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Abstract. Programming a welding robot is a challenging and time-consuming task, different kinds of tools have been
developed to facilitate this process. One of these new methods is called intuitive robotic welding programming, in this
method the operator hand-guides the robot to the desired welding positions. Other methods use virtual user interfaces
to do the same, teach the desired welding positions. This research aims to facilitate the programming process related to
welding robots. In this stage, it is carried out through the automated record of position and orientation of straight edges
belonging to an assembly that are going to be welded. This process is developed around the processing of a 3D point
cloud. Based on the Random Sample Consensus (RANSAC) algorithm, statistical outliers removal and pass through filters
and the function planeWithPlanelntersection of the point cloud library (PCL). An algorithm to process a 3D point cloud
was development. This processing algorithm takes as an input the 3D point cloud captured from the working assembly to
identify and record the straight edges that will be welded. The target edges reside on T joins with square groove and/or
in inside corner join with no preparation. The information from the straight edges is going to be implemented in the
next stage of this research as an input of the path and trajectory planner. The proposed method in this work is able to
detect straight edges of a working assembles which contain T joins with square groove and/or in inside corner join with
no preparation that will be welded. The proposed algorithm was tested on metallic and non-metallic mock-ups. The
process relies in artificial vision 3D sensor, in this case a Microsoft Kinect was implemented. The decision of employing
mock-ups rather than real working assembles was made due to the low resolution the Kinect sensor has. The benefits of
the proposed system span from the easy of use to the quick recognition of the geometric features required in the path and
trajectory planning process related to welding robots.
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1. INTRODUCTION

Since welding is one of the most fundamental manufacturing processes, is natural that companies and researchers
develop new methods and tools to improve its productivity. One way to reach this goal is reducing the time spent in the
programing of a welding robot. To do this it is necessary to develop a system that can generate the programing code
required by a welding robot to carry out some specific tasks. Therefore the automatic edge detection is essential as it
acquire the position and orientation of the edges that are going to be welded, and thus this information will be passed
down to the path and trajectory planner.

The idea of edge detection has been worked by some researchers before, but their work was oriented in the use of 2D
images, Chen et al. (2005) implemented sub-pixel edge detection and stereovision technology as a matching method based
in the epipolar line to get the edge three-dimensional information. Dinham and Fang (2013) followed a similar method-
ology as Chen et al. (2005), but they achieved better results because their method is more effective when the images have
low contrast between the edges and the weldment, and also improved the matching and triangulation methods. Pachidis
and Lygouras (2007) put into practice a pseudo stereovision system (PSVS). They used a correspondence algorithm to
rearrange pixels to calculate the final path points. Chongjian et al. (2007) paid attention to provide welding direction and
determine the gab width between the work pieces and obtained the image by means of a CCD sensing system and to get
rid of the unused arc light they develop a special filter technology that combines the following methods: Laplace enhance,
edge detector and straight line fitting based on Hough transform. With this methodology they could found the two edges
of the gap.

The previously mentioned works mainly used butt weld joins, nevertheless there were no method for fillet weld joins,
which are more common. Dinham and Fang (2014) worked on this issue, proposing a method that implemented an adap-
tive growing line algorithm based on gray-scale pixel intensities for robust identification of weld joins, and also they used
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a stereovision system to capture a pair of stereo image of the weld join.

This research focuses on the processing of tree-dimensional point clouds to automatically record the position and
orientation of straight edges belonging to an assembly that are going to be welded. In the following sections the pro-
posed algorithm is explained, straightaway the results that were found are discussed, and at the end of the paper are the
conclusion and the corresponding references.

2. 3D EDGE DETECTION

The idea of edge detection have been treated mainly on 2D image, some research are given by Dinham and Fang
(2013), Dinham and Fang (2014), Pachidis and Lygouras (2007). Nevertheless Bahnisch er al. (2009) developed and
algorithm to detect 3D edges for surface reconstruction based in the Canny edge detection algorithm. This research uses
the RANCAC paradigm which were introduced by Fischler and Bolles (1981), which is capable to fitting a model from
a group of data with a significant percentage of gross error. The RANSAC algorithm is used to detect planes from point
clouds that belong to a working mock-up, then the 3D edges are calculated with the intersections of these planes.

3. PROPOSED METHOD

The proposed method is around the processing of a 3D point cloud. Based on the Random Sample Consensus
(RANSAQC) algorithm, statistical outliers removal, pass through filters and the function planeWithPlanelntersection of
the point cloud library (PCL), thus an algorithm to process a 3D point cloud was developed. The designed algorithm is
depicted in Fig. 1.

