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boxes, we studied the synchronous imaging of the paper and film defect. Firstly, we established models for a
standard sphere integral light field, an ellipsoidal integral light field, and an arc integral light field. We then
simulated three different light fields using COMSOL Multiphysics 5.6 and compared their ray angle uniform-
ity and irradiation uniformity. The parameters of ellipsoidal area integral light field are optimized by ortho-
gonal simulation. Secondly, the packaging box was imaged using the ellipsoidal integral light field, the bright
and dark field forward lighting. Physical detection and machine vision were used to detect five common de-
fects in the packaging box, including oil stains, pressure marks, openings, bubble wrinkles, and breakages, to
verify the effectiveness of defect imaging. The results show that the images can clearly present defect charac-
teristics in the paper base and transparent film layers under ellipsoidal integral light field. The physical detec-
tion rates for oil stains, pressure marks, openings, bubble wrinkles, and breakages were 96.2%, 92.5%, 100%,
95%, and 92%, respectively. Anomaly detection rates were 98.6%, 97.5%, 100%, 100%, 98.4%, respectively.
Detection rates of defects were 97.6%, 96%, 100%, 97%, and 96%, respectively. This study indicates that the
consistent optical path angle and irradiation intensity result in a uniform ellipsoidal integral light field. Con-
sequently, transparent film imaging of the packaging box shows clear defect characteristics that satisfy the

standards for industrial detection application.
Key words: optical path simulation transparent film imaging spherical integrated light field defect feature
imaging visual inspection COMSOL Multiphysics 5.6 ray simulation
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Tab.1 Main parameters of the three types of integrated light fields
AxBxH/mm R R;xR,xRz/mm S/mm C/mm
180x180x130 85 35 20
1 180x180x110 85%65%65 35 20
2 180x180x110 65x85x65 35 20
180x130x130 85 35 20
3.2.1 7 a
Xy 1
30° 45° 60° 7
30°
1
Ky
0 50 100 150
7 a 30° b 45° c 60°

Fig. 7 Optical paths of a spherical light field with rays emitted upward at (a) 30°, (b) 45°, (c) 60°
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Fig. 8 Optical paths of an ellipsoidal light field with rays emitted upward at the end of semi-major axis at (a) 30°, (b) 45°,
(c) 60°
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11 Tab.4 Variance analysis
F P
1.2~1.4 1104.73 9 122,75 126.36  <0.0001***
Ri:R, 18.00 1 18.00 1853  0.0035***
S 8.00 1 8.00 8.24 0.0240%*
32~36 mm 12
C 32.00 1 3200 3294  0.0007***
6.80 7 0.9714
10~15 mm
2.00 3 0.6667 0.5556 0.6716
2 4.80 4 1.20
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Tab.5 Statistics on detected defects

1% 1% 1%
213 205 96.2 206 9.7 138 64.8
80 74 925 76 95 54 67.5
50 50 100 50 100 38 76
98 93 95 64 65 93 95
125 115 92 74 59 116 22.8
110 18

100
90

___— u Defect detection rate

under ellipsoidal . -
integrated light field/(% Set of normal images pre-trained CNN

Defect detection rate/(%)

80 = Defect detection rate
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forward lighting/(%)
60 u Defect detection rate %
under dark filed forwarc %
50 lighting/(%)
Parameters Matrix of
————————— | estimationy gaussian
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mbeddings
Q o
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Fig. 18 Patch embedding vector and location segmenta-
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6 98.6% 97.5% 100% 68% 64%
98.6% 97.5% 100% 100% 65.7% 75% 76% 97% 96%
98.4% 97.6% 96% 100% 65.7% 77.5% 80% 97% 97.6%
97% 96%
98.6% 98.7%
100% 71.4% 65.5%
6
Tab. 6 Machine Vision detection results of image defects
1% 1% 1% 1% 1% 1%
213 210 98.6 208 97.6 210 98.6 210 98.6 140 65.7 140 65.7
80 78 97.5 75 96 79 98.7 78 97.5 60 75 62 77.5
50 50 100 50 100 50 100 50 100 38 76 40 80
98 98 100 95 97 70 71.4 67 68 95 97 95 97
125 123 98.4 120 96 82 65.5 80 64 120 96 122 97.6
20 5
COMSOL Multiphysics 5.6
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1.2~1.4 32~36 mm
E/Phygical 10~15 mm
detection
rate/(%)
D/Category 100~ E/Abnormal
detection 967 ————=_ detection
rate/(%) o \ rate/(%)
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detection &y, ) detection 96.2% 92.5% 100% 95% 92%
/(% it i o
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Fig. 20 Radar map of defects detection rate
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