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I. General description

In many machine vision applications, a crucial step is to accurately determine the relation between the
image of the object and its physical dimension by performing a calibration process. Even though
significant progress has been made, challenges remain due to the ever increasing demands for higher
accuracy and performance. There are two main sources of error that affect the camera calibration results:

1. The assumption of a perfect planar target with ideal patterns of conventional camera calibration
techniques. The defects of the calibration target lead to inaccurate results

2. The uncertainty in locating the control points directly using the geometries of the calibration
patterns suffers from lens distortion as well as perspective distortion from raw images.

Therefore, it is crucial that the process must be carried out using expensive equipments under controlled
illumination for conventional algorithms to yield accurate results. This project aimed at providing highly
accurate camera parameters even with low cost hardware. The two-step approach is proposed to cope with
the problem:
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1. Bundle adjustment is employed to optimize
the all the camera parameters and the defects
of the calibration target.

2. The combination of the frontal image concept
and digital image correlation is utilized,
allowing hyper-precise control point detection

in the image plane. Figure 1: The conversion from raw images to frontal
images enables hyper detection of the center of the
concentric circles via Digital Image Correlation
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Note:

> The conventional methods refer to Zhengyou Zhang[1] and Jane Heikkila [2] approaches. These two
method, especially Zhang’s method, are very well-known and have been incoperated in the widely-used
OpenCV package[3] and Matlab Camera Calibration toolbox[4].

> Users to this software package are required to cite this paper in any of their published work:
M. Vo, Z. Wang, L. Luu, and J. Ma, “Advanced geometric camera calibration for machine vision,” Optical
Engineering, Vol. 50, No. 11, 110503, 2011.
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I1. Calibration example:

Fae view
D& tng Opts N S N e R !

Lookcin: [ 1] 20110412 1 s e« @t E-
e Name - | Date modified Type *
|G 31415 19.brmp 5/18/2011 1:26 PM_ ACDSe
31415_20bmp 5/18/20111:26PM___ ACDSe
|6 31415 21.bmp 5/18/20111:26PM___ ACDSe
Deskiop | DE31415_22.bmp 5/18/20111:26PM___ ACDSe
— |6 31415 23.bmp 5/18/20111:26PM___ ACDSe
= 31415_24 bmp 5/18/20111:26PM ___ ACDSe
Libraries 31415 25 bmp. 5/18/20111:26PM___ ACDSe
q 3141526 brop 5/18/20111:26PM___ ACDSe|
B 31415_27 bmp 5/18/20111:26PM___ ACDSe
Computer 31415 _28.bmp 5/18/20111:26 PM ACDSe =
% 0 31415_29.bmp 5/18/20111:26 PM_ ACDSe
31415, 30.6mp SHSAALLET P ACHSe
1 M ] »
File name: ["31415_30bmp" *31415_01 omp” “31415_02. ] Open
Files of type: [Btmaps ("bmp. *dib) - Cancel
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" Planar Coded Target: Regular
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Step 3: Selection calibration modes:

» Checker- Regular mode: offer reasonable accuracy in a relatively fast manner by employing
Bundle Adjustment. The function works with checker board template.

» Checker-Advanced mode: offer the highest accuracy by employing advanced control point
refinement and Bundle Adjustment. It is normal if it takes 2-3 minutes to complete the task. The
function works with checker board template.

» Ring- Regular mode: offer reasonable accuracy in a relatively fast manner by employing Bundle
Adjustment. The function works with ring board template.

» Ring-Advanced mode: offer the highest accuracy by employing advanced control point
refinement and Bundle Adjustment. It is normal if it takes 3-4 minutes to complete the task. The
function works with ring board template. (Recommended)

» Planar coded target- Regular: offer reasonable accuracy in a relatively fast manner by employing
Bundle Adjustment. This function works with coded target template.

» Planar coded target- Advanced: offer the highest accuracy by employing advanced control point
refinement and Bundle Adjustment. It is normal if it takes 5-6 minutes to complete the task. The
function works with coded target template.

» Planar coded target- Regular: This function is still under testing.

