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Recognition of sweet pepper fruit in green house

using far-infrared camera
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Fig.1-1 Agricultural working population®
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Fig.1-2 Asparagus harvesting robot®
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Fig.3-5 Infrared image taken every hour on December 11, 2019
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Fig.3-10 Infrared Image taken every hour on December 14, 2019
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Fig.3-15 Infrared Image taken every hour on December 17, 2019
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Fig.3-20 Infrared Image taken every hour on December 7, 2022
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Fig.4-1 Image processing
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Fig.5-1 Image processing results of Bagging on December 18, 2019
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15:00

Fig.5-2 Image processing results of KNN on December 18, 2019
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Table.5-2 Thresholds and evaluation results on December 18, 2019

. House Threshold o
Learning . Recall | Precision | F-Measure
] Time temperature | temperature
algorithm [%] [%] [%]
[°C] range [°C]
11:00 29.6 -20~4.0 35.2 73.7 47.6
12:00 34.9 -3.0~35 35.7 61.2 45.1
Bagging 13:00 29.7 -20~25 100 51.8 68.3
14:00 29.7 -20~20 100 24.2 38.9
15:00 26.0 -1.0~20 0 0 0
11:00 29.6 -05~15 0 0 0
12:00 34.9 -20~4.0 57.8 29.2 38.8
KNN 13:00 29.7 -25~15 100 58.8 74.0
14:00 29.7 -20~10 100 24.1 38.9
15:00 26.0 -15~15 14.0 424 21.1
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Fig.6-1 Temperature when using the boiler.
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Fig.6-2 Temperature when using a median filter
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3:00
Fig.6-3 Detection results at night on December 14, 2019

2:00

Table.6-1 Evaluation results at night on December 14, 2019

) Threshold
] Inside the house o F-measure
Time temperature Recall (%) | Precision (%)

temperature (°C) (%)

range (°C)
1:00 15.8 13.6 ~ 16.3 95.1 59.6 85.7
2:00 14.4 13.4~16.3 98.4 64.8 89.5
3:00 16.3 13.5~16.3 83.8 83.2 85.8
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Fig.7-1 Far-infrared camera and depth camera
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Fig.7-2 Positional image of the camera seen from behind

an ()

Wax = 2X2Xeun

(7-1)
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tan (%)

Wdy=2*Z*W (7-2)
Xq = Wgy * (ng —321) + 57 (7-3)
Ya = Way * (mg — 241) + 25 (7-4)

tan ()

Wix = 2% (2= 40) x — (7-5)

an ()

Wiy=2*(Z—40)*W (7—-6)
x; = wiy * (n; —191) 7-7
Vi = wyy * (m; — 144) (7-8)

Table.7-1 Variable description

Wy, © The size of one pixel of the x-axis of the depth image[mm)]

Wgy © The size of one pixel of the y-axis of the depth image[mm)]

wi, : The size of one pixel of the x-axis of the far-infrared image[mm]

w;,, : The size of one pixel of the y-axis of the far-infrared image[mm]

xq4 : The spatial coordinates of the x-axis of pixels in depth images[mm]

va : The spatial coordinates of the y-axis of pixels in depth images[mm]

x; : The spatial coordinates of the x-axis of pixels in far-infrared images[mm]

xq : The spatial coordinates of the y-axis of pixels in far-infrared images[mm]

z : Depth Image pixel depth[mm]

ng : The number of pixels in the depth image x-axis

mg : The number of pixels in the depth image y-axis

n; : The number of pixels in the far-infrared image x-axis

m,; : The number of pixels in the far-infrared image y-axis

1.3 EHEER

7-3 I OTRE IR, X 7-4 (R RSREE, [ 7-5 ([ZEBE ORI, X 7-6
(A% OVRFE g & RN & A7 b O 2R, TREEE(GIXE O A EEREN <,
TRV DN, B OEER TrximE < ORWVERGBIEEAETEATLE ST D,
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Fig.7-5 Converted depth image Fig.7-6 Overlaid image
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Fig.8-1 Modified image processing process
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Table.8-1 Learning accuracy

