D

E
LICH.

!

=

S

ive

5
MZEXE HAIGHA OF

O N

o
[

2|

M

creat
commons

—

[—

t

[¢]

LICt:

O M
st

)

C
MNERLEAlL A

ZHE Metor

—
=
=

R0 5 A

i 0 <4 15
o) B¢ 53 o0
) E[o} o
) = 7
&3 10 ol 00
< il R
jum] J—

ol 0~ =
il 3 o on
) X Rr
Rr S =

%_ =B s
r o m._ -
o o O
_ Rr RO
% R of
o © o il
—_ jum]

1] N ol =
R iS ol =
= T Uo gwo
) RE] S
1 ° s =
o) K —
= TR mrr
&= o

ol Kl <. KM
80 ol JIJ =
Ee) W = )
©

X ESLICH

I 2t

tOd

ot |

[¢]

H

=

[¢

o]
lection

=

=

Disclaimer
O

5

FAI LEEHLH O OF
E2FH 29

¢}
X

=

]

0l N2 0| =3 & 72 (Legal Code)

HEAH0l [E 0l8Ke als 2o ol o



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

FHNA G YR

UAVS RGB 71H&+E o] &3

2E A 4AGA N1E A

Development of Remote Sensing Technology
for Growth Estimation of White Radish and
Napa Cabbage using UAV and RGB Camera

2017d 24

Hho] © A gl A A8 Hho] @4 29 F 8 F

& 8 A



=
=

~—

3 A4

UAVS RGB 79 &

el

N

B

w7

ilin
o

)l

B
o

,._mVﬂO

o)

X
o

o] B2 279} A& Fulete

==
T

, i

T+

=1

A3 2 ~ 6m/s & v &XoA 1/1000 ©]

ki3

£Y¢

o}/

9/]

/\o]—

%

)

el

Q5.

3}

=

el

& A AN APE

=
T

gl
gl

—_
file)

vzl

AJr
]

0
HH

=
T

T Al 2k g 112cm9

3

[}

D

AR A 091,



5 A= HEhATh

AS5 27158 A5 717049 7 il 2w 5 E 30 Ze o] A5
s ol&sto] -, wiFe] 9, AF, dE d5%es v 39 Rds
AR A, o A9 AAAT ghol Z2 093, 0.85, 0.95 oA, Ht
Al 227F 2.89 em, 1.0 cm, 3.74 7Y UrE}”OU% wj o] A9 A4
AT #2093, 0.84, 091 olWA, Bt Alw &= 261 cm, 2.98 cm,
9.31 71 = yetsth AT 45 2= vH5Ee] 3= Q3 HE
& Qlste] kg B A2 509 oW 27| HeolHwE ARESte] v 3]
S g e QAT G5 A2 5o s 2AAS 0959 H
T Al 22 66 g5 WERW e, o) G AAAS 0949 HE A
w24 303 g2 AdAHoR v dFAdsEs YEUdTh idE 2l
Ae AR 734 AFEAS AA TAE A dSoE gF B g4
50 ool 7] Aol wste] F17] F4e Tl -, wiFe AT
o] 7 e WElAn

Faol 1 oy, AAYAL, B, WF, NEE, 4F ¥ol, UF 97 w
o

g ¥ 2015-21507

. ¥ | =11 =
- i - < ".'1—-]| :



11

K] crreeeseeese st 1]

I
==

Vil

s

=0
7K

™

RELE ER

WAE ]

2.2.

E]—/\]_ }\]i%

AH

2

1171

20
22
29
29
36

3D F_tj‘__] Ag}\c-)]

=i
=

94 AT

2.3.1.

N

2.3.2. 7}v 2

45

034, AR G2 A AF wevvserrsssssssssssssssssssssssssss s

=0

} B

wAO

jgase)

O

2.3.3.

%
99
o6

A

o
HH

el

Ar

o



(e}

]
&

63

fu
b

67

o

)

3.1.2. v]& 11

71

71

77

AL,

1}

ks

1=R=l!
=

-

%

3

=1

2

79
- 83

1=
-

a4 2

A Al

iz X
a-

3.3.1.

Al
&y

o}
90
102

o=

PN
T

. 9%, 4

.
w
BK

+108

e
sl

X

114

1)) 8}

2] <

_iV_



List of Tables

Table. 1. Test field ID and treatment information of white radish

fleld ......................................................................................................................... 7
Table. 2. Test field ID and treatment information of napa cabbage
fleld ......................................................................................................................... 8
Table. 3. Specifications of the UAV platform used in the study. - 11
Table. 4. Basic specifications of RGB camera (S110, Canon, Japan). 12
Table. 5. Results of PID tuning using the auto tuning function. -+ 17
Table. 6. Vertical FOV and horizontal FOV of camera. --«-weeeeeeeeeeeeees 20
Table. 7. Optimal flight altitude for white radish and napa cabbage. 21
Table. 8 Simulation dataset for optimal shutter speed calculation with
VariouS fhght altitude and Speed. .................................................................. 27
Table. 9. Examples of geotagging resulf, st 29
Table. 10. Specifications of OEM615 dual-frequency GNSS receiver. 35
Table. 11. Specifications of FieldSpec 4 spectrophotometer, ««=:-sssssseeeees 48

Table. 12. Surface reflectance values for Blue, Green, Red bands of
Cahbration targets. ............................................................................................. 49

Table. 13. Digital numbers for Blue, Green, Red, bands of calibration

targets' .................................................................................................................. 50
Table. 14. Image acquisition results of wvarious flight altitude and
fhght Speed. ......................................................................................................... 70
Table. 15. Results from ANOVA for seeding dates, field slope,
repliC&tiOl’lS Of Whlte radish. ........................................................................... 79

Table. 16. Results from ANOVA for planting dates, side dressing

treatment Of napa Cabbage. ............................................................................ 81

Table. 17. Basic statistics for white radish dataset, «««:eeeeeereeeeemeeee 84

Table. 18. Pearson correlation coefficients for white radish dataset. - 86

Table. 19. Basic statistics for napa cabbage dataset. «--eeeeeeeereeeeeenen 87
1



Table. 20. Pearson correlation coefficients for napa cabbage dataset. 89

Table. 21. Multiple linear regression model for leaf length of white

radish. ................................................................................................................... 91
Table. 22. Multiple linear regression model for leaf width of white
radish. ................................................................................................................... 92
Table. 23. Multiple linear regression model for leaf counts of white
radish. ................................................................................................................... 93
Table. 24. Multiple linear regression model for leaf length of napa
Cabbage. ................................................................................................................ 9’7
Table. 25. Multiple linear regression model for leaf width of napa
Cabbage. ................................................................................................................ 98
Table. 26. Multiple linear regression model for leaf count of napa
Cabbage. ................................................................................................................ 99
Table. 27. Multiple linear regression model for leaf fresh weight of
Whlte radiSh. ..................................................................................................... 103
Table. 28. Multiple linear regression model for leaf fresh weight of
napa Cabbage. ................................................................................................... 104

- Vi - fr-I; :T ‘_::



List of Figures

Fig. 1. Location of white radish and napa cabbage test field. =+ 6
Flg 2 TeSt fleld map Of Whlte radiSh fleld .............................................. 7
Fig. 3. Test field map of napa cabbage field. « e, 8
Fig. 4. View of the UAV platform equipped with a camera. =---======eee 9
Fig. 5. Flight path generation using the Mission planner program. ---10
Fig. 6. Flight status monitoring using the Mission planner program. 10
Fig. 7. RGB camera mounted on UAV. e 13
Fig. 8. Script interface powered in S110 camera by CHDK 1.3. -+ 13
Fig. 9. Principle of the multi-rotor UAV flying. - sseeeeesessesessssesessins 14

Fig. 10. Block diagram of the Roll, Pitch and Yaw Flight Controller
(figure from copter.ardupilot.org/, Arducopter 2.9 Stabilize mode block
diagram>‘ .............................................................................................................. 16
Fig. 11. Reference path and UAV positions obtained under an
autonomous fhght miSSiOH. ............................................................................. 19