Murmn. of contral points per row: 10 Murn of advanced refining [0-3): 1
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Reserved: 0

Distance between ctrl paints: 284 rarnfin]

ens model [0-4: 18,16,12,10,8]. 9|2
= 3 0.0m

[Lows] Thresh. far edge detect.:
[High] Thresh. for edge detect.;

Ingtruction: The above parameters [if applicable] are required for Camera Calibration.
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Step 4:

» Lens model.
e Mode 0: Using full lens distortion model with 13 parameters
e Mode 1: Using full radial, tangential and 2*" order prism distortion model with 11
parameters



e Mode 2: Using 6™ order radial, 2™ order tangential, and 2" order prism distortion with 7
parameters (Recommended)

e Mode 3: Using 6" order radial, 2" order tangential distortion with 5 parameters (Similar
to OpenCV)
e Mode 4: Using 6™ order radial distortion with 3 parameters.
—>Please refer to part I11 for further details of the distortion parameters
» Refi. Para: 0 in case of ring board and 1 for checker and coded board.
» Inter. Para: Interpolation method used with the modes increase from fine to ultra fine
interpolations. Please refer to reference 5 for further details about the interpolation methods.
» [Low] and [High] Thres. for Edge Detect: Canny detection parameters.
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Step 5: control point extraction. This step is done automatically.

= Important Message

Time: 15.77 secondz, Mum_refin: 2, me emar: 1,357 2e-002

Mezzage box will be clozed in b sec.

Step 6: The result of the calibration. The Root Mean Squre (RMS) reprojection error is 0.013572 pixels



Which frame iz the reference?

Wiould wou like o accept the camera
calibration data?
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27 7.490640e-003
25 7.982294e-003
28 8.358731e-003
04 8.475618e-003
07 8.861333e-003
19 9.561985¢-003
121 9.654811e-003
30 9.762579e-003
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03 9.792355e-003
01 9.933499e-003
02 1.050671e-002
20 1.061595e-002
06 1.139253e-002
22 1.139365e-002
26 1.151476e-002
05 1.176905e-002
23 1.202104e-002
18 1.212837e-002
17 1.256888e-002
08 1.299672e-002
24 1.309875e-002
29 1.510642e-002
10 1.512507e-002
11 1.521555e-002
12 1.536161e-002
13 1.589462e-002
16 1.871877e-002
09 2.106239%-002
15 2.170414e-002
14 2.693310e-002
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Mean: 1.283340e-002

Step 9: the RMS reprojection error for each image and their mean error are shown.
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Step 12: The calibration parameters are shown.
I11. Description of the parameters:

» Physical world coordinate: (Xw, Yw,Zw)
» Image coordinate: (u, v)

» Focal length in pixel: (a,p)

>

Skew factor: y



» Principal point: (uo, Vo)

» Distortion:
o Radial distortion: ag, a;, a,, as, a
e Tangential distortion: po, p1, P2, P2
e Prism distortion: S, S, S, Ss

A\

Rotation matrix: Ry, R, ...,R33
» Translation matrix: Ty, T, T3

Ideal pinhole lens model:

XW

a 7y U|lRy R, Ry T y
~10 ﬂ Vo R21 Rzz R23 Tz ZW
0 0 1]||R; Ry, Ry T, 1W

Lens distortion:
g 2 2 2 2 2 4 6 8 10 2 4
Ren = (Do + 170, ) (r* +2%,7 )+ 2(y + 17Dy ) Xy Ven + (1 BoF 7 + 1" + 2,1 + 20" + 2,1 ) X, + 5,1 +5,1

ycn = ( pl + r2 ps)(rz + 2ycn2)+ 2( pO + r2 pz)xcnycn +<1+a0r2 +a1r4 +a‘2r6 + a3r8 +a4r10) ycn —i_slr2 +S3r4

With:
u a y Uo_ Xen
vi=0 ﬂ Vo || Yen
1 0 O 1_ 1
J a 7 UO__ch
VIi=|0 B vy V¥,
1 0 0 1 1l 1
r2 = ch2 + nd2
Where:

(0,V): distorted image point

(u, v): distortion-free image point

An example output of the toolbox which can be found in file 31415926535A.txt as described in Step 11
and 12 above. The orders are as follow: a, B, vy, uo, Vo, 8, a1, 82, a3, &4, Po, P1, P2; P3, Sos S1, S2, S3, R11, Ru,
Rl3l Rle R221 R23l R3li R321 R33l Tll TZ! T3



Important convention:
» The origin of the image pixel coordinate is in lower left origin.
> The origin of the world coordinate is in lower left corner of the calibration board.
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