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Red), CIVE (Color Index of Vegetation Extraction), NGRDI (Nomalized
Green-Red Difference Index) 5 °| th(Hamuda &, 2016). &3} w7
S & 2l e ARAFE Fobla A &3 Al == Meyer %
Neto (2008), Bai 5 (2013), Sarkate 5 (2013), Hamuda & (2017) 5] 3l
t}. 21 % Meyer?} Neto (2008)2] Aol = B, 2, &4 44 59
A= WA A =& FE FF AeS 13 ExG-Otsu’s threshold 71 H &
Aot Ath Sarkate 5 (2013)2 AwHle} 2 (Gerbera flower)S B 7 o=
B FEsta 2 JiFE A7) flste]l Hue M AHE S o] &35kt
Corcoles 5 (2013)2> 3] LAI (Leaf Area Index)& ol 53}7] $138}4
Men WAS o] &dom sy HAS GastA ALtstr] fste] 4
e dug)ES Aore Yttt K-means clusteringg o] &3to] 2gjg 2}
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A= Ax}E Yol ANN (Artificial Neural Network)
© 2dS o] 83le] Ay WAL v HE5HA
T2 39 o2 d& ey WA A A A& LA
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A iT)
wet o

lo,
2
ot
2y
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Torres—Sanchez (2015)+= 7”iﬂ 719k A+ A (Object Based Image
Analysis, OBIA)E ©]&3lo] & #E9 5 HA5S =ola A A7)
of W& s Aols g9l 0}9?\5} F= 24 A2 ExG (Excess
Green)¥} NDVI (Normalized Differential Vegetation Index)S AF-8-3}31 2
w A 719k @A A AZES|OE o]§ste] OBIAE Mdstdnt. S
¢ sintelr], ol tiste] Ate A= F5F 71HS AL AA 7
WG A A AR A1E AAskE Tles Al e, A3k |

71%+S Haskeioh

Choi & (2015)2 Wl gzl =7/ AL /M5 A7l st Al
H| A (Machine Vision) Al =88 7|dslda 94 Al g &S A<t
ShATH A AAFRES] Wol gt 5o s Al flske] w@EH
Y2 (Retinex) ¢gEs AREstdlon =R/ #AdS 7] 9lsto

KNN (K-Nearest Neighbors), &*] €] (Logistic), ®#]°]A]¢t (Bayesian)
]

N

gl AN AEE AP

O

il

I

BH71E ol gatel 94 oA Awy) wol WolA e HAL 80%9)
e ol om FAL BYF FEF UTE AESE 0 AL
Azde Ag HeAe FAdGes nausgn



Ag 9

2.

W

2.1, @3, vise 4% ZUEHY
Fobobs o174

4 AD EANA 216354M#E1 A A4

S 93 Test Plot

89 sE A aA T AN S 9 H(Figs. 1~2).
Foel A9 AN FFoer At ApgEen A4 AVE 3§
o g2/ sFsta FhEe 3 FEoR 27 A }M#‘ﬂ(Table

1, 20169 99 F% HEsn 19 44 AAse] 201749 59 shae] &

Saled. Bhse] 4% AW FEoR W shEol e HYlew wE A
183 pEoR v sa FNFe 3 FEow b2 Asen
(Table. 2), 20164 99 314 % 3he] 20179 59 Fab S35k o]
W, Wi 9l Ak, BES ER S WS Asgon Avgow
Aulsl FuE I 34Eer TEE vawde the Table 3% 2k
A A e T glo] ANE S B FowA Edd §48 5 9
=5 Sk 2 A% A ol meke] Ryl B Aol YHEAS
Anstgon, gt mhee AT 10708 ARz AR AAF, A
S AAE, 1% TS 24T A e e,

bl A2 7o) A% A
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Coordinate System:
WGS B4 UTM zone 52N

Fig. 2. Test field map of Garlic(Left) and Onion(Right) field.

Table. 1. Test field ID and treatment information of Onion field.

] Fertilizer application
Plot ID Trasplanting Dates Plot ID

(Count)
A 2016/09/26 a 0
B 2016/10/03 b 1
C 2016/10/17 c 2
D 2016/10/31 d 3

Table. 2. Test field ID and treatment information of Garlic field.

Fertilizer application

Plot ID Seeding Dates Plot ID
(Count)
A 2016/10/27 a 0
B 2016/11/03 b 1
C 2016/11/17 C 2
D 2016/11/28 d 3
o () : -



Table. 3. Amount of fertilizers applied based on three treatments of

nutrient supply.

P N K
Standard amount
7.7 25.0 15.7
(kg/10a)
Basic fertilizer
34 12.5 7.9
(kg/10a)
Fertilizer application o )
Additional nutrient supply (kg/10a)
(Count)
0 0 0 0
1 1.1 4.2 2.6
2 2.3 8.3 5.3
3 3.4 125 7.9

Fertilizer aplication '
Total amount of nutrient supply (kg/10a)

(Count)
0 3.4 12.5 7.9
1 45 16.7 105
2 5.7 20.8 13.2
3 7.7 25.0 15.7

- 12 - Al e



22.1. &¥ 3 A FA7] dFEA A"

FF g5 FA2 2297 67190 Hexa-rotors AF-&-3te] UAV 7]
Hb platformS 743 tH(Fig. 3). & Aol A AFE3 UAVE 2F 500 g
o] FhlEtE X ¥t Hul ol F T2 24 kgol® oF 15 &3t vldgo] 7}
Stk A%s v 2% A (APM 2.6, 3DR, USA)7} &&E o] 9lom
F2E GPS¢ IMU=R AR&AZF A el H B4 25 FFsto] nids ¢
S5t Walolth o] w) 433 MHz F4 FA41S o] &35to] AlEA HFH=E
UAVZE AR T 425 & FFet= A BUEHA & 5 3lon ozxH
2 g5 Aol 24 GHzO 74 2F 717 o] &5 AT UAVel| &0 8
ARE AT AEaH AAoR RUEYE ] 9sle] =28 o Z

=

Al 2~€lel Mission PlannerZ A}-&3}9th,

Fig. 3. UAV platform with the Hexa-rotor
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Table. 4. Specifications of the UAV platform used in the study.