Fig. 12. Results of UAV lateral deviations obtained under an

autonomous fHERE MISSION, «wwsreseerereresressssensistssistisisti s 19
Fig. 13. Effects of exposure levels on UAV reflectance. «-«:-eeeeeeeereeess 23
Fig. 14. Sketch of earth fixed frame {i}, UAV frame {b}, line of sight
vector and image pixel VElOCIty VECtOr, «w s esserssesussisisinisisiisinsininsins 25
Fig. 15. Process of optimal shutter speed calculation. ««««««seeeeveeesneen 28
Fig. 16. Example of geotagging results on Google Earth. ---oooeeeeeeeeeeee 30
Fig. 17. Process of image mosaicking and 3D reconstruction. ==« 32
Fig. 18. Example of generated 3D model of napa cabbage field. -+ 33

Fig. 19. Example of generated orthomosaicked image and digital
elevation model white radish field(22 Sep, 2015). sweereereesemsemmmnieniinien 33
Fig. 20. Experiment setup for measuring the spectrum sensitivity of

the camera used il’l the Study. ....................................................................... 36

~ Vi - N =



Fig. 21. The spectrum sensitivity of commercial cameras (figure from

Jiang et. al,(2013>) ........................................................................................... 40
Fig. 22. Basis functions for decomposing the singular values of RGB
bandS. .................................................................................................................... 42
Fig. 23. Spectral response of the RGB camera (Canon S110). ---eeeeee 44
Fig. 24. Configuration of reflectance calibration targets. «---=-ss-eeeeeeeees 46
Fig. 25. Reflectance spectrums of radiometric calibration targets. - 47

Fig. 26. Example of an empirical line using two targets of contrasting

surface reflectance(figure from Baugh and Groeneveld, 2008). -« 51
Fig. 27. Radiometric calibration result showing relationship with
dlgltal number and Surface reﬂectance Values. ......................................... 53
Fig. 28. Original RGB image (left) and ExG image (left). «--seoeeeeeeeeees 54
Fig. 29. Overall procedure of UAV remote sensing image analysis. - b5
Fig. 30. Example of EXG hiStO@ram. s+« sseesesssesssesssisissisisiisisiniisiniiins 57
Fig. 31. Example of crop segmentation and vegetation fraction
Calculation blOCk Of Whlte radish. ................................................................. 58
Fig. 32. Changes in 3D model of napa cabbage field. (a): 22 Sep,
2015, (b) ’7 OCt, 2015 over (a) ................................................................... 59
Fig. 33. Crop surface model and crop height change. ««:eweeeeeeeeeeeeeee 60
Flg 34 Masked crop hEIght J00F2] 8 JRR R L L L LI IR 60
Flg 35 Example Of real helght MEASUTEINENTE, *rrerrerreerresemereerenneeee. 61
Fig. 36. Effect of flight altitude on optimal shutter speed. --+--eeeeee 64
Fig. 37. Effect of flight speed on optimal shutter speed. «-«:-:-weeeseeeeee 65
Flg 38 thht plan Of ﬂlght experiment. ................................................... 6’7
Fig. 39. Flight log of flight experiment on Google Earth. ---e-eeseeeeeeees 67

Fig. 40. Flight altitude and flight speed log of flight experiment. - 68
Fig. 41. UAV remote sensing images of various flight altitude. - 69
Fig. 42. Temporal changes of RGB images and vegetation fraction

images of Whlte radish field, srooreerrerrerrerererererrin e 72

— viii - AM =T



Fig. 43. Temporal graph of vegetation fraction value of white radish

images of napa cabbage field. « s sseesressesmsmsmsminiiiiiii 75
Fig. 45. Temporal graph of vegetation fraction value of napa cabbage
fleld ....................................................................................................................... ’76
Fig. 46. Crop height estimation result of white radish and napa
CADDAGE, #+rrererrerererse st 77
Fig. 47. Difference of dense point cloud and 3D mesh. =reeereremeeeeeeenes 78
Fig. 48. Temporal change of leaf length, leaf width, leaf count and
fresh Welght Of Whlte radiSh. ........................................................................ 80
Fig. 49. Temporal change of leaf length, leaf width, leaf count and
fresh weight of napa cabbage. st 89
Fig. 50. Scatter plot matrix for white radish dataset. -=--eeeeeesereseeens 85
Fig. 51. Scatter plot matrix for napa cabbage dataset. «-:eeeeeeeereeeees 88
Fig. 52. Fit plot for leaf length validation set of white radish. ---==== 94
Fig. 53. Fit plot for leaf width validation set of white radish. ------=== 95
Fig. 54. Fit plot for leaf count validation set of white radish. == 95
Fig. 55. Fit plot for leaf length validation set of napa cabbage. -+ 100
Fig. 56. Fit plot for leaf width validation set of napa cabbage. === 101
Fig. 57. Fit plot for leaf count validation set of napa cabbage. = 101

Fig. 58. Vegetation fraction saturation in late season (left) and early
season vegetation fraction (DAS <50) (right). ssereeesesemssmnn 102
Fig. 59. Fit plot for fresh weight validation set of white radish. - 105
Fig. 60. Fit plot for fresh weight validation set of napa cabbage. -- 106

- - LT



A7 A}
ol A 91

Q
GNSS),

M= 2z A5

o

A =7

LA 2~ " (Global Navigation Satellite System,

(Remote Sensing, RS)¢}

A&

=
=

1.1.
of Al 7

:F_

—
o

L el =

R4

0]316

[e)

e

(Precision Agriculture, PA)

¢

jruze]

ol
=0

Hlo

A
i)

ok

¢

o

—

a
il

fvze)

K
o

o

—_
file)

o] Apgo] AT ot}

o)

1l

—~
file)

—

-
o

fvzel

X

o

olo

el

Hn

o]
ol

=
70
oF
Mo
0

B
!

A =

)

o] Att.

A= &

¢

o

—

-
o

vzl

X

!

)
0

—
o

o
o
vt

—

NI

b

5

< A&sort gk

o

oy
o
»AO

Bo

o
ﬁo

I 'I.II

& ]

- TH

5

2] S

Te17]e1 4 12 kg o] 8]

(¢}

WA 12 kgolde] <o



Fob. A

frels

ol A

& A5 W

Aol 1]

-

azr

AgAl v g

AR

3

°o]-&

il

ATt

&t

JJo

ol
r
o
s

Bo

o
wAO

EEREY

2

3

ol H

st

fo
|

fite)

_Zrl

—_

ol

—~
fi%e)

ol

o

) #]

o] 917¥ o] g},

w9l

5

AgAt b

bof 2R 59l B 9

)

el

o

—_—

sl

ol

hin

A% A

5]

7 oAbl A

2]

71E&9

Model) 4,

Surface

(Digital

classification),

file)
o
ma

K

)

fite)
"
o

]_

j=3
=

N

o

o
o

Hog 7]

ki3

Al (Payload) 7} A

—
fite)



N

Hr

B/

1.2.

—_

!
_r
o
Wﬁ
o
=<
pic)
B!

