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SUMMARY

[ . Purpose & Contents

* Food security has been considerable from last several centuries and recently it has become a
serious matter of concern because of rapid growth in world population as well as fluctuation
in global climate throughout the crop production. For this purpose, many research groups have
been studied to develop food crops that can survive during climate change.

* However, it requires lots of time and effort to obtain expected result because plants growth is
highly influenced by a large number of environmental factors which are not easy to maintain
at a same time. Therefore, a fast, accurate, and reliable Phenotyping technique is needed to
analyze the effect of environmental factors on the crop breeding.

* Development of core technologies (e.g., RGB, NIR, Infrared and fluorescence imaging) based
on Phenotype measurement system for high-speed breeding, and non-destructive measurement
for physiological responses by vegetables such as; pepper, cabbage, radish, watermelon and

paprika plants.

* Establishment of small-scale, real-time/high throughput Phenotype screening measurement

system, and core technology for non-destructive automatic measurement by using water stress

phenotypic index obtained from non-destructive spectroscopic measurement technique.

Il . Results

* Quantitative results: 1 patent, 6 SCI articles 6 SCI journal papers and 5 non-SCI journal
papers, educational direct 4 times, employment 2 people, Analysis serviced 349 points.

* Qualitative results
(a) Development of hyperspectral imaging system device
- Developed Hyperspectral Vis / NIR, SWIR, and fluorescence measurement system.

- In order to measure ultra-structural images of plants, we observed that heat-blocked light
conditions, dark  conditions for fluorescence, etc. were necessary.

(b) Detection of nondestructive measurement index for Phenotype measurement

- Rad Pepper : Drought stress was significantly different from normal at 558 nm (fluorescence)
and 1449 nm (SWIR), and temperature stress at 683 nm / 731 nm (fluorescence)

- Chinese cabbage : Drought stress was significantly different from normal at 558 nm, 708 nm/
746 nm(fluorescence) and 1456 nm, 1397 nm/ 1456 nm (SWIR), and temperature stress was
555 nm, 713 nm/746 nm (fluorescence) and 1449 nm,1382 nm/1426 nm (SWIR)

- Paprika : Drought stress was significantly different from normal at 683 nm(fluorescence) and
1449 nm,1382 nm/1426 nm(SWIR), and temperature stress was 683 nm, 712 nm/688 nm
(fluorescence) and 1441 nm, 1545 nm/1449 nm(SWIR)
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- Watermelon : Drought stress was significantly different from normal at 755 nm/664
nm((fluorescence) and 11732 nm/1620 nm(SWIR), and temperature stress was 560 nm, 707
nm/670 nm(fluorescence) and 1447 nm, 1732 nm/1583 nm(SWIR)

- Radish : Drought stress was significantly different from normal at 750 nm/717 nm(fluorescence)
and 1583 nm/1426 nm(SWIR), and temperature stress was 703 nm/684 nm(fluorescence) and
1441 nm, 1560 nm/1426 nm(SWIR)

- Color : The value decreases when exposed to drought and high temperature stress conditions.

- Leaf area : After a minimum of 24 hours, there is a tendency to decrease in exposure to
drought and high temperature stress conditions.

- Center of mass : After a minimum of 24 hours, there is a tendency to increase in exposure
to drought and high temperature stress conditions.

- 3D image construction : One camera could be used to rotate images at 10-degree intervals to
acquire images and construct three-dimensional images.

(c). Optimal light environment survey for phenotype measurement

- The leaf width and leaf length of 'Cheongyang' and bell pepper were increased in order of]
FL, HPS and PL after 5 weeks (Plasma-PL, High Pressure Sodium-HP, Fluorescent-FL)

- The number of flower buds was significantly increased in the bell pepper cultivars from the
3rd week after treatment

(d). Development of high throughput screening (HTS) image measuring device

- Four types of phenotypic indicator chambers(3D reconstruction, NIR imaging, thermal
imaging, fluorescence imaging)were constructed and manufactured to enable automatic image
measurement and transfer.

III. Expected Contribution

e It is possible to quantify through non-destructive phenotypic indicators that have been

uncovered and to be used in other crops.

* The developed non-destructive HTS system is expected to contribute to the development of
new varieties by evaluating target traits of crop molecular breeding, reducing the time and

effort of selection, and systematically evaluating various traits.

e It is expected to be used for the development of phenotype for other crops, which can

contribute to the efficiency of molecular breeding of other crops

* Reduce the time and cost of developing new varieties of vegetable seeds
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Sensing Module

HgCdTe
Array sensor \ Spectral

Spatial | % &

MCT
camera

HS-SWIR
Object Lens

———

Imaging
Spectrograph

Halogen Line Lights
1000-2500 nm)

Diffraction
Grating

Linear Travel
Translation Stage

D AYd 28F 54 Ax d=(EHa9h

b s

o SHUH~Eg 2~ : 558 nm(EF3F), 1449 nm(SWIR)

o 2= 2EYA(AR) : 679 nm(F3P), 683 nm/731 nm(F )

(b ==

o A EY A ;555 nm(¥FF), 708 nm/746 nm(FF), 1456 nm(SWIR), 1397 nm/1456

nm(SWIR)
o 2T ~EH (L) : 555 nm(FF), 713 nm/746 nm(EF), 1449 nm(SWIR),1382 nm/1426

nm(SWIR)

(th stz g7t

e FHA~Ed 2 : 683 nm(¥FF), 731 nm/688 nm(&F)

o 2L EHA(AL) : 683 nm(3F3F), 712 nm/688 nm(¥F3F), 1441 nm(SWIR), 1545
nm/1449 nm(SWIR)

() ==t

o I AEFY 2 ¢ 755 nm/664 nm(&F3F), 1732 nm/1620 nm(SWIR)

o LT ~EFYA(AL) - 560 nm(F3P), 707 nm/670 nm(F3F), 1447 nm(SWIR), 1732
nm/1583 nm(SWIR)
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Focusing
mirror

Detector
Plane

Collimating

mirror High
efficiency
Entrance convex
" grating with
aberration-
correction
O 7 2EE 9 95 A
EMCCD EMECD
camera Sensing Module A oo
Speciral
spatial
paial lw, wx & A =
\\ \\ i‘ i
C-mount \‘. X :
Object Lens [~ N magng [N W=
\, Spectrograph V%
UV-LED(365 nm) (i |
Blue-LED(410 nm) \m\ =
| —
....... glﬁr:llcﬂﬁﬂ 3D hypercube
— rating

Linear Travet
Translatlon Stage

- B AFoA A 2EF FARAE 1F 87 o] 2E8F FE G567 AT A
%] Q1 Electron multiplying charge-coupled device(EMCCD) 7}# 2HLuca RDL-604M, Andor
Technology, USA)¢} Imaging spectrograph(VNIR, Headwll photonics, Fitchburg, MA, USA)
£ o]l &3t FEstATh 339 92 400-1000 nme| o}

RA=AE 3] AR o] FHFo 2 FAX &= £5 A7t Lolsfjof 34, Fustal 9%

L27F FA A dotof ). I AR FAE AE F Slojof ok B AA = AR}

9 1 2H$k step moter(XNN10-0180-M02-21, VELMEX INC, USA)E &35t A&

© AT 5 A FASReH(C1H 9, 10), AAGE AFFS 32 1, 29F 2T

X

2
FU[O iy
BN

- 24 -



1% 9. Step moter(XNN10-0180-M02-21, VELMEX INC, USA) controller

1% 10. Step moter(XNN10-0180-M02-21, VELMEX INC, USA)

- 95 -



# 1. Specifications of the hyperspectral imaging system

Part

[tem

Specification

Vision
System

EMCCD
camera

Active pixels : 1004 < 1002
Pixel Size : 8 X 8 um

Image area : 8§ X 8 mm

Max readout rate : 13.5 MHz
Frame rate : 12.4 fps

Pixel readout rate : 13.5 MHz
Digitization : true 14 bit

Peak quantum efficiency : 65%
Cooling : -20C @ Air-cooled

Spectrograph

Spectral range = 400-1000 nm

Spectral dispersion = 100 nm/mm

Aperture = F/2*1

Includes the choice of one slit assembly (12, 25, 40
or 60 x X 18 mm)

Lens

Lenses are designed for 400 - 1000 nm precision
imaging and are useful while prototyping.

Slit

25 um slit

Vision
controller

Quad core(2.4 GHz) CPU, 2 Gbyte main memory

s£ 2. Specification of the conveying unit of the hyperspectral imageing system

Part

[tem

Specification

Conveying unit

Motor

Step : 0.9°

Controller

Operation

: RS-232 interface, 9600, 19200, 38400
baud rate settable

Weight : 1.2 kg

Electrical requirements

: 24 VDC, 25 A

Slide
Assembly

Repeatability (short term)
: 0.0025 mm

Straight line accuracy

0 0.025 mm / 25 cm
Screw lead accuracy
:0.76 mm / 25 cm
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LEE

PR

D 4

Relative Speciral Power Distribution

0.0

T T T

(a)

02 |

Halalve Spacirum Power Diskibuan

0.0 M i
bl v] 30t 350 Al A5G BN

Wawslanglh [nm]

(C)
“1% 11. Schematics of the power LED (a) and typical spectrum of the power LED of 365
nm (b) and 405 nm (c).
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Fho e ZAFol At o] e AELoA WS FFe g 680 nm
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‘O’(the level of constant fluorescence)’defollA Z71sl7] AlZFske] T(inflection or
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O B AFAE 287F UVEE Blue 380 B9 92 =247 F 22Y J4L
25890

Excied

State (two)
| p P
I'l
', Radsionless da-rchaion M
Exched
= } State (one) T
Chemisty L/o
:" e :f i '!':__ﬂ*lwrmm 0
i 2 3 & 3§ o & W o
} Garound stale

(a) (b)

“1% 14. Fluorescence principle of chlorophyll (a) and fluorescence induction
kinetics (b).

-2 AFolA AEE 283 FGEAREAE 19 15 & 2ol 283 duH g IS 95
g 4 A+ Mercury cadmium telluride sensor(MCT) Z}wl2k(Xeva-2.5-320, Xenics,

= Py
Belgium)<¢} Imaging spectrograph(SWIR, Headwall photonics, Fitchburg, MA, USA)E ©] &
st 2EF A4S Ao g F537] o) AR olFHole 8% ¥F A

229} 2+ step motors AFsle] A2 o]F £EE A T 4 AEE LA

AN Wge ¥ 3 7 ek

- 30 -



st 3. Specifications of the hyperspectral imaging system.

Part Item Specification
Array Type : HgCdTe

Spectral band 850 nm ~ 2500 nm
CMT #Pixels : 320 X 256

sensor Pixel Pitch : 30 xm

Array Cooling : TE2

Pixel operability : >99%

Frame rate: Video rate : 100 Hz

Integration type : Snapshot

Exposure time range : 100 xsec up to 20 msec
Noise level : 9.3 AD counts

SIN ratio : 64 dB

A to D conversion resolution : 14 bit
Vision Focal length : 16 mm f/1.4

Optical interface : C-Mount,

Imaging performance

System

Lens o
spectrograph fixation holes
(Broad selection of lenses are available)
Camera control : USB 2.0
Image acquisition : CameraLink
Interfaces .
Trigger : TTL levels
Graphical User Interface (GUI) : Xeneth Advanced
Camera cooling : Forced convection cooling
Physical characteristics Cool-down time : < 300 sec
Ambient operating temperature : 0 to 50 ° C
Lighting 100 W halogen lamp X 3 (2 Set)
Slit 25 pm slit
Vision controller Quad core(2.4 GHz) CPU, 2 Gbyte main memory

Sensing Module

MCT
camerd H gc dTa
Array sensor 4 Speciral
H5-SWIR
Object Lans
Imaging
Spacirograph

Halogen Line Light S sl 0
[1000-2500 nm) " I

A

3D hypercube
Linear Travel
Translafion Stage

“1l 150 2 SWIR A28 -z o) x5} 3+
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(b)

Z1% 17. Lighting sources with (a) and without (b) optic fibers.
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(@) (),

“1% 19. Reference image used for adjusting lens focus.

