hdall D SRUYTER ADVANCES IN MANUFACTURING SCIENCE AND TECHNOLOGY
G Vol. 40, No. 4, 2016
DOI: 10.2478/amst-2016-0019

APPLICATION OF 3D SCANNING TECHNIQUES
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ON CNC WELDING MACHINE
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Summary

The modern CNC machines and applied advanced manufacturing technologies allow to enable fast
accurate and elastic production, supporting the operator. At the same time the so called machine vision
systems become more and more significant. Particular group of such devices, called 3D scanners, can
achieve the accuracy of modern CNC machines and allow to control the quality of manufactured objects
within less than one minute. In this research work a prototype of the vision scanning system for measuring
the hole geometry is presented. The proposed optical device will be integrated with the IMCM machine,
produced by Promotech company for large-scale objects welding. Reconstruction of the distorted edge
will allow to correct the tool path for welding and edge beveling. A number of advanced procedures for
image acquisition and processing, structured lights techniques, as well as 3D reconstruction have been
developed and tested. Moreover, the calibration procedures for cameras with the help of coded markers
have been proposed and simple interface for the operator has been created. Estimation of environmental
factors, markers recognition and illuminating conditions for the final quality of reconstructed geometry
required a series of complex experiments.

Key words: CNC machine, 3D scanner, structural light, geometry measurement, stereovision

Zastosowanie technik skanowania 3D do wielkogabarytowych przedmiotow wytwarzanych
na maszynach spawajacych CNC

Streszczenie

Nowoczesne rozwiazania mechatroniczne, stosowane do maszyn wytwérczych, w coraz wiekszym
stopniu wspomagaja operatora i umozliwiaja przyspieszenie produkcji. Jednocze$nie coraz wieksze
znaczenie odgrywaja uktady tzw. wizji maszynowej i r6zne rodzaje optycznych urzadzen pomiarowych.
Skanery 3D osiagnety doktadno$¢ umozliwiajaca np. kontrole jakosci na maszynach CNC - czas pomiaru
ich geometrii < 1 min. W pracy przedstawiono analize wynikéw badan i prototypowe urzadzenie
optyczne do pomiaru geometrii otworéw wycinanych w wielkogabarytowych konstrukcjach stalowych.
Zaproponowany skaner 3D, zainstalowany na portalowej spawarce IMCM firmy Promotech, umozliwi
szybkie skanowanie znieksztatconych krawedzi i przeksztatcenie jej w trajektorie ruchu narzedzia
spawajacego. Zaprogramowano zaawansowane procedury przetwarzania obrazéw, technik o$wietlenia
strukturalnego i rekonstrukcji 3D. Zaproponowano procedury kalibracji z uzyciem markeréw
kodowanych oraz interfejs operatora z wizualizacja procesu pomiarowego. Wykonano eksperymenty
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majace na celu ocene wptywu otoczenia, rodzaju oswietlenia i rozmiaréw przestrzeni pomiarowej na
doktadnos¢ odwzorowania geometrii.

Stowa kluczowe: maszyna CNC, skaner 3D, o$wietlenie strukturalne, pomiary geometrii, stereowizja

1. Introduction

The modern CNC machines and applied advanced naoufay
technologies allow to enable fast accurate andielpsoduction. The machines
are equipped with additional supporting systemsfmrator, which help to make
right decisions and speed up the production. THestmial practice reveals that
more than a half of the time is waisted for prograng of the machine,
positioning and fastening the workpiece and qualitiytrolling. The operator has
to mount the workpiece in proper position manuatlpy use of special measuring
tools like touch-probe.

In modern mechatronic solutions the machine visiecomes more and more
significant. The common term “machine vision” délses all techniques that
accomplish various tasks based on images captwethimeras. Most of the
industrial vision systems are used to increasettigiency of production and to
improve the quality control, reducing or eliminagtithe human factor. The most
advanced systems with fast high-resolution camieaas been applied in serial
production and highly efficient control of manufactd details, e.g. automotive
parts [1].

One particular group of industrial and laboratorgion devices are those
equipped with one or more integrated cameras amdiiators, allow to observe
the workspace from different positions simultandpusThat means the
stereoscopic spatial observations are possibipdnial cases the illuminators are
designed to project a series of light patternsbiemg 3D scanning of the object's
geometry. These systems allow to create complextagolution 3D model and
compare the geometry in reference to the CAD mf&el