—~
file)

il

K
L
Gl

—

u

all
A
o

o
4

vy
fIte)

WW

el

N
Ar

ey
ol

—_
file)

\.mO
o

of
ilin
i
-

»AO

jgase]

-
X

o

2) o] & u}

o

o
T

<



1.3. &TA

Johnson & (2004)% NASA°|A] 7)¥3t Pathfinder Plus 21719 %=
¥ =l v e g (Multi-Spectral) AAME B3 shefo] Ao
o] KAUAI 7Y Al thsto] AAzro g2 Ave 2gs AFos AF
stlom, AEH v Me FAE ol&sto] Ay Aol o & A=k
Z7F HAS Ads FAoEA T2 B 2 AR7E 2ed A9s T
sl AdEskdtha Barskiv

Berni & (2009) & F<71& &3] €2 75-13 ym 9 40 cm
w A= dEd 443 400 - 800 nm HF G o] 20 cme = T
= o A} MODTRAN(MODerate resolution atmospheric
TRANsmission) H7|2AS A &3ta1 NDVI (Normalized Difference
Vegetation Index), SAVI(Soil-Adjusted Vegetation Index),
PRI(Photochemical Reflectance Index) %< 24 A& FLIGHT
(Forest LIGHT Interaction ModeD ol #4-&3to] 44 A4 =229 3
2, T 2EYA 55 AEAoE At ey

Hunt ‘s (2010) & # 2 A 7F AA L A4 dHE 23 48 Y
A9 FhdgtE F21 7] A2ele] Wl NIR, Green, Blue 97425 4% e
1 GNDVI(Green Normalized Difference Vegetation Index)$} H o] ¢
A AFe 2 AERAE S HEh

Swain 5 (2010) € 20 m 1= A Fel7|E T3 d& v = o
= AH&3ke] NDVISH & F8hskate] A A e /iEgowA 2 ok
Aol vto] o A5 AAAIT 0.75 FEolA dSatd oS Bt

Garcia & (2013) & F<Ql7]E Fal €2 530-900 nm I3 dl e
545cmy MAEE 2 v e G4ES AMESte HdEs dES 49

d A

SR

710nme] el A4 NIR-Re| AWA5E 58] 67-87%9) 27 A
£ (3
o]

(19

st 2 389 (FFEN, Huanglongbing(HLB)S 713 7+ UH2 73
d g Ao, o= 50 ecmw 3H”Ev4 G Fde B ww A=
61-74% 4 =2 et ARG 5 Aow UrE}MJ% s = 59l



SRS A sk 7}%*3 o] A&S WITH

Pefla 5 (2013) & F¥%17]1& &3 €2 500 -800 nm ] 2 cm
v ANEE e e s FAd 7”54] 719k 4% 2] (Object-Based
Image Analysis, OBIA)S A -&3to] & d& QAo =9 ol
ol oAl ztehd Fxof tiek P& 1Ee AEE dde, Fx EHE
o Fel tistel= 0.899] AAATE, £7 FE=ol st = 86%<] 4
e Zte A3E ddva ®Bast

Torres-Sanchez 5 (2014) & -8 RGB 7tHletE FR17]ol 423a}od
30met 60me] aEelA 257 ZRARA el CIVE, ExG, ExGR,
Woebbecke Index, NGRDI, VEG 59| tt&st 24X 45 &3 & 23}
A 955 FA o] ExG A AT VEG A B8A+7F M =& A
s vedl S 9l

Zarco-Tejada & (2013) <& F217]1& &3 ¥ 8-12 ym I 99
20 cma 3= 43k 9233 530 - 800 nm J}X}fﬂ‘ﬂ«] 10 em+ ;A=
o]-§ate] EImnke] 338t WhAb A5 (PRDE Al4He] &

o
9} 2o 71 %A (Stomatal conductance)S ZAA A G 0.75 59

u] ©
=

4 A
= 7tsstoen, BE FE 2EHA A5 (CWSDE o] &3le] o &
= HHAES AH AT 077 oA oAF Jhesttia Baskin

3 T (2015) & FRA7IE F3 D& FAEAA @A Aod FEE ol
£3Fo] ] ZEl ol wlx (Hairy vetch) ¢ A &S AAA S
0.79 Tl Al oS53, o] & o] &3 A g B FAHS S8 2
H Ad EAEY G ANE F UdeS Baskit

-5- ol

1']: ‘_l
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l



e E 5917 AR debd e kel 9Ag w7F &2
APEdom 3 A4 2 AS A g dd 5238 g ad
TA A 3 E Ak (Figs. 1~3).

ol Af Al FFo2 Tkt AFEE e T 7‘]7]% o
2 g2 gFsta A AAEE BAY DA R T AgE T
stlem (Table. 1), 99 4w 3Fste] 11€ Sk ‘T‘%”O}%’i‘:}. Hjj 3= <]
B A FFow Jugt wiFTt AME HJom FA ATE 3 FEoE
e etal FHES 3 FEoRE 2 AEsen (Table. 2), 99 4
T AAste 11¥Y Tt st

ZF A5 A Tl diste] F17] # Aol AH2A
H, 7 w35 42 5 AF e 9, dF, A, AA

A2l A5 tisEgE ALtskdt

O White radish field
® Napa cabbage field

Fig. 1. Location of white radish and napa cabbage test field.
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r_-—

Coordinate System:
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50

Fig. 2. Test field map of white radish field.

T ]
100 150 200

| 1 SamplingSite 1 (Flat Field)
1

[ ] samplingSite 2 (Inclined Field)

Table. 1. Test field ID and treatment information of white radish field.

Field ID Seeding Dates Field Slope
11 Aug-25 Flat

12 Sep—4 Flat

13 Sep-15 Flat

14 Aug-25 Inclined

15 Sep—4 Inclined

16 Sep-15 Inclined

-7- i A=) g
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==
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Coordinate System:

WG5 1984 UTM Zone 52N

Fig. 3. Test field map of napa cabbage field.

A0 60

Table. 2. Test field ID and treatment information of napa cabbage field.

Field 1D Transplanting Date Side Dressing
11 9/7 Normal

12 9/19 Normal

13 9/25 Normal

21 9/7 Normal

22 9/7 Half

23 9/7 No




2.2. &2

221, 23 QY £7] AAYAL A 29

2 AFNA ARRSEE A% Q) BldAle 22487 67 9l AR
B (Hexarotor)®| tH(Fig. 4). ¢F 500 g9 7tWetE ¥stste] A ol & F
F2 24 kgol™ 6000mAh 2lF E2w viE 2] & AF&Ste] of 15 1t H
g o] 7}hsstth(Table 3). A5 vl =& FA (APM2.6, 3DR, USA)7} %
ZHE o o5 g YA 5 AoE f8 24 GHzo ¥4 25715
ARG Th. B3 433 MHz9] 4l 418 F3to] PC A SAlA~ 220
2 (Mission planner, ArduPilot Dev Team, USA) oA A H H|PH 2=
Fel7lel AEstal (Fig. 5), 71719 vl& A8 RUE o] 7lsd +x
o] th(Fig. 6).

Fig. 4. View of the UAV platform equipped with a camera.



Fig. 6. Flight status monitoring using the Mission planner program.
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Table. 3. Specifications of the UAV platform used in the study.

Airframe

DJI F550 Hexa-rotor

Flight Controller
Diagonal Wheelbase
Propeller

Battery

Motor

ESC

Takeoff Weight
Maximum Flight Time

APM Copter 2.6

550mm

8 x 4.5in (8045)

4S5 Li-Po 6000mAh, 30C

Stator size: 22 x 12mm

KV: 920 rpm/V

30A OPTO

Signal Frequency: 30Hz - 450Hz
2400¢g

15min  (approx.)

- 11 - A -



Hack Development Kit, ¢]3} CHDK)E& 7}ul|etel]l Adx|sto] AR-&-3FSdth.
CHDKE -&3to] 7= 7hrlete] Boh A Ago] 7hsstd o, ~a9

A8l 48 gAgd 7hd el (S110, Canon, Japan)E

(Fig. 7), A2 % 49 2v. &8 "Ad 7hrt

A3 95l A A4 AW EF (Canon

E AYS T As AR Y 7wl 7 7he sk thFig. 8).

Table. 4. Basic specifications of RGB camera (S110, Canon, Japan).

Full model name

Canon PowerShot S110

Resolution
Sensor size
Lens
Viewfinder
Native ISO
Extended ISO
Shutter

Max Aperture

Dimensions

Weight
Availability
Manufacturer

12.10 Megapixels

1/1.7 inch(7.6mm x 5.7mm)
5.00x zoom (24-120mm eq.)
No / LCD

80 - 12,800

80 - 12,800

1/2000 - 15 seconds

2.0

39 x 23 x 1.1 in.

(99 x 59 x 27 mm)

7.0 oz (198 g) includes batteries

10/2012

Canon

_12_
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Fig. 7. RGB camera mounted on UAV.