ZEFFEE S8 H, 34 FHRE, Fd9 FF 3ol wt LAV HAE 5 2
o} o]# g A5 Fo|7] 3 BT EHES J|FOE oA ZEAAYS ITH 2
AE A 29 A4S BAY F Ao 2EF IS FYT T white reference<}
dark reference® #E st Zzte] Z={F FAodA o= FE AAS white

7}
reference®] WHAMGES 100% 2 3l=
208} 7ol 33 wWEAFE-©o] 99% ©]F¢l teflon white boardE o] &-3lal, dark reference:=
19 219} o] Fhulet MR PAE A DS A HT FHE FYI 34
7S o] &3l th. White referenceS 7]1Z0. 2 2&3 tA-E o] At)ubAlgH(%)S o))
o] 2 [11% e F24& o] &3tdth

R —D
_ L 100 (7)) I
= W—1D < 100 (%) Ll]

=
rE
>
=
ey
rlr
o
il
o

referencegk o] th.

19 20. White reference &% 19 21. Dark reference &%

- 34 -



w%wﬂ _z_;)gﬂﬂ% #M&%WM

- > T B — X% 0 o

o P PE P X oo

mjy oy © Mo R

o - & E B o 7S o

.IaL;on (k\muo_:ilo OED..dlko

< < n O 3% g 9kﬂv|m._o_a

T N T T < M g

prt NSN_T @v_= .

q‘ur _o? &_nw/ )

S8, Eymcl ZETAZ :

p B peg IET O g

%%9 N S foulm_mw 5

< TH S — = =

szl PIXRL SUm g 2

Mo B T e Y R o 5 B ™ o S a =

)| .~ 7= QO e

ﬂzln_fo*l o HT_ Lﬂ = ,Aluﬂ O_E A—l S ﬂ H;E o ——y = cﬁlu

~ o %Dbﬂaoﬁ o W E oo by S

. X T @m F o - R M \ F &

W g M 2d Loy o T Ly X S

w¥h REFRTE T ATE g \ 2

C 3 e w2 o auzu]a‘_m 5 & . : g

= T TR T M 1omrvoﬂu|_x _._ . =

M__%% ﬂuuoéafafﬁ?laf&oﬂo_e . \ =

gy CXVmza gt s Y1t 8

—wmo TET pxE Ty ATk s g2

SET ReBE T opEE EA PRRRALT ¢ %

< Mo T X om W oy R R g e 5

@oim ;%w.qmeﬁzﬁzﬁ%ww%mu = T

Ao o ) mum el ﬂw o N - o R wjr

= R S et W 2 0

GBe Fropiw epr NE T

= % S T T T S T M

jb.&.o‘nr 0l . 75 e .mﬂ
<0 L] —~ + — N o k-

11/ A Y e T 3T N E ok 0 W o oH

2%y Fepn 5% aggpds &

@R B TR E TR kxR g
o OWoR T o T W Mo AR N

- @
g
L
=]

HEHS et 1A

2
< ZAFE WY FFgko] 500 ~ 600 nmeF 650 ~ 700 nmo Al 7HE =AU

-
[SAe]

pis

- 35 -

QAN AT 2EH =T Zolrt 7 ZA YERSTE 500 ~

K

Rl

=

T

-
[¢]

\%
Etom o] &

U



600 nm+= Green yellow fluorescence g <o]l™, 650 ~ 700 nm+= Chlorophyll-a¢] &

wAgeon guiA Aok Ao £ Tl RIHAWA AT By mxel
Wsteh 424 Byl WISEA FFpel Weh 2UEPoR wEH

A},

1500 1

1000 4

Intensity

] 2 T - = 3
00 400 G0 600 e 200
Wavelengthinm)

Z1% 23. Mean spectra of control and water stressed red pepper
leaves and their hyperspectral fluorescence images.
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1% 25. Histogram (a) and Gaussian model (b) for relative fluorescence intensity (558 nm)
of control and water stressed red pepper leaves.

Stress Control Stress Control Stress Control
(@ (b) ©

“13 26. Color image (a), fluorescence image (558 nm) (b) and binary image (c)
of control and stressed red pepper leaves.

3t 4. Result of classification between control and water stressed red
pepper leaves using an optimal threshold value (558 nm).
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19 27. Mean spectra of control and water stressed red pepper
leaves and their hyperspectral SWIR images.
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“1% 28. F-values of one-way ANOVA for the discrimination of controlled and
water stressed red pepper leaves.
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719 29. Histogram (a) and Gaussian model (b) for relative SWIR intensity of controlled
and water stressed (-50 kPa) red pepper leaves at the wavelength of 1449 nm.
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Control Stress Control Stress Control Stress
(a) (b) (c)
1% 30. Orignal image (a), SWIR image (b) and binary image (c) of representative
controlled and water stressed red pepper leaves (-50 kPa), respectively.

3£ 5. Result of classification between control and water stress red pepper
leaves using an optimal threshold value for data (1449 nm).
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threshold threshold
Control 3985 1121 2837 28%
Stress 5710 4797 913 84%
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“1% 32. Mean spectra of control and chilling stressed red pepper leaves
and their hyperspectral fluorescence images.
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1% 33, F-values of one-way ANOVA for discriminating control and
chilling stressed red pepper leaves.
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Z1% 34. Orignal image (a), hyperspectral fluorescence image (b) and color map mage (c) of

control and stressed red pepper leaves (679 nm).
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1% 35, F-value of 2 ratio one-way ANOVA for discriminating control and chilling
stressed red pepper leaves(683 nm/731 nm).
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~1% 36. Orignal image (a), hyperspectral fluorescence image (b) and color map mage (c)
of control and chilling stressed red pepper leaves (683 nm/731 nm).
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1% 37. Mean SWIR spectra of control and chilling stressed red pepper leaves.
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“1% 38. Mean spectra of control and water stressed (-50 kPa) chinese cabbage
leaves and their hyperspectral fluorescence images.
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1% 39. F-values of one-way ANOVA for discriminating control and water
stressed (-50 kPa) chinese cabbage leaves.
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(a) Control (b) -50 kpa

“1% 40. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and water stressed (b) chinese cabbage leaves (555 nm).
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“1% 41. F-value of 2 ratio one-way ANOVA for discriminating control and water
stressed(- 50 kPa) chinese cabbage leaves (708 nm/746 nm).

(a) Control (b) -50 kpa

“1% 42. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and water stressed (b) chinese cabbage leaves (708 nm/746

nm).
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1% 43. Mean spectra of control and water stressed (-50 kPa) chinese cabbage
leaves and their hyperspectral SWIR images.
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“1% 44. F-values of one-way ANOVA for discriminating control and
water stressed (-50 kPa) chinese cabbage leaves.

(a) Control (b) -50 kpa

“1% 45. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and water stressed (b) chinese cabbage leaves (1456 nm).
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Z1% 46. F-value of 2 ratio one-way ANOVA for discriminating control
and water stressed chinese cabbage leaves (1397 nm/1456 nm).
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(a) Control (b) -50 kpa

“1% 47. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and water stressed (b) chinese cabbage leaves (1397 nm/1456
nm).
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“1% 48. Mean spectra of control and heat stressed (48 hour) chinese cabbage leaves
and their hyperspectral fluorescence images.
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19 49. F-values of one-way ANOVA for discriminating control and heat
stressed (48 hour) chinese cabbage leaves.
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Z1% 50. Orignal image (up), hyperspectral fluorescence image (down) of control

(a) and heat stressed (b) chinese cabbage leaves (555 nm).
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Z19 51. F-value of 2 ratio one-way ANOVA for discriminating control and heat
stressed chinese cabbage leaves (713 nm/746 nm).
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Z19 52, Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and heat stressed (b) chinese cabbage leaves (713 nm/746 nm).

(a) Control (b) 35C 48 hour
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Z19 53. Mean spectra of control and heat stressed (48 hour) chinese cabbage
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1% 54. F-values of one-way ANOVA for discriminating control and heat
stressed (48 hour) chinese cabbage leaves.
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(a) Control (b) 35C 48 hour

~1%] 55. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and heat stressed (b) chinese cabbage leaves (1449 nm).
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1% 56. F-value
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stressed chinese cabbage leaves (1382 nm/1426 nm).
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(a) Control (b) 35C 48 hour

~1% 57. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and heat stressed (b) chinese cabbage leaves (1382 nm/1426 nm).
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Z13 58. Mean spectra of control and water stressed (-50 kPa) daikon leaves.
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1% 59. F-values of one-way ANOVA for discriminating control and water stressed
(-50 kPa) daikon leaves.
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(a) Control (b) -50 kpa

~1% 60. Orignal image (up) and hyperspectral fluorescence image (down) of control
(a) and water stressed (b) daikon leaves (540 nm).
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1% 61. F-value of 2 ratio one-way ANOVA for discriminating control and
water stressed daikon leaves (750 nm/717 nm).

(a) Control (b) -50 kpa

~1% 62. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and water stressed (b) daikon leaves (750 nm/717 nm).
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“19 63. Mean spectra of control and water stressed (-50 kPa) daikon leaves.
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1% 64. F-values of one-way ANOVA for discriminating control and water
stressed (-50 kPa) daikon leaves.

(a) Control (b) -50 kpa

1% 65. Orignal image (up) and hyperspectral SWIR image (down) of control
(a) and water stressed (b) daikon leaves (1441 nm).
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1% 66. F-value of 2 ratio one-way ANOVA for discriminating control and
water stressed daikon leaves (1583 nm/1426 nm).

(a) Control (b) -50 kpa

“1% 67. Orignal image (up) and hyperspectral SWIR image (down) of control (a) and
water stressed (b) daikon leaves (1583 nm/1426 nm).
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1% 68. Mean spectra of control and chilling stressed (48 hour) daikon leaves.
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1% 69. F-values of one-way ANOVA for discriminating control and
chilling stressed (48 hour) daikon leaves.
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(a) Control (b) 5C 48 hour

—17 70. Orignal image (up) and hyperspectral fluorescence image (down) of control
(@) and chilling stressed (b) daikon leaves (560 nm).
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19 71. F-value of 2 ratio one-way ANOVA for discriminating control and chilling stressed
daikon leaves (703 nm/684 nm).

(a) Control (b) 5C 48 hour

“1% 72. Orignal image (up) and hyperspectral fluorescence image (down) of control
(@) and chilling stressed (b) daikon leaves (703 nm/683 nm).
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“1% 74. F-values of one-way ANOVA for discriminating control and chilling stressed

(48 hour) daikon leaves.

(a) Control (b) 5C 48 hour

~1% 75. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and chilling stressed (b) daikon leaves (1441 nm).
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“1% 76. F-value of 2 ratio one-way ANOVA for discriminating control and chilling stressed
daikon leaves (1382 nm/1426 nm).

(a) Control (b) 5C 48 hour

~1% 77. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and stressed (b) daikon leaves (1382 nm/1426 nm).

- 19 772 1382 nm$} 1426 nme| ¥EARZ o|W A& ratiost] BT H ~E
Lol olm A= Ed@e Aot o|uA] A At Fged Fdd A2
= o] Aol7t oF 8% A= UEtES & & Utk ol 7 s 341441 nm)

3T

=13
=

- 73 -



2},

2= A Bog F 719 3244 (1560 nm/1426 nm)E ARE-3h= A o] 4% #d%) o2 o
=2 78 AEEE Hols AHATH
4t

D) FEAEHYA
S Az A4 SA4@5C, @ 1641, HF 8AIIDA A BFete] 309 <k Abed
THHS AT 6719 ARF R B IS U 2EHAT 6E Yo H48E T
syttt
= Tae 9% 5 At wet EY BT 2% BEERTdkPae S
AotAth BESFZETLe #lA ulE(Tensiometer, Infield7c T5 set, UMS, Germany)S

ol-&ste] ZAHsIAT. &2 FEF SAHS Ad W HALVEE ol &stoen, 3
&

He.
ke
(2

227(-50 kPa)e] H+ FF 2HEHS Y dT 1
ol A UVHYLS ZAS W] §333ke] 500 ~ 600 nme} 680 ~ 760 nmol| A x}o] 7}
600 nm+= Green yellow fluorescence g <oj™, 680 ~ 740 nm=
FF FYolth. Y & FEol FIHA[A AEZY id g4

o Wzlel AE4 Aol WHslstH A FFgke] WMyt vEhdh

2500 — Control
— 48kPa

Fluorescence intensity

400 500 800 700 800 900 1000
Wavelength

Z1¥ 78. Mean spectra of control and water stressed (-50 kPa) watermelon
leaves.
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19 79. F-values of one-way ANOVA for discriminating control and water
stressed (-50 kPa) watermelon leaves.