Airframe DJI F550 Hexa-rotor
Flight Controller APM Copter 2.6
Diagonal Wheelbase 550 mm
Propeller 203 x 114 mm (8045)
Battery 4S Li-Po 6000mAh, 30C
Motor Stator size: 22 x 12mm, KV: 920 rpm/V
ESC 30A OPTO
Signal Frequency: 30Hz - 450Hz
Takeoff Weight 2400 g

Maximum Flight Time 15 min (approx.)

Fotuts G 55 A8 A& "AE 7hvet (S110, Canon, Japan)
9} t}5 wi= MM (Sequoia, Parrot, France)7} o] &% 1o o] 34 0
wtel F-Ql7lol wuhHE b A ek (Fig. 4). @& Al Table 57 6
of 7l&Hol vt & RGB tAE 7iuetE 72171 dA A 283
71 93te] A= A L = (Canon Hack Development Kit, ©]3a}
CHDK)E 7Ztvletell AAate] AL&stdith. CHDKE &3t 7= 7hveto
Hop Ak A7t 7hsetglon, 2aHE AddS S3 AE A #4Y
7150l 74 7ks skt

0% = AlA 9] 49 470 (550 nm, 660 nm, 735 nm, 790 nm)2] o
S 7} 550BP40(Green), 660BP40(Red), 735BP10(Red Edge),
790BP40(Near Infrared)) AIAE o] &3t on 3 vH&Ad 2 Fig. 59 &
o o e AAeA AE Aes Weke W 2AdAE HEek o
e A7) Aske FhdE $1%5ed 2hE A A4 (Sunshine sensor)?l]
o)ale] e 7Hlo 2 R AEE= Hh2 o] BA 3L A el
GAl Hol lom HAHE Mot dFoer A
Aol A= RGB 7HHletE o] -&sto] Fab-wiso] &84 84 (9
Fo)E STAHOE st on v ME AA= HE FYF LR

% kS

y 2 = —
o 3 84 (F¥ AH) 2= 7eAS T

M 2 rie

2oy

4 8 ®
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Fig. 4. Image sensors attached to UAV (Left: RGB camera, Right:

Multi-spectral sensor)

mu P —F-4 = Green
r {250BF40)

= Red
{660BP40Y

= Red Edge
(F356P10)

5

Reflectance (%)

= Mear Infrared
(Ta0BP4D)

L | L) I J i\
200 600 00
wavelength (nmj

Fig. 5. Band responses of Multi—spectral camera.

RE|
REDEDGE
L]

Signal cor rection

3
Photosynthesys

Fig. 6. Concept of a sunshine sensor used for accurate acquisition of

imagery by a signal correction

Table. 5. Specifications of the RGB camera used in the study.
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Full model name

Canon PowerShot S110

Resolution
Sensor size
Lens
Viewfinder
Native 1SO
Extended ISO
Shutter

Max Aperture
Dimensions
Weight
Manufacturer

12.1 Megapixels

76 mm x 57 mm

5.00X zoom (24-120mm eq.)
No / LCD

80 - 12,800

80 - 12,800

1/2000 - 15 seconds

2.0

(99 x 59 x 27 mm)

198 g that includes batteries
Canon

Table. 6. Specifications of the Multi—spectral camera used in the study.

Full model name

Parrot Sequoia

Resolution
Pixel size
Focal length
Viewfinder
Dimensions
Weight
Manufacturer

1.2 Megapixels

3.75 um

3.98 mm

No / LCD

59 x 41 x 28 mm

72 g that excludes batteries
Parrot
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222, FA7 A% 5 B3 29 AF vy 2
4§

B AT Alges dERE ol At L] H48 5

d #2e Qo 77t melele] Hd4 Aold we ey v 2

o2 ol gt 9142 olFeAL AME AT o] w AAA H% A
v % %

3 ]
o}717} B e sty 3 A Folro] A A% By 2F =
& =44l diste] MEHer AAZS AojeA Hrh(Sanca et. al,
2008). o] Wl &AM A|o]i= HlEl-A&E-v]E Ao]7] (PID Ao 7])7F AHEH
Atk A AT (5, 2017)e1 4] PID Alo]7] o] Alo] o]5 S &Aoo
A7gstz] gk Al A o] A d=ol gk 2A =
Aotz ZpA o] 7Sl Bl K1)l &, d A, & FFol tsto] At
gl

9 @ A~ YL A0 $AF F auje v Bee A
D

JE
filo
Mo
1%
_0|L
3’.&
O,
>
)
=

)

o) YAE FueEe ol§ HA PID A% %S AAsE WS AT
A3}, Table. 79 72o], %, WA, & Z7o ate] PID A5 %S A48
Ach. AEHow AN PID A5 E Agstel Guhuis 44 W@AE 5

F 53

Table. 7. Results of PID tuning determined 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 30 100

-7 - ] L1
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Table. 8. Results of optimal shutter speeds at 20m, 40m, and 60m

altitudes in the flight speed of 2m/s.