B Script
Load script from file...
£=3 Script shoot delay (.1s) [ a1l

E=3 Script RAutostart [ 0ff]
2 Remote parameters -
Load default param values
Parameters set [ a1l
@ Save params [e]
Default Script

Times to Repeat [ 31
Display Delay [ 31
+« Back

Fig. 8. Script interface powered in S110 camera by CHDK 1.3.
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222 #HA WS 9% HA PID A 24 2 vd Ae

37}

AT AREstE HERY 52 B A= 220 S F3
FES 4o 74z} Ei?—ﬂlﬁﬂ 317 zbolo] W& FH I B9 Ao
£ ol&et] A o] F AA M-S wEojdlitt (Fig. 9). 224 4
LB 3 A "—?E Ao 715 Sl o] FojAH, 7} Zedef B B
Butth 7o w2 Hapa &£ Ao]r) 7 oty F9l B gAY AbE
AHAl Ao A = AR S Xﬂoiﬂoﬂ E o 3ol nlEdtes Hx
= A% (Pulse Width Modulation)E Z¥3stH, AA}24 &%= Ao 7] = Hbo}
SQ HxFo HlFste] gl HHHﬂi—ra REo] HstE A7kee

CW = Clockwise
CCW = Counter Clockwise

T;~T, = Prop thrust (N)
7,~14 = Prop torque (N-m)

¢ = Roll (deg)
8 = Pitch (deg)
¥ = Yaw (deg)

Fig. 9. Principle of the multi-rotor UAV flying.
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HEEH F17= "9 F = 94, & il
ojw] 3] Fvle FAH AT HY 2F A= F, 9AA, & 249
of tate] MEH o= A AojE F8FrH(Sanca et. al.,, 2008). ol wf =t
Al Aol B33 A gk A AA kel 3k gk, Ak wiE gk, ot
o] A Ftel wldlste] Aol d¥e TAA I E v -AE-1]E A7
(PID A7) 7 AR vH(Fig. 10). A 2AFA g2 A5 b8 =3 T 9
AAL A (IMU, Gyro)Z5-E] dojAm| 53 ZAl gt 53 ol £&
of o3 A Hrt
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Fig. 10. Block diagram of the Roll, Pitch and Yaw Flight Controller (figure from copter.ardupilot.org/,

Arducopter 2.9 Stabilize mode block diagram).
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T WA R A bR 2 v @A o] PID Ao 7]

dEIH HA ol5 2 RE R zeAdg e A

d s =t} PID Alo]7]1€] Aof o]

E e gsHow AAS Y] Y= nEA e A AP tE 2}A)

=9& BAsh= glo] sttt & dAFoA= APM Alo]7] #A 9] 75

oM 3 Flvlel & ¥A, & EFel thsho ﬁlﬁ‘r ¥ 3 dEx
=

Table. 5. Results of PID tuning using the auto tuning function.

Rate roll Rate pitch Rate yaw
Default Adjusted Default Adjusted Default Adjusted
P 0.15 0.14 0.15 0.14 0.2 0.21
I 0.1 0.14 0.1 0.14 0.02 0.02
D 0.004 0.004 0.004 0.004 0 0.002
IMAX 50 200 50 200 80 100
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Table. 6. Vertical FOV and horizontal FOV of camera.

View, FOV)
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Fov

2 Htan
Pizel size = N
o (Pizel size) N
. -H— W (2)
2tan 5

where,

H = Flight altitude (m)
N = Required pixel counts
FOV = Feld of view (deg)

HFAom Foh MFe 2/E nelstel AA WY DEES AL
W, & 79 A3}E ol §dhe] Esh o] AS 40 ~ 60 m Abole] I
A FQ7) e F5sdc

Table. 7. Optimal flight altitude for white radish and napa cabbage.

Canon S110  Vegetable Required pixel size Optimal altitude

size (cm) (m)

(cm) (Vegetable size / 32)
White radish 50 1.5625 42.8
Napa 50 1.5625 42.8

cabbage
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Fig. 13. Effects of exposure levels on UAV reflectance.
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Pizel smear = ———< 1
Pizel size
.'.vat < Pizel size (3)

where,

v, = Pixel velocity in real world (m/s)

At = Shutterspeed (s)

A Poll 44 = A HMEE g3 & ol & v}
g Ao R YEhE A JAY A ol £EE ARXsAT
(Eqn. 4)
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UAV fralmc' i/

ib}

Fig. 14. Sketch of earth fixed frame {i}, UAV frame {b}, line of sight

vector (/) and image pixel velocity vector(v,, ).

P, =P+ H,, = P,+hk

V2
P, dm,, L
Up/bzﬁ qt :’Ub+hk'+h’wb><k
v, =Ry,

wy,= [pqr]T=p{+qj+rl;

S0, = Byyoy; + hk+h(= pj+pi)

where,

P, = Pizel position vector from UAV represented in UAV frame (m)

P, = UAV body position vector from UAV represented in UAV frame (m)
Hp/b = Pizel position vector from UAV represented in UAV frame (m)

h = Distance from UAV camera to ground object (m)

k = Downward vector from UAV represented in UAV frame

v, = Pizel velocity vector from UAV represented in UAV frame (m/s)

E;= Angular velocity vector of UAV represented in UAV frame (rad/s)

lp q rl= Angular velocity of UAV body frame represented in UAV frame (rad/s)
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A (DE olgste] Aitd J4 £k WE o Augs o

194 o4 WA GEF i Ha AE S AN

I/;) = |Up/b|

VpAt < Pixel size= %

hc 1 V)l
ANt —=——> —
t Vpl At hc

1 Vi
S Menimum shutter speed = —= ——

At he

where,

Vp = Planar velocity of pixel (m/s)

h = Distance from camera to object (m)
c¢= Sensor pitch (mm)

I = Focal length (mm)
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Table. 8. Simulation dataset for optimal shutter speed calculation with

various flight altitude and speed.

Dataset 1 2 3 4 5 6 7 8 9
Altitude (m) 20 20 20 40 40 40 60 60 60
Velocity (m/s) 2 4 6 2 4 6 2 4 6
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Table. 9. Examples of geotagging result.

Latitude/ Longitude Height/ Yaw  Pitch  Roll
Y (deg) /X (deg) Z (m) (deg) (deg) (deg)

IMG_2786  35.05279  126.3827  59.69 160.37 -7.44  -147
IMG_2787  35.05263  126.3828  60.17 15592 -9.24 -94

IMG_2788  35.05246  126.3829  61.82 1565 -426 -3.75
IMG_2789  35.05232  126.383 60.24 162,714 -786  -4.47
IMG_2790  35.05214  126.383 59.22 19563 -11.11 -997
IMG_2791  35.05199 126.3831  57.92 15249 0.04 -3.28
IMG_2792  35.05183 126.3832  60.93 15735 -5.06 -1.71
IMG_2793  35.05168  126.3833  60.72 16395 -8.23 -0.74

#Name.JPG

:l'l ! -1 §
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Fig. 16. Example of geotagging results on Google Earth.
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Fig. 17. Process of image mosaicking and 3D reconstruction.
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Fig. 18. Example of generated 3D model of napa abage field.

254433 m

Fig. 19. Example of generated orthomosaicked image and digital
elevation model white radish field(22 Sep, 2015).
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Table. 10. Specifications of OEM615 dual-frequency GNSS receiver.