(a) Control (b) -50 kpa

~1% 80. Orignal image (up) and hyperspectral fluorescence image (down) of control (a)
and water stressed (b) watermelon leaves (765 nm).
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Z1% 81. F-value of 2 ratio one-way ANOVA for discriminating control and water
stressed watermelon leaves (755 nm/664 nm).
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(a) Control (b) -50 kpa

“1% 82. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and water stressed (b) watermelon leaves (755 nm/664 nm).

S
o
odh
ot
iz
olo
N
o
N
©
\]
—
NN
o
b
-
o
iV
flo
1o
¥
;C_)‘
£
\]
13
=
3
of
g 28
o
o
ook [ (>

(~f

ZA Bt} 755 nme} 664 nme] F 7 S AREskE Aol
=S Bt

(th Furelel SWR @4 574 B4
- 39 780 AT 2EH AT BRE2AEDS Gk o HFE FolM 2 2

FE& #EE7] §o13 AAE 2] 8 7 gAgEE ANOVA B4S A3k

S

- 77 -



pl— CDCI'IITDl-
1700

—— S0xPa
1600

1400 1500
Wi avelangtn

1300

1200

“13 83. Mean spectra of control and water stressed (-50 kPa) watermelon leaves.
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“1% 84. F-values of one-way ANOVA for discriminating control and water
stressed (-50 kPa) watermelon leaves.
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1% 85. Orignal image (up) and hyperspectral SWIR image (down) of control
(a) and water stressed (b) watermelon leaves (1747 nm).
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~1%3 86. F-value of 2 ratio one-way ANOVA for discriminating control and water
stressed watermelon leaves (1732 nm/1620 nm).
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(a) Control (b) -50 kpa

~1% 87. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and water stressed (b) chinese cabbage leaves (1732 nm/1620 nm).
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Z1% 88. Mean spectra of control and chilling stressed (48 hour) watermelon

leaves.
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715 89. F-values of one-way ANOVA for discriminating control and chilling
stressed (48 hour) watermelon leaves.

(a) Control (b) 5C 48 hour

1% 90. Orignal image (up) and hyperspectral fluorescence image (down) of control (a)
and stressed (b) watermelon leaves (793 nm).
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1% 91. F-value of 2 ratio one-way ANOVA for discriminating control and chilling
stressed watermelon leaves (707 nm/670 nm).

- 83 -



(a) Control (b) 5C 48 hour

1% 92, Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and stressed (b) watermelon leaves (707 nm/670 nm).
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19 93. Mean spectra of control and chilling stressed (48 hour) watermelon
leaves.
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1% 94, F-values of one-way ANOVA for discriminating control and chilling stressed
(48hour) watermelon leaves.
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(a) Control (b) 5C 48 hour

“1% 95. Orignal image (up) and hyperspectral SWIR image (down) of control (a)
and chilling stressed (b) watermelon leaves (1471 nm).
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“1% 96. F-value of 2 ratio one-way ANOVA for discriminating control and chilling
stressed watermelon leaves (1732 nm/1583 nm).

(a) Control (b) 5C 48 hour

717 97. Orignal image (up) and hyperspectral SWIR image (down) of control (a) and
chilling stressed (b) watermelon leaves (1732 nm/1583 nm).
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19 98. Mean spectra of control and water stressed (-50 kPa) paprika leaves.
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19 99. F-values of one-way ANOVA for discriminating control and water stressed
(-50 kPa) paprika leaves.

(a) Control (b) -50 kpa

Z1% 100. Orignal image (up) and hyperspectral fluorescence image (down) of control (a) and
stressed (b) paprika leaves (683 nm).
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1% 101. F-value of 2 ratio one-way ANOVA for discriminating control and water stressed
paprika leaves (731 nm/688 nm).
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(a) Control (b) -50 kpa

~1% 102. Orignal image (up) and hyperspectral fluorescence image (down) of control (a)
and stressed (b) paprika leaves (731 nm/688 nm).
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“1% 103. Mean spectra of control and water stressed (-50 kPa) paprika leaves.
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1% 104. F-values of one-way ANOVA for discriminating control and water stressed

(-50 kPa) paprika leaves.
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Z1% 105. F-value of 2 ratio one-way ANOVA for discriminate control and water
stressed paprika leaves (1519 nm/1463 nm).
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“1% 106. Mean spectra of control and chilling stressed (48hour) paprika leaves.
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19 107. F-values of one-way ANOVA for discriminating control and chilling
stressed(48hour) paprika leaves.
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(a) Control (b) 5C 48 hour

“1% 108. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and stressed (b) paprika leaves (683 nm).
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“1% 109. F-value of 2 ratio one-way ANOVA for discriminating control and chilling
stressed paprika leaves (712 nm/688 nm).

(a) Control (b) 5C 48 hour

~1% 110. Orignal image (up) and hyperspectral fluorescence image (down) of
control (a) and stressed (b) paprika leaves (712 nm/688 nm).
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“13 112. F-values of one-way ANOVA for discriminating control and chilling stressed (48

hour) paprika leaves.

(a) Control (b) 5°C 48 hour

Z1% 113. Orignal image (up) and hyperspectral SWIR image (down) of control (a) and
stressed (b) paprika leaves (1441 nm).
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“1% 114. F-value of 2 ratio one-way ANOVA for discriminating control and chilling stressed
paprika leaves (1545 nm/1449 nm).
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(a) Control (b) 5C 48 hour

~1% 115. Orignal image (up) and hyperspectral SWIR image (down) of control (a) and
stressed (b) paprika leaves (1545 nm/1449 nm).
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- CIE Laboll A o] A #3x+= 13 1303} 20| L*, a*, b*= FIAIEH ¥ L*= HE, a*+
Red®} Green9] A=, b*&= Yellows} Blueo] =& Yel & 4A FEolth & F8
Aol JAAFZ X, Y, Z9F FAskt. 12y CIE Lab#ﬁ% g 9] FEj= ol
Green A5 Ao 2RE A7t &1 Red AEL =402 BE A7} GreenkEth
L g 9o 952 ey 3 e Odoii—‘: LightnessZ A L*=1002 &1 24(3] A

olg}7] Huth= FH9 Aof 7pztth)olr L*=02 24 olt} a*=802 a*=50Et} O &
Al Bo]m b*=50 b*=20E.t} Yellow7} %A BRIt o] FxtollA A4 o] Zpolgh FHof 7}
7hE A FZEo A o F Ao XZEY] A A QL Aggal & AT dAHoE A
7F AE ERE A zpolrt Bol v Aolal ATt AL Aolrt glow U3 Moo=
Q1A At} E%OI He Ao HEE L] al, bl 2 HE4] Yl Blur) He
Aol #HuE L2, a2, b2 = yERd o o] F M| xjol= i 7 I o

l

)
[
rot
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| YT

I'whitel

Mueish
T [. *={)

iblack)

1% 130. CIE Lab &3t

3% 7. CIE LAB A&t

AL*= Ly*— L,* o = A}

Aa*=a,*—a,* Red-Green

Ab*=by*—b,* Yellow-Blue
AFF= (AL — Aa*?+ A A A}

- CIE Lab¥} 437t 5A3HA| W CIE LabZ = 2= Ao gk 34 A=) 2=
37] W&ol LabE 7122 & LCH & B E, A%, Aoz wAd 5 9
E9o] At} Labe BlwdtH LCH7F A dAA o] 9tk o2 =A%
B, A, Aolng2 LCHE AHEsHl =9 olsi7t o= &4
63} 7ro] L*, C*, h*zm HAStH L*= Labe] L*e} U3 gz E
Chroma(zl =) FAlolH & FAlolA g o=z dnp Holx Jdu st= A E
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A2 GERIT h*= Hue(H7d)e] EA o8 0-360=2] 2=
905 = Red, 180%%= Green, 270%+ Blue, T4 360 & 0=+ Red9)

AL*

Light stch

Dark sttt

AL*

Redder

Greener

AL*

Yellower

Bluer

A L*

(+)

Bright sttt

Dull sttt

1% 131. CIE LCH *¥
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D 1ol Fejstn w4 A3
G A2

- 71%) 1379 RGB %¢]

o] s} Aol

£ UEnglth ZE RCB @t th2u, 74 #HE @
] e F 5 Uk B mesEdse B3 gl W
a7k vlgstel BWF AL He F AYAW, IVREALS FF RGBRo] =
5 A&xom sgas NHe RAY. 19 1387 nna LY, 222} hEHE
F719l T2417E ©)F RGB @el FA3 shaFstaon, oldd MHE 18 UM%
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3.00E-01 n|

[
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2.00E-01 o o

Imte s ity
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Time{H)
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15001 A
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Time(H)
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24 48
Time(H)
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24 48 T2
Time(H)
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19139 B g AIRPEH) W3t
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4 1343 o] olmlA o] Hg V|Eow ZHHER, Yatol FUlHE, A g FAF
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0 = . 0 .
Y&
520
560 O
540
520
EI:I ™
ko 500 O =
o
Kl g0
¥ 0
AAMN {’
440 <} %
420
= 0 24 48 72
Time([H)
i COMETO O waer heat
T 1440 R, i, AR 2Ef 29 AT =Nl g E A



(2) wWiFe) /2= EH 2 JEHFH g NF A
b w5 Fepsha £
- AZ o], 7]€7|E Feke W AdoR A nFEAYRH T 5Y
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- 1% 1482 M FTF 2EH 20 =
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B3 5.
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Time(H)
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Blue

0.550

0500 &

0.450

0.400

0.350

0.300 - a
0250
0.200 - A

0.150
0 10 20 30 40 50 &0 70 80

Time(H)
Qo CONTROA Oe=waer e Noat
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Time(H)
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b 7t R

PA & g5 ANzHoA 7P F83 FEES AES B8 olv| A= AZAT=

7 gt FEFolth et FEFAME HAE Jhvete] dgo] Fajth Fiv et

Admrt wess 4B HolHE #4 glo] 5 5 AW volH §F| F7}=
EAAe] Solupl drk whekA delee] §A¢ Hastsm B ALE 95T 5

= HA Y 7ivgtE ddste Zlo] Fasit

B ATolA A4E 7hveks EOS 700D(CANON INC., Japam Tx|e, Ak kA4 o]
ot o] A AlA 2= CMOS AlA7F A2EE o] i, o]w x| A el A7)+ oF 22.3 x 14.9
mm oty F& 3AFE oF 18009 stAaE A Eo S8 AREHA & FE7t v
doEn. 3 8 & AMSE EdY AFS YERdTh ojn A Ao AgEH A=Re
EF-S18-55 mm(CANON INC,, Japan) 2@o]t}, = AE]= 18 ~ 55 mmo|al F+4H] = 1
035 ~56 oty HE 74L& 58 mm o] HH FY A= 025 m, Ho Y wjE&S
0.361H o] T},

s

3£ 8. EOS 700D&] AlF AF%F

a= &
34 gAE, Lok ¥rAMA], AF/AE Ztd2}
O 0] XAl A 27] oF 22.3 x 14.9 mm
o] O] X Afl A & 2] CMOS AllA
S F3tAS oF 18009t 3}A
stHv] & 3:2
o] 0] x| P A] JPEG, RAW
RISES:1= 1/4000014 30%
BUE37] ¥ TES Qlol= oF 7.7 cm. 9F 1047t T E
37] (W x H x D) oF 133.1 x 99.8 x 78.8 mm
i °F 525 g
39 2 AHEE "= ARkolth

3% 9. EF-S18-55mme| A|F AL
= &

2R /73] 18 ~55mm / 1:35~56
TE 7 58 mm

3 ES P 69 mm

F| a7 2] 0.25 m

o Egul& 0.36 Hj

7 o] 75.2 mm

27 OF 205 g
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- 22 Ql o AR HE YA FFE H5sH7] AHAE 1H 1563 o] Tt Z Eoﬂ
A %‘f"“‘?ﬂ olm| x| Eo] Hastth B AFois 7S 1A REE o] &3fo] 2
S IAAIH oA E Y5 AT

- B A7) AHe¥® ®EE PK243-01B(ORIENTAL MOTOR CO., Japan)ot}. 24 28] m g
2 1 2§49 olF A=+ 1.8 °olal 7|o7t A2EA ¥ EEoltt. 28 HYgE+
+0.05 °olvH1H 157).

9 157, 2~¥1 52 H

- 2Bl R oA TAEE WS ZHOIA 2H A E o] &3] I HFS 90 © WA
ALgat T ZH oA 2HOIAE AMEFOEHA B AUEE PN T A H 3
AE FAT 5 Aok =" E2EHS} ZH o)A 2H o)A 9] 7]ojH]= 1
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o2 AHHAH.

