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Fig. 1 Binocular stereo vision imaging model

3 T TFWEOCH SR T L L

i FACH FHAILR AR 1 G 25 52 B AHAIL =5 B A e £y
(K5 ] o DT 45 76— 22 TR BE b 7= A o IR 3 S I AR L A
TLHE N DS B 24 AR ) B S R VT R R A
I A A BAAR M T — i DA 380 6 A 1 A 8 A B ST
IRVCEE L iZ R AR W 2 Fis . P M1 E oo
53 50 R RE A B AR AR AR 2 F I 253 TR LR ok
B £ 2 RO S8 R (SA-MLP R 28 B R, Xf &
VT N 05 P e 20300 35 W AR $80 S5 15 21 19 43 52
B P o EAT KT, 257 09 JE 15 2 2SR U] 1 42200
FALARDCES L 75 K 58 I A B 0 P B8 AU 2
UF 1) SA-MLP W 25 155 580 v, 75 21 22 o7 52 22 0 15000 i

E e BT K AMEAE IE S BB S ABAR P g T
SEARPETRL

CCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTR
1

: Psample :
B> :
| L3 training
! SA-MLP Eiarget i —
: network model |

.'_'> |
|
| i
: Esamplc |
I [SNUNPISIRIRR SR

Prefect
. Parget » perspective Pranstorm stereo
transformation matching

B 2 3T &R fl SA-MLP W 45 1% 57 4K DG i 37k 72 &1

Fig. 2 Flow chart of stereo matching based on perspective transformation and SA-MLP network
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Fig. 5 Matching based on perspective transformation
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Fig. 8 Comparison of standard error before and after compensation of different models
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Table 1 Compensation results of different models
Standard error /pixel

Model . Average  Standard
Maxmum Minimum ..

value deviation
Uncompensated 0. 509 0.274 0.408 0.061
MLP 0.397 0.203 0.323 0.053
SA-MLP 0. 355 0. 257 0. 310 0.028
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Fig. 9 Effect before and after projection point compensation. (a) Before compensation; (b) after compensation
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Fig. 11 Three-dimensional reconstruction and flatness results of circular hole under different matching methods. (a) Point cloud

data generated with traditional matching method; (b) z-axis histogram of point cloud data generated with traditional
matching method; (c) point cloud distribution map generated with traditional matching method; (d) point cloud data
generated with proposed matching method; (e) z-axis histogram of point cloud data generated with proposed matching

method; (f) point cloud distribution map generated with proposed matching method
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Table 2 Comparison of point cloud flatness under different matching methods

unit: mm

M ti M siti Standard

Matching method Mean height Extremum ax I,mga Ve ax I,)O?l e ar.l ér
deviation deviation deviation

Ours —294. 305 —294. 304 —0.018 0.014 0.0061

Local feature matching —294. 306 —294.372 —0.081 0.115 0. 0539

AEAR —294. 305 mm , b fE 22 (N 29 Jmy ERAFAE DT BC v 1Y
1/10, X —LEa5 LRI, 51E&5 7 A, R A SC
VE e 7 2k A B A [ L s 2= SOOI 7R 4 = i B BT T
TT. 7% AERZE W E % E AR T 88. 6 %0, B 1A DL LA
B B AR T

4 BHENFLECA R R ST

SR IO DT I 3 0P A1 e G 4 A Al DG E O
FJa  FEREAT BUH =2 E i DA K i = DR AL B SR G
T s B AR B R 12 iR, % R A L R

FETERENLIR 22, b1 s = F I AR 46 X0 P47, A fig
F ) 25 18] fift A JUART oK e 5863 TR B2, AR SCR I 2
() 1 2 B A A L [ A i o S 8N L O 5l 2o B
AT 1Y T 3R B 0L S FL AL AR s AR DL
4.1 SHOMALBIEEE

XA 100 = BOE R AT s R R LG R LG
KU I LE B 7T E T S R BAY R G DA AR AR
AR ) AR A g e R G F

B Em TN Ar+By +Cz+D =0, Xf i 1
B t=(A,B,C). fE NG = pLEE 3
MERE Qo (xoryy220) Q (215,520 F Q, (x,,
Yoz M EE BN Q,Q,.Q.Q, Ml Q,Q, . R IE
25 () gt Ay JUART - T 325 1) S 5 By e L TR
Alxy —x,) + By, —y,) +C(zy —2,) =0
Alxy —x,) +B(y, —y,) +C(2y —2,) =0
Alx, —x,) +B(y, —y,) +C(2, —2,) =0’
Axy+ By, +Czy+D =0