Algorithm Upper threshold limit(%6) Lower threshold limit(%6)
Bagging 59.5 69.8
KNN 54.2 64.8
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15:00 Example of evaluation image

Fig.8-2 Image processing results of Bagging on December 9, 2022
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11:00 12:00

15:00

Fig.8-3 Image processing results of KNN on December 9, 2022
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Table.8-2 Thresholds and evaluation results on December 9, 2022

. House Threshold o
Learning . Recall | Precision | F-Measure
] Time temperature | temperature
algorithm [%] [%] [%]
[°C] range [°C]
11:00 26.6 -3.0~15 87.5 78.9 83.0
12:00 26.2 -25~25 88.7 50.2 64.1
Bagging 13:00 26.0 -25~1.0 90.2 82.3 86.0
14:00 26.9 -3.0~10 37.3 80.1 50.9
15:00 25.4 -1.0~15 92.2 49.8 64.7
11:00 26.6 -35~15 62.9 82.5 714
12:00 26.2 -3.0~4.0 82.6 77.1 79.8
KNN 13:00 26.0 -25~25 90.2 825 86.2
14:00 26.9 -3.0~15 37.3 80.1 50.9
15:00 25.4 -15~0 75.6 75.8 75.7
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Fig.9-1 Changes in thresholds due to temperature differences (Upper limit)
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Fig.10-1 Night temperature on December 9, 2022
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Fig.10-2 Night temperature on December 18, 2022
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Fig.10-3 Detection results at night on December 9, 2022

Table.10-1 Evaluation results at night on December 9, 2022

) Threshold
] Inside the house o F-measure
Time temperature Recall (%) | Precision (%)
temperature (°C) (%)
range (°C)
1:00 11.8 11.0 ~ 16.3 82.8 76.9 79.7
2:00 13.8 11.0 ~ 15.0 68.7 80.3 74.1
3:00 13.3 11.0 ~ 14.6 73.6 81.2 77.2
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Fig.10-4 Detection results at night on December 18, 2022

Table.10-2 Evaluation results at night on December 18, 2022

) Threshold
] Inside the house o F-measure
Time temperature Recall (%) | Precision (%)
temperature (°C) (%)
range (°C)
1:00 11.2 10.1 ~ 14.7 51.0 88.5 64.9
2:00 13.0 9.9 ~14.6 33.8 84.4 48.3
3:00 12.8 10.1 ~ 14.2 66.4 82.4 73.6
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Fig.A-5 Ventilation equipment

Fig.A-6 DC fan

Fig.A-7 Depth camera D455 Fig.A-7 Depth camera D435i
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Fig.B-10 Infrared Image taken every hour on December 13, 2022
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Fig.C-1 Image processing results of Bagging on December 19, 2019
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Fig.C-2 Image processing results of KNN on December 19, 2019
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Table.C-1 Thresholds and evaluation results on December 19, 2019

. House Threshold o
Learning . Recall | Precision | F-Measure
] Time temperature | temperature
algorithm [%] [%] [%]
[°C] range [°C]
11:00 19.6 -1.0~-05 |18.1 73.9 29.1
12:00 16.5 05~15 100 47.3 64.2
Bagging 13:00 23.9 -15~-1.0 1.2 1.0 1.1
14:00 22.5 -05~15 99.4 73.9 84.4
15:00 23.6 -1.0~1.0 13.5 84.0 23.3
11:00 19.6 -1.0~-05 |18.1 73.9 29.1
12:00 16.5 05~15 100 47.3 64.2
KNN 13:00 23.9 -20~-15 [21.0 18.6 19.7
14:00 22.5 -05~15 99.4 73.9 84.4
15:00 23.6 -05~05 57.2 27.6 37.2
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12:00
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Fig.C-3 Image processing results of Bagging on December 20, 2019
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Fig.C-4 Image processing results of KNN on December 20, 2019
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Table.C-2 Thresholds and evaluation results on December 20, 2019

