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A Calibration Method for Camera Intrinsic Parameters and Image Distortion
Decoupling with Extrinsic Parameters
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Abstract: Based on the relationship between infinite points and camera intrinsic parameters, a calibration
method for camera intrinsic parameters and image distortion was proposed, which can realize a decoupled
calibration among intrinsic parameters, image distortion and extrinsic parameters. First, solving camera
intrinsic parameters from the projective equations of image of absolute quartic. Second, taking a
reprojected point as an ideal image point and solving image distortion coefficient. Third, taking
homography among sequence images as parameters to be optimized and taking reprojection error as cost
function, then the final outputting results include camera intrinsic parameters and image distortion
coefficients. Under the identical configurations, the calibration precisions of the proposed method and
Zhang's method were simulated respectively and compared together. By using the 27 views of planar
objects with different pose, the calibration experiment for the camera intrinsic parameters was conducted
by the proposed method and Zhang' s method respectively. The results show that, the calibration
precision of the proposed method is improved at least 1% to compare with Zhang's method. In the
calibration experiment, the reprojection error of Zhang's method and proposed method is 0. 064 pixel and
0. 008pixel respectively.
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0 Introduction

Camera calibration in photogrammetry is to solve
camera intrinsic parameters, extrinsic parameters and

21 1In a videometric

image distortion from experiments'
technique and an optic technique, special equipments

and spot include theodolite, collimator tube and

L4 Camera calibration has been

calibration test site
presented since the computer vision appeared. In
computer vision, a camera calibration process is
accomplished through analyzing captured images.
Current camera calibration methods can be classified
into 3 categories: traditional camera calibration
methods, camera calibration methods based on active
vision and camera self-calibration methods.

Traditional camera calibration methods use scene
information, includes control points or lines with
accurate coordinates, to solve camera intrinsic and
extrinsic parameters. Traditional camera calibration
methods can be classified into 3 categories: 1)
method. The

between 3-D control points and its corresponding image

Nonlinear optimization relationship
points is nonlinear. So, firstly,the cost function should
be constructed and then optimized. Most methods in
photogrammetry are belonging to this category”™’’. 2)
Direct linear transformation method(DLT). DLT was
proposed by Abdel and Karara™. DLT methods are
fast, but neglect the image distortion and the constraint
relationship among parameters. So, the precision of
DLT methods is low. 3) Two-step methods. These
methods solve most parameters by DLT and other
parameters by nonlinear or iterative optimization
algorithms. Among all the two-step methods, Tsai
calibration method and Weng calibration method are
most typical®'*,

Camera self-calibration methods only use the
relationship among sequence images to solve camera
intrinsic and extrinsic parameters in a difference of a

scale factor related to real results™! "%,

Self-calibration
methods need no initial value, so they are different
from most optimization algorithms needing initial
value, e. g. bundle adjustment. Camera self-calibration
methods are frontiers of modern science and
technology. Fraugeras first proposed the idea of self-
calibration methods and introduced Kruppa equation
describing constraint relationship

among sequence

images, making camera self-calibration with general

131 For the given difficulties of

motion possibility
directly solving Kruppa equation, many researchers
proposed the step-by-step calibration methods.

Camera calibration methods based on an active

computer vision require camera do some controllable

rotating around optical center and
[57  With the particularity of

motion, e. g.
translation merely
controllable motion, camera intrinsic and extrinsic
parameters can be solved. During a process of hand-eye
calibration, the motion of camera can be controlled
accurately, and therefore these methods are used
frequently.

The precision of camera intrinsic parameters, not
factor affecting

extrinsic parameters, is a key

measuring precision of vehicle-theodolite’ s platform

[16]

vibration However, most calibration methods solve

intrinsic  parameters and  extrinsic  parameters
simultaneously. In order to decrease the reprojection
error, it needs to optimize intrinsic parameters and
extrinsic parameters. In this case, the reprojection
error caused by an extrinsic calibration error can be
adjusted to intrinsic parameters, increasing intrinsic
parameters’ error. For this particular requirement, a
calibration method for camera intrinsic parameters and
image distortion based on planar target was proposed in
this paper, which can realize decoupled calibration

among intrinsic parameters and extrinsic parameters.
1 Calibration method for
intrinsic and image distortion

camera

The key idea and principle is that; First, solving
intrinsic parameters from the projective equations of
image of absolute quartic. Second, taking a reprojected
point as an ideal image point and solving image
Third,

among sequence images as parameters to be optimized

distortion coefficient. taking homography
and taking reprojection error as cost function, then
outputting final results including camera intrinsic
parameters and image distortion coefficients.

