk — R UGR B A B, EHEIBRIE HE L E R A
TR AN AR A 2 B RS B R AL R 5 AR
JEL 5 #E N Cakaike information criterion, AIC) , AIC A~ %L
PR B R R 5 B CIORARLARD , Ty EL5 TN T 785 0 0, ffi s 7Y
RO AT A A I T RE R . [R5
F DU 45 B 4E DI (bayesian information criterion, BIC) ,
BIC [T I L ATC K, % 18 T REAR &, FEAR S R
Z I, T A A7 AR RS R sk e a B AR R AR A R e
{5 H PLSR 75 4 1t A= 4 s A A I, g 71 [m] ) A A o >R
T EHE B RO, I HL AT DU B 2 AN A8 5 (1) L2 )
W2 A~ HAR R BV LA AR DGR A . AT
RF ) £ A= ) & Al MU AL T ISF, RF 3T bootstrap $ll £ 777,
M JGUEFE A b A 755 (R 2 AR A, X454 bootstrap 1
AATF e S T, SR 5 A1 G 2 BRSO JEAT TN, 5 f
DAHC SR 7 2R R S5 i Tl &5 3

T PP MR B AR (KRS 2, SR FH AR bR R E R A (co-
efficient of determination, R*) . 3J J5 #& 1% % (root mean
square error, RMSE) . b5 #E #4) 77 i 1% % (normalized root
mean square error, NRMSE). R 8 K i) B 455 70 1) K 5
L PG R . F RMSE KAWL FIRS JE , 2 RMSE
/N U BRI PR R JE s o NRMISE AN KT 10% B, il 5
(ELANSE R ) — S BB s NRMSE 4 10 %~20% I, 1t
IS Aty S5 ARLMT SIS UL P — S50k O 4 s NRMSE 4 20 %~30%
I, A SRS PN A — EUE A 45 sNRMSE K T-30% It
SIS AR A S — S 22 . AT AT

4

(5

(6)
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2 e, S (1 48N 2 R R R xS SR A
2K e B W) ) sy, R A ST A /N 22 bk v BAE )
Hon AFEARANHL.
2 FERESH
2.1 EBEENENS

Tk e AMLAE RS HE AT, 0 0 3R T &Nk
R B AT T AE BAIX 3 AN A2 A E W R B0 = o
1%, F) H] Agisoft PhotoScan Professional #K 4 %} i 1 2
T NHLERS s AZ AT A B, 43 A AE B 3 A E B A F
(] DEM #1 DOM, il it 56 H < A 4 (¥ 7 ¥2:43 2| CSM, £E
MR 3 AR TE BB I 56 HH A /N 22 P 38 B o 3R
PR LS R 2 &/ 22l )45 L TR 45 2R 5 szl
(IR e A AN TR R BE PR O 22 o T AMLERE 3 A = 2R
I 525, 48 RIS /N X, 3 AN E B WL A 21 144
AN AN ST B R U S R AT B R A /N FE R v S K
P2 /N Z2 Bk e AT G EE B, 25 SR an 6] 2 BT

HH P 2 1), T CSM I b B 4 1 48 B 4 /N 32
f M, FUSEIAR & H, K 3] T 0.87, NRMSE 4 11.48%,
Ui BRI L, R B3 e, BBOH BT 6 &/ 22 TiAt G
FEwr. Rk, FSCRAZET CSM 78 B 4 i i 46 /N F2 bk
AT BAR T
22 BNEEYERGE
22.1 ABRMESHT

MR A /N2 BT B B AR A 2 A F 4

N FRT B0 52 A5 1 T B0 A ) e TR A DG R 7 2 o Bk
D 515 MG 38 5 H H,, — 2 20 80T I A 4
SR PR S e S RN S () N S AR AR DG T, 5 4y
A BT PR TR IR 2 28 B I EG s 5 KR
FRECH L H,, A HE BT 2 L (R 3) o MR FEAH JSME R AU
BT, B REh 48CHIFEAEDIN,0.01.0.05 S & /K111
I FLAE 23500 4 0.361 03 F110.278 71, A Mk 2R B ik
T 0.36103 1], RIGA 28 2 2 K 1. H &N 144 B,
0.01.0.05 {2 & 7K ¥ I S 53 01l 42 0.212 56.0.162 52, A
Fe kR B KT 0.212 56 I, FHIH B 7K.

