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ABSTRACT

Vision measurement technology is technology thds ge&formation about measured object being imagined
Therefore, measurement accuracy is directly relatedamera parameter calibration accuracy. As foe tamera
parameter calibration problem, this paper proposesamera parameter calibration method based on tene
optimization algorithm. A more comprehensive canmeraging model can be built through the ideal pilehmodel
radial distortion, tangential distortion and distin correction affine and non-orthogonal; A momentprehensive
camera imaging model can be built through the idgiahole model radial distortion, tangential diston and
distortion correction affine and non-orthogonal; idg high-precision coordinate measuring machine ahd
luminous intensity adjustable infrared diode comgmanto build a virtual three-dimensional calibratidemplate
provides high-precision calibration space calibmti point of calibration . We can derivate reversebfibrated
control points by calibration parameter to obtaegularized stereo calibration error 1.082 and Startideviation
of the thrust reverser 0.016. So the calibratiorthrod proposed in this paper is feasible and hasdgealibration
accuracy.
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INTRODUCTION

Vision measurement technology is a new measuretaehhology and a breakthrough of measurement conlitep
will extend measure technology to bionic technoldigid [1].1t also adapts to higher requirements of measient
technology in measuring precision, measurementeramgl measurement conditions with a new measuraygof/
thinking. The measured information is obtained by a CCDerarin visual measurement technique. Therefore, the
CCD camera is one of the key components of visieasarement system and system performance deperttis on
calibration accuracy of CCD camera paramfe3]. In order to improve the performance of visa@easuring
system and reduce the CCD camera parameters’ mau overall performance to minimum, the CCD aame
must be accurafd,5]. The CCD camera parameter calibration alparibased on. a genetic optimization algorithm
has been proposed after researching the existingroéra parameter calibration algorithm and theacheristics of

the camera model.

EXPERIMENTAL SECTION

CCD camera calibration model

CCD camera imaging model is a mathematical desoniff physical process from imaging of space disjéa the
camera image plane. And it can exactly grasp thamgéric relationships between the objects and thages
according to the model. On basis of colinearityhpie imaging model, a more comprehensive moddi®fcamera
calibration being corrected by system aberratianbeen established in this paper.
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In order to describe the camera imaging processgtha@amera parameters, the world coordinate sysfeoé
coordinate system)the camera coordinate system, pixel image coorgisgstem, the actual image coordinate
system are necessary to be  builted. The world ¢ome system (X,Y.Z, define a
three dimensional space of a common coordinatesysiccording to the practical need to determirectiordinate
system origin position and direction. The camenapective projection center C is as to originoDthe camera
coordinate system &.Y Z., axes Zis perpendicular to the image plane of the cameeras X and axes Yparallel

to the horizontal axis and vertical axis of thegbinnits correspondingly. The origig@f pixels image coordinate
system guv is created on image plane in the upper left @graxes u and v parallel to the horizontal axid an
vertical axis of the pixel units corresponding. Tdrégin o, of actual image coordinate systenxyis built on the
node of the optical axis of the camera and the enalgne of the camera, axes x and y is to the Iphtal the
horizontal axis and vertical axis respectively. Theethod of establishing the coordinate system iswshas
Figure 1.

Camera parameters describe the relative positidrdaBction between the world coordinate systemthrdcamera
coordinate system. Through a 3x3 rotation matrami a 3x1 translation vector T to describe. In otdeset up the
link between any Rin world coordinates and anyimages coordinates. It needs to change the spawdicates
transformation | to the camera coordinatg,Rransformation process can be expressed as

Xo=RX,+T 1)

1 T2 T3
WhereX = (XC,YC,ZC)T : X, = (XW,YW,ZW)T . (tx,ty,tz)T : R=|ry Iy rus;rotation matrix R is
31 T3z P33
the unit matrix, it can express through the rotaf\mgle of passing around the Xc, Yc, Zc axiBuler angle, ,p,x
can be expressed as (figure 2).