Attributes

System Type Board

General Info Length(mm) 71
Width/Diameter(mm) 46
Height(mm) 11
Weight(g) 24
Typical Power )
Consumption(W)

Constellation GPS
GLONASS
Galileo
BeiDou

Tracking MaxNumofFrequency Dual
SBAS
QZSS

Num. of Com Ports CANBus 2
LVTTL 3
USBDevice 1

Performance Accuracy (RMS)
Single Point L1 1.5m
Single Point L1/L2 1.2m
SBAS 0.6m
DGPS 0.4m

NovAtel CORRECT™
RT-2®

1 cm + 1 ppm
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Zhao 5(2009)] W= o Yetd EAC tAd Ak gk 7
g2 5olos 2HELY FiMety A EY dbgAd o o A Fol vl
sty H 1 E A THEgn. 6).

i= [ RGO (©)
where,
R(\) = lcoming spectrum
CL()\) = Spectral sensitivity for R, G, B channels
1. = Image intensity for R, G, B channels

Arke] Aol fal AZdEe] 45 10 nm HA 9] P2 Hsl
s A 73k 2k olw) A EY Wy H5S 93 FT Ao o
A 2AF g3 wab 2FEY gEs 2430w FUhsh

\ﬁ

0

10

1. = RC, (7)
where,
1. = Image intensity for R, G and B channels [0,1] (24 <3)
R= Surface reflectance of color panel € [0,1](24%<39)
C= Spectral sensitivity for R, G and B channels € [0,1] (39<3)
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e’ =e’le=(—RO"(I- RO)=I1"T-20"R"I+ C'"R"RC
Vv (e*) = —2R"T+2RTRC=0
~C=(R"™R'R"I (8)
where,

I=Image intensity for R, G and B channels € [0,1] (24%1)
R= Surface reflectance of color panel € [0,1] (24 <39)
C= Spectral sensitivity for R, G and B channels € [0,1] (39 3)

shA o4 A9l AEE 400 nmAF-E 780 nm7tA] 10 nm HE T 170
A F 39 e mAFE A HAR, dE e Ao A EQ ] F=
T 24 Mol B2 & FHE T glv A8 B8 dHE ZA Hot Jiang
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AFEE Ao AlFollA & = = Hede A FUF Alge] H o
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Fig. 21. The spectrum sensitivity of commercial cameras (figure from Jiang et. al.,(2013)).
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SVD(C,) ()
:SVD([C}M qc,2 qn])
= U;cEle:

Sk,l 0
= [U;c,l ka,? Uk,m] 0 Sk,n [I/k.,l I/;i‘,Q I/k,rz]
0 0 0

>

Sk,l = Sk,? =z Sk,m

where,

G, = Camera spectral response database for a given channel (39<28)
k = r,g,b channels

m =39 for 10nm steps

n = 28 for num of models were used

U, = 39 X39, unitary matriz containing basis functions U,“(l % 39)

X = Diagonal 39 X 28 matrix with non—mnegative real numbers on the diagonal

I/ZZ 28 X 28 conjugate transpose of the unitary matriz, V)

Zhao & (2009)¢] w=w Eolgk ®EIE F3
Pz

$o AR 4 A4 AMEY M8 S §5 bssdrta v
Qom (Fig. 22), B ATNAE 714 & 71 =g 2 270 W2 7]
A3 Qe
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Basis function for Red channel
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Fig. 22. Basis functions for decomposing the singular values of RGB
bands.
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G, = Eq,“ o (10)

where,
G, = Camera spectral response database for a given channel (39<1)
U,; = i—th basis function of channel k= r,g,b

= Weight of basis function U,

D
‘[k E(R U;cz)qu:Eqk

i=1

g =e" L =("e) 'L (11)

Where,

I = Camera digital values for color checker panel (241)

R = Reflectance spectrum of color checker panel (24 <39)

D= The number of basis functions. In this research, use D = 2
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Fig. 23. Spectral response of the RGB camera (Canon S110).
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Fig. 24. Configuration of reflectance calibration targets.
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Table. 11. Specifications of FieldSpec 4 spectrophotometer.

Spectral Range

350-2500 nm

Spectral Resolution

Spectral sampling (bandwidth)

Scanning Time

Stray light specification
Wavelength reproducibility
Wavelength accuracy
Maximum radiance
Channels

Detectors

Input

Weight

Calibrations

Computer

3 nm @ 700 nm

8 nm @ 1400/2100 nm

1.4 nm @ 350-1000 nm

1.1 nm @ 1001-2500 nm

100 milliseconds

VNIR 0.02%, SWIR 1 & 2 0.01%

0.1 nm

0.5 nm

VNIR 2X Solar, SWIR 10X Solar

2151

VNIR detector (350-1000 nm): 512
element silicon array

SWIR 1 detector (1001-1800 nm):

Graded Index InGaAs Photodiode,

Two Stage TE Cooled
SWIR 2 detector (1801-2500 nm):

Graded Index InGaAs Photodiode,

Two Stage TE Cooled
1.5 m fiber optic (25° field of

view). Optional narrower field of

view fiber optics available.
VNIR 1.0X10-9

W/cm2/nm/sr@700nm
SWIR1 1.4X10-9

W/cm2/nm/sr@1400nm
SWIR2 2.2X10-9

W/cm2/nm/sr@2100nm
5.44 kg (12 Ibs)
Wavelength, absolute reflectance,

radiancex*, irradiance*. All
calibrations are NIST traceable.
(x*radiometric calibrations are

optional)
Windows® 7 64-bit laptop
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AU WAE e 94 AMel ANEY wed dodd Foho 4
et & 129F o] G MM AFEY S mE YARA VIS &
o ol WAE ge T+ 5 At

Thi :fRiC}fd)\ (12)
where,
1., = Chlculated reflectance value of radiometric calibration target

R, = Reflectance spectrum of the radiometric calibration target
G, = Spectral response of the image sensor

k=r,g,b channels, i = Radiometric calibration targets

Table. 12. Surface reflectance values for Blue, Green, Red bands of

calibration targets.

Calculated reference surface reflectance values

Calibration targets Blue Green Red
Black panel 0.04 0.04 0.04
Blue panel 0.08 0.06 0.05
Green panel 0.19 0.35 0.25
Gray panel 0.21 0.20 0.21
Red panel 0.04 0.05 0.25
Yellow panel 0.08 0.20 0.44
White panel 0.89 0.88 0.87
White2 0.62 0.60 0.58
Grayl 0.50 0.48 0.47
Gray?2 0.34 0.33 0.32
Gray3 0.24 0.24 0.24
Gray4 0.14 0.14 0.13
Grayb 0.06 0.06 0.05
Black?2 0.03 0.03 0.03
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UAV Gl A AL B4 ezl bAd 22k b2 Table 13 ¢F 2ot <

Table. 13. Digital numbers for Blue, Green, Red, bands of calibration

targets.

Image intensity for R, G, B channels
Calibration targets Blue Green Red
Black panel 64 62 59
Blue panel 125 85 67
Green panel 191 234 164
Gray panel 201 172 156
Red panel 96 74 190
Yellow panel 93 149 219
White panel 255 254 254
White?2 255 255 255
Grayl 255 255 249
Gray?2 255 237 218
Gray3 231 202 178
Gray4 185 154 127
Grayb 119 96 76
Black?2 72 69 62
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olglA A& AR A 7] o ¥ HHALE Fhat AERA 94k o
g =2} ks o] &ste] A3 3924 (Eqn. 13)& Al4kstaL o] & o] 8319
e WAL R A S S8R v (Fig. 26).

r,= A X DN+ B, (13)
Ty :AkeBkDN (14)

where,

r, = Calculated reflectance value of radiometric calibration target
A, = Slope of radiometric calibration equation
B, = Intercept of radiometric calibration equation

DN= Digital number of radiometric calibration target from image sensor

Light Target

Surface Reflectance

AN

Dark Target Empirical Line

A

|<—>| DN or Radiance at Sensor

Atmospheric Path
Radiance

Fig. 26. Example of an empirical line using two targets of contrasting

surface reflectance(figure from Baugh and Groeneveld, 2008).

- 51 - ] H ‘E 1_'_” ;-j.]l_ .T]'I



g Wang ¥ Myint (2015)°] w=w 48 tAd siveke] 49 4
13¢] A9 39124 0] obd 4 149 A3 dHi7E Y= dva B
3 ol A A g FEirt

“ =
neh weEb FAA S o] &3 WAL 1A
Add B

: g 7
A% Fel AYNE A,

(14)
Where,

r, = Calculated reflectance value of radiometric calibration target
A, = Slope of radiometric calibration equation
B, = Intercept of radiometric calibration equation

DN= Digital number of radiometric calibration target from tmage sensor

2016¢1 349 229 24 10A17 <k vie] oA 2HE Al oA 3] H <
21719k RGB 7hvlets o] &3] 537 oA 53 WA nA 7]
4

ol M= W yA" A g, #19
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Fig. 27. Radiometric calibration result showing relationship with

digital number and surface reflectance values.
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R __ G, B
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559 49 ExGatel 9 &, vjdd vld =4 YeivdEz HA
TEo] 7H5 3 thH(Fig. 24).

