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Mechanical-imaging comprehensive error modeling in

line scan vision detection systems
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Abstract: To address the problem that the accuracy of the line scan vision detection system is easily affected by
the mechanical structure error and the specific influence mechanism is not clear, a mathematical model of the
influence of mechanical error on the system imaging error was established and analyzed. Based on the theories of
multi-system kinematics and homogeneous coordinate transformation, a mechanical system error transfer model
of the line scan vision detection system was derived, and a system error comprehensive model was established
with reference to the line scan imaging characteristics to clarify the correspondence between mechanical errors
and system image output errors. The error sensitivity of the model was analyzed based on the complete
differential-coefficient theory, and the error sources that had a great impact on the errors of the x and y dimensions
of the output image were clarified. An experiment for verifying error sources is carried out and the result shows
that the established system error comprehensive model can accurately identify the key error sources that have the
greatest influence on the output image. The deviation between the numerical sensitivity prediction by the model
and the actual value does not exceed 2.38%, which can achieve the accurate sensitivity prediction of the key error
sources.
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Fig.1 Structure of the line scan vision detection system
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Fig.2 Topology of the line scan vision detection system
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Tab.1 Mechanical error sources in the line scan vision detection system

Class Line error Rotation error
Direction X y z A B C
1-2 position 1o 512)» 12z €12x €12y €12z
2-3 position 03¢ 023y 023 €3¢ €23y €3,
2-3 motion 5235,\' (5235}/ 623.72 €235x 823sy €235z
3-4 position O34y O34y 0342 €34x €34y €34
1-5 position O15¢ 15y 015z &15x 15y 15z
5-6 position Js6x 56y Js6: €561 &6y €562
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Fig.3 Diagram of line scan camera imaging
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errors and their sensitivity

0; Si 0; S;
Ol 1 €15y Z)57Z107 203234
0235 1 56y Z)51Z567 2107237234
Onzsx 1 12z -y
O34 1 £23; -y
Oisx -1 €235z -y
Os6x -1 &34; -y
€12y Zy3tz34 15z y
€23y 234 €562 y
€235y 234

H1 3% 2 W, SR AR AR & x 7 ) iR 25 B
17 iR 22 e, oA 36 6 4R 25 W DL & 11 35
MR . ZRIR 22 TR M RAUERUEI A 1 81, X
FA LR 5 2 X R A A 2R x Ty [ 13 25 1) 5 i Jy =X ]
PAIEAE IR ZEE LM B LR 22, 4 3Rk
] 5% il 190 1m0 7 152 25 2 X BRI A B 3R x 7 1) 1) 158 25
A R, AR 55 25 7 A A B R 0 4 [ )
A2 45 MU A i) 2% 2 il %) [l 2 1 22 0 2 52 i P14
AR FR x T AR 2, JHLX T AN TR 67 Y R e
JEASTR], XFHEUT y 7 1) 0 2 ) 407 5 M e B O

HI A2 (14) FIAZ (17), THE LT 00 o A il 5
bz R AL FR R y J5 R 2ZE I 4R 22 R 0, S
RESE S, EIMEERINE 3 PR, Hp D) HERE
B 22 U 7 502 52 LR AR S8 W A8 52 M R 30, 3R A

_ Y
D00—1+3h(f_L) (18)

H1 2% 3 AT, BURAAR R T p J7 ) i 25 2
22 TR 22 PR R, Horp 4G 12 Ik R 22 U5 LA K 10 33
MR 2200 . SRR 2ZEVR T4y J7 1) 1 4835 25 W xt 1
QAR AR ZR y 7 1158 22 1 52 0 R B A ] 5 4% 2 ) R 28
R 22 IR MR AR BR FR y 7 1] 15 25 14 5% W 2 4 5

x3I ZMER y AEIRERNREBERREE
Tab.3 Error sources that affect y-direction image

errors and their sensitivity

0, S, 0, S,

Oy ~Dy)VI(L~) €235y =D()fxy/(L~)*
O3y ~DOYIL~) &34y =D)fxy/(L~)*
Oy ~DOINL) E1o, =D()(f(z23%234)
S3ay ~DEWIL) ' (LN NLA))
sy DOI(L~) e :Dqgﬁumgﬁ
Jsey DyYI(L~) L))
1o =D)L~ . =D 234/ (L)
S ~DO)IL) 2 L)
023z ~=DWIL~) 341 ~=DWH* (L)
0342 =D)L~ =D)AL~
15z =D)L~ &15x 15217203
b =DOILA )
235z —D)fx/(L~f) . =D)L~
34, —D)f/(L—f) HLAL-A)