Flight speed Flight altitude (m)

2m/s 10 20 40 60
Optimal 1 1 1 1
shutter speed (s) 645 503 415 391

Table. 9. Results of optimal shutter speeds at 2m/s, 4m/s, and 6m/s

altitudes in the flight altitude of 40m.

Flight altitude Flight speed (m/s)

40m 2 4 6
Optimal 1 1 1
shutter speed (s) 415 503 603
1 O
- 19 - 1



223. F3%-mts I 5 HF ¥y 1= Z2H

A FAES 93 HF Ny nx= AR A A A e <l
Aol 7bed HA A &5 st ZA AT Torralba & (2009) ©ll
w2 Fido] 32x32 JA o] JA 5 7 uf Q1A BT} Fol
Pk Haw et weps] Gabvks i AES wAE I IR &
st EAEH7] flEiA = @Al vErd Gubmbs A A= A77h

3232 54 ol4be] WA & Jhdok Brka AR ol g HgoR T
J

ol H| YA Z o] &3te] JPAS FET u) st AlokZt (Field Of View
FOV)& Eqn. (1) 22 AAstgen, Alxte A3k Table 103 2o}
L d
FOV =2tan — (1)

2f
where,
d = Pizel pitch of image sensor (mm)

f = Focal length of camera (mm)

Table. 10. Vertical FOV and horizontal FOV of RGB camera and

multi-spectral camera.

I Sensor Sensor Focal Horizont  Vertical
mage
g width height length al FOV FOV
Sensor
(mm) (mm) (mm) (deg) (deg)
RGB camera 76 5.7 5.2 72.3 575
Multispectral
camera 4.8 3.6 4.0 61.9 485

FlHI YA E o] &ate] F4E 5T o G449 4 27 Eqn. (2)
£ ol&3te] A5t om RGB 949 -9 4000 x 3000, ths W= AlA
9] *(M 745 1280 x 9609] T AAES A= AL 18] Eqn



Fov

2 Htan 5
Pizel size = — N (2)
o (Pizel size) N
. -H— W (3)
2tan 5

where,
H = Flight altitude (m)
N = Pizel counts (Spatialresolutiono f sensor)

FOV = Field of view (deg)

HTHom Fueol vt AV]E aste] HA v 1x=E A4t
th AAAYE 1S W Fet vkES A & 15 eme] A7 E Bk
om 32 x 32 HAZ JpAof stth= 21E 7hX Al AlLke A3, Canon
S110 7hvlEte] - 1287 m, tha W= AAe] A 412 me] 1==2
Jafopsitt= AxE A tH(Table 11). U EHE ®B7] $13F Sequoia Al
M AR ST v g w8 2 A ofslis RGB 9 ETHE e A
H 58S /I E 28 128 3Fe] Canon S110, Sequoia 7HH| 21 F-<17] 9

gAste] 10 m XA G a9t

Table. 11. Optimal flight altitude for onion and garlic.

Vegetable Required )
Image ) ) _ Optimal
size pixel size )
sensor altitude (m)
(cm) (cm)
Canon S110  Onion 15 0.47 12.87
(4000x3000)  Garlic 15 0.47 12.87
Sequoia Onion 15 0.47 412
(1280x960) Garlic 15 0.47 412
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224. RGB 9% ¥ o5 W= AN 4 g5

OA AXRE HA vd 2o E FR17] AAFAL vt om v
Aol AlZE dAM 27, 94 g5 DA A= A5 9 52 Table
127} %t} o] u BBCH (Biologische Bundesanstalt, Bundessortenamt
und CHemische Industrie)™ 2= @44 g dAE &Rlst+ o
AbEEE AS @A =R AEY F9 AY WA 22 4 dA=
TEEH = AIHE AFE3 Y (Zadoks &, 1974). ©] BBCH #Z=5 AF&3}

o ogol e Wel AR A% wAZ s

o] 2] ¥o] o5 FAoA FaF F=ol gl AH UAE A %

(Digital Terrain Model, DTM)S 47] 9ate] F5 A& vd 35
o] ¢k= ¥ 20161 10€ 14l F:17] &< AU 2 ol F AxE A
ol Gubembz o S 2719 20179 39 249 5H 253 P o T 4
do] 217l RGB % ths W= AN AAL & FHsAh

20174 49 289 (BBCH 5= 408) o] Fofli= A 4to] o oFto] A&
o] 75 dAsta o] AAE A st= dFS HEWEA o] A
ol 7b ZropA WA (Fig. 7) 2h&o] 2224 7] A& stk 3 ddAIS7] o

2ol G4e B Ly

_ 22 _ .-_:l'x : _'H.I_-I_ -I_-]i .-"_l ;



Table. 12. Overview of flight mission and image acquisition with the UAV and image sensors.

Date BBCH code‘ Images(count? Scheduled Time Hlumination Wind
Onion Garlic RGB  Multi  Altitude(m) (m/s)
17/03/24 204 204 261 1998 10 11-12 am  Clear sky 3.2
17/04/04 400 400 209 1944 10 11-12 am Cloudy 3.4
17/04/14 406 406 204 1772 10 11-12 am Cloudy 5.2
17/04/28 408 408 205 1952 10 11-12 am  Clear sky 3.1

Fig. 7. Growth stages of garlic (Allium Sativum) (from Lopez Bellido et al., 2016). The green line

represents the period of image acquisition used for modeling the growth status of garlic in this study.
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23. H&AE FA7| 4G 94 A 7H