1.1 Theory of camera intrinsic parameters calibration

Absolute quartic £.. is a quartic on infinite plane.

In a reference coordinate z.. = (0, 0, 0, 1) and point
X= (X,, X,, X,, X,) on Q. satisfies
N =0 @D
x
0. can be defined as
(21 x5 2,)R.. (2, 25 2,) =0 2

From Eq. (2), Q.

(1 £:/0)" is two intersection points of all

is a quartic consists of circular
points,
spatial circles and £...

Point X.. on z.. can be written as X.. = (d", 0)"
and note its correspondence image point as x

d

x=PX —KR[I|—C] <O>:KRd:Hd (3)
where P is a projection matrix. K is a camera intrinsic
matrix. R is a rotation matrix from reference coordinate

system to camera coordinate system. H is a homograph
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transforming infinite plane to image plane.
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Fig. 1
Under the condition of point transformation x =

Absolute quartic and its projection on image plane

Hd, quadratic transformation can be derived as
d'Q. d=H'x)"Q (H 'x)=
X'(H"Q H Hx=x"Q x 4
Substitute H=KR into Eq. (4).
Q. =EKR 'Q (KR '=K "(R'IRHK '=
(KK") ! (5)
The projection of spatial conic £.. on image is
noted as .. Once Q. is identified, camera intrinsic
parameters can be obtained by Cholesky matric
decomposition.
represented by

The quadratic equation is

nonhomogeneous coordinates.

ax’ +bxy+cy' +dxteyt f=0 (6)
Eq. (6) is rewritten as a matrix form.
x'Q.x=0 D
And
a b/2 d/2
Q. =|b/2 ¢ /2
d/2 e/2 f

Quadratic curve has 5 freedom and 5 general
points can define a conic uniquely. As analyzed above,
we know that arbitrary plane intersect absolute conic
with 2 circular points. Note transformation from plane
m; to image plane as H;. The projection on image of

circular point is written as

x 1 x 1
pi= |y |=H|i|, pl=|y|=H |—i
1 0 1 0

Substitute it into Eq. (4)

()’ v (v)' o oy 1
(x2)* Ty ()" o w1
(Iil,ﬂ )2 1711713’,1,71 (y,'ﬂ )2 11[,71 yilﬁl 1
()’ T, (v)* oy 1
¢c=0 (8)
And

c=(a b ¢ d e f)'

Projection equation of absolute conic can be solved
uniquely on condition that there are more than 2 planes
in space.

1.2  Calibration for image distortion based on point
correspondence

Without loss of generality, only considering frame
£ 7 in sequence images, the relationship between ideal
image point El and spatial point P; can be written as

p,=HP, 9

Considering D. C. Brown image distortion model,
real image point and ideal image point has the following
relationship

p,=[1+k (r)) k() +k (F) p,+

Zkzxjyj +k, [ (rj )Y +2 (xj )? ]
2ky iy R [ ()" 2 ()" ]

And

(rp)) = (x) + (y)°
where k,s ks kys ky,

(10) is written as a homogeneous

(10)

k, are image distortion
coefficients. Eq.

linear equation on image distortion coefficients.

____/,:{ ) Zi
//_=_4/'=§:’/ V41
/’ Py
I I D OP,
Optical g T Op Planar
center * target

Image plane

Fig. 2 Point correspondence between space and image

Suppose that there are n images and each image
has m correspondences. Homogeneous linear equations
can be written as

A, ks =B, .. (1D

Eq. (11) is solved by least square method.
1.3 Iterative optimization method

Without loss of generality, only considering i-th
frame and computing reprojection error e;.

Note image point deleted distortion as i)»’, , then

pi=1[ 14k, (F) kb (F) +k (F) p+

2k, iy ks [ (P H2(2)" ]

(12)
2kyxjy; Fh [ (r)) 2 (3)" ]
Reprojective image point ;)Jls expressed as
E; :HiPJ
The reprojection error is defined as
e(H)=X2d(p). p))* (13)

i=1j

The problem of computing homograph is changed
into a problem of optimization:
H,, e(H)

Finally, the optimal camera intrinsic parameters

=min

and image distortion coefficients are solved through
§1.1and §1.2.
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2 Experiments

Experiments include 2 parts, simulations and
physical experiments.

Experiments mainly consider two calibration
methods, Zhang's calibration method based on planar
target"' and our method. Zhang's method is proposed
by “camera calibration toolbox for matlab-Jean-Yves
bouguet”.

