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SUMMARY

Infected seed potato (Solanum tuberosum L.) should be discriminated before distribution to the

farmers to prevent the infection to the entire lots. Pathogens, such as Pectobacterium atrosepticum,

Clavibacter michiganensis subsp. sepedonicus, Streptomyces scabiei, Verticillium albo-atrum, and

Rhizoctonia solani are the commonly found in the infected seed potatoes during harvest and storage.

Since the seed potatoes infected by several bacterial pathogen and fungal spore are not easily

discernible by visual inspection, sensitive sensing techniques need to be developed to discriminate

infected seed potatoes from the sound seed potatoes.

Of the nondestructive measurement methods, spectroscopic and hyperspectral imaging techniques

have shown good potential for identification of biological disorders in agricultural and food

materials. In this study, transmittance spectral measurement method and hyperspectral reflectance and

fluorescence imaging techniques were investigated to discriminate infected seed potatoes from sound

ones. A transmittance spectroscopy with the spectral range from 470 to 1100 nm was used to

classify sound and disease-infected seed potatoes. PLS-DA with various preprocessing methods was

used to investigate the feasibility of classification between sound and disease-infected seed potatoes.

In addition, use of a high spatial resolution hyperspectral imaging technique was presented as a tool

for selecting optimal VIS/NIR wavebands to detect infected seed potatoes. It is indicated that the

hyperspectral imaging technique combined with multivariate analysis, such as ANOVA method,

principle component analysis (PCA) and partial least square discriminant analysis (PLS-DA), has

potential for early detection of fungal infected seed potatoes.

Based on the fundamental experiments a prototype of the on-line sorting system was developed.

The specially designed transmittance spectral sensing system was embedded in the sorting system.

The performance of the sorting system showed good results in that the coefficient of determination

(
) and standard error of calibration(SEC) with average moving smoothing preprocessing was

0.967 and 0.091, and the classification accuracy is 100%. For the blind test to evaluated the

performance of the developed sorting system, 50 disease-infected seed potatoes were used with the

same number of 30 sound potatoes. The classification accuracy was 100% for discriminating disease

seed potatoes from sound ones.

The results indicated that the developed on-line sorting system equipped with the PLS-DA model

for transmittance spectra has good potential for discriminating infected seed potatoes from sound

ones. The developed system could be transfer to the third party company and commercialized in

near future.
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제 장 연구개발1 과제의 개요

연 개발 목 및 요1

연 개발 상 경 산업 요1. ·

○

.

○

.

○

, .

○

.

○

.

연 개발 요2.

○

.

○

.

,○

, .

○

.

○

.
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연 개발 행계획2

연 개발 종목 및 격1.

가 연 개발 종목.

○

.

DB○

○

○

나 연 개발 격.

아이디어 개발 시작품 개발 ○ 제품 및 공정개발 기타
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연 개발 추진 략 방법 및 추진체계2. ·

가 연 개발 추진 략 방법. ·

1)

○

.

○

.

2)

:○

, , ,

.

.

: / DB○

.

.
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나 연 개발 추진체계.
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연 개발결과 용방안 및 과3.

가 연 개발결과 용방안.

-

-

2011 ,

2012

-

-

-

2011 ,

2012 ,

2011, 2012

- 2012

- 2013

나 과.

1)

○

○

○

○

2) ․

○

○
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,○

,

○

○
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제 장 국내외 기술 개발 현황2

내외 개발1

16○

, , . .

10 ( , 1999).

,

(An, 2000).

○

.

(Hahm, 1995; , 2000).

○

.

3 ( , 1998b).

pH 4

( , 1998a; , 2001).

○

, S 4

. RT-PCR

(ELISA) 1,000 .

.

Y○

.

2 .

.
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S. brevidens , Y ,○

X , (Jones, 1979; Austin ,

1988; Gibson , 1990).

(Watanabe , 1995)

X○

. Y 3~300 ng/ml

2 ng/ml

○

90%

95% (Vanoli et al., 2012; Daca-Nieto

et al., 2011a; Daca-Nieto et al., 2011b).

.
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제 장 연구개발수행 내용 및 개발3

감염 씨감자 별 연1

연 요 및 목1.

.

.

, , ,

( 1).

Table 1. Comparison between bio-diagnosis and spectroscopic sorting machine system.

bio-diagnosis method spectroscopic method

2 ~ 3

, ,

.
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씨감자 내외부 감염 병원체 및 병원체 배양2. ․

가 씨감자 내외부 발생 병원체. ․

.

. Pectobacterium atrosepticum, Clavibacter

michiganensis subsp. sepedonicus, Streptomyces scabiei , ,

.

.

R. solani, V. albo-atrum

, .

.

나 내외부 발생 병원체 보 및 배양. ․

(Gene Bank)

24

. P. atrosepticum NB 28℃

, C. michiganensis subsp. sepedonicus 26℃

TSB 24 .℃ S. scabiei GYM

30 .℃ R. solani PDA 20 .℃

MEA V. albo-atrum 20 .℃

P. atrosepticum

.
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C. michiganensis subsp. sepedonicus 18 24 26∼ ℃ ℃

24 .℃ S. scabiei 30℃

. R. solani, V. albo-atrum

20℃

( 2).

Table 2. Type of bacteria and fungi of seed potatoes.

