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Camera model: pinhole-camera fMRobotixAcademy
/ , = Mmiddle:
Pe Y — camera coordinate system C (C-CS) with the
(Ug, VO)\/T\ camera coordinate origin in the projection center
% system C — (Z-axis = optical axis

W‘f““

projection center

— image plan with axes u & v (unit = pixel)
— indistance f to the C-CS

cy — distance f = focal length

P(¢X,, Yy, €Z,) “Xo [ | I’ight:

— Some point in the free space (world

coordinates)
projection center

sensor
(image plane)

\

angle of view

/

focal length optical axis
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https://www.researchgate.net/
https://capturetheatlas.com/what-is-focal-length/
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Camera model: pinhole-camera DR

= To simplify the model and subsequent calculations, the image plane is shifted:
— at distance f from projection center between projection center and world coordinates
— Mirroring of world coordinates on ¢X-axis und ¢Y-axis is prevented

camera coordinate
system C

camera coordinate

system C projection

center

projection center

p
P(CX,, €Y, €Z
p(Cxp, CYP' Czp) ( P P p)

Quelle:

uni. I
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https://www.researchgate.net/figure/Pinhole-camera-model-with-a-point-PX-Y-Z-according-to-the-camera-coordinate-system_fig2_326717734
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Intrinsic parameters R
camera coordinate = for the point p in the image plane:
system C . cy
v = X =
Y
— toh =S 27;27
projection i
center Xp f 0 O C/\;/CZP
N iyp =10 f 0]-|“Y,/Z,
1 0 0 1 1

» = 'X,und'Y, aswell as €X,, Y, und ¢Z, are in the
chosen length unit (e.g. mm)

m the conversion from mm to pixels is done in a further
step

P(°X,, €Y, °Z,)

1) mm oder eine beliebige andere Langenmafieinheit
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Intrinsic parameters

diterreg

GCrande Région | GroBreglon

LhRoboticAcac

/'

projection

camera coordinate

system C

conversion from mm to pixels :

= factors s, und s, define the dimensions of a pixel in the
image plane (unit: pixel/mm)

= with u, and v, the coordinate system of the image plane is
moved to the intersection of the image plane with the

center

optical axis?!.

m for the point p in the image plane:

c X CX
- K - =frsexftug = fixoF + U
Xp P P
(CXpr , Czp) CY C
. =f x5, * Z-i-vo—fy +170
p
Uy, sx 0 up\ /f 0 0\ /X /Z,
u vp =1 0 Sy vo |-l O f 0]l- CKD/CZP
1 0O 0 1 0 0 1 1
up fx 0 Ug C/‘fu/ CZp
= .| C c
[ | vp = 0 fy Vo ){D/ Zp
1 0 0 1 1
1) Center of the image plane # Point of intersection of the image plane with the optical axis
.y
UNIVERSITE N s LIE p Hooc w . Z A
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Intrinsic parameters LY RoboticAcac
camera coordinate (%) ](C;C ]9 so <?X;D/ EZP
[ vp = Vo | Y/ Z
system C Y PP
v 1 0 0 1 ) 1
‘X,/Z, L 0 u Uy,
. S (CY”/ CZ’”) o b <vp>
projection
center 1 0 0 1 1
= the equation only provides the ratios ¢X,/“Z,and
cy, C’?’/CZP
x, = togetpoint P(°X;, €Y, ©Z,) further calculations are
P(Xo, Y, ©Z;) necessary

= limitations;

— the point P has to be in a predefined plane to get
accurate results
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Camera calibration with chessboard pattern LYRobotix-Academy

m calibration with the chessboard pattern
— input:
= number of rows and columns of the pattern -1
= edge length of a square in the pattern
— output:
= camera matrix: 3x3, intrinsic parameters
= translational vector from C-CS to CB-CS

= rotational vector of the CB-CS regarding to the C-CS
(Rodriguez vector)

Origin of the chessboard
coordinate system (CB-CS)
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Extrinsic parameters Ly Robotix Acac

tx
= translational vector t = (ty>
tZ

&1
m rotational vector (Rodriguez vector) r = (7”2)
r3
dy1 diz diz Uy
d21 d22 d23 ty
d31 d32 d33 tZ
0 0 0 1

= - transformation matrix °Tg from C-CSto CB-CS: ‘T 5 =

Cc
CXP di1 diz diz Uy “CXy
= Yo | = d2r daz das by, CBYp > Bz =0 inthe plane of the
c dy; d3p dz3 t P
Zp 81 (3)2 (3)3 H 0 chessboard pattern
1 1
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Calculation of point P(°X, Y, ©Z,)
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= Two equations:
Intrinsic parameters:

-1 C — C
C/Yp/CZp fx 0 u, u, a L Xp =qx* Zp
(D)5 5 ) ()-0) > wo-ses
1 1 1 C7 —C
0 0 1 m ¢Z,=¢Z,
— Extrinsic parameters:
“Xp dyy dip diz ty FXy B CXp =dyy +OPXp + dip P, 8y
. ‘Y, dz1 daz dpz Uy By, > W Y, =dy + B, +dyy +OPY, 4 8,
C d d d t
Zp ot T T (1) B CZ, =dy +SBX, + dy, » SBY, +
1
P uni.lu
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Berechnung von P(“X,, €Y, “Z)) £\ RoboticAcademy
B q=x* CZp = d11 * SBXp + d12 * SBYp + tx | tx = _dll * SBXp — dlZ * SBYp + a * CZp
B px CZp = d21 * SBXp + d22 * SBYp + ty -> | ty = —d21 * SBXp — dzz * SBYp + b * CZp
| CZp = d31 * SBXp + d32 * SBYp + tZ | tZ = _d31 * SBXp — d32 * SBYp + 1= CZp

