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Fig. 1 Sub-aperture feature data cell structure
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Fig. 2 Sub-aperture area array of 4 X 4

I 148 25 T 08 00 5 4% T 2 DX B 9T R LA o £
T AR AT R T4 96T 4 AT A B B 160 413 25 5 T ol /0
FUCHE I , IR 8 HE Py 225 S 8 4 0k I B B X 4 5 1Y
P 45 1 5 52 0 P £ 47 [X A 4 5 Bl — AT, 72 X
B G 5 R B — AT L IVIRAY BB PR 4 4 b A4
AT R, AN X g, [ 24— LA A
VE i 5 25 1 7 5 DX A UG i X
312 EERMMBBELAHTH

ot 77 75 VG K 56 28 B 0 8 DX 38R, WA T 8 X 3R 4
BT B4 DX SR 5 (0 B O O . i
B DX IR AE 5 Hlu A A5 605 G R X037 4% A A K G
B SR AT R AR (DL B R 0 5 ) T A DX B £ A
R 75 ok - 480 1 A5 DA 40695 DC . % 4 45 , R U5 4 UL
M 1] A 52 AR B T S B

DL A 4 T 7L A% o X 30 91, P BE R (1 7
A~ Hu AR 75 56 45 fiF B0 R 2 A~ A X7 8 4 4 400 3t
7 g DL A B ik A T 0 L AR DL R LA 1 RS
B I8k #4569 1 585 0 A HEAE (B R Fu(n i =
L2, e s n=1,2, -+, 9), e H T I P43
(1 08 55 Kk o 7 UG AL 4% 2 7 A IX I8 ep A A
() 55 n AR AEAE R RN Foy(n )X j= 1,2, =+, s n =
1,2, 0, 9 ) e 9 T 2 X BP0 47 B E S B o X 5
T DX P SR K B 0 A AL
Ik [ B 8 52 X3t

D,;= i[Fl,(n)*Fg_,(n)T, (12)

A 2 Dy 2738 PR g 8] AR AL B 4 45 2R JCfED B /MR
R PURE B L. B AR WA AR, R0 4 DT C AL
A 1 H B X e RE I S R IC R FLAR 2 R IX
SR 72 A G 58 BCVC TE , I M) P D TC B8 S5 X #) J5T L
A b KA S e DA IR DG THE s 0 AR A

B TR A4 e U PR B X RS W A X

1304004-3



2 51% F 13 H9/2024 £ 7 B/ EH:

BOKSF BT 1 LR A A Ay AT IR HR
AW

N — T
AIZEM’ (13)
= N
N —
Nir ™ YV
Ay = —_— 14
V2N ()

T s 20 53 0 R R B DU DT L s X B2 G b 5 R 4
VC L 5 0 DE i S AR DC L LR 1 fFICEL AL AR 2 S
DX 38 H () R AR B 5y o 0 01 3 7S B NG DT AT A5 %
£E G B e A VG JE 5% v DG JE A5 7 A5F VC i FL AR 1L FR T
BEfLA% 2 5 & KB A YA AR AR 5 N R R B & X 3l i {0
JIE 9 DE TAC A Xof 4R 5 v DR T R X A9 4
32 ETHUHEHBEENTFILERFHE

T LA H S DU FE AR R LA XA
B A A B R R S B A E SR R AR 2 A DL N JC e
SRREIEZE AL . RS PF 4 1 B X B A A R AE 1Y - fL
1 DI, I Ho TG 5 22 9 A 20 - L AR X BR DE it 5
b i AR AR T LA DX ST I A OO, P S o B A A H A
WE RS AL B B X B FE PRI, X TS
IX 35, TG 8 9 R AIE 28 7R g - FL A DU AR 9 B e 67 A E
LR PR E . T8 LRI PR, & e A
LA R A 48 20 B0 B R ) s 7 O A X
i B 5t 45 F T LA (R v i i9 AR XL B, UK T
LA R AE B HI A v A7 A %) B 9 4 10 R P s 4 A7 At A8
B A8 B o8 O P AL R U PR IR R LR T
G P 12 45 SR 0 4 FL AR s R B