DU R A5 B G, X R y I i 5 ) A7 i i) e T

1o o AR 22 PR TR A AR 2Ry T 1) R 22 B R T B
AR 52 e B ) 2 B 55 5 DN W 1) 58 2 5 17 o
BIRTE (634,) VA Koz Sl A6 B 55 150 1) 2 2 A e ] &%
z T IB BIRTE (e2,,) WY R T2 22 WM 53 x T7 18]
1B 5 000 2 R R S W I W TR 58 y T 1) 37
TRIE (634y) VA SAZ SR HR 55 W Wy 24 BR8] ¢ y T
638 BTRIE (633,,) B R B [ IR 52 00 A x A1y 7 1)
(L E R 2 SRR 6] 58 x 7 1) 1R 22 IR A R 2 %2
Ye y Iy AR, IS ZIAES MK M
B, 25 UR 22 IR R AU 2 B MR R GRZEHI W, 1E
FEIT y J7 6] G307 B R R B

4 LIGTHIE

AR HE T 2 RE Bl 5 A R AR e B E
SR E AT L SR R e iR 2R SR A Y LR 22 R
WO, I H 2R 22 255 B R0 S B A ) 2R 8 R AT
A, A TR A% R 2 TR A B R AR RN R
48 B TR 22 R, IR G 1R 22 R B SE B R AU HEAT
ME
4.1 ZPBAEENRELGSH

] 4 S22 5 S PRIBETT I #5449 il L A
MARGE, RN 2 T RGN EESH

20220282-6



s Gk A2

% 12 www.irla.cn % 51 %
Imaging system support module ~ Line-scan imaging module 50% r
o 40% |
€ 100
R I - T T
= & & & & & &
220% + 2 = s s s b=t
g
A 10% +
0
51 2x 5231 5231 5341 51 5x 55 6x
Error source
(a) MR x TT IR ZE ML R IR
(a) Line error sources that affect the x-direction
/ image errors
Motion module Base  Object Object installation module 50%
-
4 LARMERIN RS N
g M% S ¢
Fig.4 Line scan vision detection system = “ g
2 Q
Z
BRATHSHARAKR 2ME 3P HRER Z
3
6; W RELPEFRIBA S, h, P I 7R IR A L S A ”
WG, 1522 B ek 19 .y 7 2% = & & &Rl
12y 15y S6y 12 23z €235z 34z 152 562
R )I%iﬁigiﬂ:’/ﬁ‘ L, BERT R RGE IR 5% Error source
25 y > 3 > N ¥ S ] J7 I PR 22 PR 2R
MBORI LB I X 1L, s DRl () Retation o sttt e the vt
JE B R B FRAE NS Z2 48 A S e R B, T AR ) — image errors
T3 15 53 B A% 4 15 22 YRR [ e 15 22 5 ) R AU 50%
ERAA N L, TP s B o 40% |
<
> 30%
%4 SERNSRNRGES B Zan|S E 888
é 2 9 3 9 9 o 6 @ o w0 e
Tab.4 Parameters of the line scan vision detection A 0% I I I I I I S22 222
<+ < < <
system 0
Parameter Meaning Value (312;» ‘323;» 6235}’ ‘534;» ‘515;» (jsru» (512,» (5232 523\2 (5342 (SISZ (5562
Error source
Z1 z-direction distance between body 1 and 2/mm 140 (¢) i T?y FF RS L R 25 T
)3 z-direction distance between body 2 and 3/mm 30 (c) Line error sources that affect the y-direction
image errors
Z34 z-direction distance between body 3 and 4/mm 0
Z1s z-direction distance between body 1 and 5/mm 625 50% ?.\i
- X
Zs6 z-direction distance between body 5 and 6/mm ~ —70 o 40% r & 3
=
L Distance between the camera and the object/mm 385 E [
f Focal length/mm 72 ;E
é
ky Distortion coefficient/mm 8.64x107° 2
Object size Maximum size of the object/mm 300x300