Fig. 1 Coordinate system transfor mation

r; = COSK CO®p

I, =COSK Sing siw+ Sik co®
I3 =SiNK sinw— cok siy Cco®
I,y = —Sink cosp

r,, = COSK COSv— SiK Sip Siw @
I3 = COSK Sinw+ Sirk sip co@
r3; =sing

I3, = —COSP sinw
I35 = COSP COSV
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Fig. 2 Euclid angle expression

According to formula (1) and (2), the calibraticawrameters,¢,x can be determined to be

r
w= arctar(—ﬁj
M3

¢ =arcsin(ry,) )

r
K= arctar[—ﬂJ
M1

The camera's internal geometry and optical progexif the lens can be described by camera intparaimeters.
Camera internal parameters mainly include the g¥fedocal length f and the image plane coordinatiethe center
(up,vg)- In the actual imaging system, a deviation ofigetion point offsetting the projection center wikk occurred
unavoidably because of the machining ad assemibyseof the lens and the CCD camera, and the intiod
errors in the image acquisition process. Theretbrejdeal pinhole model can not meet the requirgsand a more
perfect camera imaging model must be adopted. ®disis of the pinhole imaging model, camera inggiodel
can be built after correcting the various distortfactors in the process of camera imaging, tdbcatié camera
parameters more precisely.

According to the characteristics of camera idealhpie imaging model, the correspondence betweerespa
coordinates of poin®.(Xy, Y« Zi)and ideal perspective projection on the imageetzoordinateg, (x;,y;) can be
expressed as

Xi' _ f Xci
[YJ _Z_u[ Y; } @

Because of the digital image acquired by cametthenform of a two dimensional array is stored ia tomputer
and the image plane position,\;) of each pixel in the image coordinates is the fBxelws and columns in the
array, So there is not physical units showing tbsitfpns of the pixels in the image. Sktindd, as a single physical
size pixel in thex axis andy axis direction, then the transformation relatiotwssn Pixel Coordinates(v;) of any
pixel in the image pixels;®y and coordinate system;fx) in the actual image;y is as following:

X1 _[d(u-w)
= (5)
vi] [dy (%)
Pinhole model is only an approximation model of eamnimaging process. As the existence of variogtdion
factors in the process of actual imaging, the imhgespace coordinates points is not on the pinhadelel ideal

position(x;,y;), however, the image is on plane positiogy;) influenced by distortion factor actually, For thes
two ,after distortion correction it can be expresas:

X | _| % +ox 6)
Yol Ly +oy

Where{ 0% =O0X%gip + O %rip + O Xanp
0Y; =0Y¥rip +O ¥rip + 9 Yanp
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Radial distortior{ 8xir p,0YirLp) primarily is caused by a large off-axis angle #m& manufacturing defects of lens,
generated the optical center in the radial directiod gradually increases, can be approximatelyesspd as

[%LD} X (Il +hop* +kor®)

oV - 2 4 6 @)
Yirwo ]|y (kg +kop* +kor®)
Where =(x*+y>)>——the distance between the image points;,y;) and the camera optical axis;
ki1,ky,ks ——Correction factor for the radial distortion

Tangential distortion(8xir.p,8YirLp ) Mainly is caused by the curvature of the lens caateot strictly collinear, can
be approximately expressed as

[&qm}_ pu (2 +2¢)+2p,x y o

OYro] |2pxy+ pz(;z+2yz)
Where p,p, ——the tangential distortion correction coefficient

Affine and non-orthogonal distortiofdxir.p,0Yirip) IS mMainly caused by horizontal and vertical piséde of
inconsistency and scanning image acquisition camhged in error and the non pixel vertical line thstortion can
be approximated as

O%anp |_| "B+ By
|:5yiAND:| _{ by } ©)

Where h,b, ——Affine and non- orthogonal distortion correctiorefficient

In summary, within the parameters of CCD camertecéife focal length f, the center coordinategvg) of the
image plane, radial distortion correction coeffiti€k;,k»,k3), the tangential distortion correction coefficiépt,p,),
distortion and non-orthogonal affine distortionreation coefficient{b,,b,).