MRC-80-Le]aL 3% 10 2

719 158, ZH|o]A 2H| o] A

3£ 10. MRC-80-L&] AlF A

Ag=E 002 °0l3 A & Rt 9 Kof otk 19 158
ZHo]Ad 2E|o] A 9] AlgFolTt.

= Bg
2H 42 step = SERVO
ERERE 80 mm

71 AE A Worm&Gear

7ol Ball bearing

Hqete 0.02 °

/I AHRY Aluminum

5185} 9 kgf

- 919 REE o] g3te] 910 ° HHOR HES

3 AAA

ot X & I SeAT) H e

A GA=AHS ¢)al MATLAB(The MathWorks, INC., USA) AZE g o]E o] L3}
T5 22 WS 739 19E 159+ MATLAB Z=2 138 E3) /NdE 2E 9 71y

ghel 75 Z=adeIn.
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W Ade vgos THE FYRE AL 3 FBE % T Fozre
JGe Fol TYAZRE WS olEe] BT R £ PAH] s 74 WE
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generating texture
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Sulphur Plasma High Pressure Sodium Fluorescent

Felative Spectral Power

Full & Continuous Spectrum Wavelength (nm) Wavelength (nim)

19 169, ZF 33A(PL, HPS, FL)o] 23 E ¥ (Spectrum) &3

- 99 2oEY A%E B Aol ohE e WHE WP 21, olH @ FFL AR
FAAT B, SolRslel Jge WA 5 ok

- PLAU e 7 BB b FAE 2NERS Holm, BT FAT FUFAL
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% 172, 9 EFeA S Bl mE spol el ol
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ok, o]F 4F A} BolM WA OE F FURT PLBYL FoH o2 FrlekE AFL

Hyom, npxul 53Abe= 1 2ol TS FA Z71EE Ao JERGTH
- PLEY S Bt A 2HEY EEE Ho|x 9y wjie] HAF3 22 Ao u)
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=4 ayte] Bdo] AAHE Aoz dEA Ao

- PLBUE ¢ ol o 06-0.7 $FL A8 FA¢ Lejuh PSS FLO| 79 224132
8

o] ml&o] uj% W] W 2% A9 0.

N
- olu@ MEaEe] BAF weba W FEo AP FAe) 4FANA FolHQ 5
slEstol A AolE ne) Aow BAHYL,

)

Relative value

Fdo & A5 2o
10 40
—3 FL —3 FL
g HPS
g = PL o) 30 -
=
6 g
_g 20
4 - ©
&
10 -
2 4
0 0

1},

T OEE T 23U B WO RSN HF 93 AF0] A, 4AA Fe
37 i, e o=E HPS, PLeM 2 g el Yotk 248 Al 3Y BEoA 49
nE gpolglo] M%E ARE HeHom, Gt FFTAA MY By

Fde] RFR vlgo] sto}Eslol mAl= FF &4

(D A3 R oA otFRAA 3FF FFo FAE 7 (FxxaF, FHHU, =MReD
O #F
- 2408 ¥ 3FH(Grodan Co. Ltd)& o]-&3ste] HFFatom Fdefol A Lopa|A of 2

Tt 294 20 AN Al Ahl =19 wix ok LEE o] g8t A4 stk

A T - Lo § HFE + HEolE (7:3-viv)
Hj ko) 2 < DT PBGHI G o= 290 134 AT

o]2] : A7 12cm EHt~YEE B4 2u] AU Al o] A& A&
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S 174 F 2 20 AR FEelA ZER old® nFE
- o4 & AFYe] wHIHE AR H, HF 3F5RE PRV LEDE £Fshel, REFr
=3

- & AHg+ : Control(FL), Treatment 1(FL+Red/Far-red LED 30W), Treatment
2(FL+Red/Far-red LED 60W)o.2 A3t on, 7z FA 7= 1AW 359 +E =
Asted 30W, 60W R:Fr £3339 &3=(PPFD)S 200 #mol - m-2 - s-10.82 ZH3 &,
ARAYEHFS 71F 0 2 RedFar-red Bl &< A4k oh

2 d3d=Hd

AT FaH A9

A: 8359 T B: Z&wH (W/EA) (A*B)
Control 1871 14w 252w
Treatment 1 1570 14w 210w
Treatment 2 1371 14w 182w
% 12 gl A8E FB5e s oA me
PPF Blue Red (C) Far-red (D)
(400-700nm) (400-500nm) (600-700nm)(C) (700-800nm)
Fluorescent 100% 29% 27% 4%
-3 11 & Z Ay FEE 200+10mol - m-2 - s-12 AAHAE o, 71EEHAR 3B
o HEHA AFE Ve A0, F AYFS Awstel 210 o H§ FF5e 3



FE oA HlES Sk Alvtste] F Red/Far-red Hl&< A4bsidn.

3130 32 113 128 S8k U gholl 7148 <l LED &vdg & &3t A4ke Red9} Fr

o Bl &
Red ¥l "%  Far-red 2uagey RQTred LD pegrr wjg
Control 68.04w 10.08w ) AL& 6.75
Treatment 1 56.7w 8 4w (Tloi‘;:l;(‘)yw) 3.06
Treatment 2 49.14w 7.28w 30w:30w 2.12

(Total 60w)

- 3% 11 9 A7 wgta] B 232 6.75(Control), 3.06(Treatment 1), 2.12(Treatment 2)
RF ro] &2 Aol AAHAY.

A 23
(b RFR9] Bl g wE 3o 2dFY &4
@ RFRE| v go] e F5¥ 24 24

60 60
—e— Control —e— Control
— 50 { —©— Treatment1 — 50 { —O— Treatment1
g —w— Treatment 2 g —w— Treatment 2
:E’ 40 E 40
(=] (=)
< 30 c 30
o Q
16 s
b 20 8 20
= =
® 10 | 9 10 |
0 T T T T T 0 T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
After transplnating (Weeks) After transplnating (Weeks)

1 175, o4 5F F, B WE FHHUEHS} HHEAF(E) T 2F W

- RFRY| wlgo] g “F9uy RNERS
o) FaT5F 2ol FAEE ATl Nel F 2FARE Fo1F ol E Holn F
a7l 2R,

“RFRS) el FHAFAD & AL Ak DAL AEA 2l 2] &
Ao] wsjol o3
W@ Fpolo] ME A
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- o9& R:Fru]&o 1 1A =2 d33S(Contro)o A 718 e %A Z7}8o] #FE
fom olo tig YAz FPF5 HAF HlFo] ZJAT 9} H| =3 HE=R
WA =AM 27%, AA 0 29%) A Fo] S7|AFS A Al7l= E37F UE& 5 9

Zlole} ol dHTh,

- TS, AAsg tiH] FAage] HlFo] wobxl T1, T20|A 2741740l SV AThe A,
LEDZ ZA}H Red, Far-rede] s}3to] s ET 59 e Wslo] JFE& Fo =4 2140]
s7td Aoz Asdn.

@ RFRO| W&ol Be F59 447 4% B4

18 18

—e— Control —e— Control
16 { —©— Treatment1 16 { —©O— Treatment1
E —w— Treatment 2 ’é‘ —w— Treatment 2
£ 14 | L 14 ;
s =
g’ 12 g’ 12
i) 2
‘s 10 ‘s 10 -
7] 7]
-l -l
8 1 8 1
6 T T T T T 6 T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5
After transplnating (Weeks) After transplnating (Weeks)

15 176, o4 55 F, Fd WE FHHUEHe} HHEAF(e) FF5 9% W

10 10

—&@— Control —&@— Control
9 { —O— Treatment1 9 { —O— Treatment 1
—w— Treatment 2 —w— Treatment 2

Leaf width (cm)
~

Leaf width (cm)
-q

6 1 6 1
5 1 5 1
4 T T T T T 4 T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5
After transplnating (Weeks) After transplnating (Weeks)

0177 4 5% %, 3ol B TYRNUGHY FHEDF) FE 4F 95

S EALF BHop BE ATFolA Z2AY FosA 4%, 4F BT

|
U oy
of\
-
o
i)
s
L

Tz AL gAL x2F<¢ FLET FRE #7138 Treatment 13 20 A] %]
T 4F o]Fd fFogHoR TolAe= AFES H WA :

Treatmentoll Al A 28] & 45 o] F o FolH o2 EZolX= A& BT
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- 9% A FEFEF 257 Treatment 104 tizT9f vlaste] fojHow Frtetes 4
&S Yel Ao
150

—@— Control
—O— Treatment 1
|/ —w— Treatment 2

Leaf area (cmz)
=9 =Y
o N
o (3]

~
3}

1 2 3 4 5 6 7
After transplnating (Weeks)

T 178, ol F TS ShEnF] GUAHA S s

- A3 v A R 9HZA =718 S5 Controlo| A 7R E3lE9lom, v =2 A%
o] 7}&A AW Treatment 27} 9H A =7}E-o| A Ttreatment 1©] Ttreatment 2X.tF A

Aot

- 2o AAH BAstel, 7] WA Z1ge] AS e T4 ojvE ze),
Treatment 19} & #2o] #4e 27] 494 o] v)$ FHHol7] WRo] &3
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15 15
—&— Control —&— Control

3 12 | —O0— Treatment 1 2 12 - —O— Treatment 1
g —w— Treatment 2 g —w— Treatment 2
S S
[ [
£ 9] £ 9]
L pm
o o
s 97 g 97
E E
5 34 S5 3
= =

0 T T T T T 0 T T T T T

0 1 2 3 4 5 6 0 1 2 3 4 5 6
After transpinating (Weeks) After transplnating (Weeks)

1E 179, o4 5F F, ol mE FHHUE) 52 (S) F5 AL A M



BE FFo) W ol AW YAY BAVF AT ol F AT AW B G4t

o stolrl MRt A ok

1% 180, AS AlzHAA Au FA AFT FHAHY, soEaFe AS )
4 2<% Control (F4), Treatment 1 (%4}, Treatment 2 (3})

Th RIFRE| Bl &of W& 2159 spopidtel mA= IF
(D sobdz ¥y
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“1 181 Fst dv)A

- A Ay 194 23 AZFA

2 M E A2t B ol A
o WA BT,

@ EZW sfolnz
20
= —e&— Control
= —O— Treatment 1
'E 16 1 _w  Treatment 2
Q
2 12
=
‘s
S 8
[
€
5 4
=z
0 . . .
0 1 2 3 4 5 6

After transplnating (Weeks)

7% 182 A F 537re] T M@} HAE

stoh 3t 7 W3t

- FYHY EFo] AAFOE BXFF FFRT SlolEsr U

1% Rurel shop

2% solRst Ao T &S Fol A
A4 s EAste) 1 st} RE-g v
20
- —&@— Control
s —O— Treatment 1
f 16 1 _w Treatment 2
)
2 12|
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‘s
S 8 1
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E
5 47
=z
0 ; ; , ;
0 1 2 3 4 5 6

After transplnating (Weeks)
AFCP)l thE RFRE) ARG vl &o &

1% Ay ahe
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20
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2 12
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S
— 8
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1 2 3 4 5 6 7

After transplnating (Weeks)
“1% 183, RIFRE] Hl&o] W& F 7} F59 3tolE3te] W3}

- solmale] F5W Aol mmglon), HeHE Rohw, 65 ate] SolRET) wol B
A tx=FE ALSE Tlo| T2nth 373 o2 folushl e o} Ba= g,

- A8 (Fepzrl-PL, TYUEF-HPS, FB5-FL) F¥ sge] Fugyst vaw A
FAFE o4 F 5750 §AF G| A5 FL, HPS, PL ¢-0.2 F715h: 4% 1
Q.om, 3%91 % g BF Rolx Ygtom @5¢) A9 FLA A

q)

- Y (A}, 1) G35 ASH A F59 FolRs= HdF A 7o
A zpol 7t WAYSHA] eFgkoy, o] A Ay F 3FARE FoHo = slolisgrt
S71stR o, olgst ol fr= Fek&v YU} zhs= FHE o] Aol A o&= A, B F
Y3} vlalsle] FRuE]&o

(2) RFRE] v &0 W& FAHY 9} Z3FF FFo A5 slopiste] W

- RFR9 HlE&o] 30WE A Treatment 18] oA F T 254 ASSE g4
of tigt FoAdQ F7F FFEHASH, UmA] ASAR disiaes & Aol&
ok, ol#HT 7] GHF FUl d AL 2] FAEHS FUAA FE S
Do & 7AE T F AS FeE ARHT

- RIFRY| vl &o] ¥ Treatment 13 298] A gl thaljA F+ F& EZFolA A & 55
of slo}lEsle]l Fold zfol= HolA ko, ol o] FE HEAZte] H2 H}
F719 FRF o34 Prdee] JEIES F 350 ds)] soliss S7HA171=d9
HASIA] &S ZOoF o g
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N
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= = ZdAIREe] STHE T B AT A s A A

AbEst7] wiEel M AFE AHE Fahe] 4,148 x 2,765 pixel AR =2 G4 T1E0]
2 Aol Agdsitt A=A, olof A3 hvetE AA AT

E Ao A8 7hv 2= mvBlueCOUGAR-XD 129(MATRIX VISION GmbH, Germany)
o5 GH%EE 3,384 x 2,712 pixele] 3L, 191x]2] CCD AA & Ag3tch. AA 3 ALofe
ofgff i 14} ZEoh

d9E 15 g e A7) 9 Jivetet ozl AgE ddFow AT H B
o2 HFE = FYField of view= A4tste #H s T3 d=2E Adsit. A4
H A=(TC1216-21MP, Kenko Tokina Co. Ltd., Japan)¢] Focal length+= 12 mmZ ¢F 521

mm X418 mm ¢ Y99S Y & F A= d=o|H, A= AAF AFYF 3E 163 2

.