Il 5 T, S G x 7 a1 3R 25 1 7S T2k 1R 2
5 R G AR ], IR 2T 65, 5 ese, 10 R
A3 510 31.0% FiT 26.2%, 5B 35 v T H Al 0] 4 1% 2%
Wo B, 8 T E AN R GETE x 7 1) L3R AS T Y
R DRGSR, T BEAE Z2 40 15 T R 25 T Asf Xof 4% 3L 751 K 1]
x 7 I IR 2R 25 DA S 3 i — AR R G2 4y s P 8 y oy

iz &34z €y 31y Ein 2 € G Ei1sr Esey

Error source

(d) SZMAEIG y J5 1) 1 22 Y 1] 4 15 22 U5
(d) Rotation error sources that affect the y-direction
image errors

€ 5 475 iR 22 IR R UL T

Fig.5 Sensitivity ratio of error sources in each direction

1] B [0 e 1 2 7 LB A 5 SR TR y J7 1] 1% 22 1Y

20220282-7



ISk A2

% 12 47

www.irla.cn % 51 %

R 22 IR, & AR p T ] (4 215 22 U5 R U =
Fz ), MR ZETE T o5 5 656 B9 REUE 5 HAY
R 37.6% Fi1 32.2%, b 3 m T H A R 22 05 . I
U Ry B PR A I 2R G 7E y 7 ) A4S B A A A 5 SR
T BN 45 BV ] p T ) 0 2R 15 25 D R 36— 1l 1%
RGeS x T R LG R 25 T DT SR

LA T A IR Z IR RGN 2, iR 2 W
x 7 T 2 1R 22 TR T 72 et R x T 1) 15 2 1 5 T A
K,y I5 AR ZEIN MR y J7 83222 IR B, W]
B R P J7 1) 19 26 152 22 U540 ) 28 i T B A
He 55 Bl 18] x Ay T 1] A AR X B AR Ak, A 1 AR
AR B AT TR 5 1717 158 2 U v L e — AR 2R Gy
258 x FGE y I 1) 1 I 2 5 2 VG 6T TG 5w A
B, L R R G T R S R R R e
Vi) P T Bt 15 2 2 T AR AL 1) 5 AR AILAE s g i, G
HOGE R AL 7] 114 5 W) 2 oA T4 A R I A%
PNIIROIEE ScdEw N AR

PRI, Sk PRIE 2R G0 K IDKG BB, 7F 12 48 49 4 00 o
R 7 G20 15 2 I i) ok R v, OB SRS 4% R

] x, y 7 6] B 2k 15 22 FRE JAE— JRUR 3R 48 03 SO 48 x

v 75 T} (9 ] & 5 2 5 A7 4 1, O S 4 T/ 2% 2k AR
ZEVRVA BN R IR ZE TR &15, €560 €15y T 56y ARG
A
42 REFRYERNFZWEKIE

oW B FR G0 15 22 £ A IR S R BB BT 1 E A
e, B B OC B 58 2 YRR 28 4 i o T AR ) LR o 7
JEE, A FZ IR E B T4 £ (Y 2R 4 0 A6 3R 48 R 7
TOCHEIR Z R IE LI . BEON RGE x. y 7 0D

?’éuﬁl$§l§}_§ ljj ttﬁj‘ﬁ"]iﬁ%%?ﬁ E15p~ €56 €15x l/y\& E56x

308 4515 2 R Y S o R BHURE HEA TN E , e R
JERERL T4 21 4 S SRR BEAT XS LE, DT 0 A5
PEATHIE . 7EAIIE R G4 R 2 IR ZE RN RTEE T,
RGN — SRR R 2E IR R 22 (I F AT I 4, W4
% 22 38 TR I P AR R B 45 R v 2% a5 A B 1 A2 A1
Lo A 22 2H R 22 (E 5 I ) — a5 X L A A R A
P BEAT U 12 T AT 2 1R 22 TRAE 1% mi Ak 7 52 PR R A
FEfE

