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Abstract

This paperpresentsa quantitativeassessmendf uncertaintyfor the steeo calibration at different camerasangle and control object 3D
recastruction. Sterephotogrammetry with high resolution commercially availaligtal cameras is applied to deliver a 3D data fropea
of 2D images.The main goal of the projectis the reconstructiorof the 3D model from the imagesobtainedunderwaterin a high vibration
marufacturing environment. The crucial stepoiptaining high accuracy 3D data is ster@pcalibration. Robust camera calibration isrdical
stepin 3D reconstructionsn orderto extract precisequantitativemeasurementsom 2D images.Two AV 6600 monochrome29 Megapixels
GigE cameraswere calibratedat four different anglesto ensurethat the angle of the steeo rig and variationin image contrastwould not
influencesignificantly the final results. All the imageswere undertakerin the high vibration manufacturingenvironment.It was shownthat
calibration of the cameras set at the angle dfréBuces significantly 3D reconstruction accura¢gwever, it does not influence reprojectior

error, which is less than Opfixels.
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1. Introduction

Steeo-photogrammetry  for reconstruction  of three
dimensional(3D) geometryusing pairs of two dimensional
(2D) imagesis a noncontact, nordestructive techniqueised
for quantitative measurement of surface geometfom
optical digtal images [1]. The fundamental principle ustxl
detemine 3D geometry and provide depth from 2D images
triangulation P]. Stereoscopically positioned camerase
used to capture object of interest and the triangulapimtess
detemines surface 3D coordinates which can be used
detemine its geometry or inspect its qualitg].[It is a
passie technique which requires a proper lightingachieve
required contrast. Imaging smooth metallic amneflective
objects require high contrast pattern to provide
correspondence points for triangulation. Increasitige
exposue time and decreew frame rate may helpwvhen
imaging the static objects ahélp to keep a sufficientepth
of field (DOF). Otherwisethe examinedobject needsto be
illuminated at the proper angle to avoid reflectitoreover,
the lens aperture can be increased but it may reswuhadlow
DOF.

Steeo photogrammetry has been shown to gingdiable
information about object surface properties [4]vibrations
occu in the environment where the imagee taken, thewo
independent cameras need to be synchronised to t
simultaneougmages.

The goal of this projectis to image metallic componentsn
harsh environments. However, it is a very compfercess
ard preliminary the uncertainty of the methodology neeleto
understood. The first steps of the application is A800
monochrome 29 Megapixel (MP) GigE cameras
synchronization, imaging in the real time anshderstanding
of the calibration errors in a vibratingmanufacturing
envronment using passiveethodologies.

Cameras in a stereo rig netedbe placed at a certaamgle in
orderto imagethe object. The image needsto be sharpand,
ideally, no reflection should occur. To ensure thite
geometric layout of the cameras to the object and angteeof
stereorig would not influence final results, calibrationand
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reconstruction accuracy was studied for differexmeras
anglesetups.

2. Material and M ethod

The AV 6600 monochrome 29 MP GigE cameragre
synchronized in &harp Monochrome sensors wegosen
since they are more suitablethan colour onesfor metrology
applications or 3D modelling when subpixel accuraisy

needed. They are more accurate because each pixbein

sersor corresponds to a real pixel that cameasured.

The analysis of experimental camera calibratiomas
undertaken to check differe@s inresults for differentangle
setups between two cameras for the large length stgdet.
It was important to evaluate how much the artgéween
cameras influenced reconstructiancuracy.

2.1.Cameragalibration
The calibration is a prereqitis in 3D reconstruction irorder

to extract precise quantitative measurements fromraBges
[5]. It was carried out to compute cameras intrinsiad

extrinsic pareeters then used in the 3D reconstructian.

Matlab Bouguet Toolbox€] for camera calibration wasised
in this study. A flat calibration checkerboard grid patté380
x 330 mm, 13 gridsin x and 11 in y direction, eachsquare,
internal grid is 30 x 30 mm) was imagedin a number of
orientatiors in order to calibrate each camera. vitas
performed for the cameras set at four differ@amgles.

Fig. 1 - View of the calibration grid imaged with left (a) and ri¢hx
camera.

2.2.Stereo camera rig separati@mgle

The analysis of experimental camera calibratiomas
undertaken to check differences in results for differ@ngles
betveen two cameras. It was important to examine mowch

the angle between the cameras influenasttonstruction
accuacy. A stereo rig was used to capture checkerbgaci
patterrs in number of orietations for calibration andD

recorstruction accuracy assessment. The calibragiostocol

was repeated using a stemém with camera separaticengle
of 15°30°, 60°and 96, as seen in Figura.

397

Fig. 2- Angle separation for camerealibration.

2.3.Reconstruction

The calibration images were used to check tbeonstruction
accuracy.The distancebetweensix squaresin the grid was
measured for three translations to control teriation.
Recorstruction was achieved by triangulation softwased
in the first author’s previousstudyin Matlab [7]. It required
selectionof the same point in the right and left 2D imagés.
eppolar line [1] from the focal point of one camera the
point of the left image assistedwith point selectionon the
right image. 3D coordinates obtained from tiengulation
were used for thmeasurements.