B 12 SR AL R EE (9
Fig. 12 Extracted countersink hole edge contour uJ L fig 45
A=y,(z;y —2,) +3y:(z, —20) +y,(z, —2)
B:IO(ZZ*Zl)_’_Il(ZO*Zg)_'_xz(Zl 720)
(10

{C:Io(yl _yz) +l'1(y2 _yo) +1'2(y<J —yl)
D :Io(yzzl —yiz2) JFIl(onz — ¥2%) JFlfz(ylzo 73}021)

{5 5 1A I3 0 [0 AR B K Cc,ve e ) 2B AR R o, 0]
RV
oy —e )+ (v =)' + (g —c) =7’
(I] _Cl-)z +(y1 _Cy)z +(Zl _C:)Z = I’Z

, , , Lo (1)
(g — ) + (y, —c, YA (2, —c) ="
\Ac,,. +Bc, +Cc. +D=0
B = QD AR a7 AT LAAS 21 5L AR BR A
c, A B C|'[D
(Cy =|A, B, C, D,|, (12)
c. A, B, C, D,
Hrp
A =2(xy—x,)
Br =2 =0 , (13a)

‘(:1 :2(20 *Zl)
D, =zi 4 yi+=2}

22 2
s Yo Z

JAZZ(IzIO)

B, =2(y, — y,)

T e . (13b)
‘CZZZ(zZzO)
D, =x; +y, +25 —ai —yi — =z

25 (8] B 42 ) Rk Xk

2

1 3
r :72 (x; =)'+, —e )z, —c D7,

3 i=0
(1)
R 2 ] I 4 0 25 i 54
Az +By+Cz+D =0
hfmﬁ+<ygf+<zgfﬁ°“”

Xf T AN R FH 2R AL Y #24E , wT 45 A1 e R ith £ 1 R A
XN
{A/x +B'y+Cz+D=0

/7 2 4 2 4 2 ° (16)
(x—c )+ =)+ = )=FR

2104002-7



R’

£ 49% £ 21 H/2022 £ 11 B/ EEHE

4.2 E#E#ERNE

FEIBCHE N A B th 2k O S N L AL AR R L AT RN
PRI Y (4 LAy 5 28 2R SR i S8 s TR . Dt
JEEL 5 BHE R TT 1A 0 DL SR HETOUA M, B AR AR
X L {5 I ) b 1) A e AU S R B O /Y
s e W M, AL TR L, FR AR SO T
ANH T TG I Y TS R B 2 S Y I R R
B T M B AR s PR T = 1 56 & 305 168 e
AJF F 0 =5 (8] B AERE RN AN 13 o .

/mplane 1
E 2 AN >// N1
NoN Y% ,

“plane I

P13 2 ful [5E kA 80 7R 7 ]

Fig. 13 Schematic of spatial cone model

BARM RGBT .

REHFE T R RA2z+B,y+Ciz+Dy=
0. % it AR IR L O (e, vey vl ) s FEXF R 1 35 1)
B on, Hon 3 T 6 R OQ, e 0T 7%

A, 0 —C B €, ™ Xo

J 3 C 0o —A {c, — ¥

1lc, —B A 0 | lc.—=20]°
t Asc, +Bse, +Cic. + Dy =0
K 5 T S 5A, B, ,C, . D, 1, ¥ H 5 N 4k
ity S VAN TR R DO VA /W e g Y i [ o ity
JE ik b A28 AU B TULR . SRR RIE R

[Agx +B,y+Cy;2+D,=0

RAx +By +Cz+D =0

(r—c )+ @y —c )+ (G—cH=r’

BI% Pi(xssyss2) Pyl sy, sz ) UL Ny (25,55,
) Ny (xgsyesza) 200 VT I 5 A5 ES il 4 sk
R s b, %8 NP, MNP, H TR & H
£ R A w1 E I N O T S = 2 R P B AR SRS
RZSE R AT M, o ABRBCR S B HETI S M, Y 4
Bk Cm,om, om O S FEAOP M, HARYE = 1 & & 3
CIRVR RN ks S e W N

r)z

OM
e

an

, (18)