3t 14. Specification of selected camera from results of comparative experiment

Items Specifications

Resolution 3,384 x 2,712 (H x V pixels)
Sensor technology CCD sensor (Sony ICX814)
Sensor size 17

Pixel size 3.7 X 3.7 um

Frame rate 22.2

Readout type Global

Protocol Compliant to GIigE Vision
Interface Dual or single Gigabit Ethernet
Size of body 50 x 50 x 32 mm (W x H x L)
Weight Approx. 200 g (without lens)
Operating temperature range |0 ~ 45 C

Lens mounts Back focus adjustable C/CS-mount lens holder
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3£ 15. Specification of selected lens according to computation of field of

view
Items Specifications
Image format 1”7
Mount C mount
Focal length 12 mm
Aperture range F1.6 - 22
Angle of view 57.1° x 44.1° (Hx V)
Minimum object distance 0.2 m
Back focal length 13.54 mm
Dimensions 54 x 60.4 mm
Operatin temperature
perating P -10 ~ +50
range
@ ®H TR
- Multiple view geometry W2]S o] &3} 3x¢Y G A7) A= sty A&
< oAy WA FFfof s, B 7o FAo] Hasiah T3 o] 3 Aol A
AT e BEEL 94 WelH SHEE Balr] Aok Ak
- AEe AFow FGay] g e S e 9AAI T, HES oF 4° A
S| date] e A5a o], shito] 18 HsHE B F 0% 4L ISk
SHE O] 31H Aol A Ao FEES PP S =ol7] fdl BEHE 3 2H oA ¢
Agste] AgstRth 13 1859 av AHEH EE(EzM-425-A, FASTECH Co., Ltd,
O~

Korea)e] Alxlolal, b= 34
o} 31 2H oA AT AL

oFO.
T

O
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19 185. Illustration of selected motor (a), and rotation stage (b).

3£ 17.  Specification of selected

3t 16. Specification of selected motor rotation stage
Items Specifications  [tems Specifications
Drive method Bi-polar Table size 30
Number of phases 2 Travel range 260°
Voltage 3.36 VDC :

Mechanical type Worm & Gear
Current per phase 1.2 A
Resistance per phase 2.8 Ohm Guide Ball bearing
Holding torque 0.32 N-m Accuracy 0.02°
Weights 220 g Repeatability 0.005°
Operating temperature |0 to 55 C Load capacity 9 kef

2} e g H2] 5t u}z;xi%o% %01 aim OW} 1% &l ol%E A s 9
ol T¢ AAGE A s, o] FAE 10 cm E2H A oA 360= AL =

2% e} g,
oF AA o 3 A= xrt LA st 34t

>
a
al
ol
z
to
4
ox
__>[1_v,‘
1o

S ATANE B 2E yAel ARE Asjel 4US S A4E AN

St A&

el o] FH ol &2 A3e A3t
23k o, 260 % 260 < 100 mm

-11:: rX‘i

5mm EJ]E}OIE Z}“ IMNE AU
ol & J}Ro HFALS HFSIH T

I o



(@ NR 88 54 &A /W

- B AA e AYATE FIdHE 1F9 FEREH 29 2EF SWR A7 27E EU=E
3ta] NIR 7hwlg} @l =50 1450 nm band pass LB A 3sle] FEAEHAE AAZE
o2 ZAsH7] fs AR AT

- 719 1863} 7o) Li]ﬂ %E‘ﬂ U 7ol 7}111]3}, %%E—i “ﬁ]ﬂoi a3 AEe] AR g
e A& o] &
I

b Ztdgt 55

- 2 Ao A& NIR7MW 2= 19 3 2+o] ABA-001IR-GE(Avaldata Corp. Japan) 2.
320x 25631 = NIR 7|2} 5 7424 thH] Adso] $7& 7ivgteltt. 34 715 d9<
950 nm ~ 1700 nmo.2 & I9 =4 J9<l 1450 nm HH ol A3t 7] Fo|t}.

- A== FA3H GMTHR48014MCN-1-SWIR(GOYO OPTICAL Inc., Japan)3 == 200 nm
~ 1800 nm He 3 T3 Jhssin FA 3ol 1450 nmolth AARE ARYFE T1E
1873} 3% 183} 2o}

- Zhlgtel] S HE 94 F 1450 nm o] FARES F
pass filter(BP1450-CWL,Edmund Optics, USA)S AF&313]
b=
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2 187. NIR 7Hd2t : ABA-001IR-GE(Avaldata Corp. Japan)

3£ 18. ABA-001IR-GE 7w 2te] 8 A%

S W&

QlE] ¥ o] 2~ Gigabit Ethernet (1000BASE-T)
38 34 4 : 320H x 256V

A A7) 3t4 37] 0 20m x 20 4m
24 8 2 4ol : 6.40mm x 5.12mm

A a7l 950nm ~ 1700nm

g4 F857] 26MHz

A 25 | F% -5 C ~+40C /20 ~80 % (¥ &)

o 58 (W) x 58 (H) x 90 (D) mm (v}-£E F %W &

Y A= "

A E] =2 ME B

RUHIAY] 9 RES ofol= ¢F 7.7 cm. ¢F 1047 = E

9 S/ N H 55dB

=z &% | =F AIZE| =F AT 228 FPSA] 1 1 usec

3£ 19. NIR A&

2 2(GMTHR48014MCN-1-SWIR)©] A}k

&& W&
Focal Length(mm) 8
Iris Range Fl4 - 22
. 79.7° x 62.9°
Angle of View (Hx V x D)
X 92.6°
MOD(m) 0.1
Filter Thread M=55 , P=0.75
Dimention ( D x L) @57 x 58
Notes 3Megapixel
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b BAR

- Fhe AYATE 2EF SWIR G 4 AHeE 38 24 A5 AL T
271 100 W &= = Optic fibers AR&3te] Fo] 124 Ao ZAIH ==

T3

- Fo] Ho] Ui ZFsAY, oFstd NIR 7Hi gt G244 diolE 5o BA3sinz A4
Sk SFAe] A7 tidA kel A7 78T 29 1863} 2ol 500x500 %600 mm X
23 FXES AFste] 2719 FYUE AZAs e AFolsd WAV B 7HsEd,

Felo] 23 24 JbsAES AR

- WA AEe) e B AsA FA AW o] At A5 1F
Agol 9UR G4 SHY 5+ =S AAFAT 19 1889 o] BE A
off AAH A5 ol4FNE o &dte] A} WHAL W, I ZHol shssich

gholw, T1glo] AL gl ofd &

18 188, AH o] olFE gAY &= SA BEE
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AB45 5C

- Infrared 640X480 @ 25HZ

- Field of view : 25°x18.8°

- Focallength 24.5mm

- Spectral range : 7.5um~13um

- Temperature range : -20° ~+150° Optional
- Gigabit, USB support

- Including Analysis Software

19 189, A9 hvigkel R AR

o

1903 o] o] AW o] Fhvleh, FURE WA 1F A AWR 3
249 % =S AASAT. B4 2 Au URe] LA} AF o] 54
oq A

A

1 190, AW giRel olFE A 47 vk 4 Ea

b Zie e 57

-2 A AYATE T AFo FRZEH Y B S A7 AHE EYE )
o 500 nm ~ 600 nm ¥ HE7} =& ICX674 2/3 AX] CCDAIA 7} &AE 124aG
mvBlueCOUGAR-XD124aG(MATRIX VISION GmbH, Germany) 7}# 2} #@=ZFof 525 nm
band pass BEIE AHste] FRAEH A BEE FF AL AAROE =AY
el AzrstA T ZAA R ARFS T1E 1913 % 209 2
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3£ 20. mvBlueCOUGAR-XD124aG 7}
Weke] o Ab

3= e
Resolution
, 1936 % 1460
(H x V pixels)
Sensor size
. 2137
(optical)
Pixel size
4.54x4.54
(um)
Frame rate 64.5
Sensor
CCD
technology
Readout type Global
ADC resolution /
. 14—8..16
output in bits
22 191, 3833 =A4 8 7hde Sensor Sony ICX674

- B AYAFE 28F ¥F G - AHEE SAIA] 365 nmel 10 W
power LED(UV-LED)Q] 10 W& power LED(Blue-LED)E &F 2h<loll Z+ Z+ 4704 8711 <]
FHUs A" ZAHE ol &3

- o] dlo] U&F AetAY, ofstA g sivet G4 tlolE &5 RAFE R 2 A
gk FAo) M7Iek A Ske] Ayt a7t o 19 1903 2] 500 %500 X600 mm =
iﬁ‘ro‘ TZ2E5 AAste 2719 Fds ddstd Asolsd A7 534 7Hesi,

do] F&3| A 7MestE S A ST

. Small-scale HTS 2 EEg}¢] 7|1

AT HF 5%l small-scale £AE AAHA 2~ =
28y AX HAGAE 4, NR 7%, €84, 33 HE HAAs

H Ane %ngsg T A= ViY AWME FAsta, Wl F3 7 EtE A X s

g + M AT I ASE AF olFsHr] st olF Hd 2 2H

95‘\231, o] & /\l AN g7 A WREE So77] o1 As AMEAAE 5o A

TR 1928 2o, AA 5 AR T1E 1933 2

kv

ox Mt rFI

r°“ e mlo oX ruE

ot \:H o

rlr
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7oz 3 &

o E2X| & \

(@) ()
1% 193, Small-scale HTS ZZ EE}] 4 AHY) AA A3 () 93#, (b) WF

D) I 298 Ay
7 GA Z9g A= 19 192314 Al o] 1600(W) < 1000(L) X 2000(H) 2] =71 =
2Helg 2~ AR g AZEATE 18 1933 o] ZF 4719 A F = ek o g
TAEle] 3x F 2 AZHS 93 RGB7HW 2} # o] golstA AFE AT YA 371
A= A, 994, F39Y F98 AR, Fo 93 PR} ALY ol RE
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= 19 1943 o] H¥e| =of 238 o]E(MR-200-1600, Korea)E 2
Y A5 AR S TEAGOD, AR YERAE AT AN E 7

3 194 AR FUERIA AEHE A5AH A2

@) A s olF ZA

- AR AFold AR 1 1959 Zo] 1600(W) < 1000(L)2] =71 AW wietw e 7t
7} BLDC 2 E(200W, 7F<:H] 1:3.5)%} glo]™ WEZL ZA2E Fxolth. AW vle 1600(W)
o 13 Aol AAste Fhvetel Gl A et FEsHT

- 717 1959 o] A7 olF A ZHHEtE T Y A S st I 24 AACOEE

W)el 55 74 AAE BEsle] AFoR 84
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€535 = oz 1

19 195 A AR o)lEAA 9 s

(3) HTS Z2EEY /M &9 LZTEY o] 7|

- F=3% Small-scale HTS Z2EEY A28 © a&Fo=z FE317) 3o
GUI(Graphic user interface)E 7|23ttt MATLAB AZE 9ol S E&lo] 7)dsl om,
A Ao A e GUIE /R4 3ske] RGB, NIR, €354 2 dF 7S 25 Aojsl=
= et

f

=

- Fhvehmer ofUe AR 0|4 A o] Auolol WE, RGB G4 5ol B 34 ¢
o)A, 4UY TF D FY oln Ao AF AF 5 RE A} /e sef A7 ZHel
£98E AGE Ao, A9 E2S Eolud A