2.4.Vibration

It is important to ensure that there is no mechanidaiation
induced by any other device for the benefit dhe
measurement accuracy. For such a purpose vibratictmen
robotic metrology cell, whes the calibration routinevas
carried out, was monitored by the use dKEYENCE
LKG5000 series high resolution and high spedaker
displacenent sensor. The laser was pointing at the came
which was mounted on a stationary tripod. Hocreased
rigidity the laser displacement sensor was attachedht®
robotic arm while the robot was stationary. Thenthe
vibration on the camera was measured for 1@@@onds,
which was long enough to observe long tewibration
stablity of the camera. The measurement frequenegs
selectedas 2kHz.

%107

vibration displacement [mm]
&

0 200 400 600 800
time [s]

1000

Fig. 3 - Vibration displacement uamne.
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3. Results

The cameras were synchronized to less than a millisecond.
This delay was not significant in imaging of the rigid body

translation.
The results of the stereo calibration for’ @hgle setup are

presented in Figure 4. It provides the extrinsic parameters
describing the grid orientations in relation to both cameras

Precise calibration results iaccurate representation of the

physical stereo system. There is a good agreement of 97.5%
setups

(= 0.5%) for the extrinsic parameters of all angle
within the manual measurements.
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Fig. 4 - Extrinsic parameters presented in 3D plot for
stereo camerealibration.
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Fig. 5 - Pixel (reprojection) errors for a left camera calibration for
threeseparations angles: a)°153¢, 60 and 90.

The pixel reprojection errorsifohe left camera calibrations at
four different angles are presented in Figure 5 and in table 1.

Table 1- The mean of the reprojection errors (in pixels) for the left and rigt
camera.

Reprojection error

L eft camera Right camera

degree X y X y
15 0.46 0.45 0.48 0.43
30 0.35 0.39 0.46 0.46
60 0.40 0.49 0.55 0.47
90 0.40 0.48 0.51 0.49

3D reconstruction accuracy assessment results are shown
table 2.

Table 2- The mean of the reprojection errors (in pixels) for the left and rigt
camera for the 30mm internal grid separation.

% reconstruction error

trandation
degree max average min
15 5 2 0.3
30 2.3 0.8 0.03
60 2.3 1.4 0.1
90 2.6 1.6 0.3

The setup with cameras separation ofréSulted in high
error.

The measured vibration data (presented in Figure 3 in sect
2.4), where it can be seen that the amplitude of measured
vibration is around 1 micron, and the drift is 5 microns in
1000 seconds. Based on this observation it can be conclud
that the camera mounted onasb is isolated and free of any
vibrations.

4, Conclusion

This paper presents calibration accuracy assessmen
industrial AV 6600 monochrome 29 MP GigE cameras wh
will be applied for the objects geometry examination in t
harsh and wet environments.

Calibration grid imaged with the cameras set at differ
angles and grid positioned atricais orientations caused th
significant change in contrast and lighting. This h
influenced the results acaay. Despite the change in th
image intensity and highly vibrating environment, tl
Bouguet Calibration Toolbox showed that the grid corni
extraction results in reprojecti@mror of less than 0.5 pixel. I
is a very promising result for such a high resolution came
However, the 3D reconstruction results showed that the

outputs are derived for the angle of 30 and 60 degt
between the cameras. The error is significantly high for
angle of 15 degrees.

It was showed that the light intensity has a significant impa
on the final results. Future work will focus on an additior
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light implementation. This will be projected on tlabject
surfaceto increasethe image contrast.lt is believed that this
will improve the quality of the data obtained in tharsh
envronment. Additionally, the cameras will be fixednd
operatedvia robot to mimic humanerrors. The repeatability
testwill be undertaken for the robustitput.

References

[1] Liu, P., A. Willis, and Y. Sui. Stereoscopi8D reconstruction
using motorized zoom lensesithin an embedded system. in
IS&T/SPIE Electronic Imaging. 2009. International Society for
Optics and Photonics.

[2] Mikulenka, V., R. Kapica, and D. Sladkov&he potential of
photogrammetry for object monitoririg undermined areas. Acta
Montanistica Slovaca2011. 16(4): p262.

(3]

(3]

(6]

(7]

Nicolae, C., et al., Photogrammetry appligd problematic
artefacts. The International Archivesf Photogrammetry, Remote
Sensing andSpatial Information Sciences, 2040(5): p.451.
Memon, Q. and S. Khan, Camera calibratiamd three
dimensional world reconstruction afteree vision using neural
networks. International Journalf Systems Science, 20032(9):
p.11551159.

Zhang, Z., A flexible new technique fotamera calibration.
Pattern Analysis and/lachine Intelligence, IEEE Transactions or
2000.22(11): p. 13301334.

Bouguet, Camera Calibration Toolbox for Matlab,
http://www.vision.caltech.edu/bouguetj/calib_doc/.2008:  p.
http://www.vision.caltech.edu/bouguetj/calib_doc/.

Zwierzak, ., et al., Measuremenbf in vitro and in vivo stent
geometry and deformation by means 8D imaging and stereo
photogrammetry. The International journal of artificial organs,
2014.37(12): p.918:927.