Fig. 28. Original RGB image (left) and ExG image (left).
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B A F7F Agtel =™ (Fig. 29-3-1), él*M?—é—

A AE wEsta AEo] ARHS 9 e vEdd 4%%% A
AFald tH(Fig. 29-3-2). 38 94 43 FAoA A ¥ 3D RS ¥4
9 Z 71231 9E GeoTIFF B2 Wr A th3(Fig. 29-4-1) 0]
3 A et A& FolE ALtstd om Fig. 29-4-2), AEREe] =
Zs5le] FoulS FEo] ASS 93 AR ALE-5H A oH(Fig. 29-5).
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UAV
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{1} I Image Geotagging |
) Image Mosaicking &
Export(RGE, DSM)
i - D
%Csﬂ » 5}14 lify
(3-1)' Vegetation Index calculation | i DSM height change calculation | {4-1}
: MASK.tiff
{3-2}' Crop coverage calculation | -'1 Crop hﬂghtchange calculation | (4-2)
(5 | Estimation model

Fig. 29. Overall procedure of UAV remote sensing image analysis.
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No. of crop pixel

Vegetatoion fraction (VF) = No. of total pizel

(18)

T R
."'I'lt
L3

Fig. 31. Example of crop segmentation and vegetation fraction

calculation block of white radish.
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2015, (b): 7 Oct, 2015 over (a).
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H(ty)

AH = H(t,) — H(ty)
= Crop height change

Fig. 33. Crop surface model and crop height change.

Fig. 34. Masked crop height map.
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Fig. 35. Example of real height measurement.
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Fig. 39. Flight log of flight experiment on Google Earth.
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Fig. 41. UAV remote sensing images of various flight altitude.
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Table. 14. Image acquisition results of various flight altitude and flight

speed.
2m/s 4m/s 6m/s Sum
20m 66 32 29 128
40m 67 36 31 134
60m 71 37 25 143
Sum 204 105 96 405
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Fig. 42. Temporal changes of RGB images and vegetation fraction

images of white radish field.
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Fig. 43. Temporal graph of vegetation fraction value of white radish

field.
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Fig. 44. Temporal changes of RGB images and vegetation fraction

images of napa cabbage field.
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Fig. 45. Temporal graph of vegetation fraction value of napa cabbage
field.
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Crop height validation
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Fig. 46. Crop height estimation result of white radish and napa
cabbage.
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Fig. 47. Difference of dense point cloud and 3D mesh.



3.3. BHE FUV] dFAGA F, WiF AF 45 24
7
331 EZFAN A Ay EA4
$EAEY FHANSAASAe] o5 SAH FohFe] A% QA
A, G5, A7, AT Wt e As doly A4 EA4A¥, gF
AP o] gEA dake] Relud JFS Fi Ao ehgrt
(Fig. 48, Table 15). 3tA % #7479 AALEE 79 A5 Aol F2n]
& P F4 g Ao tehut
Table. 15. Results from ANOVA for seeding dates, field slope,
replications of white radish.
Seeding dates Field slope
p-value
Leaf length <0001 s 0.9453
Leaf width 0.0065x 0.5829
Leaf count 0.00025« 0.8911
Fresh weight 0.00035:« 0.3893
% for p <.0001
% for p <.001
* for p <.0b
b -
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White radish
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Fig. 48. Temporal change of leaf length, leaf width, leaf count and
fresh weight of white radish.



MFo AKEAE ol 54 ol 44 AV 4, A%, AAFol
3

iste] fFogt TS Fv AoE ey th(Fig. 49, Table 16). 3FA| ®F
G50l ASE 44 A7le] mE foldol g Ao ey Fu A
2o A% wFe) g, A%, @5, AAF folnF dFL T e
Aoz vhebget

Table. 16. Results from ANOVA for planting dates, side dressing

treatment of napa cabbage.

Planting dates Side dressing
p-value
Leaf length 0.0248:« 0.2738
Leaf width 0.0103 0.2043
Leaf count 0.3646 0.9351
Fresh weight 0.0798 0.5457

% for p <.0001
*+ for p <.001
* for p <.05
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Napa cabbage
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Fig. 49. Temporal change of leaf length, leaf width, leaf count and
fresh weight of napa cabbage.
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- R @Y, 9%, 95, AAF, 48 58, 48 kol uuA B

3 1790 vreb wRol o] o F- 66 =] g5HUeH G 4
¢ #4143 cm, HW 528 cmo =2, &9 B9 FH4 508 cm, H 17.2
ecmOZ, J A HA 6 MellA 36 ME, AT B HA 872 ¢
oA Hroj 3386 g, A= HHES HA 0 Hd 1005, Z& =o] 9
45 #H2a 0 melA Hdl 091 m= e

Table. 17. Basic statistics for white radish dataset.

Simple Statistics

Variable N Mean StdDev. Sum  Min. Max.
Leaf length(cm) 66 33.87 10.36 2235 14.30 52.80
Leaf width(cm) 66 13.25 3.83 87462 5.08 17.20
Leaf count(cm) 66 22.19 9.33 1465  6.00 35.60
Fresh weight(g) 66 818.28 861.66 54006  8.72 3386
Vegetation fraction 66 0.66 0.36 4386  0.00 1.00
Crop height(m) 66 0.45 0.30 29.60  0.00 0.91
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Fig. 50. Scatter plot matrix for white radish dataset.
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Table. 18. Pearson correlation coefficients for white radish dataset.

Pearson Correlation Coefficients, N = 66
Prob > [r| under HO: Rho=0

Leaf Leaf Leaf Fresh | Vegetation Crop
length width count weight | fraction  height
Leaf 1.00 0.95 0.94 0.79 0.96 0.86
]ength skokok kokok skokok kokok skokok
Leaf 0.95 1.00 0.87 0.63 0.97 0.86
width koK Hokok Kook Hokok koK
Leaf 0.94 0.87 1.00 0.86 0.91 0.83
Count skeksk skksk skeksk sksksk skeksk
Fresh 0.79 0.63 1.00 0.70 0.68
weight kg Kotk Hofok koK R
Vegetation 0.96 0.97 0.91 0.70 1.00 0.90
fraction Kofok Kotk Hokok Kofok Kokok
Crop 0.86 0.86 0.83 0.68 0.90 1.00
height seokok Heokok Hokok SR Hokok

*%x for p <.0001
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2

e Eol7h Boldo®m F9 (-01lmeE AN AL F4d F4
GA 2ol IAAY A AepA] o w WA @ afolt
Table. 19. Basic statistics for napa cabbage dataset.
Simple Statistics
Variable N Mean Std.Dev. Sum  Min. Max.
Leaf length(cm) 24 3761 797 90271 19.30 47.70
Leaf width(cm) 24 25.60 5.90 614.52 10.60 34
Leaf count(cm) 24 59.21 25.94 1421  13.40 104
Fresh weight(g) 24 2475 1952 59394 3294 6160
Vegetation fraction 24 0.72 0.24 17.22 0.00 0.90
Crop height(m) 24 0.28 0.19 664 -0.11 049
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Fig. 51. Scatter plot matrix for napa cabbage dataset.
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Table. 20. Pearson correlation coefficients for napa cabbage dataset.

Pearson Correlation Coefficients, N = 24
Prob > Ir| under HO: Rho=0

Leaf Leaf Leaf Fresh VE Crop
length  width count weight height
Leaf 1.00 0.98 0.89 0.86 0.84 091
length SR Hkok Kokok Hkok Hokok
Leaf 0.98 1.00 0.85 0.83 0.85 0.85
width Kofok Hokok Kotk Hokok Hokok
Leaf 0.89 0.85 1.00 0.95 0.74 0.91
count koK Hokok Ktk Hokok Hokok
Fresh 0.86 0.83 0.95 1.00 0.59 0.83
weight kkk kkok seskok 0.0024 sksieok
Vegetati 0.84 0.85 0.74 0.59 1.00 0.83
on soskosk soskosk skeskosk 0.0024 skesksk
Crop 091 0.85 0.91 0.83 0.83 1.00
height Kofok koK Hkok Hokok Hokok

*%x for p <.0001
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2 202 79 QA4S d5ste dF 39 29 O Adjolr RHle]
ARAGE 093, Bt Alw LAF= 289 cmo ® UERE

Leaf length (em) = 16.14244VF—12.TAH+17.5VFAH
R* = 0.93, RMSE = 2.89 (cm)

(20)

Table. 21. Multiple linear regression model for leaf length of white
radish.