Name Classification Disease Temperature Note

P. atrosepticum Bacteria Inner 28℃

C. michiganensis Bacteria Inner/Outer 18 ~ 24℃

S. scabiei Bacteria Outer 30℃

R. solani Fungi Outer 20℃

V. albo-atrum Fungi Outer 20℃

인공감염 씨감자 작 병원체 감염 연3.

가 씨감자 시료 작 감염 연.

.

.

.

.

.
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.

Fig. 1. Seed potatoes before and after peeling.

1

.

2

.

800 nm

. 680, 960 nm valley

.
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(a) (b)

(c) (d)

Fig. 2. Measurements of spectra [reflectance spectra before (a) and after (b) peeling, transmittance

spectra before (c) and (d) after peeling.

.

. 3

. .

4(b)

. 4 p. atrosepticum, C. michiganenisis

subsp. sepedonicus, S. scabiei

. p. atrosepticum 4(b)
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, C. michiganenisis subsp. sepedonicus, S. scabiei

4(c) .

1

2

1 2 절단면

Fig. 3. Seed potatoes prepared in two types of cut and spectral measurements.
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1 2 3 4 5

6 7 8 9 10

(a) (b)

(c) (d)

Fig. 4. Infection process for seed potatoes.

5

.

.

.

.
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Fig. 5. Comparison with acquired transmittance spectra of seed potatoes after and before half cut.

나 씨감자 시료를 병원체 종.

.

.

6 7 , , .

. 1

2 200 15 .

UV 5

.
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Fig. 6. Washing seed potatoes.

Fig. 7. Sterilized and dried seed potatoes using the UV lamp.

. 8(a)

.

8(b)

. 8(c)

.

.

.
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(a) (b)

(c) (d)

Fig. 8. Process of injection of seed potato in the bioclean room(a: cutting, b: making a hole, c, d:

both sides injecting pathogen).

다 병원체 감염 농도 결.

Pectobacterium atrosepticum, Clavibacter

michiganensis subsp. sepedonicus, Streptomyces scabiei 5.0 × 108 cells/ml, 6.2 × 106

cells/ml, 3.3 × 107 cells/ml 1 , 2 , 4 , 8 . 9

P. atrosepticum 2 1

C. michiganensis subsp. sepedonicus 5

. S. scabiei 1 15 . S.

scabiei

.
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Pectobacterium

atrosepticum

(a) 8 (b) 4 (c) 2 (d) 1

C. michiganensis

subsp. sepedonicus

(a) 8 (b) 4 (c) 2 (d) 1

Streptomyces

scabiei

(a) 8 (b) 4 (c) 2 (d)

Fig. 9. Seed potatoes infected with pectobacterium atrosepticum, C. michiganenisis subsp.

sepedonicus, and streptomyces scabiei.

10(a) 10(b) Agar pug .

. Agar plug

7 . 10(c) 10(d)

10 .

.
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(a) (b)

(c) (d)

Fig. 10. Seed potatoes infected with fungi; (a) Rhizoctonia solani, (b) Verticillium albo-atrum, and

after 10 days (c) Rhizoctonia solani, (d) Verticillium albo-atrum.

라 시료 작 및 병원체 발.

160 . 30 .

11

. 12 .

P. atrosepticum 50 ul C. michiganensis subsp. sepedonicus

100 ul . S. scabiei

scratch

. 12 1 2

3 . 10 5∼

.
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Fig. 11. Seed potato in plastic container and samples stored in a constant temperature and humidity

chamber.

A B C

Fig 12. Samples infected with pathogens. (A) P. atrosepticum-inoculated, (B) C. michiganensis

subsp. sepedonicus-inoculated, (C) S. scabiei-inoculated.
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시작 축과 상 및 감염 씨감자 스펙트럼 분4.

1

.

. 1

.

가 실험에 용 장 및 스펙트럼 획득부 축.

. 13(a)

(USB4000, Ocean Optics)

13(b) (S-3100,

SINCO. Co., LTD) . 470 ~ 1150 nm

0.2 nm . 300 ~ 1100 nm

1 nm .

(a) (b)

Fig. 13. Apparatus of (a) transmittance and (b) reflectance spectrometers used for the experiments.
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Fig. 14. Schematics of the prototype for the seed potato quality measurement system.

.

14 .

, .

.

.

.
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2

.

.

나 상 씨감자 및 감염 씨감자 스펙트럼 분.

.

.

. 500 1000 nm∼

400 1000 nm . 15∼

.

.

1 day 3 day 5 day 7 day 10 day

Fig. 15. Control seed potatoes during storage.
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16 . 16(a)

16(b) 10 . 16(c)

16(d) 10 .

10 1

22

. 1 22

. 16

750 nm

.

.

번 시료1,22

(a) (b)

(c) (d)

Fig. 16. Transmittance (a, b) and reflectance (c, d) spectra of sound seed potatoes before (left side)

and after (right side) 20 days storage.
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.

.

1 22 .

.

17 P. atrosepticum . P.

atrosepticum

.

.

(a) (b)

(c) (d)

Fig. 17. Transmittance (a, b) and reflectance (c, d) spectra of seed potatoes infected by P.

atrosepticum after 1 day (left side) and (right side) 10 days storage.
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( )

1day

10 day

1day

10 day

1day

10 day

Fig. 18. Photos and representative spectra of seed potatoes infected by P. atrosepticum after 1day

and 10 days storage.
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18 , ,

. , 10

.