. House Threshold o
Learning . Recall | Precision | F-Measure
] Time temperature | temperature
algorithm [%] [%] [%]
[°C] range [°C]
11:00 32.7 -25~35 25.1 74.1 375
12:00 33.9 -25~4.0 66.2 54.3 59.6
Bagging 13:00 27.2 -1.0~25 100 50.1 66.7
14:00 27.0 -20~10 100 421 59.3
15:00 25.7 -1.0~0 66.5 46.2 54.5
11:00 32.7 -20~4.0 41.7 73.9 55.3
12:00 33.9 -20~4.0 99.9 46.3 63.3
KNN 13:00 27.2 -25~1.0 99.3 57.0 724
14:00 27.0 -25~4.0 75.1 70.3 72.7
15:00 25.7 -1.0~15 51.1 46.2 48.5
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Fig.D-1 Detection results at night on December 15, 2019

Table.D-1 Evaluation results at night on December 15, 2019

) Threshold
] Inside the house o F-measure
Time temperature Recall (%) | Precision (%)

temperature (°C) (%)

range (°C)
1:00 14.1 12.3~151 98.9 49.6 66.1
2:00 14.7 12.3~153 92.3 88.1 86.9
3:00 13.6 12.1~151 95.2 27.8 85.8
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3:00
Fig.D-2 Detection results at night on December 16, 2019

2:00

Table.D-2 Evaluation results at night on December 16. 2019

) Threshold
Inside the house o F-measure
temperature Recall (%) | Precision (%)
temperature (°C) (%)
range (°C)
1:00 15.8 13.6 ~ 16.3 96.5 77.1 85.7
2:00 14.4 13.4~16.3 92.2 86.9 89.5
3:00 16.3 13.5~16.3 92.4 80.0 85.8
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3:00
Fig.D-3 Detection results at night on December 17, 2019

Table.D-3 Evaluation results at night on December 17, 2019

Threshold
] Inside the house o F-measure
Time temperature Recall (%) | Precision (%)
temperature (°C) (%)
range (°C)
1:00 15.0 13.9~16.8 89.7 90.0 89.9
2:00 16.7 13.9~16.8 57.2 85.5 68.6
3:00 14.3 13.8~16.8 67.3 95.9 79.1
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Fig.E-1 Image processing results of Bagging on December 13, 2022
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Fig.E-2 Image processing results of KNN on December 13, 2022
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Table.E-1 Thresholds and evaluation results on December 13, 2022

. House Threshold o
Learning . Recall | Precision | F-Measure
] Time temperature | temperature
algorithm [%] [%] [%]
[°C] range [°C]
11:00 25.3 -25~3.0 95.1 68.5 79.6
12:00 24.5 -2.0~3.0 93.9 714 80.9
Bagging 13:00 245 -15~15 95.4 735 83.0
14:00 24.6 -15~15 95.7 31.3 47.1
15:00 23.9 -15~15 96.3 79.9 87.3
11:00 25.3 -35~3.0 88.0 80.4 84.0
12:00 24.5 -3.0~25 77.6 81.0 79.3
KNN 13:00 24.5 -1.5~2.0 95.5 74.7 83.8
14:00 24.6 -25~15 84.2 79.7 81.9
15:00 23.9 -25~15 85.6 82.8 86.1
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Fig.E-3 Image processing results of Bagging on December 18, 2022
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Fig.E-4 Image processing results of KNN on December 18, 2022
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Table.E-2 Thresholds and evaluation results on December 18, 2022