B A5 A AL AR DX Sl ] o A AL OGRS
BB 2 A TR TEE 2R AR R T MRG0 E FF
fits 76 F FLAR BRAE BOHE 4 P A B B 80 (L T ) B on
FE A LR BURAE R ERE R G W X Y By 10 88 5)
B 5 25 80, W BEAS T LR AE 4 )R A b &2 R I W 46 A
FHERN[1-(L—2aM),J-(W—2aM)], Hd aM
RN ESXIREE , L W RhFFAEXE K TE
SR G MR T FL AR S XA 9 I B 0 A T L AR
W 46 67 B, DT A5 B 45 A FL AR 22 18] B 0 A

@ oMos

Z0oom microscope

ring illumination source S
incident light scattering light

sample i

M_

[ I

controller

y B

translation stages ~ Stepping motor .,phyter

K&

TE P T v, 25 08 i A% A A SRR AR . BB
BB FL AR B XU B B Ad, 25 A T LA ]
OS2 #55 b B 15k X B O 2R A AT 3 B, DL AP e —
T FALRE IR ], F LA Ao As o Ay o Y HERR AL
AR

Py, =P}, +Ad, (15)
P, ,=Pi, +Ad + Ad,, (16)
P;\;.‘,:P/’\;.‘,+Ad1+Ad2+Ad;;, (17)

K. PL PLPL RS FALAR AL AL Al
WG AL & o
] | .|
H— S
Ad, Ad, Ad,
Ay Ay Az Agy
A A A
A dG A d5 A d4
v V < > v
Ay, A, B4 4, Ay,
A A A A
Ady, Ady, Ad, Adg
v < »Y V <« »V
Agp Adyg A Agz Ady AAs,z
Ady,
< > « Pv
Ao,a A1,3 Ady A2,3 Ady A3,3

3 ALAR AR AL 5 K% i B kX o 56 %
Fig. 3 Correspondence of relative positions and offsets between

sub-apertures

4 SZIGHFST

Eg R E S ERIEENE

P 1 4 775 9 5 T 005 B 30 A5 8 R 4 o2
TEAFH T T FLAR MR, 208 B B 1R {4 SR 4 B B A

4.1

®) O > X
Ago | | Aro Anp
AO,I :
B O e ————
. scanning trace
AO,m
v
Y

P4 S ARTR I S A I AR 5 . (@) K2 BT 5 3 AR 3 s (b) TILAR Sl kA2

Fig. 4 Microscopic scattering dark field detection system. (a) Microscopic scattering dark field imaging device; (b) scanning path of sub-

aperture

1304004-4



£51% F 13 H9/2024 £ 7 B/HEH*;

I8 Bl I R B . 38 Bl R B R Al R Y
WN202WA100 X 100 H#EEEKA G G, FBENE
SEANIAEEE R 2 pm, BHECR R A HR tH CMOS ML . &
5 Sk L K 008 6 U5 A B, L v 6B Sk SR FH R AR
W B spze6180 L5 1 0.7 X ~ 4.5 X A5 4% W i b5 3k
CMOS #H #L % H Imaging Source ] DMK 37AUX273
RS Tl A AL, 2 A BL A 1R F K/ R 3.45 um X
3.45 pm, R 4 T L 12 B AR 19 43 B %l 1280 pixel X
960 pixel, FE S, AR fF i G Sk AR A5 BCK 1 X
B, R 4R Y FO0E AL AR BRSO N R 37 3 T 2 R
4.4 mmx 3.3 mm, | H] #3258 5% & 8 O = oo 1 iR
K 4(b) s iR %), BB — P RE IR T
FLAE EG I DR A 2 TGO B 1S 7% 6 41 3 20 8L

(LT), (I=0,1,2, -3 J=0,1,2, ), WS, 11 5
58 WG 2 T0F 2 T B X ek i AL RS R L A
B, % SR 4 20 1) AL AR (15 A v i oty F £ T Ak 28 R0
o R IE 5 2

ARSI FH S A B 3 A5 26 S R W Y 2 ST R 3 T
RAE 16 M7 FFLAR S, IF 3 T R4 210 FFLAR B R
FHER 245 7 12 00 A7 e 5 AE B0 $2 O # # 7 fLAR 4R
TR 6 1 L OR A2 A2 0 1) 7 FL AR DX 8 R R
F AL B G DL B 15 B0 B LA B R e R A
o Ho 74 B & X R AE B it L 35 %k LR
BAe A 1/A K3k, bR 1/3 DX AR R R D S X
I, X T 30 27 L AR W AR B R O I b R S
b L AR B A 1 R b B R e X Bk A LR
REAE B8 4 P A B I EUIE A5 B & 1R .