0= arctan(

2
DS ey, — e ) (r, — )

arctan | i=0
3y Gm, —c ) +m, —c )" +im,. —c)’
(19

e JE L A A0 TR AR LR 2 (] (5] R[5 A 1A )oK A
RIS , h T 704 R A 05 2 B0 4 o 0 2 45 SR 1
WERGPE L S T e B R A R

DFE L& BEHLREE 3 A 0 TR FE AT 4%
B (9) ~ (15) BT 7 9 SR fiff i i ) 28 X0 07 7 225 [i) B 7R
WAREBE 6 A 0. 15, 715 BN %k b5y & 20X R 5 O
MRS W EXRA [d—R <0 8 |d—r|<o M
B m, Flom,;

D) FIWr e, oy, T E m, >0.67Tn, Fl m, >
0.67n, (ny Fln, 53510 B F 200 58 =80 450 2
MC SR e 2 P AR, I 22 L T BT R K

E T 405 = 0 B N AR R s B — AN RE AR
LR e @ P D R IERECEE [ S
PN AN B T 2R 0 22 A

A4) A2 T FE K AR B A T A5, M, A AR A L 5
HESC CL8) T S Wi (%) 8k JF 11 fR 0, 5 A= Bl i) (80
HAAATE 42°~50°Z 8], 3R 0] 25 3% 3) J8 R A

SYATI A M, B O W FE B d on 1E R TF 11 £
PPEAE R bR AP IR )M O BN K A A
YR B 22 (E/NTF 0. 01, W5 SR AR 28, - LIS AT Y 6 1E
Ay AR f e A B 11 AA
4.3 RERERNE X

it TR BT R JEE IR R A 3R T R AR BT T R % &
55 N5 B AT BEARL L Qi 13 s L R
AT B B[] B SR A . (B BRARBERY vh | 3 2% °F 1R AT T
TGV W) ih S PRARCT- T 5 SE PR I A o R

o | AA" + BB chc’\ PP
A +B* +C? JAP + B+
TSNS B2 N, N, =2R | N,N/=2Rsin ¢,
WZZRCOS goWZZRsin ptan 0, A it PR AR 5L 5
A R R 2R AR I 2Rk N

, EN,+NJA,

==

=R (sin gtan 0 + cos @),

2D
PR I, 76 3R EUG O0 L HAth 2 80U AT A5 5065 UR B 1)
_—5 R'—r Rcos¢—
h=00"= tan tan 0
M SE R AT LR L B T WAMLAR RT Fl 8 s fa 4h .
N i o R v 7 A B L 05 25 0 2 5 T R e R R A
KR .

5 SEEETR 5

501 WEARKNRZGRER

R T b SCRT B A AL S RO I Bk L A A
BAFE T — 56 T OGBS A0 50 Bl 400 L AG I R
Gi. W 14 B, FR G0 B0 RE R AR R AL R A )
B TAV AP A FHOC K ST L Tl LS A S fiAe

"+ Rsing, (22)

2104002-8



R’

249 3% F£ 21 H/2022 &£ 11 A/RE N

NI B A RGN R G Bl e N &R S8 Lo il
AGEM EAHLRGE LR ARG S LAPLR G Z [
K HI TCP/TP PRsCH#EAT 8 A5 - 0 K i i i BL e A ik

2
A\

T

i
l binocular X
] camera | e

I b 5 L XU H ARPILR A 04 P {508 o LK R f2 i 25
BEAL S FOL A S s AR H AR LA i 2 AR R = AL AR A
A T 15 SRR R B G AR IR AR A

transmitter
< n\\ ‘\’
_Thacklight o
S

N

upper |
computer:

SRTFH

&l 14
Fig. 14 Experimental platform
pulse signal
l encoder
robot control signal FANUC industrial
cabinet o robot
Y
TCP/IP laser
protocol Epnnector transmitter
S ethernet binocular
- camera crossed
laser
stripe
image
acquisition
Y
measured |
workpiece