At present there are no CNC machines integratdu 3iiX scanning systems,
which allow to identify and position the workpiege the workspace of the
machine. This paper proposes a novel 3D visionesysfor efficiency
improvement of the advanced welding IMCM machinedpced by Promotech
company [3] from Biatystok (Poland). Such machiaes currently used inside
wind turbine towers for large-scale cutting, bewgland welding in very specified
position. With the help of 3D scanner the positgnof the machine in relation to
the base coordinate system could be highly imprareticorrection of tool-path
could be applied. The main issue is to determieeggometric relation between
the camera's coordinate system and the IMCM mashioerdinate system in one
space. Using the dedicated camera calibration guwes, pattern projection and
software for image processing and markers detectibe complex 3D
reconstruction of the welded object will be possibl
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2. lllumination methods analysis

The lighting conditions during the scanning process assumed to be
strongly adverse, thus the measurement accuracklyhidepends on the
parameters of optical devices. Apart from the camesolutions, a very important
issue is the proper choice of the projection sydtertight patterns, characterized
by intense, sharp and even illumination. The metbased on the single laser
fringe projection has been rejected because of poagection time and necessity
for constant movement of machine axis causing cawibrations.

Object reconstruction can be performed using ondy gcale images, thus
the best quality monochromatic fast cameras arglesitolored LED light source
can be used. Such a solution is commonly usedestlaommercial 3D scanning
systems, e.g. GOM Atos Core, Steinbichler Cometar@ech Micron3D, etc.
However they all have limitations due to small meag volume and narrow
projection angle of about 30°. The applicationtha IMCM machine requires the
specific light source with the projection angleaaf. 70° and possibility of full
synchronization with cameras and control systemrddeer the compact solid
construction and overheating resistance are higidgmmended.

Previous investigations and experiences of 3D sraproducers revealed
that the blue monochrome light (far from IR) praegdthe best efficiency for
industrial applications. However, the most inteashiumination can be captured
by cameras for the green light source, which mlffradvisable for adverse IMCM
working conditions. Taking into account the abasted requirements and project
assumptions, the compact light engine CEL5500 fbdiirhas been choosen. This
projector has been further modified to work withO%6 high-power Luminus
LED.

3. Research stand construction

Since the objects welded on the IMCM are largeeschilst experiment
attempts have been conducted on full scale woodmehof a single segment
of the wind turbine tower. Also the IMCM model waenstructed, including
a movable X-axis beam, carrying two cameras andogegior. Two different
versions of the segment models have been creatediasing the segment before
and after cutting the hole for a jamb (Fig. 1).SThesearch stand has only been
created for experimental tests for multi-step 3Drgetry scanning within the long
object, with the help of additional magnetic maske®n this stage it is not
necessary to move the machine axis precisely atioel to machine coordinate
system. Only the calibration procedures for exititamera parameters have to
be performed.
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Fig. 1. Research stand and different models of gla& with excised hole and edge simulation

4. Software

The first experimental scanning system has not beguired to operate in
real-time and has been developed in Matlab enviemirwith additional image
processing and acquisition toolboxes. The greatamdges of Matlab are
possibilities of rapid code development and testingpnsidering well
programming experiences of the authors. In the stext all procedures have been
translated into C-code and implemented in Visuat®t environment, including
OpenCV and OpenGL freeware libraries. The systemraipns have been
designed as multithreaded, thus the real-time iraagéysis and 3D measurement
of markes have been enabled. Moreover, a simmgeate for the IMCM operator
has been designed, including real-time camera @nreand markers detection, to
visualize the 3D measurement results and to suppertator's decisions.

5. Calibration of camera parameters

The most commonly used model for camera calibrataailed pinhole
model, is based on perspective projection technigweording to Fig. 2 and
equation (1)+(3) the projection model includes sbecalledntrinsic parameters
i.e. focal lengtha B, cross point o,vo) of main optical axes and CCD, sensor
skewnesgs, and so callegéxtrinsic parameters.e. orthogonal rotation matriX.
and translation vectdr. in relation to the world coordinate syst&hassociated
with calibration pattern.

Point transformations from the 3D space to imagesaecan be described
with so called homography matrix (Fig. 3), inclugliboth types of camera
parameters. During camera calibration a reversddgmerformed, resulting in the
new homography based on known 3D popits W space and their projectiops
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Fig. 4. Calibration pattern points P and their pctgms p’ including
camera extrinsic parameters
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on the CCD (Fig. 4) [4]. A group @fpoints can represent characteristic points on
a precise calibration pattern, e.g. chessboardec®wor circular dots. The camera
model is obtained iteratively by minimizing the salled reprojection errors,
which mean the deviations of projected on CCD moitd their modeled
equivalents on image (Fig. 5). Therefore, intrinp@rameters are strongly
depended on calibration pattern precision, as agfioints detection accuracy on
images [5].
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Fig. 5. Full model of camera distortions

For intrinsic parameters calibration a regular eheard with the size of
600450 mm has been used, mounted on a rigid alumiframe (Fig. 3). The
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main parameters have been computed using Open@idib. This procedure can
be performed outside the IMCM machine only onceprdemand in case of
incorrect scanning results.