. House Threshold o
Learning . Recall | Precision | F-Measure
] Time temperature | temperature
algorithm [%] [%] [%]
[°C] range [°C]
11:00 25.9 -35~0 59.2 81.7 68.7
12:00 20.1 -0.5~4.0 87.7 88.7 88.2
Bagging 13:00 25.1 -20~1.0 99.7 35.9 52.8
14:00 25.6 -35~-1.0 |[83.1 815 82.3
15:00 23.0 -1.0~15 97.5 78.2 86.7
11:00 25.9 -35~-15 | 617 75.3 67.8
12:00 20.1 -05~3.0 95.7 76.2 84.9
KNN 13:00 25.1 -35~2.0 85.6 79.8 83.1
14:00 25.6 -35~-05 |[821 85.0 83.5
15:00 23.0 -1.0~15 97.5 78.2 86.7
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Table.F-1 Features of Upper limit on December, 2019

number Features score
1 Maximum UV intensity for 30 minutes 0.470
2 Temperature difference from 10 minutes ago 0.464
3 Temperature difference from 60 minutes ago 0.440
4 Humidity difference from 60 minutes ago 0.428
5 UV intensity difference from 60 minutes ago 0.425
6 Humidity difference from 1 minute ago 0.423
7 UV intensity difference from 10 minutes ago 0.411
8 Temperature difference from 1 minute ago 0.410
9 Minimum illuminance for 30 minutes 0.380
10 Temperature difference from 30 minutes ago 0.375
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Table.F-2 Features of Lower limit on December, 2019

number Features score
1 Maximum temperature for 5 minutes 0.683
2 Temperature difference from 30 minutes ago 0.676
3 Standard deviation of illuminance for 30 minutes 0.672
4 Humidity difference from 1 minute ago 0.672
5 Dispersion of illuminance for 10 minutes 0.589
6 Humidity 0.589
7 Temperature 0.581
8 Average illuminance over 15 minutes 0.570
9 Temperature difference from 1 minute ago 0.560
10 Average temperature value for 15 minutes 0.519

68




Table.F-3 Features of Upper limit on December, 2022

Number Feature score
1 Temperature difference from 60 minutes ago 0.383
2 Temperature difference from 10 minutes ago 0.377
3 Temperature difference from 30 minutes ago 0.366
4 Average illuminance over 5 minutes 0.352
5 Illuminance difference from 10 minutes ago 0.351
6 Temperature difference from 5 minutes ago 0.294
7 Temperature dispersion for 60 minutes 0.274
8 Temperature 0.274
9 Temperature difference from 15 minutes ago 0.253
10 Average temperature value for 30 minutes 0.224
11 Iluminance 0.208
12 Humidity difference from 5 minutes ago 0.205
13 Maximum humidity for 10 minutes 0.187
14 Temperature dispersion for 2 minutes 0.187
15 Standard deviation of temperature for 60 minutes 0.187
16 UV intensity difference from 15 minutes ago 0.175
17 Temperature difference from 1 minute ago 0.175
18 Maximum temperature for 60 minutes 0.163
19 Maximum illuminance for 5 minutes 0.162
20 Illuminance difference from 1 minute ago 0.160
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Table.F-4 Features of Lower limit on December, 2022

Number Feature score
1 Temperature 0.971
2 Average illuminance over 10 minutes 0.960
3 Illuminance difference from 30 minutes ago 0.913
4 Temperature difference from 60 minutes ago 0.891
5 Humidity 0.850
6 Dispersion of temperature for 5 minutes 0.810
7 Humidity difference from 1 minute ago 0.809
8 Average illuminance over 5 minutes 0.713
9 Temperature difference from 10 minutes ago 0.710
10 Maximum temperature for 2 minutes 0.698
11 Standard deviation of UV intensity for 10 minutes 0.698
12 Standard deviation of temperature for 15 minutes 0.698
13 Temperature dispersion for 15 minutes 0.698
14 Maximum illuminance for 2 minutes 0.698
15 Illuminance difference from 15 minutes ago 0.698
16 Dispersion of temperature for 10 minutes 0.691
17 Dispersion of humidity for 10 minutes 0.691
18 Minimum temperature for 2 minutes 0.690
19 Average illuminance over 15 minutes 0.690
20 UV intensity 0.669
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Fig.G-1 Where the temperature was measured in 2019
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