F15 WS A I AR e R AE R

Fig. 15 Overall framework of visual inspection system

5.2 $h9FLSEN X

ST b Jz e S H A 5 00 R TR B0 LA
TR BE Y22 5 A 58 OW H ZE R S 56 5, 5% 3
K L2 06 A8l 0 FLASH I 795 5 X0 S 0 B A 2% 2 A [
I L 18 R A B TR SR T AHAIL LA K 0. 2 £ 3%
1/1. 8"¥0 T R ~F A K W0z 0 5 3k o A7 B H &G I 52
I, KT SC IR AN 16 () BT s, B 16 (b) ~ (e) Ji&
FR T JE T B0 AR R LG T 3 R

FESCE L R L BE AR A A TR A BNl E
TR 6 mm/90°(FLAY 1) .6 mm/100°
(FL7Y 2) .10 mm/90° (LAY 3) Y A o £L E AT &G I,
17 B kil B bs 4 46 9 fL B2 RS f AR e
WREE . 3 Rl ar LA I B dis ic 5% . B H XL
B g dE S5O0 T A5 7 2R 25 AL A IR

KL 18 s,

JRUAE I 0 B 3k 1 (R A8 45 2 H A8 AE AL AL AR
CL 42 000 62 19 48 A ) b 10 6 00 RS 3 o vy L (H 2 o 1
LB AT 458 10 7 28 4 B W JR 5 ff R TR R AR
R SR AR, RO RS KT
XU PGS Iy 0 45 R R BE R SE BRI H Y 2
K. B 18 AT LUE - 3 R N FLFL AR iR s f A B T
VB /IR R 1A N 15 2 5 R 3 T R E A 4 T
D5 AT O 1 B R B A e KR 25 R 0,033 mm,
AT HITE 0. 04 mm PAPY L% 25 3 sh B h A2, e K AL
RIRZEMPE MR 25518 0. 031 mm A1 0.152°, 3
WA FE AR . 25 0L AR A BRI T 45 8 1 X H L5 7E
SEMAEAMNAEARSIBEELSREARIENE
R

2104002-9



F49% F 21 #1/2022 F£ 11 A/

(D (e)
B 16 B H R A I S SRR . () FHEAEE (DI P AL ; (o RG] (D T AEIRBL () REEHF
Fig. 16 Monocular vision inspection experiment and inspection process. (a) Experimental setup; (b) filtering; (c¢) reflection

suppression; (d) binary extraction; (e) sampling calculation
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Fig. 17 Sample drawing of different types of countersink holes. (a) Hole type 1; (b) hole type 2; (c) hole type 3
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Table 3 Comparison of measurement results of countersink holes by two detection methods

Inner hole diameter/mm Dimple angle/(*) Dimple depth /mm
N onpedlar Binoculsr  Mecherics Monoealsr Bimoculer  Mochanics Monocalar  Bimpoular | Mechanics
1 6.007 5.991 6.024 90. 17 90. 16 90. 04 3.136 3.124 3.062
2 6.041 6.046 6.025 90. 26 89. 96 90.13 3. 081 3.083 3.106
3 5.993 5.983 6.013 90. 32 90. 26 90. 17 3. 147 3.097 3.112
Error 0.018 0.028 0.136 0.127 0. 044 0.033
4 5.997 5.982 6.026 99.93 100. 21 100. 06 3.095 3.037 3.062
5 6.032 6. 047 6.018 99. 84 100. 15 100. 03 3.046 2.992 3.016
6 6.028 6.034 6.012 100. 03 100. 31 100. 16 3.141 3.079 3.103
Error 0. 020 0.031 0.157 0.144 0.034 0.024
7 10. 027 9.992 10.013 90. 31 90. 29 90. 12 4.134 4.126 4,082
8 10. 034 10. 048 10. 016 90. 26 90. 17 90. 04 4.121 4.117 4.094
9 10. 025 10. 034 10. 007 90. 33 90. 29 90. 14 4.146 4.138 4.113
Error 0.017 0.027 0.186 0.152 0.037 0.031
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Quality Inspection of Countersunk Holes Using Binocular Vision with
Crossed Laser Lines

Wang Hongping , Wang Yu, Zhao Shichen, Liu Xin
Mechatronics Laboratory, School of Mechanical Engineering, Changchun University of Science and Technology,
Changchun 130022, Jilin, China

Abstract

Objective A countersunk hole provides the main connection between the components and skin of an aircraft. Measuring
the sizes and depths of countersunk holes to meet quality requirements is essential for ensuring connection accuracy and
structural strength. The manual-contact method currently used in China requires only a low degree of intelligence and
provides low measurement accuracy, while measurement methods using monocular vision require the camera to remain
perpendicular to the measured object. Both of these methods directly influence the accuracy of perspective projections of
the depth of the dimple. This study addresses these issues by proposing an online detection method for evaluating the
quality of drilled countersink holes using binocular vision. A FANUC robot is adopted as the motion carrier for performing
real-time detection of the hole-shape parameters using a visual-inspection system mounted on the end of the actuator.

