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Tab.1 Performance comparison of different calibration methods

Dimension of the . . . . RMSE of Maximum reprojection Contains lens

Method K i . Auxiliary equipment  Algorithm difficulty L K .
calibration object reprojection error error distortion

Horaud™® 2D Platform Low NA N.a. No
Luna!”! 3D No Medium NA 0.71 No
Li®™ 3D No Medium 0.348 1.58 Yes
Sun! 2D Area-array camera High 0.150 NA No
Song!”! 3D No High 0.223 N.a. No
Yao!™ 2D No High 0.460 NA No
Niu!® 3D No Medium 0.160-0.360 NA No
Sul'” 3D No Medium 0.377 1.76 Yes
Liao!"” 3D No Medium 0.120-0.310 NA No
Huil"™ 3D Platform High 0.310 NA Yes
Hui"™! 3D Area-array camera High 0.220 0.36 Yes
Wang!'"” 2D Laser Low 0.37 0.48 No
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The linear transformation theory is used to solve the
equation to obtain the initial value of the model
parameters. X,={f, ¥, a, b, @, D,, D,, ¢}

]

Camera calibration equations F(x)=0

¥
The related matrixs are obtained g,=J"F (x,)
Ax==(JTI+2,1) " IF (X,)

The iteration
parameters
are updated.

An+1s rm Xn+1r Hn+

&2 FEXBRPENBNSHFNSE
Tab.2 The internal and external parameters of the

camera in the simulation experiment

Parameter Value Parameter Value
yo/pixel 2048 flpixel 25/0.007
a —le* b le’®
a/(°) 0 @/(°) 0
D,/mm 1000 Dy/mm 300

The optimized calibration parameters are
obtained. f, y,, &, b, &, D,, D), ¢

¥
End
4 SHME SRR

Fig.4 The process of parameter calculation and optimization
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Fig.7 Test scene
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Tab.3 Parameter calibration results of the 7th fan

bone
Parameter Value Parameter Value
yo/pixel 2055.35 f/pixel 3571.62
a 3.0l b -1.67¢*
al(®) 2.80 ©/(°) 1.32
D,/mm 1449.50 Dy/mm 58.68
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Fig.8 The results of 13 fan bones solving yo and f. (a) The result of
Yo; (b) The result of f
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Tab.4 Analysis of reprojection error

Number Max/pixel Min/pixel RMSE/pixel
4 0.157 0.002 0.086
5 0.241 0.003 0.120
6 0.184 0.026 0.104
7 0.262 0.008 0.122
8 0.224 0.027 0.124
9 0.194 0.011 0.102
10 0.276 0.002 0.129

J35h, FE TR L-M BIE TR R A S5 hr 2
R TR AT A R = R s iR s T L-M
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Fig.9 The proportion of re-projection error distribution
BEVE AN L-M R DAL SR 4~10 AR5 B 9 2 H0h)
{6, 3 50 H T PR A7 i i R A QAR L 4505
2 RMSE. M T AT, 2t 49 L-M R kUK
RO 29 50%, T2 BbRE 45 RO 25 5
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Tab.5 Comparison of parameter optimization
methods
Number Standard L-M Improved L-M
Times RMSE/pixel Times RMSE/pixel

4 18 0.086 10 0.086
5 21 0.122 12 0.120
6 15 0.105 7 0.104
7 16 0.126 8 0.122
8 18 0.125 11 0.124
9 19 0.102 8 0.102
10 22 0.131 14 0.129

4 & %

LR MERIALH 5 A SR LI RR R  E Rie B
FBA N, X F 3k A LN S 800 5 R A AR
R, R R ST, 248 —Fh 3L 2.5D 5 B
MR FERIBLIN S b5 8 k. — 7T, 2.5D b i i 3
H 3D FR 0 1 7 A SR AN 2D AR AR AS | S A
FE I A5, FRAE s B0 22 A WL, kG TR A 5 &
KA A, ELARAE s 515 8 5 et 5 —J5 i, ks
FHE A 208 AR L s s S AR BT T 4 S MR A 15 2 A HE T
G RIPTAJ7 8 6 /N AR E 82, AHAILES 8 05 1) S5
SEWN L B TC AR PR o SCER I, R FH 0<£10°1) B

bR AL S0 S A, b 45 kG B = H— B0k
I, Hirr 89% FHAIE s A 52 1R 25/ T 0.20 pixel,
KR 2T 0.28 pixel, 44 RMSE A 0.112 pixel, It
Ab, FHLL T FRME L-M 535, B9 L-M BL7E AR SE
AN BE 1 [m] b b 2 AR B > — 2, [] ) 3
T ARTEfR I AR AT R