-RGB 94 H5 A ARE 4° 37 F vt BYstel AR 187 B4 F 05
dHe B9 T A% :

Aol FYL AF olFE A8V s |
F1a1, 7t 7l et - LA =0 A s A 8| H Al5olfo] AFa ATl 4 A
(A5 9 I AN B _ ZpmpoE A% AFEHE dugZos AAsAnt

- A ol% AA o] Aulolo] ME B A HAEA| & PP RS-232 EAL o] &
sho] PEHS AANYL, B Fal Ashe AolE WSS AASNAL. HF AW
2 94 95 Ul AAHY FHE 1919 3 2ot
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4 Image_Acquisition_GUI
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Raw 0.745 7.217 0.767 6.892

- 169 -



- 170 -

iT O =]
M 4N =aYAE 3 2EHE0f 7|01
A 18 HEIAE
re | N2 LT AT 8 gqE
- 23838 vy MYy =4 AR
40 | - F502M 570, & 107§ 1_6)7}11 =3 3 FHEF, 100%
- -
12 = S xER G4 Azd 7% 9 &
(2013) 30 | - F53 290, F U A A 2 HAs B 471A 100%
(I, vl )
30 - H|SCI=& 19 - H|SCI 29 200%
- X383 viyy Ay = A%
40 - ZE2G7) 3 570, = 1570 2871A =4 A FH(E =g gt 186%
- )
22 = - 2EF 94 Azd 7= g =
(2014) 30 | - F5G/M F 27, F 67 A wH 2 HAHE WH 671A 100%
M= 8 7, &, 448h
30 - H|SCI=& 1¥ - SCI 2#, H|SCI 1# 300%
- FEistd =AHAF 67) 7+ L
30 - ZEQM F 3N, = 67 3z ATFAE 2l A, A 100%
_?_
3AAE | 3 |- 1n -3 AT A 2E A 100%
(2015) 20 - SCI=%& 1# - SCI 1, wISCI 2% 300%
20 -9 1A - &3 =9 1 100%
- 3o A B IAE S
A P AG Sw A B
30 | - 50N F 470 - 3249, NIR, €97, ¥3% &4S 100%
A3 AFold IN=AAA T
4 x ks
- Small-scale 33 7#A A= 0
(2016) 30 - 14 I8 EEe] L& 100%
20 - SCI=%& 1# - SCI 3# 300%
20 - 5= 1A - 53 5% 14 100%
A 24 FHEoF V9=
71t A3 =
7F 7led =9
O Plant phenomicsE At FEEASFE o] 714 BHAOR Fgala Y= %x}u}ﬂ
£ o]&3%F MAS (marker assisted selection)®] SHAIE =83}, MASe} 34 &84 3%



X»7t 7}

3}

proteomics,
—

transcriptomics,
i =A< 2H4

TE B3

q

genomics,

[ex

A Aol =ZA 71
£

omics&oFQl

LN

3715
71&9

metabolomics& o5 I
T 7| A o QA

a3 A

L —

T

[e]

S+
A

EEARTe
phenomics
IF =

2}
O Plant

omics 7|

)
o
ol
oH

o

KA

NI
i

wof AT

2] omics
A5Fo] AAZR A5 FEFIMLE 753

o o

a

I 71

3]

O Plant phenomics”|¥+ HTSE %

Aoz 7lu4

1

kel
=

Ao AAF HAE AF FEFANL S]]

[S]

1

0]
yil

1 u)9}h3] HTSA| 2

iy

Ool:

°

}

U
]

%H
O~
=]
O £ dAFHA=E 7

X

]_
7

T

1

QY

=
Z

22

o

vl o] 7]

=1
=

17t FNEe] 28t

A
pd

AN 2" 2807 HAaFA
O FE = &%, WAH4, W

)
L

o
L

1

o

Hof ) A

=
=

FTY STITANE 7] &

oH
S

FE7N Lol 7)ol G
O AT HTSA 28 S¢o] ofd =429l phenotyping HTSA =8 ug 49 ohA &3

- 171 -

2 A7) Azde $2¢ 58 9% sue A7 B 5

L I
- =



i
E

[0

B
2

ﬂ
"

;OL

o ¥=

==
[e)

FALE T3 FFst 7}

B/

/K‘_:] o]

4 AEE &84 7he

¢}

53]
& Aow ARy e

O A 7&ME AAHNAH =EFHE=

t

il
.

ol

i

Fe dHolgglstng B}

A5

=
=

A ddde=

B ohuer Holx

Al

At AHE

12 9]
1

[l
of

7}

2

o
Np

€l
=

Hl2}3] HTSA

Llasl

7N

O

7= At FFNE 7198 A

Dz

Ao AAAHI

O £ ATHAZ TP AxF

€]

Bis

23

ojn
=

A ALAE 719

oy
od

ojn
%

i+

- 172 -



R}

@)

o))
e 02
rO
-
=
s
B
0
=2
>
>
S|
o
S
o
B
19
N
N>
0
H

o

o
o o

o}

o)
=&

2

30 oy

L2 o

o 1

<
T
al

AP %0
N

N
N
off

l

=
I
Ho
[o]
it
o
ok
2
gk
)
=
I
ot
%
>
[
o

K
2
o2l

f
L

>
i
Lo
o «
=
)
o2l

fe
>
2
Lo
2 rlo

ZHE o] thksk A ARE AEFoZ FE
¥4 (Phenomics-genomics pipeline)-& 43}
Al A ~Elo] )3k A= vl 2 (BASP),

OB oox g X o v o I
i,
£
e
=

o o s
o]
=
o
=
o
—
X
ol
=
Do
(@]
—
-
=2
ol
ot
=2
Ip

o

Q@
T

AEZ Q2 2~(1200, 1490, 1780 nm)et = ¥H2-th (1410, 1450 nm),
= g Be T (1020, 1510, 1690 nm)L ZHE-o Al ALE
2 UJegE F283 Z2HJXGA gHZdgor &85 QtHAnnemarie 5, 2009; Kim,

i

o

AEetA Aol st ol HAE FEL FER2EH2E H
st Fg 2~ 7]&o] HQ3tthBerger 5, 2010)

el A= ZEo FRAEHAE v ow S5 A% A77F s o] FolA]
I AAolth. Grant (200602 E3shd 7lvlete}l EGTE
U5, &, FH0uping] F& ~EH2E =439 Eitel 5(2006)2
ou} A €] M(short wave infrared, SWIR) <<l 1300 nm ~
S =A3Ha 1500 nme} 1750 nm FHelA 71 & A

-

booX K
I
flo
o
o
ol
o
2
M >
R
K3
N
=
Eldt
ol

oy

L &
o

H“Mr{m-

S

HAE BT

FIOI_E
ililIOFO

N

hs

oy

N

N

filo

ao

n;gl;

ol

£

)

>,

o

s

h.n X‘E
2

L

A 1B o2
Boox B oox

N

)2

fru

X

)

0%

il

lo

il

i)

2
ME 2

(=

o
e
(M ox oft

oo N o N

dr o
L
o
b

o ol
o of

fr B oox i

o N i My koo
~ |0 o

[¥ of
of2
ox
>
o o ox rl

[m

=)

[>

=
o 0T J

A B
oxl Mo
& Lo
2

>
&
H A

hou -5(2011)°]

2719 AHFE FHo ZAWNNE AL 24d F4E 3

ez SAHo] oHY. o= 7ol o

Y

o,
o o

sfAdstaal 3akd
dlo]A 27l E o]&3t= PhenospexAte] PlantEye Al 2=Bl, Theket @4 AAE o] &3
A+

32+ IS FHSE LemnaTecAt 9] Scanalyzer Al 2~®l 5 thakdlk Wi o2 33U I3
SAsta &8stal JAAT, FHolA= A= AIGI S A3 A7V Bol v FE A
goltt.

- 173 -



N 7E EoES

Auwerkerken A., W. W. Verstraeten, B. Somers, R. Valcke, S. Lhermitte, J. Keulemans and P.
Coppin. (2009). Hyperspectral reflectance and fluorescence imaging to detect scab induced stress
in apple leaves. Remote Sens. 1 : 858-874.

Berger B., B. Parent and M. Tester. 2010. High- throughput shoot imaging to study drought
responses. Journal of Experimental Botany, 61(13) : 3519-3528.

Carter G.A., (1991). Primary and secondary effects of water content on the spectral reflectance of
leaves. Am. J. Bot. 78(7), 916 - 924.

Chang A., J.Y. Choi, SW. Lee, D.H. Kim and S.C. Bae. (2011). Agricultural biotechnology:
Opportunities and challenges associated with climate change. Kor. J Plant Biotechnol. 38
117-124 (in Korean).

Eitel J.U.H., P.E. Gessler, A.M.S. Smith and R. Robberecht. (2006). Suitability of existing and
novel spectral indices to remotely detect water stress in populus spp.. Forest Ecology and
Management. 229(1) : 170-182.

Fischler, M., & Bolles, R. (1981). Random sample consensus: a paradigm for model fitting with
applications to image analysis and automated cartography. Communications of the ACM, 24(6),
pp. 381-395.

Furbank R.T. and M. Tester. (2011). Phenomics - technologies to relieve the pheotyping bottleneck.
Trends in Plant Science. 16(12) : 635-644.

Grant O.M., M.M. Chanves and H. G. Jones. (2006). Optimizing thermal imaging as a technique
for detecting stomatal closure induced by drought stress under greenhouse condition. Physiologia
Plantarum. 127(3) : 507-518.

Gonzalez, R., Woods, R., & Eddins, S. (2009). Digital image processing using MATLAB, second
edition. Gatesmark, LLC.

Houle D., D.R. Govindaraju and S. Omholt. (2010). Phenomics: the next challenge. Nature Reviews
Genetics. 11(12) : 855-866.

Kim, L.Y.. (2002). Standard method of analysis and standardization of horticultural bed soil.
Proceedings of the Korean Society for Bio-Environment Control Conference 2002 Nov. p. 131-186
(in Korean).

Kim, Y.H. (2004). Evaluation of seed quality by near infrared spectroscopy analysis. Korean J. Crop
Sci., 49(1):250-258 (in Korean).

Lowe, D. (1999). Object recognition from local scale-invariant features. In computer vision, 1999.

the proceedings of the sevrnth IEEE international conference on. 2, pp. 1150-1157. IEEE.

Lowe, D. (2004). Distinctive image features from scale-invariant keypoints. International journal of

computer vision, 60(2), pp. 91-110.

- 174 -



Lee, K.G., SK. Kang and K.H. Choi. (2004). Nondestructive qulity measure of fruits and vegetable
using near-infrared spectroscopy. Food Engineering Progress. 8(3):158-169 (in Korean).

Lee S.K., T.R. Kwon, E.J. Suh, and S.C. Bae. (2011). Current statues of phenomics and its
application for crop improvement: Imaging systems for high-throughput screening. Kor. J. Breed.
Sci. 43(4) : 165-172 (in Korean).

Li, M., Zheng, D., Zhang, R., Yin, J., & Tian, X. (2015). Overview of 3D Reconstruction Methods
Based on Multi-view. 2015 7th International Conference on Intelligent Human-Machine Systems
and Cybernetics (pp. 145-148). IEEE.

Lou, L., Liu, Y., Han, J., & Doonan, J. (2014). Accurate multi-view stereo 3D reconstruction for
cost-effective plant phenotyping. In International Conference Image Analysis and Recognition (pp.

349-356). Springer International Publishing.
Hartley, R. I. (1997). Triangulation. Computer vision and image understanding, 68(2), pp. 146-157.
Hartley, R., & Zisserman, A. (2004). Multiple view geometry in computer vision. Cambridge.

Muja, M., & Lowe, D. (2012). Fast matching of binary features. 2012 ninth conference on
computer and robot vision (pp. 404-410). IEEE.

Murali, S., & Govindan, V. (2013). Shadow detection and removal from a single image using LAB

color space. Cybernetics and information technologies, 13(1), pp. 95-103.

Paproki, A., Sirault, X., Berry, S., Furbank, R., & Fripp, J. (2012). A novel mesh processing based
technique for 3D plant analysis. 12(1), 63. BMC Plant Biology.

Raguram, R., Frahm, J.-M., & Pollefrys, M. (2008). A comparative analysis of RNASAC techniques
leading to adaptive real-time random sample consensus. In european conference on computer
vision, (pp. 500-513).

