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Fig. 1 Distribution curve of undistorted points. (a) Along x, direction; (b) along y, direction
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Table 1 Estimated results of distortion parameters
Selected Real parameter Proposed method Bukhari et al'"”’
Sequence
edges (c,c) A cl,ch A cL,ch A
(a) R1,R4 (320, 240) 3Xx10°° (319.99, 240.05) 2.99X10°° (320. 49, 240.05) 2.99Xx10°°
(b) R5,C5 (310, 230) 1X10°° (310. 11, 229.91) 1.01x10°° (312.22, 229.91) 1.01x107°
(c) R1,C1 (300, 220) 6x10°7 (300.06, 220.75) 6.03X10°7 (307.49, 220.75) 6.03x10 "
(d) R1,R5 (330, 250)  —3X10°°  (330.01, 249.98) —2.99x10 "  (330.05, 249.98) —2.99x10"°
(e) R2,R5 (340, 260)  —1X10°  (339.75,259.56) —1.01x10 " (339.78,259.56) —1.01x10"°
() R1,C2 (350, 270)  —6X107"  (349.64, 268.85) —6.08X107"  (353.56, 268.85)  —6.08x107"
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Fig. 3 Distorted images and corrected images. (a)-(c) Pincushion distorted images and corrected images; (d)-(f) barrel ditorted images

and corrected images
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Table 2 Estimated errors of distortion parameters
Sequence (a) (b) (c) (d) (e) (f)
D, /pixel 0.05 0.14 0.75 0.01 0.28 1.19
Proposed method

R, /% 0.10 0.12 0.59 0.04 0.49 1.34

) D, /pixel 0.50 2.11 7.43 0.04 0.50 3.92

Bukhari et al"!

R, /% 0.10 0.12 0.59 0.04 0.49 1.34
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Fig. 4 Choice of two lines with two kinds of constraint rules. (a)-(e) Corresponding edge of two lines should be as close to center of

image as possible; ()=(j) corresponding edge of two lines should be as far away from center of image as possible

@ 10
E
A r!
& 8r \ n}
= A 0
2 \
= \ I}
c 6 v
i) v \
=] 7 \
o) \
2 4 m A
< 8- g
\
\
- g - H- 4
. w-8-8
0 2 4 6 8 10
Sequence
5

Fig. 5

b — A M AR S0 ik BB e (CL, Cy)=
(320,240) ,A=—5X 10", 1€ A Bl W5 A5 AR i kg 2 g
FEEEE 0. 1 pixel F] 1 pixel, 43 5 F JH Bukhari 2" i1
IHERAR I LR (CL C) A, FER IR (25) 115
T2 P A X R 25 R AR T R A R B A X 1R 2, A I
T A G 43 SN 50 YR BCHLS- SA4E, Z5 SR an 1K) 6 PR .
T AT DL Y B M 7S A B, T R O 1 S8

®) 5

4 \

Mean relative error /%
o

Sequence

VEREA A 30 G vy (47 2 ik 45 22 o (a) P 29 248 X0 15 22 5 (b) 1 By AR X 15 22

Average estimation errors when different edges are selected. (a) Mean absolute error; (b) mean relative error

o1 ARG B H& R F % . M EL T Bukhari % /9 7 32
AT HE R T 2 &0 % 8 R wr AR 2 500 B
BRERAR E TN AP AR SO I AR 22 A Bk
A B 3 5 pixel, i Bukhari 2585 ¥ (9 32 S AR 22
e RIRE| T 15 pixel , X o2 N A 07 ik HA 409 1
AN R R

ZiG VL B pral LA AR L T B BT AR

1315001-6



£ 435 F 13 H9/2023 £ 7 A/RFZH

(@ 20 ()12
- -0O Bukhari et al.l® -G Bukhari et al.l'!
= -2+ proposed method [} g 10 } - proposed method
T 15 =
g ,,W E: 8 L
5 & o
12,
£ 10 " £ 6
3 o =
173] ’ 8
| o g 4t
g 5 -2 < ;
< L e 0 =2 &
-8
- P
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Noise level /pixel Noise level /pixel