100 -
R>=0.87
90 RMSE=6.45 cm .
NRMSE=11.48%
80 - n=144 #

*

=
2
T
=
g 707 .o
K= PR
ZF 60 ’
:>;-§Ti y .3
®g 0T e
g 40t 5 ¢
2
=30 ¢
20—
20 30 40 50 60 70 80 90 100
SR

Measured plant height H/cm
B2 T CSM a5t B 4G {A R By &) R bk & Ao 5%
Ik 3 89 2T R
Fig.2 Contrastion height extraction and measured plant height
of winter wheat based on CSM kriging interpolation

F3 BWPH PGAY TR S AT AR AR

Table3 Correlation of jointing stage, flagging stage, flowering stage and multiple growth stages

AR USSR S HA4H WIRIHI 9 R 3L Correlation coefficient of each growth stages
Digital image index 515 ] Jointing stage Bt ] Flagging stage FFA£ ] Flowering stage % £ F W] Multiple growth stages
I -0.720%* -0.680%* -0.628%* -0.275%%*
I -0.721%* -0.568%* -0.507%* -0.074
il -0.685%* -0.397%%* -0.430%* 0.261**
Y -0.612%* -0.730%* -0.712%%* -0.724%*
\% 0.601** 0.499** 0.574** -0.001
VI 0.226 0.702** 0.522%** 0.818%*
Vil -0.495%* -0.734%* -0.695%* -0.810%*
VI 0.259 -0.524%%* 0.065 -0.684%*
IX -0.530%* -0.734%%* -0.702%* -0.812%*
X -0.601%* -0.499%* -0.574%%* 0.001
XI 0.388%* -0.419%%* 0.194 -0.626**
Xl -0.500%* -0.732%%* -0.701%%* -0.818%*
X1II -0.598%** -0.733%%* -0.716%* -0.762%*
X1V 0.601** 0.499** 0.574** -0.001
XV 0.632%* 0.697** 0.681** 0.533**
XX 0.632%* 0.698** 0.680** 0.533**
XX 0.580%* 0.416** 0.551%* -0.110
X X1II -0.631%* -0.705%%* -0.686%* -0.567**
XXV -0.632%* -0.697** -0.681%* -0.533%*
XX 1 0.631%** 0.702** 0.691%** 0.573%*
XV 0.625%* 0.639** 0.637** 0.298**
X VI -0.254 0.215 0.259 0.037
X VI -0.606** -0.530%* -0.586%* -0.049
X X 1I 0.602** 0.500** 0.573** 0.001

T R0R 0.01 BE KT
Note: ** indicates a significant level of 0.01.

222 RAFHALAFTHEN, S LA TS
A CHLU SWR L PLSR FI RF Jt 3 Ff gt 4 5 v i3k 47 o/

IR 2 4 F AP AL FA ARG L 43 #  ILBL SWR R

BIREAT b, LR — 8 h el sids . HE =5k

M IESE , 19 B 3ANEE A £ AR I E AR B a3 )
JE32.32.32.96, B uE S EHE 7 e 16.16.16.48, K ik
IR 13 N A 25 AH O B BOh s AR G d R 8 H L, 5
VAT S A5 B, M it &N AR E R AR
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B FEPR A« 0 A HUEICR 52 A% 1R 26 /0N 22 PR vt R A 40 4 Al B
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TSR, PRI H VP F8 b AIC F1 BIC {8 #5¢ /N I 0 e A
B, S5 IR AR . R AR LU X TR 4
Py A AR, N H A H,,,, AN BESR e B2 (18 52, (EL AN
AN H,, (R*=0.524 7, NRMSE=19.39%) [ % R L In N H(R?
=0.516 7, NRMSE=19.56%) " if- o 5% T e 30 440 2 £if 55
B, N H AV H,, W 32 m B (RS B, NN H,,,, (RP=
0.665 4, NRMSE=16.70%) 2 AL T A H(R=0.657 2,
NRMSE=16.98%) . XTI, In A\ HAH,, B W] 242
we B AR IR RS BE L N H, (R*=0.672 1, NRMSE=14.09%)
BORAL T N H(R*=0.662 2, NRMSE=14.30%) . itk
3 BRI AR 0 R 38 28 B U g3 A &5 R R A B )
F A E BHERS , JT A6 A BT A 1 AR 4 Al SRS TR R

D RSN [ I 11 A = IS RS 7/ (= =
NRMSE 4 26.25% , 41 Lb 5245 & 31 HL (1) A6 33 20 9] )
g8 R 5, 245 WM NRMSE {8 4w K, (5 2 4 5 W 16 R?
0721 2,3 KT FFAC . &4 25 rERI TR (38 F 1 DA
PEN bR, 2 A B IR E D BB BEAL T 5 A .
N H ) R*.RMSE.NRMSE 5 In A A, i3 5 9] ) B4
A, 43 BIAH 2 0.025.0.0073 kg/m*. 1.41% , AR 45 455 70 4 4/
& b5, A LG 50 |, I 3R T 4F