CC: Concatenated Cloud
PNj: Plane Numbers 1

: Plane Numbers 2
Plane Centroids
Initial Clouds
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Figure 1. 3D edge detector algorithm diagram

3.1 Algorithm

Step1: In this first step the n point clouds that were taken previously are loaded, and all are concatenate into one single
cloud CC,,.

CCy = cloud gy + cloud 1y + ... + cloud,,) )

Step2: A series of Pass Through filters pcl::PassThrough<pcl::PointXYZ> in X, Y, Z are applied to the concatenated
cloud C'C, to eliminate points that do not belong to the work piece.

Step3: The RANSAC object pcl::SACSegmentation<pcl::PointXYZ> is created and applied to C'C,, to estimate the
plane parameters, thus obtain the mathematical model that is the plane equation Eq. (2) of all the ¢ planes found, each
time a plane in found is numbered and subjected to a statistical filter pcl::StatisticalOutlierRemoval <pcl::PointXYZ> to
eliminate outliers, then a PCD file is saved with all the points that form this plane, also the plane data like size PS, number
PN and its coefficients PC are saved to latter use in Step4, StepS and Step6. The previous procedure is a segmentation
process and is carry out until the size of C'C), reach a minimum value.
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Step4: All parallel and concurrent planes must be identified to select among them the biggest one. Parallel planes are
classified by Eq. (3), and the concurrence is defined by Eq. (4), where P = {py + ... + p, } is the set of all parallel and
concurrent planes, {k : 0 < k < j} and (z;,y;, 2;) are coordinates of a point in the j-th plane. At the end the number
that represent each one of the selected planes are stored to be used in Step4 and Step6.

A X _B)Y C;Z
A X T ByY  CRpZ’

where k#j 3)

_ Apxj + Bry; + Crzj + Dy,
VA2 + B: +C?
Step5: Some of the PCD files saved in the Step3 are loaded, the selection criteria are the plane numbers stored in the
last step. When each plane is loaded its geometric limits and centroid related to the Kinect sensor are determined, this
information is stored for later use. A new point cloud C'C is created with the loaded clouds by means of concatenation.
Then, this new cloud C'C is stored for latter use in the Step8.

Step6: The angle between the non-parallel planes are calculated by Eq. (5) to be used as a grouping criteria and the
numbers of each couple of planes are stored for use in the Step7.

AjAk + BjB},C + C7Ck
V(424 B2+C2) (43 + B+ C})

D

, where k#3j 4)

where  k#7j (5)

cosy =

Step7: Taking the plane equation of the pair of planes stored in the last step, the line that is generated by their
intersection is calculated, but this operation is limited just for adjacent planes, in order to distinguish two contiguous
planes, the condition Eq. (6) must be frue, where P. = {pc1 + ... + Pew } is the set of all the pair of planes, one duple is
defined as {p,,pry1}, {r : 0 < r < w} and \/ is the or symbol.

DX.> K (DX, + DX,41) \/ DY. > K; (DY, + DY) \/ DZ.> Ky (DZ, + DZ,11) (6)
where,

DX, = HPlane . . —Planey ,

( )]\/[a.'l:Lt'm,ti ( )]\/[’LTLL‘LTV‘I,ZiX

DY, = ||Plane(r)MwLi7my — Planeqy, || , The same way for Plane(, 1) @)

DZT = HPlane(T)J\lusznitZ - Plane(r)kﬂannitZ H
and,

DXC = ||Plane(r)CenM‘oidDistanceX - Plane(r+1)Cenm‘oidD1istanceX || ’

DYvC = HPlane(T)CentrnidDista,nceY - Plane(r+1)Cew,trnidDi.§ta,n,ceY ‘ ’ (8)

DZC = ||Plane(r)CﬁntroidDistanch o Plane(r+l)CﬁntroidDistu.ncﬁZ

The Ky parameter is a constant, where {K 71055 <Ky < 0.7}, these values have been experimentally determined.
All the lines calculated are numbered and stored.
Step8: The point cloud C'C' created in the Step5 is loaded, and is taken as a base to build a Kdtree structure
pcl::KdTreeFLANN<pcl:: PointXYZ>.
Step9: The length of all the lines calculated earlier are fitted using Eq. (9) and the plane limits determined in Step5,
the new lines are stored.
T — Zo Y—Yo Z — 20

= = ©))

Ty — X1 Yo — Y1 20— 21

Step10: Until this moment the lines are relative to the Kinect sensor coordinate system, in order to make them relative
to the robot coordinates system a transformation is done by Eq. (10), where s is a scale factor, R is the rotation matrix,
T, is the translation vector, Cy is de coordinates vector relative to the Kinect sensor and C; is the vector of transformed
coordinates.