The extrinsic parameters have to be determinedttiren the IMCM. Due
to the long relative distance between camerasggebicalibration pattern needs
to be used. Moreover, the calibration pattern nasprecisely mounted on the
IMCM frame in well established position relativeétymachine coordinate system
(Fig. 6). This allows to scan and measure markerthé common coordinate

Fig. 6. 3D visualisation of the IMCM machine withlibaation cross positioned
in known relation to machine coordinate system

Fig. 7. Real-time coded marker recognition on cfosgxtrinsic parameters.
with low- and over-exposured areas colored
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system both for scanner and the IMCM. The calibratpattern has been
constructed in the shape of regular cross (Fig.cajrying a group of coded
markers on each arm (Fig. 8). The relations betwalerroded markers and
mounting bolts have been calibrated by the use@M@ritop photogrammetry
system.

Fig. 8. Calibration cross with reference spheres
for the IMCM

6. The scanning head

Repeatable measurement results can be achievetboshable temperature
conditions. The first research stand has beenddcat stable conditions and
single calibration of camera intrinsic parameteas been required to operate
constantly. The cameras have been mounted diredtlyout any sort of
insulations. In real conditions the cameras haveetaeady to operate quickly,
thus they should be isolated from environmentatofi@clike temperature and
humidity. An optimal temperature for intrinsic pareters calibration and normal
working of the cameras is assumed to be 30°C .Hedfirst prototype of scanning
head a pair of hermetic casings equipped with rateair-heat circulation and
moisture absorber have been constructed (Fig. 9).

Differently, it was required for the projector aagito apply a small amount
of air overpressure to avoid dust accumulation gederal overheating. The
cameras, as well as projector have been mountedcommon solid aluminium
beam, attached to the IMCM (Fig. 10). Their posisi@nd orientations have been
determined for simultaneous illumination and obagon of the same, possibly
large workspace.
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Fig. 9. Camera casing with internal insulation teater,
thermostat and humidity absorber

Fig. 10. Scanner head consists of two camera msdule
and projector module mounted on common beam

7. Structured light techniques

The most effective method, commonly used in alnadistast commercial
scanning systems, is the projection and recordfmggular raster, illuminating
the scanned object. This raster can have the fdrparallel fringes with the
variable width, positions and intensity (Fig. 1A)special combination of Gray
Code fringes has been designed and adopted iystens Combining a series of
images by qualifying of each pixel logical statejredividual bit-codes for narrow
pixel stripes are assigned [6] (Fig. 12). Widthiué code stripe is dependent on
camera resolution and lens quality.
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Further coding within a single code stripe is polesby use of technique

called phase shiftingwhich involves projection of additional sinusdideave
patterns (Fig. 13).
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Fig. 13. Last four sequences of structural liglojgation
in small selected area. The phase shifting is sib

Analyzing the pixel intensity changes (pulsatiofas)minimum three phase
shifted sinusoidal patterns, the so caledpped phase mapan be obtained,
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which describes the spatial point relations aldreydamera axis in radian units
[7] (Fig. 14). Finally, knowing the intrinsic ancteinsic parameters for camera
and projector, knowing the phase map and projectiies for each code stripe,
and reconstructing the run of the light rays framigctor to CCD, thelepth map

in mm units for each pixel can be determined. Treagadvantage of phase
shifting technique is the tolerance for backgroumensity changes, treated as the
fixed component of an image. It is only importamwoid exceeding the camera
exposure by observing the most illuminated arearobbject. For this purpose
two colored images representing low- and over- eMped pixels were applied in
the user interface (Fig. 6).
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Fig. 14. Three sinusoidal wave combination, creptimapped phase Qg2

In modern 3D scanners all devices need to be aadibly including the
projector of fringe patterns. The projector parargtan be determined similarly
to a single camera. Unfortunately, there are lotddficulties during the
reconstruction of images ,captured” by the projecithe existing techniques
require the illumination of common calibration att by horizontal and vertical
fringes and recording all images by the nearesiecanThen a special pixel-by-
pixel transformations from the CCD sensor to DMDinmaneed to be performed
using phase maps corespondences [7, 8].

In particular case of the IMCM the wide angle poti@n has been proposed,
which places high demands on calibration and cealase plenty of errors of
image reconstruction. It has been decided to inttea different technique, based
on two calibrated cameras and non-calibrated pajgéig. 15). Special fast
algorithms for analysis of four phase maps haven lseloped in C-code and
tested on IMCM machine. Finding the correspondinglp with very similar
phase coordinates (Fig. 16), the procedure of 3Dtgeconstruction can be
performed. This method, combined with epipolar getsynand special dynamic
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filtering, has turned out to be effective and hemutted in high resolution 3D point
cloud in only few seconds (Fig. 17 and 18).