Parameter Estimates

Variable

Intercept

1
Vegetation fraction 1
Crop height 1

1

Interaction

Parameter
Estimate
16.08347
24.41837
-12.65523
17.46740

Standard
t Value Pr > [t

Error
1.25259 12.84 <.0001
3.40370 717 <.0001
7.56974 -1.67 0.1053
8.13649 2.15 0.0403
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Leaf width (em) = 5.88+12.34 VF+3.78AH—6.75 VFAH (21)
R* = 0.93, RMSE = 1.00 (cm)

Table. 22. Multiple linear regression model for leaf width of white
radish.

Parameter Estimates

Parameter  Standard

Variable DF ] t Value Pr > |t
Estimate Error
Intercept 1 5.88134 0.43552 1350  <.0001
Vegetation fraction 1 12.34324 1.18346 1043  <.0001
Crop height 1 3.77980 2.63199 1.44 0.1617
Interaction 1 -6.75332 2.82905 -2.39 0.0237
BE 27) AF FBE] 0 AR BF (VF=0) 4F 277} 374
2 ol FAREe & & e, 4B Bolrt 04 e A
(AH=0) 2% 3580 3185% 9o 3713 ¢ + Ak 48
SHE B Folo] §A AEAE Fo A9 g9 187 e HAF
Rl o) AE WBE| 109 A A (VF=10) 28 =07} F
NBEE GEo| Hade], A4E wol7t AU L0 A A A
ABgo] A4S dFo] FARYAW A Eolk FAEFE 7t
spol ol & olnl gt}

_ 92 _ -":lx_= _'\a.:.'\-'_'l'_: F;



&
ol
el
2
i
r
to
—>|~l_ll
rir
w
Q
2
ot
i
o,
v
2

Leaf count = T7.47+17.63VF—13.55AH+21.98 VFAH (22)
R? = 0.85, RMSE = 3.74 (counts)

Table. 23. Multiple linear regression model for leaf counts of white
radish.

Parameter Estimates

Parameter  Standard

Variable DF ] t Value Pr > |t
Estimate Error
Intercept 1 7.47049 1.62207 461  <.0001
Vegetation fraction 1 17.63974 4.40771 4.00 0.0004
Crop height 1 -13.54515 9.80263 -1.38 0.1776
Interaction 1 21.98603 10.5366 2.09 0.0458
Mg 2d Hol A 42 REFY /127 Fo| o, BB
ol 71erE Fol o deon 48 olo 2$ Lo 787 3
o vehgrh Ao A woldt e Fo| FuuAE Yehi
FEAg Fe ndetge o 4E 9=Eo] 061 ol @ A
(AH(—13.55+21.98 VF) >0, VF>0.61) 2 Fol7} Z7lstd d57F &
7veke AS wrgs] fd s #9E g dY
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Fig. 52. Fit plot for leaf length validation set of white radish.
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Fig. 53. Fit plot for leaf width validation set of white radish.
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Fig. 54. Fit plot for leaf count validation set of white radish.
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4 o4 WjFe] AL AStE thF 87 =Y AW dxtelrh, 2 a9
]
[}

AXQA T 093, Bt Aw LA= 261 cmo = UEY

2L

Leaf length (cm) = 16.7+21.57 VF—42.96 AH~+75.33 VEAH (24)
R* = 093, RMSE = 261 (cm)

Table. 24. Multiple linear regression model for leaf length of napa

cabbage.
Parameter Estimates
Parameter  Standard
Variable DF ] t Value Pr > |t
Estimate Error
Intercept 16.76868 3.30985 5.07 0.001

1

1 21.57716 6.16215 3.5 0.0081
Crop height 1 -42.9583 33.58 -1.28  0.2367

1 75.32968 39.09098  1.93 0.0901

Vegetation fraction

Interaction

97 - L2t



4 o4 WjFe] AL AFeE thE 87 =Y AW dxtelrh, 2 a9

AXQA T 084, Bt Aw A= 298 cmo = U ERYE

Leaf width (cm) = 8.18+21.50 VF—45.72A H+64.63 VEAH (25)
R* = 0.840, RMSE = 2.98 (cm)

Table. 25. Multiple linear regression model for leaf width of napa

cabbage.

Parameter Estimates
Variable pp | arameter Standard e pe s g

Estimate Error

Intercept 1 8.18207 3.77652 2.17 0.0622
Vegetation fraction 1 21.5043 7.03099 3.06 0.0156
Crop height 1 -45.7164 3831467  -1.19  0.267
Interaction 1 64.63717 4460267  1.45 0.1853
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Leaf count = 3.89+34.67 VF—161.8AH+321.44VFAH (26)
R® = 091, RMSE = 9.31 (count)

Table. 26. Multiple linear regression model for leaf count of napa

cabbage.
Parameter Estimates
Parameter  Standard
Variable DF ] t Value Pr > |t
Estimate Error
Intercept 1 3.89385 11.79307  0.33 0.7497
Vegetation fraction 1 34.67882 2195588  1.58 0.1529
Crop height 1 -161.8 1196464 -1.35  0.2133
Interaction 1 321.4395 139.2822  2.31 0.0499
e nEge] S Fel 187 @ 4E molel A 89 /187 @&
2 ehiglont o 7187 wkel EAE P2 e W A% =
ol ¥ & Eo] AH(—161.8+321.44VF) >0, VF>0.507} = A5 F7]
oA Fo| EIE FYLS BUY 5 v}
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Fig. 56. Fit plot for leaf width validation set of napa cabbage.
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Fig. 57. Fit plot for leaf count validation set of napa cabbage.
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AARZATE 095, Bt Awd A= 66 ¢ & YELN T

d

O

Fresh weight (g) = 16 +278 VF— 1688 A H+ 2395 VEAH (27)
R*=0.95, RMSE = 66 (g)

Table. 27. Multiple linear regression model for leaf fresh weight of

white radish.

Parameter Estimates

Parameter  Standard

Variable DF ] t Value Pr > |t
Estimate Error

Intercept 1 16 19. 0.85 0.4040

Vegetation fraction 1 278 69 3.99 0.0005

Crop height 1 -1687 241 -6.99 <.0001

Interaction 1 2395 264 9.05 <.0001
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Fresh weight (g) = —1064+ 2407 VF—12512AH+ 19428 VEAH  (26)
R*=0.94, RMSE = 304 (g)

Table. 28. Multiple linear regression model for leaf fresh weight of

napa cabbage.

Parameter Estimates

Parameter  Standard

Variable DF ] t Value Pr > |t
Estimate Error
Intercept 1 -1064 368 -2.90  0.0200
Vegetation fraction 1 2407 692 3.48 0.0083
Crop height 1 -12512 3554 -3.52 0.0078
Interaction 1 19428 3959 491 0.0012
A A Ege A5 & 7127l &, A= =ole Ay =9 Ve #&
= HEtldou 49 7127 #he] dEAE e agedds W A= =
o] ¥ E-Fo] AH(—12512+ 19428 VF) >0, VF > 0.647} 5= A5 F7]9
A el mHE FUSL BHYE F A

_104_ -':l-\._ﬂ _I\.I_".'_.I-I!. |



A% dlolEHE ol gatel AR ol YAFS ol Zei

zdg
2 A= a9 599 2o A A3 Z2AASTE 093, A Alwt 23

7b 721 g 2 UEsT

1000

800 -

600

400

Fresh_weight_estimated

200 -

o
—200
0 200 400 600 800
Fresh_weight
Fit O 95% Confidence Limits - ----- 95% Prediction Limits

Fig. 59. Fit plot for fresh weight validation set of
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Fig. 60. Fit plot for fresh weight validation set of napa cabbage.
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Abstract

Development of Remote Sensing Technology
for Growth Estimation of White Radish and
Napa Cabbage using UAV and RGB Camera