C. michiganensis subsp. sepedonicus 19

. C. michiganensis subsp. sepedonicus P. atrosepticum 10

. 20 , ,

. P. atrosepticum

.

(a) (b)

(c) (d)

Fig. 19. Transmittance (a, b) and reflectance (c, d) spectra of seed potatoes infected by C.

michiganensis subsp. sepedonicus after 1 day (left side) and (right side) 10 days storage.
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( )

1 day

10 day

1 day

10 day

1 day

10 day

Fig. 20. Photos and representative spectra of seed potatoes infected by C. michiganensis subsp.

sepedonicus after 1 day and 10 days storage.
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S. scabiei 21

. 22 S. scabiei

.

680 nm valley

960 nm valley

.

Fig. 21. Seed potatoes infected by S. scabiei.

Fig. 22. Transmittance and reflectance spectra of seed potatoes infected by S. scabiei.
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Verticillium albo-atrum 23 . Verticillium

albo-atrum

.

. 23(b) 10

. 24 , ,

. 25 Rhizoctonia solani

10

. 26 , ,

.

(a) (b)

(c) (d)

Fig. 23. Transmittance (a, b) and reflectance (c, d) spectra of seed potatoes infected by Verticillium

albo-atrum. after 1 day (left side) and (right side) 10 days storage.



- 48 -

( )

1 day

10 day

1 day

10 day

1 day

10 day

Fig. 24. Photos and representative spectra of seed potatoes infected by V. albo-atrum after 1 day

and 10 days storage.
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(a) (b)

(c) (d)

Fig. 25. Transmittance (a, b) and reflectance (c, d) spectra of seed potatoes infected by Rhizoctonia

solani. after 1 day (left side) and (right side) 10 days storage.
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( )

1 day

10 day

1 day

10 day

1 day

10 day

Fig. 26. Photos and representative spectra of seed potatoes infected by Rhizoctonia solani after 1

day and 10 days storage.
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다 투과 및 반사스펙트럼 용 별 부분 소 자승법. (PLS-DA)

(PLS-DA)

.

.

PLS-DA training set test set training set

test set .

(Unscrambler 9.7, CAMO, Norway) .

training set test set 50:50 . 3

PLS-DA 4

PLS-DA .

PLS-DA 1

. 10

0.969 P. atrosepticum

.

V. albo-atrum

. 1 7

7 .
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Table 3. Results of calibration, validation and prediction of PLS discriminant analysis for sound and

disease-infected seed potatoes with the transmittance spectra.

seed potato during storage

period

Transmittance

Calibration Validation Prediction


 SEC 

 SEP 
 SEC

P.

atrosepticum

1 day 0.970 0.084 0.893 0.163 0.881 0.167

3 day 0.941 0.117 0.523 0.344 0.662 0.281

5 day 0.987 0.055 0.775 0.236 0.865 0.165

7 day 0.996 0.027 0.910 0.149 0.929 0.128

10 day 0.992 0.043 0.905 0.154 0.969 0.083

C.

michiganensis

subsp.

sepedonicus

1 day 0.987 0.055 0.819 0.211 0.848 0.188

3 day 0.962 0.094 0.796 0.224 0.811 0.201

5 day 0.864 0.180 0.784 0.234 0.874 0.169

7 day 0.988 0.051 0.965 0.093 0.944 0.107

10 day 0.999 0.010 0.937 0.124 0.962 0.089

R. solani

1 day 0.944 0.118 0.788 0.236 0.819 0.212

3 day 0.804 0.221 0.721 0.271 0.833 0.202

5 day 0.925 0.136 0.814 0.220 0.884 0.162

7 day 0.970 0.085 0.880 0.177 0.940 0.119

10 day 0.996 0.030 0.904 0.159 0.962 0.093

V. albo-atrum

1 day 0.751 0.242 0.689 0.277 0.763 0.234

3 day 0.988 0.051 0.657 0.291 0.850 0.186

5 day 0.938 0.120 0.794 0.226 0.876 0.170

7 day 0.988 0.051 0.969 0.086 0.875 0.165

10 day 0.997 0.022 0.900 0.157 0.937 0.120

S. scabiei 0.992 0.038 0.681 0.268 0.827 0.187
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Table 4. Results of calibration, validation and prediction of PLS discriminant analysis for sound and

disease-infected seed potatoes with the reflectance spectra.

seed potato during storage

period

Reflectance

Calibration Validation Prediction


 SEC 

 SEP 
 SEC

P.

atrosepticum

1 day 0.990 0.048 0.867 0.181 0.880 0.166

3 day 0.977 0.072 0.855 0.189 0.882 0.163

5 day 0.996 0.030 0.923 0.138 0.966 0.088

7 day 0.994 0.034 0.903 0.153 0.922 0.135

10 day 0.994 0.035 0.867 0.179 0.950 0.108

C.

michiganensis

subsp.

sepedonicus

1 day 0.954 0.103 0.867 0.181 0.840 0.194

3 day 0.980 0.068 0.796 0.224 0.843 0.191

5 day 0.981 0.065 0.887 0.167 0.850 0.187

7 day 0.948 0.110 0.821 0.210 0.903 0.147

10 day 0.993 0.039 0.917 0.143 0.928 0.125

R. solani

1 day 0.962 0.094 0.895 0.160 0.796 0.218

3 day 0.990 0.047 0.898 0.159 0.933 0.120

5 day 0.995 0.031 0.851 0.192 0.867 0.170

7 day 0.995 0.031 0.917 0.142 0.918 0.126

10 day 0.999 0.006 0.810 0.217 0.919 0.136

V. albo-atrum

1 day 0.952 0.108 0.895 0.166 0.841 0.189

3 day 0.983 0.064 0.846 0.201 0.917 0.142

5 day 0.999 0.015 0.856 0.195 0.933 0.128

7 day 0.999 0.015 0.905 0.158 0.955 0.104

10 day 0.985 0.060 0.862 0.190 0.918 0.142

S. scabiei 0.875 0.159 0.832 0.195 0.512 0.304

4 PLS-DA

. 10

.