CamR

Il

Fig. 15. Fringes projected on scanned surfacelslgisi
from two cameras

R_Cam Unwrapped Phase

epipolar line Lfn)
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Fig. 16. Example of unwrapped phase map. The raledge
and metal test blocks are visible
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Fig. 17. 3D reconstruction based on only two calied
cameras and phase maps (visualized in camera)cones

Fig. 18. Zoom in the scanned surface. High demdipoint
cloud captured from distance of 1.3 meters. Theatges
of steel plate edges clearly visible

8. Procedures of markers detection

Measuring of large scale object by use of singlnsing head is possible
through applying partial scanning and matching dlierlapped areas. Another
way is to use some additional reference points Keraj attached to the object
which create 3D reference grid (Fig. 19). The flatind markers were proposed
for scanning, as well as for calibration. This kiotimarkers can be equally
iluminated and always appear as high contrast laegehape on image.
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3D Scanner
Workspace

Fig. 19. A view of the IMCM model over the scannedace. Concept of partial scanning
by use of coded markers along the hole edges

Furthermore, the binary code sequences have baeadphround the circular area
(Fig. 20), which allow to distinguish each markenang the others in order to
avoid incorrect point cloud transformation whileasning on the IMCM. The
proposed algorithm searches the objects with conteaters of gravity, then fits
the exact ellipse model [9] and recognizes the sadeience (Fig. 21). The 7-bits
Gray Code has been applied, as a compromise betiveemarker size and code
recognition efficiency. Skipping the combination sggments for uniqustart
sequencyit is possible to create 54 different markersveBal tests have been
performed to define best marker's shape and pilioperaind to assess detection
efficiency and resistance to improper illuminat{&ig. 22). This kind of markers
can be successfully attached on the magnets &ig¢bkobjects welded on IMCM.

Fig. 20. Code-sequence (orange), Fig. 21. Correct detection of central marker
and start-sequence (blue) around circular  and code fields for proper exposure setup
marker
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Fig. 22. Incorrect marker detection caused by bllirmage
and too long distance from the camera

9. Edge detection

One of the most critical aspects of the conductseéarch is edge detection
of the scanned geometry, especially the edges dlotes. This edge can be
transformed into trajectory for the welded tool. image processing several
algorithms for edge detection exist, based on dévig analysis. e.g. Roberts,
Prewitt, Sobel, or based on gradient filtering, €gnny [10].

Edge recognition on the image is possible dueltmihation changes, but
could cause errors when shadows, roundings or itpidtures changes occur
(Fig. 23). For the IMCM solutions, in the first pt€anny filter has been applied

Fig. 23. Detection of three different edges. A) reaterial edge, B) shadow edge,
C) Edge on material binding. Canny filtering resiudtgreen pixels. The additional
sub-pixel algorithm results in black ,dots”
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to detect all potential edges. The second stepvasastructured light techniques
and the algorithm for phase map analysis as welspesified phase jumps
detection. Both methods complement one anotheabow to find all the edges

within the hole, independently on the illuminatiawigh the accuracy of one pixel.

The third step is to reconstruct this edge with-gixel accuracy using nearest
neighborhood for selected and reconstructed point.

Due to high temperature occurring by steel cuttthg high material
distortions could appear, which complicate furtivetding along preplanned tool
path. The corrections of the path based on scamdgd have been proposed.
Thus, the vision system could become an alternaolation for the contact
sensor or currently used laser probe.

10. Experimental results

Before the first experiments both models of wintbitne elements have been
scanned using the commercial GOM Atos system. Témllts, treated as
reference, have been used to find geometric fealikeeaxis direction, diameters,
cone angle and the cutting hole edge (Fig. 24 &)dMoreover, the obtained
geometry can be further used to compare scannsudfsavith the IMCM scanner.
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Fig. 24. Deviations map in reference to alignedecon

In the next step similar measurements for specéied have been performed
using the research stand. The two small areasandihwithout the hole edge have
been selected (Fig. 26). Obtained results alloastess the effectiveness of image
processing algorithms for various conditions anstesy settings. All potential
sources of errors in the term of 3D reconstrudtiave been estimated and adopted
to the prototype of the IMCM scanner. All the ialtstudies on 3D scanning have
demonstrated that the obtained accuracy and remolaf the 3D data are
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sufficient enough for the IMCM application, if onproper contrast illumination
is applied. The average deviations of scanned gepmelatively to reference
scan resulted in less than +1,5 mm. Despite theliatlarge scale object require
to be scanned area by area, all implemented metheds turned out to be fast
and reliable for IMCM applications, including easss of operating for user.

Fig. 25. Hole edge aligned in GOM measuring envitent

Fig. 26. Cloud of points for selected area with grofiauxiliary coded
markers and reconstructed hole edge (yellow line)
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