VIR A A EINE TR P NS RN NS
FTos o 383k o B Rl A0, H0 H BRI L T e W 36 E
A 143 T ) R #8AH 22 0.2 LY , RMSE FINRMSE
I3 ARFE 0.02 kg/m?®< 2% LA, R B AT 1R b I AR e

T4 BEREEGEN. A0, 5ENENESOEEASTER

Table 4 results of stepwise regression analysis between digital image index,H, H,, and biomass

csm

ERY HO AR I (R 35 1 ALC BIC R RMSE / NRMSE / %

Growth stages Digital image index (kg m?)
r+b.G-r-R.B.VARI -163.71 -143.19 0.5374 0.050 0 19.13
1 1 Jointing stage H.B.r.GLA.G-R -160.31 -138.33 0.516 7 0.0511 19.56
Hesm.G.GLA.r.R.B -160.84 -138.86 0.5247 0.050 7 19.39
EXGR.b.R.VARI -124.71 -104.19 0.606 6 0.092 0 18.11
FhiHEI Flagging stage H.R.b.EXGR,VARI -126.82 -104.84 0.657 2 0.086 3 16.98
Hesm R .b . EXGR ,VARI -127.89 -105.91 0.665 4 0.084 8 16.70
CIVE.(r-b)Ar+b) R .1/b -108.89 -87.61 0.632 4 0.117 8 14.91
JFAE ] Flowering stage H.R.(r-b)/ (r+b).CIVE .1/b -109.59 -88.37 0.662 2 0.1129 14.30
Hesm. R (-b)Ar+b) .CIVE . 1/b -110.54 -88.56 0.672 1 0.1113 14.09
MGRVI.g-b.1/b.glb -353.32 317.42 0.7212 0.137 2 26.25
% '1: & ] Multiple growth stages MGRVI.g-b.H.1/b.g/b -380.42 -341.95 0.794 1 0.1179 22.56
MGRVI g-b H  11b.g/b -392.81 -354.34 0.819 1 0.110 6 21.15
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Fig.6 Verification results of multi-growth stages biomass prediction model of winter wheat by SWR method
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Fig.7 Verification results of multi-growth stages biomass prediction model of winter wheat by PLSR method
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Fig.8 Verification results of multi-growth stages biomass prediction model of winter wheat by RF method
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Abstract: Efficient and timely acquisition of height and biomass of plant is important in improving agricultural management. The
purpose of this paper is to investigate the feasibility of using UAV remote sensing to obtain these data. We took winter wheat as an
example and conducted a field experiment between April and June 2015 at the Xiaotangshan National Precision Agricultural Re-
search Demonstration Base in Beijing. UAV imageries were taken by a drone from the field at jointing, flagging and flowering stage,
respectively. We then developed a crop surface model (CSM) based on these imageries to calculate the plant height and compared
the results with field measurements. The image indices extracted from the UAV imageries were used to calculate the biomass using
a stepwise regression (SWR) model at each of the three growing stages, as well as the average over the three growing stages. We
also compared SWR with the partial least square (PLSR) method and the random forest (RF) method. The results showed that the
plant height estimated from the crop surface model agreed well with the measurements with R=0.87, RMSE=6.45 cm and NRMSE=
11.48%. The biomass model was calibrated separately for the jointing, flagging and flowering stage separately, as well as for inte-
grating the three stages as one. Comparison with the measured biomass showed that R, RMSE and NRMSE of the SWR model
were 0.537 4, 0.0500 kg/m? and 19.13% at the jointing stage, 0.606 6, 0.092 0 kg/m* and 18.11% at the flagging stage, and 0.6324,
0.117 8 kg/m* and 14.91% at the flowing stage, respectively. For average biomass over the three stages, R%, RMSE and NRMSE of
the SWR model were 0.721 2, 0.137 2 kg - m™? and 26.25% respectively. It was found that incorporating the plant height into the
SWR model improved the biomass estimation, with its associated R* and NRMSE increasing to 0.794 1 and 22.56% while RMSE
reducing to 0.117 9 kg/m>. The SWR model is superior to the PLSR and RF model whose R* was 0.677 4 and 0.657 10, respectively.
In summary, we presented methods to estimate the height and biomass of plant based on UAV imagery and validated it against
field experiment with winter wheat as the model plant.

Keywords: UAV; digital image; crop surface model; winter wheat; plant height; biomass; stepwise regression