.



- 54 -

( )

.

27 10 PLS-DA .

7

100 % .

.

Fig. 27(a). PLS-DA prediction results of sound and infected seed potatoes stored for 10 days
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Fig. 27(b). PLS-DA prediction results of sound and infected seed potatoes stored for 10 days

Fig. 28. PLS-DA prediction results for the transmittance and reflectance spectra of the sound and

infected seed potatoes by S. scabiei.
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28 S. scabiei PLS-DA

. S. scabiei

. 28

.

.

.

.

.

.
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분 상 용 감염 씨감자 별 연2

내 외부 감염 씨감자 작1. ∙

가 씨감자 시료 처리 과.

. ,

29

, .

. 1 . 29

UV 5

.

Fig. 29. Washing process and Sterilizing seed potatoes using UV lamps.
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나 씨감자 병원체 종 방법.

4 Pectobacterium atrosepticum,

Clavibacter michiganensis subsp. sepedonicus Rhizoctonia solani, Fusarium

sp. Korean Agriculture Culture Collection (KACC) ( 5).

P. atrosepticum NB (Nurient Broth) 28 , ,℃

C. michiganensis subsp. sepedonicus 26℃

TSB (Tryptic Soy Broth) 24 .℃

Rizoctonia solani, Fusarium sp. PDB (potato Dextrose Broth)

26 14 .℃

Table 5. Plant pathogens used in this study and their host plant.

Pathogen Name of the diseases KACC accession No.

Pectobacterium atrosepticum Soft rot KACC 10532

Clavibacter michiganensis subsp. sepedonicus Ring rot KACC 20123

Rhizoctonia solani Rhizoctonia canker KACC 40137

Fusarium sp. Fusarium dry rot KACC 40050

다 시료 작 소발병농도 인.

Pectobacterium atrosepticum, Clavibacter michiganensis subsp. sepedonicus 5.0 ×

108 cell/ml , 6.2 × 106 cells/ml 1 , 2 , 4 , 8 .

P. atrosepticum 50 ㎕ Clavibacter michiganensis subsp.

sepedonicus pipet tip 100 .㎕

. Rhizoctonia

solani, Fusarium sp. 2 , 4 , 8 , 2.5 × 108

cells/ml, 1.2 × 108 cells/ml, 6.2 × 107 cells/ml 3.1 × 107 cells/ml 4

. 12 .

30
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. 30(a) slice 30(b)

half cut 30(c) conical

3 ,

.

Fig. 30. Different inoculation methods of bacterial pathogen P. atrosepticum on seed potatoes

;(A) slice cut, (B) half-cut and (c) conical shape tool.

6 31 32 P. atrosepticum

, 1 3.2 mm , 7

. 8

3 , 9

13.1 mm . C. michiganensis subsp. sepedonicus

4 7 .

R. solani Fusarium sp. 4 7 3

.

Table 6. Ring rot lesion size in diameter caused by bacterial pathogens p. atrosepticum on

seed potato.

Concentration
Days after inoculation

Control 1 3 5 7 9

5 × 108 cells/ml

Original 0 3.2a 5.4 10.7 whole whole

2 fold dilution 0 1.5 4.2 7.1 11.2 19.7

4 fold dilution 0 0 3.1 4.5 7.6 14.5

8 fold dilution 0 0 2.0 4.2 6.9 13.1

a Unit : mm
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Fig. 31. Comparison of symptom development of bacterial pathogen P. atrosepticum(C)

inoculated with different methods on potatoes in two days of interval; (A) slice, (B)

half-cut, and (C) conical shape cut.

*dpi; days per inoculation of bacterial pathogen

*(Orig.) Original, (2D) 2 folds dilution, (4D) 4 folds dilution and (8D) 8 folds dilution.
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Fig. 32. Representative infected potatoes by fungal pathogens, V. albo-atrum and Fusarium spp.

inoculated on potatoes.

3

,

conical shape cutting

.

.

.
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라 종 인 후 시료 작.

240

. 33(a)

33(b)

.

· .

(a) (b)

Fig. 33. Infected seed potatoes by (a) bacterial and (b) fungi pathogen.
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실험에 용 분 분 시스템 및 분 상시스템 축2.

가 반사 및 상 획득 다목 분 상시스템 축.

34 35

. 36

. EMCCD ,

Spectrograph, Slit, Lens, , Step motor, Slide

Assembly, . 7 8 .

Visual Basic 6.0

(exposure time)

.

3D cube

1 slit(25 × 18 mm) 1㎛

2 . 2 EMCCD

. 2

3D cube Hypercube .

.
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Fig. 34. Drawing of the frame made of aluminum profiles.
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Fig. 35. Schematic of the hyperspectral imaging system.

Fig. 36. Hyperspectral imaging system.
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Table 7. Specification of the hyperspectral imaging system.