Methods In the round-hole detection algorithm based on binocular vision, the basic requirement is to accurately match
the subpixel edge points. In the present study, a method for matching crossed laser lines was adopted that enables high-
accuracy detection. In this method, a projection-mapping model of the boundary points is first constructed based on the
intersection of the crossed laser lines and the countersunk hole. Using iterative projection transformations, the RANSAC
algorithm is then applied to optimize the resulting single matrix. Second, to consider the influence of distortion in the
perspective projection, a multilayer perceptron model based on the simulated-annealing algorithm (SA-MLP) is used to
perform secondary corrective optimization of boundary points that were outside this mapping relationship. This model
solved the problem of mismatch caused by small differences between light and dark regions of the boundary area and
ensured matching accuracy of the boundary points. Finally, the spatial curvature of the three-dimensional reconstructed-
contour point cloud data for the drilled countersink hole was employed to establish a mathematical model. The pore size
and the depth of the reticle were calculated from the geometric relationship of the fitted cone model.

Results and Discussions A preliminary mapping relationship between pairs of boundary points was established after
implementing the perspective transformation and the RANSAC algorithm (Fig. 5). The boundary points on the left side of
the countersunk hole were mapped onto the boundary contour on the right after a projection transformation. The parallel
polar lines also indicated a linear relationship for the projection-mapping model based on the boundary points generated in
this study. After error compensation by the SA-MLP network (Fig. 7), the boundary points from the left side of the hole
were mapped precisely onto the right contour boundary (Fig. 9). To intuitively reflect the method of matching the laser
cross, CloudCompare software was introduced to calculate the flatness of the point cloud generated by this method and the
local feature matching method. The simulation results (Table 2, Fig. 11) showed that the point cloud generated by the
proposed algorithm was increased in flatness by 77.7% and that the error volatility was reduced by 88.6%. Thus, the
overall matching accuracy was considerably improved. Finally, the shape parameters of the drilled countersink hole were
obtained using a space-cone model (Fig. 13) and were compared with the results from monocular visual inspection. The
experimental results (Table 3, Fig. 18) showed that although the use of a telecentric lens improved the detection
accuracy of monocular vision for the inner aperture (the directly measured index), the error generated by the projection
process—for example, in the angle and depth of the dimple—were ignored by the overly idealized parallel-projection
scheme. The measurement accuracy of the monocular method was considerably lower than that of the binocular results and
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cannot meet the requirements of the actual project. The measurement method based on binocular vision had a maximum
error of 0.031 mm in dimple depth, and the error fluctuation was relatively stable, while the maximum errors in the
aperture and the angle of the socket were 0.031 mm and 0.152°, respectively, which met the detection indices.

Conclusions  To improve the accuracy and robustness of the drilling-and-riveting detection process, this project
constructs a visual-inspection system using a FANUC robot as the motion carrier and proposes a binocular-vision detection
algorithm based on crossed laser lines. First, the algorithm uses the center of the laser cross as the matching benchmark
and uses the RANSAC algorithm to optimize the projection matrix. The SA-MLP network model is used to compensate for
the error of deviation point to obtain an accurate boundary-point matching relationship. Second, the generated boundary-
point-cloud data is used to fit the inner and outer contour curves. On this basis, an ideal cone model is constructed for the
drilled countersink hole. The dimple angle and dimple depth of the countersink hole can be derived from this model.
Experimental results show that the point cloud data generated for round holes by the matching algorithm proposed in this
paper increase the planarity of the point cloud by 77.7% and reduce the error volatility by 88.6% compared with the
traditional algorithm. The final detection error in the aperture of the drilled countersink hole was less than 0.031 mm,
dimple angle was less than 0.152°, dimple depth was within 0.04 mm, and the proposed algorithm had better stability and
feasibility than methods in current use.

Key words machine vision; countersink hole; binocular vision; crossed laser; stereo matching; three-dimensional
reconstruction
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