231 98 A #H 3D 22 A

o,
X
ih
o
i)

d FHA v 2o E F17] 44
AlZE HlolE] e §1A] BRE Fi YA Form 53 G
Bl 18] 57] 913 A 287 (Geotagging) 4 o] H a3t} F<217]
29k FAol A3 AIZHE vlalste] 717 Hl&) 26 7=
AR L AAM ARE 28 59 7|58 vk AW AA
Do 7Y o5 XA, AA R} gkFo] A A Hrh A
< Mission planner 213 9] 7]5S ol &g lom X ey A}
ig. 83 #o] Google earth el Yerd 4 lom @47t #AgS 4
Apol & A7 1 OX]—E =4 F Ak olFA 7 3
I $1X7F 7158 GAES 1 fIAE 7| e R Oﬂ’é}xé

|
Pix4Dmapper Pro, Pix4D SA, Switzerland)

0%,
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O i o Ho
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A HA R, sfH E o] mapo] A E point cloudE G E] g s 2
2ket GPS a5 EgEekar Q). o] g gk e A= AlAE A A 22 9
[e}

29 AP FE EYUEPT u B3] 8<2lo] Hu, o]E A 5}—3}71 95t
24 71%# (Ground Control Point)S o] &3kt A3
GPS= %—7@??} A4 71FA ] AA YA} =o] ARE

+ Zo] "3t} Draeyer®}t Strecha (2014)0] 23hd F-<Q17] GAHS o]
|3 32k S AR E Frsty] A FA XA 1078 o] A
F 71 AE ol gdlofet, Ve AES AuAd S VHAkE T AS B
stAth o] & EE, 10 m =olA & 717 Gl A A s
AE U}ﬂ (210 mm x 297 mm)i #2934l Aol =5 A7}

T 002 m, +%4 7‘3“‘_‘::_ 0.04 m¢ VRS-RTK GPS
A AT (Table. 13). A% 714
= EFsta = GAdelA ]“ 7IExe] GPS AEE 9 eto] BA
T A4S AA, 3D 29 A Agd=E i
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Fig. 10. Improvement of 3D modeling accuracy using Ground Control

Points in Pix 4D mapper Pro.
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Table. 13. 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 1.5 m
Single Point L1/L2 1.2 m
SBAS 06 m
DGPS 04 m

NovAtel CORRECT™
RT-2®

1 cm + 1 ppm
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32 mdle 7] FE<l w4l (Mesh) HE]Z wh5ojx o] u v
= pointE#e] A 7F HAQ WE 7Ntow A F oz Processing
areat 7x7 ¥ dolm o] g o] ZAst= pointEHo] A 7F HA WA
o] JFoz 3D wo] B S A o= FF AE Eo] AN Hé}
o GPS AHx7F xgH

[e]

Ay
Texture= '04 4%_;9'

5 2—}% "“ﬁ 55 AL B A A £4S fete] GPSAH RV £
H Sd 2 WEU AW (Fig. 11), 3D 29| point ZE QI las 7 2 24
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Fig. 11. An example of an image containing GPS information.
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(b)

[ENRRFR]
Fig. 12. Overall image mosaicking process for an high-resolution
image of the entire test field: (a) align images and find feature
points, (b) match points and position compensation using GCP, and

(c) create a mosaicked image.
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Fig. 13. Overall 3D modeling process: (a) create mosaicked dense
point clouds, (b) create triangle meshes and (c) comparison the

relative heights of point clouds with those of triangle meshes.
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Fig. 14. Configuration of reflectance calibration targets.

Calibration Target Surface Reflectance
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Fig. 15. Surface reflectance of calibration target (Group Eight
Technology, USA), obtained by the FieldSpec.
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Table. 14. 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

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 lbs)

Wavelength, absolute reflectance,
radiance*, irradiance*. All
calibrations are NIST traceable.
(*radiometric calibrations are

optional)
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able 159} 167 o] g7 AlA el ~HER wkgA o] wWE WAL

ol o2 WA GE FE S am. RGB 94 A9 2

[ rc

Tri = (4)
Cid)

where,

1., = Calculated re flectance 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, 1 = Radiometric calibration targets

Camera spectral response (Canon $S110)

=

—&— Blue channel
—&— Green channel

—i— Red channel

Relative sensitivity
© 0 0 o0 0o o0 o0 o
B N W R U N W

o

400 500 600 700
Wavelength (nm)

Fig. 16. Spectral response of the RGB camera (Canon S110).
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Table 159} 169 WAIRA 7] @9 Z+ WA E @ A4 A 94
o YA A g2 ol&sto] AlA el 7t ] gAvit A 3
A S AAretaL o] & ol gete] FAe] WALE A S AT o uwf ARE
He Ay BdAS 14 F5(Egn. (5)9F A5 (Egn. (6)& ©] &3t
s9ow (Wang and Myint, 2015) 2017 39 249# RGB %977
Sequoia 44 (Green, Red, Red edge, NIR)o| A Zg] B glo] A E}A Q] U
A9 gk& ¢lal (Tables 17 and 18), 71 o] o] &4 WAL & o] 83
of Rdg3t A3+ o Fig. 172 182 #th
Table. 15. Surface reflectance values for Blue, Green, Red bands of

calibration targets calculated in Egn. (3) in terms of RGB camera.

Calculated reference surface reflectance values

Calibration targets Blue Green Red
White (55%) 0.62 0.60 0.58
Grayl (44%) 0.50 0.48 0.47
Gray?2 (33%) 0.34 0.33 0.32
Gray3 (22%) 0.24 0.24 0.24
Gray4 (11%) 0.14 0.14 0.13
Gray5 (5%) 0.06 0.06 0.05
Black (3%) 0.03 0.03 0.03

Table. 16. Surface reflectance values for Blue, Green, Red bands of

calibration targets calculated in Eqn. (3) in terms of Sequoia sensor.