K6 M AR A R 22 P o (a) TR 22 5 (D) A2 ] I A8 1R 22
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Table 3 Estimated results of real distorted images

Sequence Image size Distortion center Distortion parameter
(a) 256 X 256 (C,, C,)=(130.92, 131.59) A=—1.6814X10"°
(b) 720X 480 (C,, C,)=(333.64, 258.33) A=—1.1934X10"°
(¢) 800X 600 (C,, C,))=(369.90, 271.13) A=—1.7466X10"°
(d) 1024 X 680 (C,, C,)=(490. 33, 308.66) A=—2.4160X10"°
(e) 25601920 (C,, C,)=(1228.90, 942.75) A=—1.0704%10""°
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Abstract

Objective Most computer vision applications, such as structure from motion and camera pose estimation, rely on the
assumption of linear pinhole camera models. However, the pinhole assumption is invalid for most commercially available
cameras, and distortion correction for digital cameras is necessary. Methods for distortion parameter estimation can be
classified into three major categories: point correspondence-based methods, multi-view auto-calibration, and line-based
methods. Point correspondence-based methods estimate the distortion parameters by using a known pattern such as a
chessboard, and they are highly reliable and accurate in distortion parameter estimation. However, these methods have
high requirements for working conditions. Multi-view auto-calibration aims to extract camera parameters automatically
from a sequence of arbitrary natural images without any special pattern. The main limitation of the method is that it requires
multiple images under camera motion, and it is inappropriate for fixed cameras and online distortion parameter estimation.
In contrast to the point correspondence and auto-calibration methods, line-based methods estimate distortion parameters by
using distorted straight lines from a single image or a small number of images and can achieve robust distortion parameter
estimation. However, line-based methods require at least three or more distorted straight lines to estimate the distortion
parameters. In our research, we find that two distorted straight lines can provide the constraints of distortion parameters,
and the ranges of the distortion parameters can be determined via these constraints. Based on the above conditions, we
present a novel method for distortion parameter estimation via two distorted straight lines, and experimental results

demonstrate that the proposed method is robust and efficient in distortion parameter estimation and can be widely applied.

Methods  According to the property that the straight lines in three-dimensional (3D) space projected to the two-
dimensional (2D) image plane do not change, an estimation method of lens distortion parameters based on two lines is
presented in this study. Firstly, two distorted edges, which correspond to two straight lines, are used to derive the
equation satisfied by the distortion parameters, and the ranges of the distortion parameters are determined using the size of
the real image. Then an optimization objective function, which contains the distortion parameters, is constructed according
to the fact that there are deviations between ideal straight lines and distorted straight lines, and the optimal distortion
parameters are obtained using the enumerating-search method. The simulation and real experiments show that although the
proposed method only uses two lines, it can accurately and effectively estimate the distortion parameters, which has

obvious advantages compared with the mainstream methods.

Results and Discussions The simulated grid images and real images are used to test the proposed method, and the
following results can be obtained:

1) The proposed method is extremely accurate in distortion parameter estimation (Table 1 and Table 2), and it is
applicable for correcting pincushion and barrel distortions (Fig. 3).

2) In order to ensure the reliability and accuracy of distortion parameter estimation, two distorted straight lines, which
are far from the image center, should be selected to estimate the distortion parameters (Fig. 4 and Fig. 5).

3) The proposed method is robust with respect to varying noise levels from 0. 1 to 1 pixel for simulated images, and it
is better than the mainstream methods (Fig. 6).

4) The proposed method is accurate enough for correcting real distorted images (Fig. 7).

Conclusions We propose a novel method based on two distorted straight lines to estimate the distortion parameters. This
method works on a single image and does not require a special calibration pattern. Experimental results show that the
proposed method is robust and accurate in distortion parameter estimation compared with the mainstream methods, and it

is extremely useful in many applications such as self-driving and self-parking.

Key words machine vision; image processing; line features; distortion correction; radial distortion
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