EAS U8 I 2, 207 Y5 0 18 F TN 0 S R
ETR) B | SCYNECE A A I I 5 B 2 AL 58 BUE
BN SR, A T A% I 4 45 v i B D RS
[ IS} R AT Ry oAl ] LY | 2T A5 2 i el 4600 25
KENSERRE MG 25 2% . R, &b e I ik
WA SR B, R B AR AL s v L T 1 iy LA A/
(S R LA PR i SR 2 Ve R B RE IS D, . DI UAS
A5, A REAR A MERR 00 S BRI ME, A 251 E B A
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Abstract:
Objective

Aiming at the difficulty and high cost of regular calibration of line-scan camera internal parameters

in industrial production lines or integrated equipment, a calibration method of line-scan camera internal

parameters based on 2.5D calibration fan is proposed. The appropriate calibration object is designed, and the
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internal parameter calibration model of the linear array camera is established. The linear transformation theory is
used to calculate the initial value of the model parameters, and the improved Levenberg-Marquardt (L-M)
algorithm is used to optimize the camera parameters. The experimental results show that the internal parameters
of the linear array camera calibrated by this method have high accuracy and good consistency. The maximum re-

projection error is less than 0.28 pixel, and the average RMSE is 0.112 pixel.

Methods A specific 2.5D calibration fan was designed. The internal parameter calibration model of line-scan
camera including lens distortion is constructed, which takes into account the two attitude angles of the target
relative to the camera. The initial value of the model parameters is solved by the equation linear transformation
method, and the improved L-M algorithm is used to accelerate the optimization of the camera parameters. The
detailed calculation steps and data processing process are given, and the feasibility of the method is verified

according to the simulation and measured data.

Results and Discussions  The theoretical analysis and experimental results show that the linear array camera
calibration method is simple and flexible, and a large number of feature point pairs with regular distribution can
be obtained. The parameter calibration accuracy is not limited by the camera movement accuracy and specific
direction. In addition, when the angle between the fan-bone surface and the target surface is less than 10 °, high-
precision and high-consistency camera internal parameters can be obtained. The maximum value of the feature
point reprojection error is better than 0.28 pixel, the average RMSE is 0.112 pixel, and the standard deviation is

only 0.014 pixel.

Conclusions Line-scan cameras are often placed inside the equipment in a modular form with other sensors, and
the regular calibration of the internal parameters of such cameras is costly and difficult. In view of this, an internal
parameter calibration method of linear array camera based on 2.5D calibration fan is proposed. The 2.5D
calibration fan has the advantages of both the three-dimensional measurement effect of the 3D target and the low
cost and high precision of the 2D target. The number of feature points is large and the distribution is regular,
which avoids the problem of easy loss of features, and the feature points and image points are easy to match. The
constructed linear array camera calibration model takes into account the lens distortion error and the small angle
attitude between the target surface and the image surface, so that the camera movement direction and the position
of the calibration object are not strictly limited. Experiments show that the internal parameters of the camera
calibrated by the fan bone with 8 < £10° are the best, and the calibration results have high accuracy and good
consistency. The reprojection error of 89 % feature points is less than 0.20 pixel, the maximum error is better than
0.28 pixel, and the average RMSE is 0.112 pixel. In addition, compared with the standard L-M algorithm, the
improved L-M algorithm reduces the number of iterations by half without affecting the accuracy of parameter
optimization.

Key words: line-scan camera;  internal parameters;  calibration;  reprojection;  nonlinear equations
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