Calculated reference surface reflectance values

Calibration targets Green Red Red edge NIR
White (55%) 0.52 0.52 0.52 0.52
Grayl (44%) 0.42 0.42 0.42 0.42
Gray?2 (33%) 0.31 0.31 0.31 0.31
Gray3 (22%) 0.21 0.21 0.21 0.21
Gray4 (11%) 0.10 0.10 0.10 0.10

- 35 - A 21



Table. 17. Digital numbers for Red, Green, Blue bands of calibration
targets in an images of 24" March, 2017.

Image intensity for R, G, B channels

Calibration targets Blue Green Red
White (55%) 226 215 210
Grayl (44%) 202 190 188
Gray?2 (33%) 181 168 162
Gray3 (22%) 141 134 131
Gray4 (11%) 95 105 107
Gray5 (5%) 61 65 66
Black (3%) 37 39 36

Table. 18. Digital numbers for Green, Red, Red edge, NIR bands of

calibration targets in an images of 24" March, 2017.

Image intensity for R, G, B channels

Calibration targets Green Red Red edge NIR
White (55%) 65300 65471 55917 51902
Grayl (44%) 64827 54135 44305 41150
Gray?2 (33%) 53384 41396 33870 31590
Gray3 (22%) 41283 31465 26066 24204
Gray4 (11%) 26290 21202 17232 16753
Grayb (5%) 15755 14334 11833 12276
Black (3%) 11217 10907 9877 10090

r.= A, X DN+ B, (5)
Ty = AkeBkDN (6)
where,

] " R Y
_ 36 - AME2-TH



B, = Intercept of radiometric calibration equation

DN= Digital number of radiometric calibration target from image sensor
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50 100 150 200 250
DN
Blue
y =0.0235¢00152
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-..‘ .
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L
0""’"
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Fig. 17. Radiometric calibration result showing relationships with

digital number and surface reflectance values in RGB layers of Canon

S110 camera.
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Fig. 18. Radiometric calibration result showing relationship with

digital number and surface reflectance values in Green, Red, Red

edge, NIR layers of Sequoia sensor.
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rdg3t 43 Fig. 17, 18914 RGB7IH 29 R, G, B #12d, Sequoia Al
~19] Green, Red, Red edge, NIR Ad =5 374 AAd yehd oxd
AF g AR B 71 3o 31 vhA Rk AV AR AT 0.95=
A3t ele] ASS & 5 AU RGB 7heler 93] A5 gAE @
Z1=d o84 & Aol #Ale= A g FHE UEwoH,
Sequoia A 9] Ff-oll= A 12 g = YEbsth

olg]dt A S EY|E, 1 o] RGB 94 WA AL A T4
Sequoia G4 WAF HAL 13 AF =2 o] Fojx o 7} layero Us)
o Ay, Bx 23 Table. 197 Zth dAbge] Ix-A|7H% Wol B H
7] RS st 3 WAL BAL Fig. 193 o] wkAl=7 A3k &4
94 IntensityZS T2 7] HrolE @ 0-255(8-bit) L} 0-65535(16-bit)e] t] A

3 4 AN ES HASY, vALETE dAH S B4 9] Intensity 7l Aol A

S 2P = 0-19 WAL= (Reflectance) 97302 W3 E Q) o] &
of A& & 7Y A& B A IEE AL A A" A4S ol &

—\TLI
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Table. 19. Digital numbers for Green, Red, Red edge, NIR bands of

calibration targets in an images of 24" March, 2017.

Date ]Sa?%gg Ak Bk R2
Red 0.018 0.018 0.983

Canon  Green 0.019 0.017 0.977

Blue 0.024 0.015 0.965

17/03/24 Green  0.00005  -0.105 0.941
Sequoia Red 0.00005  -0.088 0.999

Red edge 0.00005  -0.087 0.998

NIR 0.00005  -0.101 0.997

Red 0.0211 000159 0.957

Csaﬁ%“ Green 0.0235 0.0141 0.953

Blue 0.0191 0.0149 0.967

17/04/04 Green  0.00005  -0.067 0.965
Sequoia Red 0.00005  -0.0722 0977

Red edge  0.0005 0.076 0.955

NIR 0.000008 00281 09615

Red 0.038 0.017 0.864

%alnl%“ Green 0.033 0.016 0.900

Blue 0.033 0.015 0.912

17/04/14 Green  0.000009  0.0012 0.954
Sequoia Red 0.000009  0.0015 0.967

Red edge 0.000010  0.0014 0.951

NIR 0.000008  0.03 0.959

Red 0.0209 000158 0.948

@O Green 00225 00151 0963

Blue 0.0198  0.0159 0.969

17/04/28 Green  0.00005  -0.068 0.965
Sequoia Red 0.00005  -0.073 0.978

Red edge 0.00005  0.077 0.955
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Before radiometric calibration
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Fig. 19. The results of digital numbers to reflectance.

- 41 - s g kgl



a}
=

& 7Y A

=]
RN

o

s g

Y

A
oo

_fo.T
Nfo
0
il

‘.m.O

oH

A

=
LN

sh7] o
o}, upElA

1

o

Pz
o RRFE Y=

boh, Ael o] A4

)

2

=

o] TF7] AF dAA HYRE olF
i)

Aol A4 o
71 (Crop Segmentation)©]

=
=

5}, v}

¥ o]

<

= 7

B

il

Np

AAr 9 x7F =2 A

bo] UAV <

[

Lol o

kO

bt

1

et el nhi

o

o

2

ﬁxl

i

s

1=}

LN

o

=

o] dAF (Threshold value)2 =43} 2] A

i

= =°l= 7IH

Eqn. (7)3} 9] Log

o

T

=

=

(Land ¢} Maccan, 1971)

=

aLe] S

=

ok

Retinex

1

.