Part Item Specification

Vision System

EMCCD camera

Active pixels : 1004 x 1002

Pixel Size : 8 x 8um

Image area : 8 x 8mm

Max readout rate : 13.5 MHz

Frame rate : 12.4 fps

Pixel readout rate : 13.5 MHz

Digitization : true 14bit

Peak quantum efficiency : 65%

Cooling : -20C @ Air-cooled

Spectrograph

Spectral range = 400-1000nm dispersed over 6mm

Spectral dispersion = 100nm/mm

Aperture = F/2*1

Includes the choice of one slit assembly (12,25,40

or 60micron x 18mm)

Lens
Lenses are designed for 400 - 1000 precision㎛

imaging and are useful while prototyping.

Lighting
UV-A(SPECTROLINE, XX-15A)

100 W Halogen Lamp × 3 (2Set)

Slit 25 m slitμ

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

Conveying Unit

Motor
Step : 0.9deg

Power : 100 oz-in

Controller

operation : RS-232 interface, 9600, 19200, 38400

baud rate settable

Weight : 2.6Ibs (1.2kg)

Electrical requirements : 24VDC 2.5A

Slide Assembly

Repeatability (short term) : 0.0001" (0.0025mm)

Straight line accuracy : 0.001"/10"

(0.025mm/25cm)

Screw lead accuracy : 0.003"/10" (0.76mm/25cm)
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Table 8. Specification of the conveying unit

Part Item Specification

Conveying

Unit

Motor
Step : 0.9 〫

Torque required : 18kg mm・

Controller

Operation : RS-232 interface, 9600, 19200, 38400 baud

rate settable

Weight : 1.2kg

Electrical requirements : 24VDC 2.5A

Slide

Assembly

Repeatability (short term) : 0.0025mm

Straight line accuracy : 0.025mm/25cm

Screw lead accuracy : 0.76mm/25cm
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. 100 W (LS-F100HS-IR,

Seokwang Optical Co., LTD, Hwaseong, Korea)

. 37 3 1

30°

.

Fig. 37. Photo of halogen lamp controller and guide.
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365 nm

UV-A(SPECTROLINE, XX-15A) . UV-A

.

UV-A 38

.

Fig. 38. An UV-A lighting unit.

나 반사 스펙트럼 용 시스템.

39

.

optic fiber sensor .

(S-3100, sinco) 400 ∼

1100 nm 1 nm .
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Fig. 39. The seed potato quality measurement system using a reflectance spectroscopy.

다 스펙트럼 용 시스템.

.

.

200 nm 700 nm 5 nm 230

nm 900 nm 2 nm .

(Relative Fluorescence Intensity, RFI) 3

. photomultiplier tube (PMT)
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(photon) PMT

.

.

(FluoreMate FS-2, Scinco Co., Seoul, Korea) 40

PMT(photo multiplier tube) 200 900 nm–

xenon-arc , excitation monochromator, emission monochromator .

xenon-arc 90° emission monochromator

.

Fig. 40. Fluorescence spectrometer system.
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라 분 상 획득 과.

step motor(XN10-0180-M02-21, VELMEX INC, USA) 0.5

mm line-scan . Line-scan

spectrograph 1 2

. , 3D Hyper cube

. 41 , step motor

, (Visual Basic ver. 6.0, Microsoft,

USA) .

42 spectrograph

. 2 EMCCD (Electron

Multiplying Charge Coupled Device) .

spectrograph 400 nm high pass filter

400 nm .

.

exposure time 0.07 , 0.5

mm . UV-A exposure time 0.5

gain 50 .

, white reference dark reference

. White reference 99% teflon

white board , dark reference

. 1 .




×  

R : calculated relative reflectance values

Ri : raw intensity values of each pixel

D : intensity values of dark current image

W : intensity values of white reference image
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Fig. 41. Program for hyperspectral image acquisition.

Fig. 42. Schematic of the hyperspectral imaging system.
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감염 씨감자 검출 알고리즘 개발3.

가 및 분 법. ANOVA PCA

UV-A ,

ANOVA PCA .

, ( )

.

ANOVA ,

.

43 .

Fig 43. Flow chart for detecting disease-infected seed potatoes.
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(principal component analysis, PCA)

.

,

.

.

.

2 .

  
 



 

 : weighing coefficient

 : the image at ith wavelength of a total of n spectral images

(2) W .

1 , 2 , ··· n .

3 .

 


 






× 

 : variance which is described by the eigenvector

 : the ith eigenvalue
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나 법. PLS-DA

(partial least square discriminant analysis, PLS-DA)

.

.

PLS-DA (partial least square regression, PLSR)

Y (digital value, dummy value) . PLSR

PCA (principal componet regression, PCR)

Y X score vector Y score vector

inner relation Y

PLSR PLS-DA PCR

.

PLS-DA (X) (4) score vector   ⋯ load vector

 ⋯ , dummy (Y) (5)

score vector  ⋯ load vector   ⋯ .

(6) score vector  .









 







 






a ,  scores vector

 ⋯ .  

(7) (10) .
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(10)  (11) (12), (13)

, (7) .
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  ∥∥

  (14) score vector .

 







X Y E F (15)

(16) .
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. 1 . PLS

 cross-validation .

  0

. (4), (16) load vector ,  (  ⋯)

 ⋯ 

 , (4)(≅) 

  ⋯ (17) .