2.1 Simulations

Extraction noise, position noise and image number
are three factors of calibration precision. For these 3
factors, we design 3 simulations individually. In these
simulation models., camera resolution is 1024 X 1024

pixel and equivalent focal length is 2 700 pixel. Fig. 4 is

Solve homograph between spatial
plane and image plane
¥
Solve camera intrinsic parameters
from homograph

i

‘ Solve image distortion from homograph ‘

{

‘ Compute reprojection error |

Optimize
holograph by LM

udge terminal conditiomn

Output camera intrinsic parameters
and image distortion coefficients

Fig. 3 Flowchart of proposed decoupled calibration method
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Fig. 4 Simulated planar target

simulated planar target consisting of 16 squares. Size of
every square is 20 mm X 20 mm. FEach condition is
simulated 100 times.

1) Extraction noise

In this simulation, there are 6 images and each
Add different Gaussian
Compare our method with Zhang' s

image has 64 control points.
noise into image.
method by calibration results and compute calibration
The results show that: 1) Our method is

superior to Zhang' s method under same extraction

error.

noise. 2) The calibration error is increasing with the

increase of extraction noise.
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2)Position noise

In this simulation, there are 6 images and each

image has 64 control points. Adding different Gaussian

noise into control points. To compare our method with

Zhang's method by calibration result and compute the

Relative error of principle

Relative error of equivalent focal

Error distortion coefficient
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Fig. 6

3)Number of images

In this simulation, adding Gaussian noise with

Reprojection error/pixel

N W R N

Relationship between calibration error and extraction noise

| ™ Proposed method |
- Zhang' s method
L 1
0 1 2 3 4 5
Gaussian noise/pixel
(f) Comparison of reprojection error
calibration error. The results show that: 1) Our

method is superior to Zhang's method under same space

point position noise condition. 2) Calibration error is

increasing with the increase of position noise.
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Relationship between calibration error and position noise

mean value of 0 and standard deviation of 0. 5 into

control points and image points.
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control points. The number of images increases from 6
to 20. To compare our method with Zhang's method by
calibration result and compute calibration error. The

results show that: 1) Our method is superior to Zhang'
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s method under same number of images condition. 2)
Calibration error is decreasing with image number

ranged from 6~20.
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Fig. 7 Relationship between calibration error and number of images

2.2 Physical experiment

Planar target is a glass chessboard with 484 corner
points. Each square’s size is 15mm X 15mm. Camera
type is IMPERX IGV-B2520 with resolution of 2456
pixel X 2058 pixel. Focal length is 50 mm and pixel size
is 3.45 umX3.45 pm.

We captured 27 images with different pose. To
use Zhang' method and our method solve camera
intrinsic parameters and image distortion coefficients.
Table. 1 is shown results, which indicate that: 1) Our
method is improved to a large extent in terms of
reprojection error. 2) Principle point calibrated by our
method is closer to nominal values, while equivalent
focal length calibrated by our method is further away
from nominal values. The reason is that: 1) Nominal

value is not true result. Assembly error cannot be

neglected. 2) Cost function based on reprojection error
is not convex and this may lead to a locally optimal

solution.

Fig. 8 Glass chessboard
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Table 1 Calibration results of physical experiment

Principle Equivalent focal Image distortion  Reprojection
point/pixel length/pixel coefficient error/pixel
cx cy fy ko e
Zhang's Method 1160.4 776. 2 14 590.7 14 618.9 —0.051 0. 064
Proposed method 1180.3 1097.9 14 860.1 14 779.8 0.008 0.008
Nominal values 1228.0 1029.0 14 492.7 14 492.7
. for camera calibration from a single image with four coplanar
3 Conclusions control lines[J]. Applied Optics, 2004, 43; 5364-5368.
[7] ZHANG X H, ZHANG Z, L1 Y, et al. Robust camera pose

The precision of camera intrinsic parameters and
image distortion is a key factor of measuring vehicle-
theodolite platform vibration. For the special working
environment of vehicle-theodolite, we proposed a
calibration method for camera intrinsic parameters and

which

calibration among intrinsic parameters and extrinsic

image distortion, can realize a decoupled

parameters. According to the research in the paper,
the main conclusions are that the calibration error is
increasing with the increase of the extraction noise and
the position noise respectively and decreasing related to
image number ranged from 6~20. The same as Zhang's

method, our method is also an off-line calibration

method, cannot be applied in real-time systems.
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