SB SB -1
by —di; —dip a Xp Xp —di; —diz a Ly
- <ty> ={ % —da b SBYP 2 BY, |=| —da1 —daz b . (ty>
ty —dz; —d3 1 ‘Z, ‘zZ, —dz; —d3 1 ty
m X,=a+ ‘Z,
[ | CYp = b % CZ
m Conclusion : to each pixel of an image we can assign a position on a plane in space

@
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Distortion I\ Robotix-Acaden

m The preceding calculations refer to an ideal camera
model

m Real cameras include manufacturing tolerances and
inaccuracies

— Lens distortion (optical distortion)
= Distortion types:

— Barrel distortion

— Pincushion distortion

BARREL DISTORTION

PINCUSHION DISTORTION INPUT GRID
References:

Do .l
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https://learnopencv.com/understanding-lens-distortion/

Distortion
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Ly Robotix-Acac

camera coordinate
system C

projection
center

P(°X,, Yy, ©Z,)

Position with
distortion

dt
f Y o
L
0
Ideal position
dr Radial distortion

dt Tangential distortion

dh

References:

Distortion is divided in

— Tangential distortion

— Radial distortion
Distortion depends on radius of the pixel with respect to
the distortion center

— Distortion center: uy and v,

— Radius: r = \/(uP — u0)2+(vp — vp)?

Tangential distortion:
—  Xynaist = Xg * (L + kq7r? + kor* + k31%)
Radial distortion:
—  Xynaist = Xa + 2P1XqYa + P2(r* + x3)
— Yundgist = Ya + p1(r* +y3) + 2p2XaYa

Distortion coefficients: kq, k,, k3, p1, D2
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file:///C:/Users/s.marx/AppData/Local/Temp/2014ApplyedPhysicsB-v115i4-Laboratorycalibrationofstarsensorwithinstallationerrorusinganonlineardistortionmodel-10.1007_s00340-013-5637-5.pdf
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Robot-Camera-Calibration I\ Robotix-Acaden

m Calibrate chessbhoard to camera from four
different positions and orientations:

— store transformation matrixes “‘T 5 (i = 1..4)
— store flange positions 5T ; (i = 1..4)

m Calibration is done by solving the equation
= AX = XB
= X: transformation matrix camera to flange T,
= A: transformation matrix flange to flange #*+1T ;
= B:transformation matrix camera to camera®*+1T;

m for more information see paper:

— Position and orientation calibration of a 2D line
sensor using closed-form least-squares solution
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Robot-Camera-Calibration
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0

7x9 checkerboard for camera calibralion.
Squares are: 20x20 mm if printed lo 1:1 scale on a A4 paper

Origin of the chessboard can switch between two
positions

Affects calculation of Matrix B
Calculation of matrix B:
— Cameraon flange: ¢4, ; = G b« (CIT 5) 72

— Static camera: BT p = (CHIT )71 CiT

Calculation of matrix A:

F,i+1TF_ — (B’i+1TF)_1' B,iTF
A

UNIVERSITE
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Robot-Camera-Calibration £\ Robotix-Acader

= Camera on flange:
—- PTe = PTp - T

— Has to calculated for every robot pose

m Static Camera:
- BTC = BTF ) FTCB ) CBTC

— Calculated once
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Camera calibration with OpenCV YRobotix-Academy

m calibration with the chessboard pattern
— input:
= number of rows and columns of the pattern -1
= edge length of a square in the pattern
= 15images (or more) of the chessboard pattern from
different positions and orientations
— output:
= camera matrix: 3x3, intrinsic parameters
= for every image: translational vector from C-CS to
CB-CS
= for every image: rotational vector of the CB-CS
regarding to the C-CS (Rodriguez vector)

Origin of the chessboard
coordinate system (CB-CS)
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Camera calibration with OpenCV £} Roboti

= Important functions:

cv2.cvtColor(image, cv2.COLOR_BGR2GRAY) for conversion to grayscale
cv2.findChessboardCorners(grayscale...)
cv2.cornerSubPix() to find the accurate corner locations
cv2.calibrateCamera() for actual camera calibration
= |nput:
= Object points: chessboard corners with respect to chessboard-CS (e.g. (20, 0, 0);
(40,0,0)...)
= Image points: chessboard corners in pixel coordinates

cv2.projectPoints() to project object points back to the image plane and to then calculate an
calibration error

cv2.undistortPoints() to remove distortion for the selected pixel
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Demonstration [ Robotix-Academy
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Calibration errors
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LrRoboticAcademy

References: Intel, Microsoft

m Intel RealSense D435:

m  Microsoft Azure Kinect

Resolution: 1280x720
Basic camera Calibration: error = 0,3 pixel
Robot-camera-calibration: error 5 mm

Resolution: 3840x2160
Basic camera Calibration: error = 0,15 pixel
Robot-camera-calibration: error ~ 1,5 mm

m Tool calibration:
Error =~ 0.25mm
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LrRoboticAcademy

Thank you for your attention

Contact

Stefan Marx

+49 (0)681 - 85 787 - 553
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