B I IR ZZIRAIR ZE(E AN ey, €€, WL
PG B ) — ) AR AR R R AE 50 pr, pae e pe I
WA S B R AR T i /D T ARIE AR

DU PIED )
leeiz—néz ;
s, AHHURTTRAT s p ISR R GEAEXS T 18] Y
ORAE
TESUE €15, &56, X 52 G0 KR x 7 1] 12 22 52 Wi 1)
S il 300 mmx300 mm B RS G 2E bR E MR
SN, FE N 5 ) LAt R 2 R BN LR A R
€15y 56y M IAIFEIRZE(E -1, —0.5°, 0, 0.5°, 1°, [A] i}
HEAT BIGCR A, JRAE RN | 1E B (0, —100 mm). (O,
—50 mm). (0, 0). (0, 50 mm), (0, 100 mm) .4~ 54 5
VR R B A, G SN [ R 25 T A a5 R 1
(RS Y  A  C SU P U i B I R S St
(1 AL B - BE AR AR (19) T €45, €56, 19 PR R
e, SR 2 TR EIS RBUEHITILEL . 5,0
es6, M BRIE 5 SR R A BRI ) p J5 16 '8 1224k
LA 6 Frs .

S =

(19)

480
460 |
440 |
420
400 |

380 Fx X X X X
360

S/mm-rad™!

—100 -50 0 50 100

o & actual sensitivity &5, theoretical sensitivity
x &sq,actual sensitivity — ----- &5, theoretical sensitivity

[g 6 E15y lﬁ Es6y iﬁirg%)’ ”{‘ﬂCi«"ﬂUiﬁlﬂﬁ 'ﬁiﬁﬁ%l’ﬂéﬂé
Fig.6 Measured sensitivity and theoretical plot of &5, and s, as a

function of y

FEBE €550 £56, X 3R G0 UG y J7 0] 52 ) 11 55 45
o, 7R8I 3% B (—100 mm, 0). (=50 mm, 0). (0,
0). (50 mm, 0), (100 mm, 0) T~ K4k i, HAh ik & 5
ARSI AH A, S AR (19) 715 650 560 FISEPR R
g Re, Jf 5 0 a4 3 TH A Ry Be 2RO HEAT LR
Epsen €56, MY 5 SEBR 7 B0RE B4 ) x 7 1) o7 A
e BN 7 FiR

WEEE] 6 AL 7 H iy S50 8508 PR, X T 52 e &R
g S x 5 T 1R 22 1 [ 55 1R 22 U &5, T &5 1
It RO IR LA B RS B A e RAUE 5 PR

20220282-8



s Gk A2

% 124 www.irla.cn % 51 %
120 i 2.38%, SEIL T XL A A 0 A I AR G O B R 25 TR
1o b3 7 R TR K RO A YRR TN . SC b BT ST A e A A

E © 5 0 PLBE A I 28 B8 0% 22 £ B A A T8 R R g i A
g 100 ¢ s . o _—
B k- SR 3 S BRI A T
“ 90 | e N X
SE 30k
80 . . L . .
—100 —50 0 50 100 [1] Hu Liang, Duan Fajie, Ding Keqin, et al. Study on in-line
X/mm

,s, theoretical sensitivity
----- &5, theoretical sensitivity

o &5, actual sensitivity
x &sq, actual sensitivity

7 15 5 esge RGBT x AL AP EE S BB 1A 2
Fig.7 Measured sensitivity and theoretical plot of &5, and &s6, as a

function of x

T ASAE f KA 22 53 91 1.71% F1 1.84%, HIEARZ %
Sy ARBRSE IR X TR IR R G Ry T iR 2
I 55 R 22 R 65, A esg,, 18I R IR Z L5 A PRI
TS 2 Y B RS SR DA B R A 2 4 3l K
2.38% Fi1 0.94%, H. 7 B Bl OG5 A5 x A A 1 A2 A
PSR R A RIS AR . UL, 7EIRZE AT
A3 T P, e T A0 A T 2R 0 158 2 5 5 R R X
SR 2 R AE N TR0 1) R R B M A b A T
Y5 S BRAAF, 3 3 B 2 AR AR S S0 R G B R 2
VA A R 00 B HL 5 B

