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Fig. 1 Endoscopic imaging principle. (a) Spatial coordinate system; (b) phase plane coordinate system
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Fig. 2 Coordinate system of corrected endoscopic image
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Fig. 3 Principle of axial correction. (a) Distortion effect; (b) correction process
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Fig. 4 Measurement scheme and equipment. (a) Measurement scheme; (b) calibration broad; (c¢) endoscopic probe sleeve;

(d) endoscopic image
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Fig. 5 Preprocessing and center detection results. (a) Preprocessed result; (b) edge detection result; (¢) center detection result

6 A b e 2 2R

Fig. 6 Circumferential correction result

#1 bRERIEE ST

Table 1 Calibration block width statistics unit: pixel
Line number 1 2 3 4 5 6 7 8 9
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Table 2 Calibration block height statistics unit: pixel
Height
. . Line Line Line Line Line Line Line Line Line Mean  Standard
Correction method o
number number number number number number number number number value deviation
1 2 3 4 5 6 7 8 9
Before axial correction 21. 33 18.50  16.00  13.50 11.83 10. 67 10. 17 9.47 9.16 13.40 4.322
After axial correction  21.25  20.96  20.81  20.37  20.75 20.92 21.57 21.35 21.67  21.07 0.421
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Table 3 Experimental results of different apertures

Image P16
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Original images

Corrected image
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Table 4 Pixel position and measurement error statistics
) ‘Edge' length Mean Standard ~ Unit pixel size /  Measuring Real
Parameter Vertex coordinate pixel distance / value / o size / Error /%
pixel deviation (mm X mm) result /mm i
(1569,46), (1910,287),  665.04, 667.82,
@12 (1776,678), (1373,684), 664.83, 667.43, 665.45 2.05  0.0182X0.0182 12.11 12 0.92
(1248,274) 662.13
(1596,15), (1836,197),  498.78, 478.87,
216 (1728,496), (1458,491), 471.62, 495.60, 485.61  10.20  0.0250X0. 0250 12. 14 12 1.17

(1353,210) 483.17

(1557,237), (1904,518), 768.57, 734. 20,

@21 (1761,978), (1327,972), 748.14, 770.15,
(1183,503) 721.16

(1619,51), (1970,295),  696.66, 699. 10,

@25 (1836,713), (1418,724), 697.80, 702.37,
(1278,294) 692. 00

(1614,23), (1927,208),  593.63, 605. 35,

@28 (1822,579), (1451,582), 617.87, 582.28,
(1322,216) 605. 05

(1653,19), (1914,205),  530.96, 524.76,

@32 (1817,524), (1502,530), 513.59, 532.84 ,
(1398,227) 516.47

748. 44

697.59 3.39

600.84  12.04

523.72 7.64

19.10

0.0328X0.0328 24.55 25 1.80

0.0368<0.0368 25.67 25 2.68

0.0424X0. 0424

25.48 25 1.92

0.0462X0. 0462 24. 20 25 3.20
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Fig. 10 Experimental process and shooting results. (a) Endoscopic image of @18 hole with trunking; (b) endoscope image of M18
thread hole; (¢) @18 hole; (d) simulated defect; (e) endoscopic image of @18 hole

BT BEIE R A A5 5 (a) 5258 1IN RS E S5 0L 5 (b) 286 1A FE 015 B 5 (o) J2 58 2 MRS IS5 Y 5 (d) 238 2 B AR 15 B 5 (e) L5 3
F B 6 S B A 5 (F) S 6 3 A TE 25 58 5 (@) S5 3 Y AR I 15 B

Fig. 11 Correction and edge detection results. (a) Correction result of experiment 1; (b) contour information of experiment 1;

(c) correction result of experiment 2; (d) contour information of experiment 2; (e) defect local amplification of experiment 3;

() correction result of experiment 3; (g) contour information of experiment 3

I WLEE AT DL R 11 (a) i 4 > 2Rl i % T 2%
A B AT B 5 R R 8 I B, B LA, B 1
(c) Hr B2 250 py 3 I I 4 5 X4 It L ¥ 52 ARk oIk 4y
i, SEEar N RIETIEH —F ., K 110D =
P05 A5 58 50 B AR 7 B B SR B — B, B AR
IERCRE AR, R EGREA R, N RGRRE
[0 S = NS N T v S M I S T AN S 1 5 B
PRI 297 20 6 B 4k Al 15 R BHE B, S0 00 2 JR R
469 21 %0 B 26 MR 3R PR 5, S0 00 3 B4 5 B 5 4 ek
BB B MR RZ IS AR R A0 &
5 M HSA L B RN EE 5 R .