F 1 AR S AT U £ B

Table 1

Data information contained in the sub-aperture feature dataset

Serial number Sub-aperture number Scanning steps

Number of defects

Sparse matrix

. Overlapping area data
compression data pping

1 1 [0, 0]
2 2 [1, 0]
3 3 [2, 0]
4 4 (3, 0]
5 5 [3, 1]
6 6 (2, 1]
7 7 (1, 1]
8 8 [0, 1]
9 9 [0, 2]
10 10 (1, 2]
11 11 (2, 2]
12 12 (3, 2]
13 13 (3, 3]
14 14 (2, 3]
15 15 (1, 3]
16 16 [0, 3]

10 1X1 cell 1X7 cell
7 1X1 cell 1 X7 cell
9 1X1 cell 1 X7 cell
7 1X1 cell 1X7 cell
7 1X1 cell 1X7 cell
5 1X1 cell 1X7 cell
7 1X1 cell 1X7 cell
7 1X1 cell 1X 7 cell
2 1X1 cell 1 X7 cell
4 1X1 cell 1 X7 cell
2 1X1 cell 1X7 cell
3 1X1 cell 1X7 cell
6 1X1 cell 1X7 cell
6 1X1 cell 1X7 cell
2 1X1 cell 1X7 cell
5 1X1 cell 1 X7 cell

DU P Y 5L AR X010 2 3], HG o 55 DX 8 4 B
JCH AL R EIE AR R AR 2 FrR . R 2 & X gk
5 M H B DI AR X R T L AR R R L B R ]

10_s F/niZH & XA T LA 1089 B, E S
DX 3 5 B0 E 0 2 B v PR B 28 B 07 R, Al
TR 2R 170 .

F 2 TALAR 10 H S XEEUE A o0& Y EUE

Table 2 Data contained in the sub-aperture 10 overlapping area data cell

Overlapping area Number of Defect center of Hu invariant Sparse matrix . .
Type of defect . Relative position
number defects mass moment compression data
10 s 2 [0; 0] 2% 1 cell 2% 1 cell 1X1 cell 21 cell
10_x 0 - - - - -
10_y 0
10 _z 1 [0] 1X1 cell 1X1 cell 1 X1 cell 1 X1 cell

Note: defect type O represents dig defect, and 1 represents scratch defect.
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Table 3 Calculated offsets between overlapping areas of matched sub-apertures

Results of proposed

Results of the template

Serial method matching method Calculated deviation in Calculated deviation in
number X direction /pixel Y direction /pixel
Ax /pixel Ay /pixel Ax /pixel Ay /pixel

1 —24 —3.5 —2.7 —4.1 0.3 0.6

2 —2.3 —4.6 —2.5 —4.5 0.2 —0.1

3 0.6 —5.3 0.5 —4.5 0.1 —0.8

4 5.2 4.3 4.9 3.9 0.3 0.4

5 5.3 7.8 4.5 7.5 0.8 0.3

6 4.7 3.2 4.5 2.5 0.2 0.7

7 5.0 5.6 4.9 4.9 0.1 0.7

8 4.9 3.6 4.5 3.5 0.4 0.1

9 5.6 6.7 5.1 6.5 0.5 0.2
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Fig. 5 Matching stitching result images of sub-aperture area. (a) Stitching result images of the direct stitching method; (b) stitching

result images of proposed method
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Fig. 6 Stitching result images of full aperture. (a) Full aperture stitching image based on template matching method; (b) full aperture

stitching image based on feature dataset
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Fig. 7 Defect distribution image corresponding to full aperture

image based on feature dataset stitching
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Defect detection results of full aperture image. (a) Detection result of full aperture image based on template matching method;

Fig. 8

(b) detection result of full aperture image of proposed method
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Table 4

Detection results of scratch defects

Detection results of proposed method

Detection results of template matching method

Calculation deviation of

Defect number

Length /mm Area /mm’ Length /mm Area /mm’ length /mm
25 7.5746 0.4543 7.5704 0.4540 0.0042
31 6.3213 0.4081 6.3262 0.4083 —0.0049
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Optical Surface Defect Stitching Method Based on Sub-Aperture Feature
Dataset

Wang Yingru, Wang Hongjun', Zhu Xueliang, Liu Bingcai, Yue Xin, Tian Ailing
Shaanxi Province Key Laboratory of Thin Films Technology and Optical Test, Xi'an Technological University,
Xi'an 710021, Shaanxi, China