 




(  ⋯

  ⋯  ⋯ (6)(≅)  ⋯

,   ⋯ (4)  .
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상 및 감염 씨감자 특 분4. (EMEX)

44

cell 3 .

excitation range 200 700 nm emission range–

230 - 900 nm 3D EmEx matrix . 45 46 3D

EmEx matrix . 45 3D EmEx matrix contour

plot 46 contour plot . Contour plot

3D EmEx matrix

. 46 emission 270 300 nm–

. 450 nm

.

emission

. 270 - 450 nm

365 nm

.

Fig. 44. Measurement unit and precision cell of sound (upper) and disease- infected (lower) seed

potato samples.
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Fig. 45. Contour plot and 3D fluorescence EmEx matrix of sound seed potatoes.

Fig. 46. Contour plot and 3D fluorescence EmEx of disease-infected seed potatoes.
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분 상 용 반사 및 장분5.

,

F . F

.

disease-infected

region

sound region

Fig. 47. Mean reflectance and fluorescence emission spectra of sound and disease-infected seed

potatoes upon excitation by halogen lamp (left) and UV-A light (right).
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47

. blue-green 500 nm

chlorophyll b

.

Fig. 48. Selection of optimized waveband ratio using F value using reflectance images (left) and

fluorescence images (right).
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48

F . ,

554 nm 698 nm , 549 nm

649 nm

.

49 50

. .

.

Fig. 49. Result of image processing for disease-infected seed potato using hyperspectral reflectance

images.



- 84 -

Fig. 50. Result of image processing for disease-infected seed potato using hyperspectral fluorescence

images.

.

weight coefficients PC images PC1, PC2, PC3, PC4

. 51 52 weight coefficients

PC 4 .

PC . PC1

PC1

. 530 nm, 710 nm,

810 nm, 980 nm . PC1 weight coefficients 530 nm, 810 nm

. , 490 nm, 500 nm, 520 nm, 570 nm, 600 nm, 640 nm

. PC1 weight coefficient 500 nm

.

53 54

. .

636 nm PC1

.

. 634 nm
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.

.

UV-A

.

Fig. 51. Spectral weighing coefficients and first, second, third, and fourth Principal component

images from hyperspectral reflectance images.

Fig. 52. Spectral weighing coefficients and first, second, third, and fourth Principal component

images from hyperspectral fluorescence images.
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Fig. 53. Image processing for detecting disease-infected seed potatoes using hyperspectral reflectance

image.

Fig. 54. Image processing for detecting disease-infected seed potatoes using hyperspectral

fluorescence image.
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반사스펙트럼 결과6. PLS-DA

500-1000

nm . (principal

component analysis, PCA) outlier .

55

1 10 ,

15 .

680 nm 960 nm

(EIMary , 2008).

.

.

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

(i) (j)

Fig. 55. Spectra of seed potatoes acquired by the reflectance spectroscopy after 1 day(a, c, e, g, i),

10 days(b, d, f), and 15 days(h, j), (a, b : cotrol; c, d : P. atrosepticum; e, f : C.

michiganensis subsp. sepedunicus; g, h : Fusarium spp.; i, j : V. albo-atrum).
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9 12 PLS-DA

. SEC(standard error of

calibration) , SEP(standard error of prediction)

. .

9 P. atrosepticum , 10

C. michiganensis subsp. sepedunicus . 11

Fusarium spp. , 12 V.

albo-atrum .

9 P. atrosepticum

0.919

SEP 0.141 , 10

, 0.922 0.138 SEP . 11 PLS-DA

2 0.867 ,

0.173 SEP . 12

0.888 , SEP 0.167 .

C. michiganensis subsp. sepedunicus .

56 .

.

false positive . 9 ~ 12

V. albo-atrum 97.6% 100% .

1 ~ 3 false positive false negative

90% .
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Table 9. Calibration and prediction results of sound and P. atrosepticum disease-infected seed

potatoes using PLS-DA models with several preprocessing.

Processing

Calibration Prediction

*
 SEC *

 SEP
*DR (%)

*
 SEP

DR (%)

con Pa con Pa

Raw data 0.962 0.095 0.881 0.170 100 100 0.918 0.142 100 100

*Nor

Mean 0.957 0.101 0.876 0.174 100 100 0.919 0.141 100 100

Maximum 0.979 0.070 0.893 0.162 100 100 0.894 0.160 97.5 100

Range 0.957 0.101 0.874 0.175 100 100 0.900 0.157 100 100

1st Derivative 0.980 0.068 0.884 0.168 100 100 0.902 0.155 100 100

2nd Derivative 0.972 0.081 0.890 0.164 100 100 0.882 0.170 100 96.7


 : determination of coefficient of calibration


 : determination of coefficient of validation


 : determination of coefficient of prediction

Nor : normalization

DR : discrimination rate (%)

Table 10. Calibration and prediction results of sound and C. michiganensis subsp. sepedunicus

disease-infected seed potatoes using PLS-DA models with several preprocessing.

Processing

Calibration Prediction


 SEC 

 SEP
DR (%)


 SEP

DR (%)

con Cs con Cs

Raw data 0.954 0.106 0.904 0.155 100 100 0.900 0.158 100 100

Nor

Mean 0.967 0.089 0.912 0.148 100 100 0.922 0.138 100 100

Maximum 0.969 0.086 0.912 0.149 100 100 0.917 0.143 100 100

Range 0.962 0.097 0.904 0.155 100 100 0.912 0.148 100 100

1st Derivative 0.959 0.100 0.902 0.157 100 100 0.908 0.151 100 100

2nd Derivative 0.915 0.145 0.875 0.177 100 100 0.865 0.183 97.5 100

Table 11. Calibration and prediction results of sound and Fusarium sp. disease-infected seed

potatoes using PLS-DA models with several preprocessing.