a3 5] LA 3 41 5L 5 Y T B A iR 25 2
6. 75% , FHHE T R FH il 1) B B8 1 K pR U 0 (d ) B9 F- 20
R 2E 1.95% , ok 4 10 A IE PR 07 (d, R) 1Y 12 25 ]
OB o, R N2 SE 5 X 4 /Y 18 mm H
16. 376 mm fL 42 IF A J& #2828 01 6 i Hc B U, IR
W IE B ) 5t 45 S R 25 4 BT . SIS A AR A A —
FEM RG22, IR SR IF R b — AW B 52 1Y 5
BEZ AR A% B X R — AN IREE TR . (AXF Tk
M7 0 SE bR SR 5 B XER B b e &AL &
T, SR FH Bl ) B TF BRB O (o, R ) [RIRE AT DL S %5 B AR Y
R IE K 45 5 2 0 vk BT B R i I A

0312006-7



$43%5 F

3HA/2023 &£ 2 B/HZFER

K5 RRMEMREGIT

Table 5 Pixel position and error statistics

Mean value
Standard

. . of pixel o Unit pixel size / Measuring Real size /
Experiment Sample size . deviation of Error /%
distance / ] . (mm>Xmm) result /mm mm
) pixel distance
pixel

Experiment 1 268 111.51 4.92 0.1095X0. 1095 12.21 13. 14 7.08

Experiment 2 479 48.43 2.42 0.1095X0. 1095 5.30 5.00 6.06

Experiment 3 5 60. 40 5.46 0.0323X0.0323 1.95 2. 10 7.10
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Abstract

Objective  Holes are the most common form of parts in machining and manufacturing. Enterprises have been long
suffered from the inner surface defect detection of holes, especially the measurement of inner surface size. With the
development of image processing technology and miniaturization of imaging elements, inner surface defect detection based
on endoscopic images has been widely used in mechanical manufacturing, aerospace, and other fields. When endoscopes
are applied to detect the inner surface defects, the real inner surface is parallel to the main optical axis of the lens and
exhibits a circular scattering distribution on the imaging plane, which is not conducive to identifying the contour and size of
the defects. Aiming at the difficulty in measuring the inner surface defect size of the hole, this paper proposes an endoscope

image correction method to realize the inner surface size measurement.

Methods According to the mapping relationship between spatial coordinates and phase plane coordinates in the
endoscopic imaging system, the endoscopic image distortion is divided into circumferential distortion and axial distortion.
In the case of adding geometric constraints in the application scene, the parameters in the correction model are simplified to
a central coordinate and a nonlinear parameter, which improves the correction accuracy of the edge region of the endoscope
image. The Hough transform and difference expansion are adopted to process the endoscopic image to realize the
circumferential correction, and the axial correction is performed by pixel calibration and nonlinear stretching of the
circumferential corrected image. The paper utilizes the neural network algorithm to fit the axial correction function
including the relative positions of pixels and apertures based on the calibration experiments of different apertures, thus
overcoming the dependence of the axial correction on the calibration results. Additionally, the measurement of inner

surface defects of holes without calibration conditions is obtained.

Results and Discussions When the inner surface of holes 1s qualified for calibration, the distortion correction of six kinds
of endoscope images with different apertures is carried out with the regular pentagram of known size as the experimental
object. The average measurement error of six groups of experiments is 1. 95%, and the measurement accuracy is high. In
the experimental group, the average standard deviation of the side length of the pentagram after correction is 9. 07, which
indicates that there is still a large difference in the correction effect in different directions. The main reason is that the
accuracy of image center detection is not high enough. It shows that the proposed correction method has good universality.
When the inner surface of the hole does not meet the calibration conditions, the simulated defects of the slot hole, the
threaded hole, and the inner surface are taken as experimental objects, and the images are corrected. The average
measurement error of the experiment is about 6. 75% , which is higher than that of the hole with calibration conditions, but

it still has great application value for the actual needs of the industrial field.

Conclusions In this paper, a method for distortion correction and measurement of in-hole images based on the endoscopic
imaging principle is proposed. The method of circumferential correction and axial correction is adopted to restore the
endoscopic image to an orthographic image that conforms to the visual habit and measure the size. The feasibility of the
method is verified by experiments and the factors affecting the detection accuracy are discussed. The specific conclusions
are as follows. 1) The method based on image processing can effectively realize the endoscopic image correction and the
defect measurement, and the accuracy is high. 2) The measurement method is not sensitive to the aperture, and the
measurement accuracy is not affected by the test object, so the method has good applicability. 3) The coordinates of the
image center and the axial distance growth function are the key parameters that affect the accuracy of image correction and
defect measurement. For further improvement of detection accuracy, a textured calibration paper can be placed on the

inner surface of the hole during the detection to improve the accuracy of circle center detection and axial distance growth
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function fitting. As the proposed correction method has good versatility and high accuracy, it can be used for automatic

detection and intelligent detection of holes and pipelines.

Key words measurement; distortion correction; endoscopic images; size measurement; inner surface of hole; image

processing
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