Using evolutionary geneticalgorithm to calibratencara parameters

The traditional optimal method of calibrating line@mera parameters is easy to fall into the pé@oavergence
and a situation of converging local extreme pgintdeanwhile, the algorithm requires very high abdg $election
of initial point, If the initial is not good , it easily leads to thetimal results deviating from the true value or
obtaining a local minimuen Further, since the objective function of the caltion of the camera parameters
including many optimal variables This leads to the error of the global minimizatisrobtained on the basis of a
large number of local minima extreme limit; Thuspretimes leading to the final result of the optiatian is the
local optimal solution rather than a global optirealution. A large number of engineering practibese proved
that the genetic algorithm to nonlinear optimaltgeons has a good stabilityMeanwhile, when using the genetic
optimal algorithm to calibrate the camerafter the fitness function and chromosomal vecterdetermined the
solving process of problem has nothing to do witelf, easy to meet orthogonal rotation matrix t@sts.
Therefore, use genetic optimal algorithm to optartize parameters for camera calibration.

Genetic algorithm is an intelligent evolutionaryngautation method involves a large number of evolutionary
control strategies and control parameters in thige@mentation process, by designing strategy vagabhd control
parameter variables , coordinating the relatioowbeh various factors , which aim to achieving tlesttoptimal
results. Here, the problem of camera calibratiorapeters optimization based on genetic algoritradescribed as

a function F with a three-dimensional mathematiadel :

F(S(a,B8.y.2.&).V(.N, p,, Pp.Gpe, ). T(0)) (10)

Where S——Genetic strategy vector that determines the stdtesistence and the evolutionary way of the state
V——Vector of control parameters affects the proces® if the evolution
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f— Fitness function is transformed from the optimigjleative function , the optimal problem of cameeagmeters
is a minimal extreme problemAmong, the vector of chromosonteconsists of all calibrated camera parameters to
be as genetic constitutionexpressed as

0={a,¢ K t,t,t,f,d, d, uyve Ky, Kk, Ky Py, P, by,b,Y (11)

Among, the respective components of the veGandV of are described in Table 1.

Table 1 Notation of variables

VectorS VectorV
Symbol Meaning Symbo Meaning
a Coding strategy | Individual coding length
B Select the initial populatio N The initial population size
y Selection operator Pc Crossover parameters
¢ Crossover Prm Mutation operator parameters
'3 Mutation operator Grax Maximum evolution algebra

Fitness function is the bridge and link associaledactual optimal problems with genetic algorithihwill express
the optimal objective as a function of influencifagtors, through the evaluation of population f#sealue of each
individual to find the best combination of factaad achieve the problems of optimization. Cametdoredion
parameters is to make the camera image obtaingdebynaging model and the actual image point coateis of
the square of distance between the observed values;) i=1,2,....,n and the obtained valugsi, v;) i=1,2,...,n
is the minimum. Therefore, the definition of fitsefsinction is

0= 2:{ui(0)-u 0. 4¥l0.)-v (0.1} 12

Among,  (u;(6,), vi(6,)) is the chromosome vectérand the calibration control points Pi, obtainedhwsy use of

the camera imaging model pixel coordinatég;(6,), vi(6,)) is the actual coordinate of image observation betw
chromosomd), and calibration corresponding to the control p&int

In summary shows that the goal of the optimal canparameter calibration is through determiningrtisimum
value of the fitness functiontf( to determine the optimal calibration results

0, =arg rr;inf (0) (13)

RESULTS

To validate the proposed camera calibration metphathmeter optimization, calibrating Kodak Megapldsl
camera parameters . Camera manufacturers provigicph parameters : the image plane size , focoiszdmtal

and vertical axis of a unit pixel size. Camera nfiacturers provide the physical parameters: imagaeplsize
1316pixelx1035pixel, focal lengfikl2mm, Horizontal and vertical directions of the unixgli sized,=d,=6.8um.

Through the analysis of the existing controllednt®ibased on the provided a calibration methoahgusf infrared
light-emitting diodes with CMM probe moves in thpase constructed a large size virtual three-dinosagi
calibration template ( Figure 3 ). On the one havércoming the large-size three-dimensional calibn template
processing, calibration difficulties shortcomingseeting the large size of the camera vision measeme system
within the parameters of the special requiremehtscourate calibration; On the other hand, thebcation of the
spatial distribution of control points is considtemth the actual measurement range , easy to eehigobal
optimization parameter calibration .