}

[e)
olt}. 71 % SSR (Single Scale Retinex) &l

sh

S

‘mo
N
o
AO

gase)

T

o

o] -85}

=
=

2 Gaussian ¥ (Egn. (8))

A & (illumination)<

L A (Offset)=
— 42 —

O

3HA ). Retinex &g &

5

Faz A9l (Gain) 2

942 44

4 3}



R.(m, n) = logZ(m, n)-log[F(m, n)*Z(m, n)] (7)

12+y2

F(x, y) = Ke ¢ (8)

where,

R= Retinex output

1, = kth spectral band distribution

F= Gaussian fuction as the surrounded fuction

*= Convolutionoperation

B 1
h // Fla,y)dzdy

¢ = Standard deviation of the Gaussian function

S A A A ASEE vde AR 2 45 BEE 29l
ohowhebA wd Reld] B mF A Bese vds 2L wea
F9E A R A Y Agol AEAolt EF % W, 4T 2

g3zl Y3t 71 dy AFEE 1 ¥ ExG (Excess Green), ExR
(Excess Red), NDI (Normalized Differential Index)$} 722 2] A 2| 5=l tjf
g ool @2 Ad Aol A AaAHAT A FE], EY Eol 49 2
= EYF ok A AAe FeE7t & fvta delA A= ExGE
A71E Ab&she dAEA 2 AS Rdy] =iddA 7H Wol AN H 1
A= AAAAFoltt. 28y ExGe dv] A3 A3, vldo] EAjst= v A

oA 2 2% gEol FA e Helshar
52

RGB @< 7IHto s A& #8 7['HES AAls7] 918 RGB 945 Red,
Green, Blue #olol&2 #alsle] #4810, RGB A &3t A HSVS}
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Fap-vtse] S 7] dA Imx 1 mZE A& 9460 Fo AZS ¥
o} ENVI 54 (Harris, USA) T2 138 o] &3lo] §Qto g Hi £07
A 2y g2t delg & o] &stdth A5 H7F A5 (Torres-Sanchez
5, 2015)+= Eqn. (11)ol] AAJE 2oz AAste] A|otst ub-vis 2HE

o,
=& 7Y dse "Hrtskih

Estimatedcrop area— Actual crop area

Brror (%) =100 % (11)

Actual croparea

2. Automated threshold method

Input : *
ediomete eatibrated with a* color channel
HGB Image I
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v

Extract * band layer
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a L
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Fig. 20. The flow chart of the propsed image processing methods for
extracting crop pixels from complex backgrounds with soil and plastic

films.
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Fig. 21. Extraction of growth status information using a mask.
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Fig. 22. Overall procedure of UAV remote sensing image analysis for monitoring growth status

biophysically and biochemically.
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242, Z= 249 Ed XS 5% FE £°] 4

Bendig 5 (2014)°]] u}= Ao A AAE 3D 2ol A7
of W& WsE A sHd 7“%-"4 Fol& o5 4 Ut Fig. 249 #Zo
Zhgo] AoA7] M, T AE 2 vd FHo] gx5¥ HEelA SIM &

29 (Digital Terrain Model, DTM)
Aol GeoTiffuytd Aoz Adx
¥ 29 (Digital Surface
T Ao o] o F
WakA] ekl 7HA skl th

0.8,
>
2
2
%
_E

o
DY
o
e

rmsL'
)4

DSM

' DTM
Fig. 24. Calculation of crop heights using Digital Terrain Model and

Digital Surface Model. (from Perko et al., 2010)
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243. s WE AN GBS ol &S A A5 ALk

FH B3E T W= AN R B 5 s A FelstaA
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Fig. 26. Layer overlay analysis for calculating the means. NDVIs of
ROls.

52 - i A—I e t'_” '-:f:}- W



A0000

=
= 40000 -
r]
o
= = 21380 + 72639
h 20000
= R? =(.9976
[
I:I T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6
Fieldspec-HIE
20000
g 60000 _
£ 40000 _
& y=101678x +8879.8
2, :
SRS - R =0.997
= :
l:l T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6
Fieldspec-RED
04
03 |
é 02 |
P o w=(.7908x +0.1095
2 .
. -. ) o® _R2=08951
2
43 42 01 g | 0.1 0.2 of3
0

Fieldspec-NDVI
Fig. 27. Verifying accuracy of NDVI values of the multi-spectral

camera.

_53_



01—2

o

(e}

A =

3} v

T

=2 o] 4, NDVIZ

(12)

T

At

2

o1 ROI W] NDVI %

3l

el NDVIZE =55 AAA

Al
=

STE AAA "G 2 A

W o]

= NDVI

J < W ol

=2 A
T

=
T

7 NDVI A4 24< Aggon

s}
ol

Fobd o A whA o A 3

o -5} e

A 7V

=
AR

B

_54_



A Q

17] $lstel RGB 94 2

S

=S MY

7

)

el
Hr
el
Ng
A

0
HH

of A4 ¥ HEI} SIM 7] 22

<

SAS &

vy
fIte)

A=
Ga
i

b R, 1% RAE %

S

9 A g A, A

#F

A5l

-
1

Fact S A2

S

a1z}

mEls The

SRR

[}

5

1| o] (SAS 9.4, SAS Institute, USA)