5 & g

Dy ] B0 i L 0 A 2R 8 BIL A TR 22 )
PG HASE I L], BT 6§ 3R ST K 4 e A
RERE, SCHRAE BT 2R GENUIRR 22 77 A R U B e i ML )
(A L, N 2 1402 Bl 2 5 57 U AR AR S e BB IR 45
B L ABLAR R S T T A I R S R
FELEA IR, DI T ARG R R 2E 5 A HUR 2
[] B X RS 2R, IS T A DR 22 TR Y RABEE T4 5K
LR B RSB G R 25 U . N R IR 22 L8 B A
X S PR A T LB A AR GEHEAT IR 22 5 RAE
Pras R W], RGACRN X,y 71 2R 22 I3 B —
AR R G0y SCP G x . B8 y J7 1) [l B4R 22 I A0 R
i T HAD RN, J& T Xk R Gk IR R R 22 i
HH SRR IR, & 2R T KIS T L
R R SO A R TR SO T O R
2 WEAE AN [ 7 5 P8y SR A 8 (L T -5 5 s fl 2 AN

[10]

[11]

20220282-9

surface defect detection system for steel strip based on linear
CCD sensor [J]. Acta Metrologica Sinica, 2005, 26(3): 200-203.
(in Chinese)

Chen Changlong, Di Chengliang, Tang Xiaoping, et al. High-
speed focusing technique for lithography based on line scan
CCD [J]. Infrared and Laser Engineering, 2015, 44(8): 2389-
2394. (in Chinese)

Yu Hai, Wan Qiuhua, Sun Ying, et al. A high precision image
angular displacement measurement device with self-adaptive
installation [J]. Chinese Optics, 2020, 13(3): 510-516. (in
Chinese)

Zhao Jiawang, Zhang Yunhai, Wang Famin, et al. Line-scanning
confocal microscopic imaging based on virtual structured
modulation [J]. Chinese Optics, 2021, 14(2): 431-445.

Wu Guodong, Han Bing, He Xu. Calibration of geometric
parameters of line-array CCD camera based on exact measuring
angle in lab [J]. Optics and Precision Engineering, 2007,
15(10): 1628-1632. (in Chinese)

Wang Lan, Sun Bo, Long Changyu, et al. A novel method for
calibrating intrinsic parameters of linear array cameras based on
collinear feature points [J]. Infrared and Laser Engineering,
2015, 44(6): 1878-1883. (in Chinese)

Yuan Guoqin, Zheng Lina, Zhang Hongwen, et al. Multi-
dimensional high-precision calibration method for line-scan
camera [J]. Optics and Precision Engineering, 2019, 27(8):
1901-1907. (in Chinese)

Horaud R, Mohr R, Lorecki B. On single-scanline camera
calibration [J]. IEEE Transactions on Robotics and
Automation, 1993, 9(1): 71-75.

LiY S, Young T Y, Huang C C. Noncontact measurement using
line-scan cameras: Analysis of positioning error [J]. IEEE
Transactions on Industrial Electronics, 1989, 36(4): 545-551.
Luna C A, Mazo M, Lazaro J L, et al. Calibration of line-scan
cameras [J]. IEEE Transactions on Instrumentation and
Measurement, 2009, 59(8): 2185-2190.

Wang Guohui, Qian Kemao. Review on line-scan camera

calibration methods [J]. Acta Optica Sinaca, 2020, 40(1):


https://doi.org/10.3321/j.issn:1000-1158.2005.03.002
https://doi.org/10.3969/j.issn.1007-2276.2015.08.025
https://doi.org/10.37188/CO.2020-0120
https://doi.org/10.3321/j.issn:1004-924x.2007.10.028
https://doi.org/10.3969/j.issn.1007-2276.2015.06.037
https://doi.org/10.3788/OPE.20192708.1901
https://doi.org/10.1109/70.210796
https://doi.org/10.1109/70.210796
https://doi.org/10.1109/41.43014
https://doi.org/10.1109/41.43014
https://doi.org/10.3321/j.issn:1000-1158.2005.03.002
https://doi.org/10.3969/j.issn.1007-2276.2015.08.025
https://doi.org/10.37188/CO.2020-0120
https://doi.org/10.3321/j.issn:1004-924x.2007.10.028
https://doi.org/10.3969/j.issn.1007-2276.2015.06.037
https://doi.org/10.3788/OPE.20192708.1901
https://doi.org/10.1109/70.210796
https://doi.org/10.1109/70.210796
https://doi.org/10.1109/41.43014
https://doi.org/10.1109/41.43014

%124

ISk A2

www.irla.cn

% 51 %

[12]

[13]

[14]

[15]

[16]

0111011. (in Chinese)

Denavit J, Hartenberg R S. A kinematic notation for lower-pair
mechanisms based on matrices [J]. Journal of Applied
Mechanics, 1955, 22(2): 215-221.