Calibration experiment used coordinate measuringhina is Brown & Shape 's Gloab Image 153010, & ha

measurement range 1500x1000x3000mMeasurement uncertaintyedz(3.0+L/333um, the unit of L is m .As
shown in figure 4.
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Fig. 4 Dummy solid calibration template

For optimization using genetic algorithm to optimihe camera parameter calibration, need to setigealgorithm
parameters . As shown in table 3

Table 3 Parameter s setup of GA

Set the parameters Choose to calculated paramet@rsssover operator parameters
Number of values 0.08 0,1
Mutation operator parametels Population size Marimunning times
2,200,3 40 200

Based on the initial parameters in Table 3, geimgyata search scope of the optimized camera edidor
parameters. Optimal Solving the calibration tenel320 calibration controlled points of the 440 colfed points
provided by the virtual three-dimensional calibwatioptimization solutions by genetic optimizatidgaaithm, and
ultimately determine the camera intrinsic paranget€alibration results are shown in Table 4.

Figure 5 shows the use of genetic algorithms tonopé in the process of solving , evolving the tielaships
between algebra and optimization evolutionary efdbjectives ,the optimization of search resulpsdig converge
to the optimal solution with the generation incesasf evolutionary.
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Fig. 5 Formulation of Optimization object and computation generation

To evaluate the accuracy of the calibration pararsetising normalized stereo calibration error NS set
distorted image coordinate precision calibratisutes as the evaluation criteria :
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1. Stereo calibration error NSCE normalization folanis defined as

NSCEzlind-xa)+(zi—n)r

nZ 7,17+ 712

Where, (X ¢, Y'¢i» Z;) —— to calibrate the ideal values of the control peimbrdinates in the camera coordinate,

can be determined by (XY wi,Zwi)-

(X Y¢) ——the corresponding measurement value, can be dekedrbly the image point coordinatas, v;) .

When NSCE1 calibration method has good performance.

Involved in optimizing the use of calibrated 320ntol points calculated normalized stereo caliloraterror

NSCE=1.028 , indicating that the algorithm has gpedormance.

Table 4 Calibration result of the camera internal parameters

Parameters f (mm) U (pixel) Vo (pixel) dy (Um)
Calibration values| 12.088 -13.752 5.468 6.810
Parameters d, (um) ki ko ks
Calibration values|  6.803 -9.854x1(0' | 4.855x10° | 7.246x10
Parameters Py [ by b,
Calibration values| 2.142x10 | -6.061x1F | 8.182x1¢ | -3.113x1C

2. The image distortion coordinate accuracy, will aptimize the control of the calibration of theage 120 of the
observed value of the coordinates of the calibnatontrol points from the three-dimensional spaserdinates
using the distortion factors to consider calibratimodel to obtain a distance between the estimeafde of the

difference as accuracy evaluation criteria. Figuie a dot between the actual value and the estidifference in
distance .

ol
E

="
=)

o
=4

=)
]

Distance deviatim (pizels

o

L L L L L
20 40 60 60 100

The number of image points

o

120

Fig. 6 the discrepancy between real value and estimated result

Inverse calculation involved 120 image points ( involved in optimizing calibration ) of the actuabordinate
values using the known spatial calibration conpoints obtained by the camera imaging model théanis
between the coordinate values of the mean err@:.GH0 pixels, the standard deviation is 0.016 gixetombined
with analysis of figure 6 shows that the propodgdr&hm has higher calibration accuracy.

CONCLUSION

This paper proposed the method of calibrated capem@meters optimization based on the genetic itthgorIn the
ideal pinhole model, establishing a more comprelsenamendment calibration model based on the pamme
providing space for calibration control points thgh a virtual three-dimensional high-precisionlmation template;
establishing a legacy camera parameters optimizatiodels and mathematical description of the férfesction.
Finally, the experiment proves that the methodemsible, with high calibration accuracy, which rseptecisely
calibrated technical requirements of the visual sneament techniques camera parameters.
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