Heesup Yun

Department of Biosystems Engineering
The Graduate School

Seoul National University

On-site monitoring of vegetable growth parameters in an
agricultural field can provide useful information for farmers to
establish farm management strategies suitable for optimum production
of vegetables. Studies have been conducted to apply remote sensing
(RS) technology for the estimation of crop growth, which remotely
can obtain the images of agricultural fields using an image
acquisition platform. Unmanned Aerial Vehicles (UAVs) are currently
gaining a growing interest for agriculture applications due to its
potential in precision agriculture such as the identification of weeds
and crop production issues, diagnosing nutrient deficiencies, and the
prediction of biomass and yield. This study reports on the
development of UAV-based RS techniques for measuring the growth
parameters of white radish and napa cabbage. Specific objectives

were to 1) investigate the optimum flight conditions of a multi-rotor
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UAYV for acquiring images of Korean vegetables grown in sloping
grounds and 2) develop statistical models for estimating the growth
parameters of radish and cabbage using a vegetation index based
vegetation fraction and a DSM-based height value. The white radish
and napa cabbage field using small UAVs were studied, and image
analysis technologies were studied to develop growth estimation
model from acquired images. Considering the crop size of the object
vegetables and the performance of the commercial camera, it was
suitable to acquire images at 40m altitude from ground. It was found
that an image blur can be reduced when a shutter speed of 1/1000 or
more is used at flight speed under 6m/s. Prior to the analysis of the
acquired image, radiometric calibration of the image was performed
considering the spectral sensitivity of the camera, and the vegetation
fraction white radish and napa cabbage field was calculated through
calculation of vegetation index and crop segmentation. In addition, the
height of crops was estimated by calculating the height change of the
3-D model of white radish and napa cabbage field, and the RMSE
was 1.12cm for white radish and napa cabbage. The results of the
multiple regression models that predicted the leaf length, leaf width,
and leaf count of white radish and napa cabbage, from early season
to late season were estimated. For leaf length, leaf width and leaf
count of the white radish, the coefficients of determination were 0.93,
0.93, 0.85, and RMSEs were 2.89 cm, 1.0 cm, 3.74, respectively. For
leaf length, leaf width and leaf count of the napa cabbage, the
coefficients of determination were 0.93, 0.84, 0.91, and RMSEs were
261 cm, 298 cm, 9.31 , respectively. Because of the detection limit
due to the saturation of vegetation fraction, while incrementing of
fresh weight, multiple regression models for fresh weight estimation

was developed using only initial data within 50 days of sowing and
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planting. In the case of the white radish fresh weight estimation
model, the coefficient of determination was 0.95 and the standard
error of measurement was 66 g. And for the napa cabbage fresh
weight estimation model, the coefficient of determination was 0.94 and
the standard error of the measurement was 303 g. Therefore, in the
prediction of the actual crop growth, it will be possible to estimate
the fresh weight of radish and napa cabbage through the UAV image
for the growth within 50 days of planting.

Keywords : UAV, Remote sensing, White radish, Napa cabbage,
Vegetation fraction, Crop height, Multi linear regression
Student number : 2015-21507

- 116 - A =1



	1. 서론  
	1.1. 연구 배경 
	1.2. 연구 목적 
	1.3. 연구사 

	2. 재료 및 방법 
	2.1. 시험포장  
	2.2. 밭작물 무인기 원격탐사 최적 영상 획득을 위한 비행 요인 연구 
	2.2.1. 소형 회전익 무인기 원격탐사 시스템 
	2.2.2. 최적 비행을 위한 최적 PID 계수 결정 및 비행 성능 평가 
	2.2.3. 무배추 영상 획득 최적 비행 고도 결정 
	2.2.4. 무배추 최적 영상 획득을 위한 카메라 설정 

	2.3. 밭작물 무인기 원격탐사 영상 전처리 기법 연구 
	2.3.1. 영상 정합 및 3D 모델 생성 
	2.3.2. 카메라 스펙트럼 반응성 측정 
	2.3.3. 영상 방사 보정 
	2.3.4. 식생지수 계산 

	2.4. 밭작물 무인기 원격탐사 영상 분석 기법 연구 
	2.4.1. 작물 분리 및 피복률 계산 
	2.4.2. 작물 표면 모델 분석을 통한 작물 높이 예측 

	2.5. 밭작물 무인기 원격탐사 무, 배추 생육 예측 모델 개발 연구 

	3. 결과 및 고찰        
	3.1. 밭작물 무인기 원격탐사 최적 영상 획득을 위한 비행 요인 연구 
	3.1.1. 비행 고도, 비행 속도에 따른 영상 흔들림을 고려한 최적 셔터속도 결정 
	3.1.2. 비행 고도, 비행 속도에 따른 영상 획득 결과 

	3.2. 밭작물 무인기 원격탐사 영상 분석 기법 연구 
	3.2.1. 무, 배추 작물 피복률 계산 결과 
	3.2.2. 무, 배추 작물 높이 예측 결과 

	3.3. 밭작물 무인기 원격탐사 무, 배추 생육 예측 모델 개발  
	3.3.1. 포장재배 시험 결과 분석 
	3.3.2. 작물 피복률, 작물 높이와 무, 배추 생육 인자 상관관계 분석 
	3.3.3. 작물 피복률, 작물 높이 기반 무, 배추 엽장, 엽폭, 엽수 예측 다중 회귀 모델 
	3.3.4. 작물 피복률, 작물 높이 기반 생체중 예측 다중 회귀 모델 


	4. 요약 및 결론 
	5. 참고문헌 
	Abstract 


<startpage>12
1. 서론   1
 1.1. 연구 배경  1
 1.2. 연구 목적  3
 1.3. 연구사  4
2. 재료 및 방법  6
 2.1. 시험포장   6
 2.2. 밭작물 무인기 원격탐사 최적 영상 획득을 위한 비행 요인 연구  9
  2.2.1. 소형 회전익 무인기 원격탐사 시스템  9
  2.2.2. 최적 비행을 위한 최적 PID 계수 결정 및 비행 성능 평가  14
  2.2.3. 무배추 영상 획득 최적 비행 고도 결정  20
  2.2.4. 무배추 최적 영상 획득을 위한 카메라 설정  22
 2.3. 밭작물 무인기 원격탐사 영상 전처리 기법 연구  29
  2.3.1. 영상 정합 및 3D 모델 생성  29
  2.3.2. 카메라 스펙트럼 반응성 측정  36
  2.3.3. 영상 방사 보정  45
  2.3.4. 식생지수 계산  54
 2.4. 밭작물 무인기 원격탐사 영상 분석 기법 연구  55
  2.4.1. 작물 분리 및 피복률 계산  56
  2.4.2. 작물 표면 모델 분석을 통한 작물 높이 예측  59
 2.5. 밭작물 무인기 원격탐사 무, 배추 생육 예측 모델 개발 연구  62
3. 결과 및 고찰         63
 3.1. 밭작물 무인기 원격탐사 최적 영상 획득을 위한 비행 요인 연구  63
  3.1.1. 비행 고도, 비행 속도에 따른 영상 흔들림을 고려한 최적 셔터속도 결정  63
  3.1.2. 비행 고도, 비행 속도에 따른 영상 획득 결과  67
 3.2. 밭작물 무인기 원격탐사 영상 분석 기법 연구  71
  3.2.1. 무, 배추 작물 피복률 계산 결과  71
  3.2.2. 무, 배추 작물 높이 예측 결과  77
 3.3. 밭작물 무인기 원격탐사 무, 배추 생육 예측 모델 개발   79
  3.3.1. 포장재배 시험 결과 분석  79
  3.3.2. 작물 피복률, 작물 높이와 무, 배추 생육 인자 상관관계 분석  83
  3.3.3. 작물 피복률, 작물 높이 기반 무, 배추 엽장, 엽폭, 엽수 예측 다중 회귀 모델  90
  3.3.4. 작물 피복률, 작물 높이 기반 생체중 예측 다중 회귀 모델  102
4. 요약 및 결론  107
5. 참고문헌  108
Abstract  114
</body>