Triggs, B., McLauchlan, P., Richard, H., & Fitzgibbon, A. (1999). Bundle adjustment-a modern
synthesis. In international workshop on vision algorithms (pp. 298-372). Springer berlin heidelberg.

Tsai, R. (1987). A versatile camera calibration technique for high-accuracy 3D machine vision
metrology using Off-the-Shelf TV cameras and lenses. IEEE Journal on Robotics and Automation,
3(4), pp. 323-344.

Zhang, Z. (1998). Determining the epipolar geometry and its uncertainty: A review. International

journal of computer vision, 27(2), pp. 161-195.

Zhang, Z. (2000). A flexible new technique for camera calibration. IEEE Transactions on pattern

analysis and machine intelligence, 22(11), pp. 1330-1334.

Zhou. Y., H. Mao and X. Zang., (2011), Hyperspectral imaging technology for detection of moisture

content of tomato leaves. International Congress on image and signal procssing. 4(1): 167-171

- 175 -



o

1. o] RaAME FHSA2EZHA Al3SE Golden Seed ZZAE A9 o

TEIAAYT

2. o] RN Wge HEF dol WA FRHLAERIN AW Golden
Seed ZEAE ATAHAE Yslof hch

5. Sl e LA Bad e telron Bu v TAslAE
oy gt}

- 176 -




i
N

AT E LA

)
=
— o) o)
™ <t <
(@]
—
o)
—
e <
Tor e N
T ow :
Ay LQ
L I T I I B
s | & | » | g | ok
R T - T A R
= 3 <
0
g W~ N T AF
Q
> - ~
A0 5| F F
= o0 oH s e
X S
- g i 5 s
o z
i S W R Mo Mo B
< )
<
T -
ool = s g 2 S
:lw = |z =
o L%b BE N N S
% = :ICJI o~ < 4
b RS
A4 - B
58| B | b |0
CE s 22 2| G
g — Uru = _zﬁ.a ~ HT oy
o ok No il -
@w £S5 B! ~ o
ot T 9
[ o a2
40w x| R = 8
R S
& iy il
H Hl B o N
e Mo &

n AT BE 9 4%

el

o
oa
Ho

p—

0
L

Ujo

ks

o A 2FE2] whole plantg=<= 2]

el

<-(phenome)

= W

Aol A

O
fis

2

o
Hi

)

R

+

L

;OE
olo
&

ﬁo
B

ol
=

2]

A4

oF

0

Bl
22

qr

B

HTS (High Throughput Screening) Al

=1
=N

PN
=

7]

i)
o

X

o

22!

s

t
o
o
ol

o
4
N

o] w5y

N

" AT 2 A

oju

-
o

4 Vis/NIR, SWIR,

- x4
N

1.




o (]
- 1E o ghpAE A0 A9 558 nm(FW)T 1449 nm(SWIR)NA, LE(HL)AEHNAAS 683
nm/731 nm(FBNA P4 DEAZY TREE FoF ANES AL
4. - "5 : ST AEYAS 742 558 nm, 708 nm/ 746 nm(3FL)¥t 1456 nm, 1397 nm/ 1456

A 749 555 nm, 713 nm/746 nm(FF), 1449 nm,1382 nm/1426

S HAAET THEL 93 AnE AUe
5. - mpme]7} : P AEL A0 A 683 nm(FF), 731 nm/688 nm(FF)NA, 2E(AL2)AEHA 7
2 683 nm, 712 nm/688 nm(FZ), 1441 nm, 1545 nm/1449 nm(SWIR)oA A4 otma]7} A&

742 755 nm/664 nm(FL), 1732 nm/1620 nm(SWIR)I|A], &= (RA2)A
7 nm/670 nm(F L), 1447 nm(SWIR), 1732 nm/1583 nm(SWIR)oJA] A

g Al FREE RSt AnE AU
7. - 2 shEAEH A9 HL 750 nm/717 nm(&FF), 1583 nm/1426 nm(SWIR)|A], & & (A 2)AE
H A 2L 703 nm/684 nm(FY), 1441 nm, 1560 nm/1426 nm(SWIR)o|A A4 TAFZ23 L&
+ 7ot ZuE A
8. - A2 gl W VRAEYHA FEjo] =5 A] o] Pastes dES BY
9. - WA : HA 24X o] 7 Y I N2 AEA AEjo & Al gho] fashe YL BY
10. - RAIBA © &4 24A1F o] S s U MR AEHA Mo =& A] o] FUIehs BAPES B
11. - 3% @ +5 ¢ VY 7HH2HE o] &5t 10, Aoz ol Yt 4= °l&3shd 3xHd 9
e & SIS
o 239 d8S dt AA G &4 19
- 48 (Z220-PL, YU EF-HPS, dY5-FL) B Oy JHiFdat e FsA| e
TEN Y FF 557% FL, HPS, PL 02 F7tste= 4F/dol B
- ddE (FgRuL AYUHER, ¥E5) OY 289 storgdte MUY He A2 & 3RAMEE
woAo g stotRetprt ZUtEdE Y
2f. At oS IAEAE A UhE
- Small-scale HTS B#® AQAA T2 Eelle 15617 ostol A2 By AR 4717](3
A4 NIR 94, 294 ¥% 992 AESRs] A% AuE TAstL, Asoe 9a 54
D o] $o] FH5FES 75
AT &84 € A8
O =4 voy Y Ame Ui A9 ohd, 2=AEH 2o Oigh 29 AFst 54 A=
4842 & UAS

o NLHE wiutzy] HISAZ2HS A& BA8Fo B3
=

FAo AAAQ] HILE Al FES T 7]

o




A}A| ¥ 7} B 3L A]

GSP M2FAAAG

HAHNSE

213002-04-3-SBY10

P

1% BHY AR 2" Mua

71 & (F-A) st 8 = R
ATER 71 & (F-A) R
712 (EA) 4
71 B (F-A) !
2016.03.01.~
2013.07.25.~2016.12.31. FHAE 713
2016.12.31
726,000 FHAE 72 225,000
TE 9249 A HAJA=71?
W AsdE I3 O Agdz JdyP=x X
O A= Y5 e?
0= A= & O &aA X3
=i T a9 By
=t = | 7k | 99 ]
Z[: 5 = 2=
SCL|®scr| ®F | | o | &S| 12 | ol | 4 ()
?_] = =
2 2 4 0
6 5 4 0
300 250 100 349




3 AT A AE e

3-1 71€3d 43

O /Ndd w33 HTSAI2HL ZE EASEY] S¥3d Byl 2 Ao Azts) »y™zs ohor
o FAo AAAY BIIE 2 EFFAL 79 Aoz J|uF

O & A7HAZ MNTE AaF FEY b B4 e g2 FE22 93 2388 oxy 24
B A= A5 288 4 S Ao JggoeR g FE BExez 3 =
7198 & %

3-2 #38+3 A5t

O & dA7ddA /MEd 298 =
83 847 @ Aolgt Ay
Bo]l @ & QL.

3-3 AAH A=

O #¥H 37}, BA=EF

A
"
o
ol
o
P

5 93 91 9 ave A2 meAY w2y

]DH%

3-4 A3H A3t
O Adxl=9] HTSAI2H® =9jo] olbd =43¢l phenotyping HTSA 28 1R AU as= EE
AA A" & 5T AR AVVF 2 5 AL

TE Ves FENES REY, AN, WEAE $F &A4E o148 A9, F8d /s
ol T §TTAMNEC HL&ATd Jzte] gEH Ty ANaFA £& FAY

3-5 A= A3

O Plant phenomics= ol ZFEEASF] 9o 71 BHFoE F883 Q= BEAuAZE o4
3k MAS (marker assisted selection)e] &A1& ZE&t1, MASS &7 F82 A JERQLE
o &Y B4E7tsd A IA o Al Aoeg 7ug

O Plant phenomics= 71&¢] omics#-©FQl genomics, transcriptomics, proteomics, metabolomicsE 0}
FE T e ATt BokE o] EoF AEH YA Je =Y, UYIEFE, 5F S5 AT 2
ZIgA el oA B A7E B3l FAH gy4 R s Ao JgE

O Plant phenomics7] ¥+ HTSE %3 71&< omicsE-oF ATE
o AEARFY AR AT FFANLL AE3Y F 9

mlo N
o
2
e
o

4 97HR % A} FRoIAV1ed WA AR FAYTGL wEA?
L miGEERIER L 0 28X 9¢

5. 4AHQ 54 Oﬂ/\i FTAAY FEFHS FAWHA A FAPGL BET?



_L_l
B
m
o
&
ojp o
o 14
L] 4
4 £
)
L] =y
= =
T 0N
= - )
- O o~ e R I i I i &)
o n 0 © E o =
- mr < -
it Hlo m,_ﬁ <
X ~
m i% .. - N
= oF W o oo o Hom
B by Sy i .WA-H
= AT NN & .l _
M < X
" N E
o _ ¥R
< : oK ~ wl
0P o N B = = WM oy x =
A =I5 3 e i
mm_ & o T g 2 o W o = = B o+ o =
R G A Wop o T OE T o
o P p T A WOR W W T ) & ®
= = X T A % = o = A o N
2 o T N NN .- - T *oN
0 ™ O O (i " S o T O o S
Fo 3l [] % O 0O A N o o Bp e o oy « <]
B & & y 00Do0Do0Do 5O Powom owowm  ow Y
oo n_O n_/u o 0 _||A_ D X D D ,C ..._m
© py e A+ = O O = o
_ e ol
© © P = o
© 5 W

= Aot

O z2A

H it



Fol FAHAL.

of
%

4

N2

SR v

S

gast grkn 4%

1

s

o
0

Nd

=

o
"
=)
he

X

W it

&9

2

A4

=1}
=

9. ATFIHAgANA L of=

EREEFLEE PR

g

714

O
T

(% ofe Al

o)

ol
=3
U
1o
o
|
-
wR
o %

3 o

3

Aol o

Al

AET?

ted71d el 71ed R =Fo]

=

7. A7

i

i
o

A&7

¢

e BRI EEIRE

o
Al

Y.

i
Ao
i

&

R
Ao

g

it
Ao



gkeh)

? %3-S A g 7L

o] oAb

b

g BE A%

7
Njo

Nlo
ol

it
Ao

4
A

o

o

s FEB(193) RE?

O d W 71948 7k O 71938 B7bs

=
[e)

O SA 7148 71

ok
<}
A
Kr
=1 o
=
Ar u_m
A"
3
ol
IH | &
w
- | ®
My
HI




T2 FEAIA

L 734 7He
AL e GSP A 2FAA ] = 5 | 1F
Sz e 214 XPY AR 2E An
ZRAEAT) | Fvo) st Z2AE AP | =B B
A H =0
e AreEAT A7\ FA A
¢l = 7 b v A
426,000,000 300,000,000 726,000,000
AFNEZIZE | 2013.07.25. ~ 2016.12.31.
BREERE Oug 2 A= BEERS
Fo844% | WK 78 422 5l 24 28 2 A7)
v &g (A )
2. AT EHE tiv] Ay
CESE FaATEE oe) A7
SA2EY2 XY vy A A% T _ w33 vay Ayyd =4 AF 16714
W 2HE3 A=A A AEH L= =2 33 FH(aF, wWF)
RoEER THIE G T SO I 2w
(A=A AZE 1070, Al=s HASE 0, W) H=-s w7 REE, ufE)
SCIE=E 19) - MISCL 24
AA2EY 2~ 58 AAFL 93 2E3F NR - £33 vgy gy A AFE 2871A
_ . N 4 3F FHE=Zg7L 5,
2R 9EEH 2471 AT C 25T QA AxE 23 o =23 w w
R AR 5N, Azd AMsg o, ) HAsH P 6 ARekek 5
SCI=% 17) - SCI 2, wISCI 19
HP2EH S 2dY vvy] A Ax d=| ségj@@éixi}x(]g 67HH 5)mg 2 3319 A
2 olH QA=A A|AH L= T4 B ARG, )
LA RS e T - 33 AT A A
(FEjstd Az 670, 33 74 |, SCI=&| - SCI 13, ®ISCl 27
7 - 53 ¢ 1
1;{:]_) = =1 L
- s —y - — - - _ = k1) e} S wm [e) 5y 1)
2del wshy BEYPHE AR AH @y - 2Ee] VUL R B A% AL 8
FoAx G A% F4 J1E N 9 - 379 NR, 994, 3% £49L 9 A%
- o|& AA=AHA=]
— ) o] 1=} o OO0 7700
Small-scale HTS 2 EE}Q] 7i- - Small-scale £R& 74 A28 Tz EE]
(L5 F27d &4 79, vvdy 293 A% S%E?ZTS”%
@’47A], Small-scale HTS Z2Eetq) /) | - =3 ==