Processing

Calibration Prediction


 SEC 

 SEP
DR (%)


 SEP

DR (%)

con Fs con Fs

Raw data 0.973 0.081 0.911 0.148 100 100 0.831 0.203 92.5 100

Nor

Mean 0.974 0.079 0.910 0.149 100 100 0.832 0.203 92.5 100

Maximum 0.975 0.077 0.909 0.149 100 100 0.815 0.213 92.5 100

Range 0.957 0.102 0.890 0.165 100 100 0.822 0.209 90.0 100

1st Derivative 0.967 0.089 0.902 0.155 100 100 0.806 0.218 90.7 98.1

2nd Derivative 0.964 0.093 0.889 0.166 100 100 0.867 0.173 100 100
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: 0.919

SEP: 0.141

P. atrosepticum

control

false positive



: 0.922

SEP: 0.138

C. michiganensis

subsp. sepedunicus

control

false positive

(a) (b)



: 0.867

SEP: 0.173

Fusarium sp.

control

false negative



: 0.888

SEP: 0.167

V. albo-atrum

control

false negative

(c) (d)

Fig. 56. Predicted results of the best models of PLS-DA with (a) P. atrosepticum-infected seed

potatoes, (b) C. michiganensis subsp. sepedunicus-infected seed potatoes, (c) Fusarium

spp.-infected seed potatoes, and (d) V. albo-atrum-infected seed potatoes.

Table 12. Calibration and prediction results of sound and V. albo-atrum disease-infected seed

potatoes using PLS-DA models with several preprocessing.

Processing

Calibration Prediction


 SEC 

 SEP
DR (%)


 SEP

DR (%)

con Va con Va

Raw data 0.965 0.092 0.896 0.162 100 100 0.882 0.172 100 97.6

Nor

Mean 0.961 0.098 0.889 0.167 100 100 0.885 0.169 100 97.6

Maximum 0.964 0.094 0.889 0.167 100 100 0.888 0.167 100 97.6

Range 0.964 0.094 0.887 0.169 100 100 0.886 0.168 100 97.6

1st Derivative 0.956 0.104 0.889 0.167 100 100 0.845 0.196 97.5 97.6

2nd Derivative 0.945 0.117 0.869 0.182 100 100 0.865 0.183 100 100
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장 용 라인 별 시스템 개발3

라인용 감염 씨감자 시료 작1.

.

3

. 13

.

.

Table 13. Description of infected pathogen for seed potato.

Pectobacterium atrosepticum 1×108 cfu/ml

NB 28°C 80%

7 days

1 2 3

4 5 6 7
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.

Pectobacterium atrosepticum 56

. 12 ~ 24

4 1 × 10
8
cfu/ml ,

20 ul, 50 ul

. 57 20 ul

, 50 ul

.

. , 50 ul 1

, 20 ul 2

. 80 20 ul

2 .

.

Control

P. atrosepticum

20ul

50ul

1 day 2 day 3 day 4 day 5 day 6 day 7 day

Fig. 57. Photo of sound and P. atrosepticum-infected seed potato during 7 days
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라인 용 용 분 분 장 축2.

가 실험용 투과식 분 분 장 축.

.

58

(USB4000, Ocean

Optics Inc., USA) , (QP1000-2-VIS-NIR, Ocean Optics Inc.,

USA), , (LS-F100HS-IR, Seokwang Optical Co., LTD, Korea),

(RC232C-10C-USB) .

Fig. 58. Components of a prototype for nondestructive spectral measurements.

59

.

59 40 cm 4

. 4 90°

45° .

60

.

.
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Fig. 59. The fundamental system to acquire transmittance spectra from sound and pathogen-infected

seed potatoes.

Fig. 60. Graph of same intensity of several directed transmittance spectra from seed potato.
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나 라인 별 장 개발.

( ) 61

. 62(a, b, c) .

62(a)

.

62(b)

.

62(b) .

62(c)

.
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Fig. 61. Drawing of designed sorting machine for seed potatoes.
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Fig. 62(a). Insert part of the developed sorting machine of seed potatoes.
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Fig. 62(b). Seed potato transfer container and solenoid valve of the developed sorting machine of

seed potatoes.
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Fig. 62(c). The whole developed sorting machine of seed potatoes.
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다 송컵에 분 분 장 축.

63(a) .

. 63(b)

.

. 63(c)

.

Intensity .

63(d) .

.

58

.

. 64(a) . 64(b)

4 .
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(a) (b)

(c) (d)

Fig. 63. Photo of cup holder used for sorting machine

(a) (b)

Fig. 64. Photo of Installing (a) socket and (b) optic fiber to make the spectroscopy part.
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라 어 시스템 및 그램 축.

.

65 . 2

(USB-6008, NI) 2 (Solid State

relay; SSR) .

1

.

.

Fig. 65. Photo of electrical circuit and proximity sensor to control spectra measurement and solenoid

valve motion.
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. 66

integration time, scan number, moving average

.

6

first second

.