Ferreira P M, Liu C R, Merchant E. A contribution to the
analysis and compensation of the geometric error of a machining
center [J]. CIRP Annals, 1986, 35(1): 259-262.

Zhong G, Wang C, Yang S, et al. Position geometric error
modeling, identification and compensation for large S5-axis
machining center prototype [J]. International Journal of
Machine Tools and Manufacture, 2015, 89: 142-150.

Liu Youwu, Zhao Libing, Zhao Xiaosong, et al. Investigation of
error compensation technology for NC machine tool [J]. China
Mechanical Engineering, 1998, 9(12): 4852-4852. (in Chinese)
Zhao Zhuang, Lou Zhifeng, Zhang Zhongning, et al. Geometric
error model of CNC machine tools based on Abbe principle [J].

20220282-10

[17]

(18]

[19]

[20]

Optics and Precision Engineering, 2020, 28(4): 885-897. (in
Chinese)

Wang Wenpan, Zhao Yongzhi, Cao Yuyan, et al. Error modeling
and analysis of photo-electricity telescope based on multi-system
theory [J]. Infrared and Laser Engineering, 2016, 45(8):
0817001. (in Chinese)

Tong Pengfei, Yue Yi, Wei Baochen, et al. Geometric error
modelling of three-axis turntable and sensitivity analysis based
on multi-system theory [J]. Machine Design & Research, 2020,
36(4): 108-112,117. (in Chinese)

Li Hui, Fan Hongjie, Chen Qianrong, et al. Modeling, test and
correction of static pointing error for remotion platform [J].
Infrared and Laser Engineering, 2021, 50(12): 20210161. (in
Chinese)

Fang S, Xia X, Xiao Y. A calibration method of lens distortion
for line scan cameras [J]. Optik, 2013, 124(24): 6749-6751.


https://doi.org/10.1115/1.4011045
https://doi.org/10.1115/1.4011045
https://doi.org/10.1016/S0007-8506(07)61883-6
https://doi.org/10.1016/j.ijmachtools.2014.10.009
https://doi.org/10.1016/j.ijmachtools.2014.10.009
https://doi.org/10.3321/j.issn:1004-132X.1998.12.015
https://doi.org/10.3321/j.issn:1004-132X.1998.12.015
https://doi.org/110.3788/IRLA201645.0817001
https://doi.org/10.3788/IRLA20210161
https://doi.org/10.1016/j.ijleo.2013.05.084
https://doi.org/10.1115/1.4011045
https://doi.org/10.1115/1.4011045
https://doi.org/10.1016/S0007-8506(07)61883-6
https://doi.org/10.1016/j.ijmachtools.2014.10.009
https://doi.org/10.1016/j.ijmachtools.2014.10.009
https://doi.org/10.3321/j.issn:1004-132X.1998.12.015
https://doi.org/10.3321/j.issn:1004-132X.1998.12.015
https://doi.org/110.3788/IRLA201645.0817001
https://doi.org/10.3788/IRLA20210161
https://doi.org/10.1016/j.ijleo.2013.05.084
https://doi.org/10.1115/1.4011045
https://doi.org/10.1115/1.4011045
https://doi.org/10.1016/S0007-8506(07)61883-6
https://doi.org/10.1016/j.ijmachtools.2014.10.009
https://doi.org/10.1016/j.ijmachtools.2014.10.009
https://doi.org/10.3321/j.issn:1004-132X.1998.12.015
https://doi.org/10.3321/j.issn:1004-132X.1998.12.015
https://doi.org/110.3788/IRLA201645.0817001
https://doi.org/10.3788/IRLA20210161
https://doi.org/10.1016/j.ijleo.2013.05.084

	0 引　言
	1 线扫描视觉检测系统构成与误差源分析
	2 线扫描视觉检测系统误差综合模型的建立
	2.1 机械系统误差模型
	2.2 机械系统误差对成像的影响

	3 误差源灵敏度分析
	4 实验验证
	4.1 线扫描视觉检测系统实例分析
	4.2 误差源灵敏度的实验验证

	5 结　论
	参考文献