Abstract

Objective With the development of optical technology, the application fields of optical elements and optical systems are becoming
increasingly extensive; however, localized microscopic defects on the surface of optics affect the corresponding system performance.
Therefore, it is necessary to detect defects on the optical surface. With the development of machine vision technology, the
microscopic scattering dark-field imaging method of noncontact detection has become an important method for automated surface
defect detection. However, in large-aperture fine optics, there are fewer defects on the surface and a large number of sub-aperture
images. When using defect images for sub-aperture stitching, the amount of data used for image storage and processing is high and
increases with the size of the detection aperture, which requires a significant amount of time for detection. Accordingly, a surface
defect stitching method is proposed based on a sub-aperture feature dataset, which uses the constructed sub-aperture feature dataset to
realize full-aperture defect stitching, thereby reducing the amount of data stored and processed during the stitching procedure.

Methods To perform full-aperture defect stitching, the defect feature data (defect number, type, shape feature, relative position

feature, and sparse matrix data) in the binarized sub-aperture image and its overlapping area image were extracted and the sub-aperture

1304004-9



RIS 2 51% F 13 H9/2024 £ 7 B/ EH:

feature dataset could be constructed. Then, based on the constructed feature dataset, for the sub-apertures containing defects in the
overlapping areas, the overlapping area matching relationship and the offset parameters between the matched overlapping areas were
solved and combined with the initial position calculated from the number of scanning steps of the sub-apertures to obtain an accurate
positional relationship between the sub-apertures. For sub-apertures without defects in the overlapping areas, the stitching position
was determined based on the theoretical position. Finally, the defect sparse matrix data of each sub-aperture were transformed to the
corresponding position using coordinates to realize full-aperture defect stitching. As described herein, the sub-aperture feature dataset
was constructed based on the feature data extracted from the images captured using the microscopic scattering dark-field imaging
device. Full aperture defect stitching was completed based on the dataset, and then compared with the full-aperture stitching results
based on the template matching method to analyze and validate the effectiveness of the proposed research method.

Results and Discussions The constructed sub-aperture feature dataset (Table 1) was adopted to calculate the overlapping area
matching relationship and the corresponding offset parameter, and compared with the offset calculation results obtained using the
template matching method (Table 3). The offset calculation results of this study are basically consistent with those of the template
matching method. During the offset calculation in the proposed method, the feature data of all the defective areas extracted from the
overlapping areas are used to calculate the offset parameter without the need for comparison between unrelated regions, thereby
simplifying the calculation process and improving the corresponding efficiency. Meanwhile, some sub-aperture areas were selected for
matching and stitching and compared with the results of the direct stitching method (Fig. 5), showing that the method in this study
improves the positional deviation that exists in the defective part of the results of the direct stitching method. Thus, this method can
effectively realize the accurate matching of sub-aperture areas. Finally, the full-aperture defect images were obtained using the full-
aperture defect stitching method based on the feature dataset and the full-aperture stitching method based on the template matching
method (Fig. 6). The number and type of defects and some of the scratch size data in the full-aperture image were detected using the
connected component labeling algorithm and the minimum enclosing rectangle algorithm (Fig. 8, Table 4). The defect detection
results of the full-aperture images obtained using the two methods are basically consistent. In addition, in the process of full-aperture
stitching, when stitching images using the template matching method, the data volume of a single processed sub-aperture image is
1.17 MB, and the corresponding processing and storage data volume increases with each completed image stitching, the data
volume of the final full-aperture stitching result image is 9.24 MB. However, the method in this study is based on the feature dataset
to complete the full-aperture defect stitching; the data volume of the constructed feature dataset is 3.26 MB, and the final data volume
of the full-aperture defect image converted from the full-aperture defect data is 20.9 kB. Thus, the proposed method can effectively
obtain full-aperture defects, and the volume of stored and processed data in the stitching process is less than that of the image-based
stitching method.

Conclusions In this study, we extracted the feature data in a defect image to construct a sub-aperture feature dataset and complete
full-aperture defect stitching. This was compared with the full-aperture image stitching method based on the template matching
method. The results of the defects detected in the full-aperture images corresponding to the two methods are basically consistent.
During the full-aperture stitching process, the proposed method uses the feature dataset to determine the relative positional
relationship of the sub-aperture and to complete the stitching of full-aperture defects, effectively reducing the volume of processed and
stored data in the stitching process compared with the image stitching method based on the template matching method.

Key words defect detection; feature extraction; sub-aperture stitching; sparse matrix
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