[e)
£

A

&kt

AL

=
=

rTE

_55_



311 F¥rts FE25 AT A Ad sl 2Ead B4

RGB 942 7oz ud, Eeo] £4) stz WAol A Fstsh oo
FE5FaLA} CIE Lxaxbx % HSV A 331082 WA oW Fig. 28% 2
o Zzke] A Aol vhte] elojo} Lelskch. 24 4 AW welH o
e e W, v A gl ax A AdelA] 2] W e
Hof ol He AL FAT 5 Ak F o BHAeA FaAss] 99
ENVI 54 (Harris, USA)Z 2135 o] &3} Atz wo & & u B
M, Aol gl GUg a2 A A gl B, v, 4%
SaEa9e Heh (Fig. 20). Sl 2E39 ¥4 A%, ax 99

A Aol M= B v, Fee] slaEad o] W ol B

(T

A w2}

Mo

) RGE

T reem— s 00180 W w0 4D /O N I 0 N W OED W X0 I NG ¥

Fig. 28. Example images of the decomposed color channel: HSV and
CIE L=a*bx.
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Fig. 31. Comparison of (a) the manually segmented coppiels and
(b) the automatically segmented crop pixels with the proposed crop

segmentation method.
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Fig. 32. Comparison of the performances of other crop segmentation
methods: ExG-Otsu’s threshold method and a* color channel-Otsu’s
threshold method.
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Fig. 33. The average and standard deviation of Error (%) of 60
sample images for evaluating the segmentation performance and
statistical significance represented as a, b, ¢ (p<0.05) by the
statistical analysis in SAS 9.4.
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Fig. 35. Differences of crop heights of dense point clouds and triangle
3D meshes.
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Table. 20. Errors of ground control points.

Ground Control Points Pixel Error
Date

Error Z(m) (pixel)
16/10/14 0.024 0.85
17/03/24 0.065 2.30
17/04/04 0.072 2.55
17/04/14 0.045 1.59
17/04/28 0.056 1.98

kA ol gk A} Y1e At
FolE Kt AgeH Dense point clouds®l A 3D
triangle meshg& W= AAGANA 7]E9] AE, Ay S AtddA A&
St A=Ro AlUeA AFE3sA Y, mesh @4 Al processing area™ 7 x
A g o] mdlg

al
o) Jhsi Aol A7 e Fig MAA Dol AAl olsh 1%
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G AR RA, AR A, 1% FA D 4= 44 HuE 48
o] FawA T4
Table. 21. Basic statistics for onion dataset.
Simple Statistics
Variable N Mean S,t;\i, Sum Min. Max.
Upper fresh weight (g) 48 465 347 2234 44 136.4
Lower fresh weight (g) 48 209 239 1001 1.1 76.3
Total fresh weight (g) 48 674 572 3233 54 203.0
Vegetation fraction 48 04 0.27 195 0.1 0.9
Crop height(m) 483 0.2 020 119 -0.2 0.6

Table. 22. Correlation coefficients among variables for onion

dataset.

Variables

Correlation coefficient

Upper fresh

Lower fresh

Total fresh

weight (g) weight (g) weight (g)
Vegetation fraction 0.94 0.89 0.94
Crop height(m) 0.85 0.79 0.84

] ‘-\.I.-
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- vhs AR A, Ask FA, 15 FA 2 AE A 58, e =

Table. 23. Basic statistics for garlic dataset.

Simple Statistics

Std.
Variable N Mean Sum Min. Max.
Dev.

Upper fresh weight (g) 48 442 1652 2122 21.1 77.6
Lower fresh weight (g) 48 9.3 3.02 446 52 20.0
Total fresh weight (g) 48 533  19.0 2558 25.7 90.9
Vegetation fraction 48 04 0.19 20.9 0.2 0.9
Crop height(m) 48 02 025 118 0 0.7

Table. 24. Correlation coefficients among variables for garlic

dataset.
Correlation coefficient
] Upper fresh Lower fresh Total fresh
Variables _ ) )
weight (g) weight (g) weight (g)
Vegetation fraction 0.66 0.64 0.66
Crop height (m) 0.85 0.83 0.86
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3.32. IE AN IEHE, FE Fo] 7|Ht &3, ws

BAZF A2 0F H9 22 A

Eqns. (15)~17)= 439 BATE A5t v 37 2d /i
Jpo]
Upper fresh weight (g) = 65.3VEF+22.6H+70.5VF*H+4.1 (15)
R*=0.91, RMSE= 11.12 (g)
Table. 25. MLR model for upper fresh weight of onion.

Parameter Estimates

Variable DF P%rsa}trirrlg;%g Starﬁg,%? t Value Pr > |t
Intercept 1 4.107 3.99 1.03 0.3092
Vegetation fraction 1 65.322 16.41 3.98 <.001
Crop height 1 22.628 16.76 1.35 0.1841
Interaction 1 70.457 33.34 211 <.05

Lower fresh weight (g) = 5.3VF-189H+148 8VF*H+1.7 (16)
R*=0.90, RMSE=8.02 (g)
Table. 26. MLR model for lower fresh weight of onion.

Parameter Estimates

Variable pp  Parameter Standard ' yyjpe  pro> g
Intercept 1 1.678 2.8178 058  0.5629
Vegetation fraction 1 5.331 11.829 045  0.6544
Crop height 1 -18.909 12.081  -1.57 0.1247
Interaction 1 148.812 24.035 6.19  <.0001
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Total fresh weight (g) = 69.2VF+2.8H+222.6VF+H+6.1  (17)
R?=0.94, RMSE=15.13 (g)

Table. 27. MLR model for total fresh weight of onion.