Fig. 66. The developed software to classify sound and pathogen seed potato using spectroscopy and

PLS-DA.
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라인 별 알고리즘 개발3.

가 라인 별 시스템에 감염 씨감자 별 실험.

,

PLS-DA .

P. atrosepticum

. 80 .

80 . 67

.

Fig. 67. Nondestructive spectroscopy measurement form sound and P. atrosepticum seed potatoes.

나 획득 감염 씨감자 투과스펙트럼 분.

68(a, b)

600 ~ 950 nm

700 nm, 750 nm, 820 nm .

, 700 nm

820 nm

. 700
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nm, 820 nm

. 69

.

(a)

(b)

Fig. 68. Raw transmittance spectra acquired from (a) sound and (b) P. atrosepticum seed potatoes,

respectively.
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Fig. 69. Transmittance mean spectra acquired from sound and P. atrosepticum seed potatoes.

다 결과 고찰. PLS-DA

160 8:2 . , 128

PLS-DA 32 .

SEC(Standard error of calibration) SEP(standard error of prediction) PC

. cross validation

, PC SEC, SEP

.

14 PLS-DA .

100% 0.9 .

0.989 ,

(Calibration) 0.967 SEC 0.091 .

(validation) 0.943 SEV 0.121 . 70

,

.
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Table 14. Calibration results of the sound and P. atrosepticum seed potato using PLS-DA models

with several preprocessing.

Preprocessing
PC

no.

Calibration Validation Accuracy (%)


 SEC 

 SEV Sound Infection

Raw 10 0.989 0.053 0.938 0.125 100 100

Moving average smoothing 10 0.967 0.091 0.943 0.121 100 100

Normalization
Mean 10 0.958 0.103 0.913 0.149 100 100

Range 11 0.959 0.101 0.920 0.143 100 100

MSC 9 0.955 0.107 0.910 0.107 100 100


 : Coefficient of determination for calibration


 : Coefficient of determination for validation

SEC : Standard error of calibration

SEV : Standard error of validation



: 0.967

SEC : 0.053

n : 128

< GROUP I

>

S o u n d

< GROUP II >

infected-potatoes

n : 64

Fig. 70. PLS-DA calibration algorithm for sound and infected seed potato to use online sorting

machine.
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15

0.950 0.109 SEP

100% . 71

.

Table 15. Predicted results of the sound and P. atrosepticum seed potato using PLS-DA models

with several preprocessing.

Preprocessing
Prediction Accuracy (%)


 SEP Sound Infection

Raw 0.948 0.111 100 100

Moving average smoothing 0.950 0.109 100 100

Normalization
Mean 0.907 0.151 100 100

Range 0.915 0.148 100 100

MSC 0.901 0.158 100 100


 : Coefficient of determination of prediction

SEP : Standard error of prediction

Fig. 71. The predicted results at the best models of PLS-DA with sound and infected seed potatoes.

< GROUP I >

Sound seed potatoes

n : 16

< GROUP II >

Infected seed

potatoes

n : 16
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라 라인 별 시스템에 능 평가.

.

.

PLS-DA

. -coefficient,  . ,

-coefficient 

. 18 .

72 13 -coefficient .

 × 
  ----------------------------- (18)

where,

  Vector size (3648)

  Predicted result (0 : Sound seed potato, 1 : infected seed potato)

  -coefficient Calculated by optimal developed PLS-DA


  Each sample spectrum

  Constant (value : -7.247)

Fig. 72. Spectrum of beta coefficient of optimal developed PLS-DA
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(a) (b)

(c) (d)

(e) (f)

Fig. 73. Real process of sorting machine using sound and infected seed potatoes with the best

PLS-DA model.

73

. 73(f)

.
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. 30 50

74 . 74

.

.

.

● Infected seed potatoes : 50

● Sound seed potatoes : 30

○ False positive
※ error

4 false positive

Fig. 74. Predicted result of online sorting machine using developed software with discriminant

model.
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연 개발 종 목 달 요약4.

.

PLS-DA

.

ANOVA, PCA, PLS-DA

.

P. atrosepticum

.

.

,

, ,

.
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제 장 목표달성도 및 관련분야에의 기여도4

연 개발 목 달 도1

( ) (%)

1

(2011)

100 -

100 -

100
-

100
-

-

100

-

-

100

-

-
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( ) (%)

2

(2012)

100

-

-

-

100

-

- Step motor

line-scan (

)

-

100

-

- (ANOVA,

PC image, PLS-DA)

100

-

-

100

-

-

-
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외 여도2

여도1.

○

.

○

Postharvest Biology and Technology,

.

사회 경2. ·

○

○

○

○

○
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제 장 연구개발 성과 및 성과활용 계획5

연 개발 과1

논 개 및 발1.

8□

2□

인 양 효과2.

3□

1□
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용 계획2

연 종료 후 연 결과 용 목□

( )

1 1 1

실시1. ( )

PLS-DA

.∙

상품2.

.

언 보3.

,

, .
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제 장 연구개발과정에서 수집한 해외과학기술정보6

1.

Non destructive detection of

Internal Brown Spot in Potato

tubers by time-resolved reflectance

spectroscopy

70 % 60 % 85 %

Non-destructive detection of

Hollow Heart in Potatoes Using

Hyperspectral Imaging

80 % 65 % 95 %

Common scab detection on

potatoes using an infrared

hyperspectral imaging system

80 % 70 % 95 %
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