« Astel W@ o WY s




vlz1c |2 &g
T X
i = SCHN D=
P v | v |8
B R
N O
_
N
v
=
73
=
_
mxm Uo myr
ol
oF | AF B
WK BTN
—
B |~ w8
Ak o
HJ
= (e
nhbu N © =
mr - | -8
a EO —
il g =
_zrc o — — m
| o e
—_
N
o
B | i oF
WD TS
H Hr ~ <M ol
e Mo - Wo 70
N g

(il

el
=B

o

~

<

o

%o

Al

ﬂ

Y

=

o = M_m

fud X

Wl x| W

— | B | R

D R

< | w
B | Ao | B =
R |
| R |
| PR
X|°|®
| 9|
1..0 —
B 5o | w0
M2

13
.| B
M W

_l )]
e | |
W T
I
AR A
Ylele|e

it
i+
"

A

5. AT+ ¥d 7

7)e}

e

XOP °H =

&
i

A }:ljﬂol;ﬂ
3T
™

4]
2]

E
=

=
=

K

=7 &
7V - 71

o= 7]%
23}

=7le

En)
CE

|

A Al

il

?_

A

D] 7]

il

@91 7]

il

@91 7]

6. 7t ArATE TAH BEAY

T K e N
R o Ew
N T e
Ho ol ™ —_
0 ~
o B
(RN A LT
o) ; il
& T 0T
ol [P o I
A R A
) = |x =
o < KoK
o |R okwr _
I - R (G
~ R
ol 4T
K [|HR B o mK
Wi ;oe d|
EN S Nrlor
O"Mﬂ MM L:.Wo ,WL E,.* ;o.#
° T o R
o N A R
Gl R
W |3 R
M B N|B
7 B ow|L) M
L - -l
T . ol o W/
N I |
~ o = AR
vt \q = 8o ﬂ
.nw_. Mo o m_m N =
of |2 R~ W
~ R|Xd —
N X %o =0
T A|EK o |
oy N | <
" F|Be am|rH RO
N S P
B T |TO Mo|fir ®B°
B A R B
BRI T e
5 TR L
Pl < |~ ~
=l T | T T
= | O | )




TE R 2
Lxy e8] °
mﬂ Wo <t <t o
o 0%
G
N ©
-
NN
Mo %
L
T o
o |-
H X m R
)
— C [a\] Lo (@]
oy |
H -
A [a\] © (]
Po mr|l — — o
3
Eﬁ _ZE Qﬂ — — o
= . o -
zﬁ Gl
H A o
o
|5
oy oy | Mo &
- o ﬁﬂxa;.@
N |y B
J T e R




	초고속 표현형 검정시스템 서비스

	요약문
	목차
	제 1장 연구개발과제의 개요 및 성과목표
	제 1절 연구개발의 목적 및 필요성
	제 2절 연구 성과 목표 대비 설적

	제 2장 국내외 기술개발 현황
	제 1절 국내 연구 현황
	제 2절 국외 연구 현황
	제 3절 국내외 연구현황 비교 및 필요 연구 분야

	제 3장 연구개발 수행 내용 및 결과
	제 1절 연구개발의 최종 목표 및 주요내용
	1. 연구개발의 최종 목표
	2. 연구 개발의 주요 내용

	제 2절 연구개발 수행 내용 및 결과
	1. 초분광 영상측정시스템 구축
	2. 표현형 비파괴 생리적 측정지표 발굴
	가. 고추
	나. 배추
	다. 무
	라. 수박
	마. 파프리카
	바. 품목별 생리적 지표 정리

	3. 작물의 표현형 생리적 측정지표 측정을 위한 문헌 조사
	가. 고추 작물의 표현형
	나. 배추의 표현형
	다. 무의 작물의 표현형
	라. 수박의 작물의 표현형
	마. 파프리카 작물의 표현형

	4. HTS용 자동이송 예비 시스템 구축
	가. 시스템 구성

	5. 표현형 비파괴 형태적 측정 지표 발굴
	가. 형태적 표현형 측정 시스템 구축 및 표현형 측정을 위한 최적화
	나. 한발/온도스트레스에 대한 고추, 배추의 형태적 반응 지표 발굴

	6. 입체 영상 시스템 구축 및 표현형 측정을 위한 최적화
	가. 입체 영상 시스템 구축
	나. 표현형 측정을 위한 최적화

	7. 고추의 표현형 검정을 위한 최적 환경구명
	가. 광원별 파장 특성에 따른 고추의 생장/형태형성에 미치는 영향 및 phenotype 상관분석
	나. 광원의 R:FR 비율이 화아분화에 미치는 영향 분석
	다. R:FR의 비율에 따른 고추의 화아분화에 미치는 영향
	라. 결론

	8. 고추의 비파괴 표현형 지표 측정용 small-scale HTS 프로토타입 개발
	가. 고추의 비파괴 표현형 지표 영상 신속 측정 기술 개발
	나. Small-scale HTS 프로토타입 개발

	9. 표현형 검정서비스
	가. Vis/NIR 초분광 시스템을 이용한 고춧가루 색도 분석
	나. 결과 및 고찰



	제 4장 목표달성도 및 관련분야 기여도
	제 1절 목표달성도
	제 2절 관련분야 기여도

	제 5장 연구개발 성과활용가능성
	제 6장 연구개발 과정에서 수집한 해외과학기술정보
	제 7장 참고문헌



i
N

AT E LA

)
=
— o) o)
™ <t <
(@]
—
o)
—
e <
Tor e N
T ow :
Ay LQ
L I T I I B
s | & | » | g | ok
R T - T A R
= 3 <
0
g W~ N T AF
Q
> - ~
A0 5| F F
= o0 oH s e
X S
- g i 5 s
o z
i S W R Mo Mo B
< )
<
T -
ool = s g 2 S
:lw = |z =
o L%b BE N N S
% = :ICJI o~ < 4
b RS
A4 - B
58| B | b |0
CE s 22 2| G
g — Uru = _zﬁ.a ~ HT oy
o ok No il -
@w £S5 B! ~ o
ot T 9
[ o a2
40w x| R = 8
R S
& iy il
H Hl B o N
e Mo &

n AT BE 9 4%

el

o
oa
Ho

p—

0
L

Ujo

ks

o A 2FE2] whole plantg=<= 2]

el

<-(phenome)

= W

Aol A

O
fis

2

o
Hi

)

R

+

L

;OE
olo
&

ﬁo
B

ol
=

2]

A4

oF

0

Bl
22

qr

B

HTS (High Throughput Screening) Al

=1
=N

PN
=

7]

i)
o

X

o

22!

s

t
o
o
ol

o
4
N

o] w5y

N

" AT 2 A

oju

-
o

4 Vis/NIR, SWIR,

- x4
N

1.






o (]
- 1E o ghpAE A0 A9 558 nm(FW)T 1449 nm(SWIR)NA, LE(HL)AEHNAAS 683
nm/731 nm(FBNA P4 DEAZY TREE FoF ANES AL
4. - "5 : ST AEYAS 742 558 nm, 708 nm/ 746 nm(3FL)¥t 1456 nm, 1397 nm/ 1456

A 749 555 nm, 713 nm/746 nm(FF), 1449 nm,1382 nm/1426

S HAAET THEL 93 AnE AUe
5. - mpme]7} : P AEL A0 A 683 nm(FF), 731 nm/688 nm(FF)NA, 2E(AL2)AEHA 7
2 683 nm, 712 nm/688 nm(FZ), 1441 nm, 1545 nm/1449 nm(SWIR)oA A4 otma]7} A&

742 755 nm/664 nm(FL), 1732 nm/1620 nm(SWIR)I|A], &= (RA2)A
7 nm/670 nm(F L), 1447 nm(SWIR), 1732 nm/1583 nm(SWIR)oJA] A

g Al FREE RSt AnE AU
7. - 2 shEAEH A9 HL 750 nm/717 nm(&FF), 1583 nm/1426 nm(SWIR)|A], & & (A 2)AE
H A 2L 703 nm/684 nm(FY), 1441 nm, 1560 nm/1426 nm(SWIR)o|A A4 TAFZ23 L&
+ 7ot ZuE A
8. - A2 gl W VRAEYHA FEjo] =5 A] o] Pastes dES BY
9. - WA : HA 24X o] 7 Y I N2 AEA AEjo & Al gho] fashe YL BY
10. - RAIBA © &4 24A1F o] S s U MR AEHA Mo =& A] o] FUIehs BAPES B
11. - 3% @ +5 ¢ VY 7HH2HE o] &5t 10, Aoz ol Yt 4= °l&3shd 3xHd 9
e & SIS
o 239 d8S dt AA G &4 19
- 48 (Z220-PL, YU EF-HPS, dY5-FL) B Oy JHiFdat e FsA| e
TEN Y FF 557% FL, HPS, PL 02 F7tste= 4F/dol B
- ddE (FgRuL AYUHER, ¥E5) OY 289 storgdte MUY He A2 & 3RAMEE
woAo g stotRetprt ZUtEdE Y
2f. At oS IAEAE A UhE
- Small-scale HTS B#® AQAA T2 Eelle 15617 ostol A2 By AR 4717](3
A4 NIR 94, 294 ¥% 992 AESRs] A% AuE TAstL, Asoe 9a 54
D o] $o] FH5FES 75
AT &84 € A8
O =4 voy Y Ame Ui A9 ohd, 2=AEH 2o Oigh 29 AFst 54 A=
4842 & UAS

o NLHE wiutzy] HISAZ2HS A& BA8Fo B3
=

FAo AAAQ] HILE Al FES T 7]

o






		연구개발보고서 초록

		개요

		1. - 초분광 Vis/NIR, SWIR, 형광 측정 시스템을 개발하고, 현장활용을 위해 각각의 시스템의 영상 노이즈 제거와 보정을 위한 측정 방법을 개발함

		2. - 식물의 경우 다양한 외부 조건에 따라 영상에 노이즈가 첨가되는 경우가 많으므로, 열차된 광조건, 형광의 암조건, 등이 필요함을 구명하였음

		3. - 고추 : 한발스트레스의 경우 558 nm(형광)과 1449 nm(SWIR)에서, 온도(저온)스트레스경우 683 nm/731 nm(형광)에서 정상 고추작물과 구분되는 유의한 결과를 얻었음

		4. - 배추 : 한발스트레스의 경우 558 nm, 708 nm/ 746 nm(형광)과 1456 nm, 1397 nm/ 1456 nm(SWIR)에서, 온도(고온)스트레스 경우 555 nm, 713 nm/746 nm(형광), 1449 nm,1382 nm/1426 nm(SWIR)에서 정상 배추작물과 구분되는 유의한 결과를 얻었음

		5. - 파프리카 : 한발스트레스의 경우 683 nm(형광), 731 nm/688 nm(형광)에서, 온도(고온)스트레스 경우 683 nm, 712 nm/688 nm(형광), 1441 nm, 1545 nm/1449 nm(SWIR)에서 정상 파프리카 작물과 구분되는 유의한 결과를 얻었음

		6. - 수박 : 한발스트레스의 경우 755 nm/664 nm(형광), 1732 nm/1620 nm(SWIR)에서, 온도(저온)스트레스 경우 560 nm, 707 nm/670 nm(형광), 1447 nm(SWIR), 1732 nm/1583 nm(SWIR)에서 정상 수박작물과 구분되는 유의한 결과를 얻었음

		7. - 무 : 한발스트레스의 경우 750 nm/717 nm(형광), 1583 nm/1426 nm(SWIR)에서, 온도(저온)스트레스 경우 703 nm/684 nm(형광), 1441 nm, 1560 nm/1426 nm(SWIR)에서 정상 무작물과 구분되는 유의한 결과를 얻었음

		8. - 컬러 : 한발 및 고온스트레스 상태에 노출 시 값이 감소하는 경향성을 보임

		9. - 엽면적 : 최소 24시간 이후 한발 및 고온스트레스 상태에 노출 시 값이 감소하는 경향성을 보임.

		10. - 무게중심 : 최소 24시간 이후 한발 및 고온스트레스 상태에 노출 시 값이 증가하는 경향성을 보임

		11. - 3차원 영상 구축 : 1개의 카메라를 이용하여 10。 간격으로 회전 촬영한 영상을 이용하여 3차원 영상을 구축 하였음 