Parameter Estimates

Variable pp  Parameter Standard y yope pros g
Intercept 1 6.063 5.433 112 0.2705
Vegetation fraction 1 69.238 22.330 3.10 <01
Crop height 1 2.825 22.805 0.12 0.9020
Interaction 1 222.654 45.370 491  <.0001

2 44 VEE % Bolx MY T, AR T, 1
F ws mde AAASERYE 090 oo vEhon Wi AlFs
2 A 80 g, 17+ A 15.1g
(e} )=}
n

2wl Fed Az

o
A 3B E-mole F Fol Atk
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Eqns. (18)~(20)= vls9 AT o= vs 37 = /)2 2ol

Upper fresh weight (g) = -14.2VF+46.9H+31.9VF*H+32.9  (18)
R*=0.72, RMSE= 8.77 (g)

Table. 28. MLR model for upper fresh weight of garlic.

Parameter Estimates

Variable pp  Parameter Standard o yope pros g
Intercept 1 33.177 5.193 6.39  <.0001
Vegetation fraction 1 -7.342 14.635 -0.50 0.6184
Crop height 1 36.003 15.229 2.36 <.05
Interaction 1 38.22 29.220 1.31 0.1973

Lower fresh weight (g) = -25VEF+4.7H+12.1VF*H+7.7 (19)
R*=0.71, RMSE=1.70 (g)

Table. 29. MLR model for lower fresh weight of garlic.

Parameter Estimates

Variable DF P%rsqtlirrlggg Sta%%g? t Value Pr > [t
Intercept 1 8.000 1.004 7.96 <.0001
Vegetation fraction 1 -3.079 2.831 -1.09 0.2827
Crop height 1 3.863 2.946 1.31 0.1965
Interaction 1 11.986 5.647 212 0.0395
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(20)
<.0001
0.5998
<.05
0.1539
B

, 1.7 g 15
4 9

6.96
-0.59
2.30
1.45

t Value Pr > |t

A=}

Standard
Error
5.889

16.598
17.271
33.113

Parameter
Estimate
41.005
-9.752
39.722
48.042
0.71~0.752

-
.

0.75, RMSE=9.95 (g)
Parameter Estimates

1
1
1
1

R2

Total fresh weight (g) = -10.4VF+38.8H+64.5VF*H+38.8
DF

A mEE] ARAFRY)

Vegetation fraction
Crop height
Interaction

Variable
Intercept

A 99 g2 YEFYGTH ANOVA H|2E ZAi}

Table. 30. MLR model for total fresh weight of garlic.
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HS 35T o7 Fol] A FE At NDVI Fho] FH| = =3
A o3k S wEx ANOVA HAE Zxp o8 &
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Table. 31. Results from ANOVA for nutrient supply by DAT and DAS.

Onion nutrient supply Garlic nutrient supply
DAT p-value DAS p-value
140 0.7143 201 0.4707
151 0.8889 212 0.0193x*
NDVI
161 0.2201 222 0.3632
175 0.1083 236 0.7730
% for p<.001
* for p<.05
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Abstract

Development of Image Preprocessing Techniques
and Fresh Weight Estimation Models for Onion
(Allium cepa) and Garlic (Allium sativum) using

UAV-Image Sensors

Sang-Jin Jeong
Department of Biosystems Engineering

The Graduate School

Seoul National University

In recent vyears, unmanned aerial vehicles (UAVs) have been
commonly used for low-altitude and high resolution-based remote
sensing applications In precision agriculture, due to several
advantages such as its versatile, light-weight, and low operational
costs. Traditionally, crop monitoring studies have used field
measurements involving destructive sampling and laboratory analysis,
which is costly and time-consuming. The use of UAVs equipped
with image sensors for on-site monitoring of crop growth throughout
the vegetation period can make it possible to effectively assess
overall crop conditions and determine spatial variability in potential
yields. This study reports on the development of UAV-based remote

sensing techniques for measuring the growth parameters of garlic and
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onion crops. Specific objectives were to 1) identify image
preprocessing techniques that could effectively separate garlic and
onion images in the presence of plastic mulches and soils, 2) develop
multiple linear regression models that could estimate the fresh
weights of garlic and onions grown in a field using UAV-RGB
images, and 3) investigate the potential of using a commercial
multi—spectral camera for use in variable fertilizer management. The
a * channel in CIE L*a*b* was selected as the best color channel for
successful extraction of onion and garlic along with the use of the
Otsu’s threshold and Retinex algorithms, showing an error of 12.6%
when compared with a manual method, which was 32.9% lower than
that obtained with the ExG-Otsu’s method. In terms of plant height
estimation, the SfM-based 3D model showed a coefficient of
determination of 0.82 and an offset of 0.20 m in a regression analysis
obtained by comparison to a manual method that uses a ruler,
requiring the use of a compensation factor. Results of multi-temporal
analysis of vegetation fraction (VF) and plant height (PH) showed
that both the VF and PH were significantly affected by the growth
stages of onion and garlic and there were strong linear relationships
between fresh weights and the two image factors (VF and PH).
Multiple linear regression models consisting of VF, PH, and VF*PH
terms were developed to estimate the upper fresh weights, lower
fresh weights, and total weights of onion and garlic. The coefficients
of determination were > 0.71 and > 090 for garlic and onion,
respectively, indicating that the models could be used for quantifying
spatial variability in fresh weights of garlic and onion grown in
fields. It was possible to determine NDVIs uisng a commercial
multi-spectral camera. However, the effect of side dress fertilizer

amount applied on NDVI was not clearly shown. Future studies
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include the application of the UAV-RGB image-based fresh weight
estimation models to growth data sets of garlic and onion grown in
different fields to investigate the predictive capabilities of the
developed models to estimate quantify fresh weights of onion and

garlic with an acceptable level.

Keywords : UAV, Remote sensing, Onion, Garlic, Crop
segmentation, Vegetation fraction, Crop height, Fresh weight,
Multi linear regression
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