Ci = sRCx + T, (10)
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3.2 The graphical user interface developed

One graphical user interface GUI was developed to accomplish two objectives, the first one was aimed to make a fast
and easy way to test the 3D edge detector algorithm during its development, and the second one, as a tool to implement
the proposed algorithm and provide the way to give the last line configuration. The second objective is the more important
because not all the edges detected are weld joins or has to be completely welded, these criteria depend on the work piece
design, and for the moment is under the designer control. The GUI writes a #xt file, which’s contain all the lines coordinate,
the purpose of this file is to pass this information to the path and trajectory planer. In the Fig. 2 the GUI is presented and
in Fig. 3 the tools are shown and their description is as follow: Fig. 3a the Pass Through filters tool, Fig. 3b Translation
tool, Fig. 3c Rotation tool, Fig. 3d Tool to change the line length or to eliminate it, Fig. 3e Tool to trim lines.

The tools involved in the GUI development were QT Creator 3.3.0 based on QT 5.4.0 (GCC4.6.1, 64 bit), C++ was
the programming language implemented, the openNI framework were employed to provide the interface with the Kinect
sensor and the Point Cloud Library PCL 1.7 were used to capture and process the point clouds. The development was
done under the operative system Ubuntu 14.04.1 LTS trusty on a 64 bits system.
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Figure 3. Set of implemented tools.
4. RESULTS

The system implemented to test the proposed algorithm can be observed in Fig. 4, it consists of one robot ABB-IRB-
140 and one Microsoft Kinect sensor, plus some metallic and non-metallic mock-ups.
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Figure 4. Robot ABB-IRB-140 and Kinect sensor Figure 5. Coordinates systems

4.1 From Kinect coordinate system to robot coordinate system

As is observed in Fig. 2 the GUI provides the coordinates of the two points that define each line, these coordinates
are relative to the robot coordinate system by means of Eq. (10), these systems are illustrated in Fig. 5 . The selected
method to find the transformation was elaborated by Horn (1987), which uses unit quaternions. In this case, the Kinect
sensor is always in the same position, thus the transformation just has to be calculated one time, unless the robot or the
Kinect coordinate system changes. For this purpose a non metallic mock-up was made, it is shown in the Fig. 6, and
seven control points were chosen on the mock-up, which were measured with one ABB robot IRB-140 and also with the
proposed algorithm Fig. 7. The transformation is calculated in GNU Octave 3.8.1, the data are summarized in Tab. 1 and
plotted in Fig. 8, the calculated quaternion g, and his representation as a rotation matrix R are in Eq. (11) as well as the
translation vector T, and the rotation angle 6.
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Figure 6. Control mock-up and robot ABB IRB-140 Figure 7. Control points measured with the GUI
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Table 1. Measurement of the control points

Points measure by Points measure by Transformed points Error™

the robot - C, the Kinect - Cy C; [%]
X,=1 0187300 | m | X = -0.127217 | m X¢=| 0.187170 | m | 0.069187
Point1 | Y. = | -0.652400 | m | Y= | 0.024521 | m | Point1 | Y; = | -0.652717 | m | 0.048649
Zr= | 0.170000 | m | Z;= | 0.785066 | m Zy=| 0.171168 | m | 0.686993
X,=1 0221500 | m | X = -0.076405 | m Xy=| 0221766 | m | 0.120004
Point2 | Y. = | -0.593600 | m | Y= | 0.062338 | m | Point2 | Y; = | -0.591697 | m | 0.320637
Zr= | 0143500 | m | Z=| 0.743912 | m Zy=| 0.143145 | m | 0.247242
X,=1 0200900 | m | Xx=|-0.077282 | m Xy= 0201013 | m | 0.056208
Point3 | Y. = | -0.598900 | m | Yy = | 0.117179 | m | Point3 | Y; = | -0.598754 | m | 0.024389
Z.=| 0081800 | m | Zx= | 0.779277 | m Zy= | 0.081676 | m | 0.151960
X,=1 0253100 | m | X = -0.123554 | m Xy= 0253029 | m | 0.027879
Point4 | V.= | -0.634400 | m | Yy = | 0.150394 | m | Point4 | Y; = | -0.633451 | m | 0.149634
Zr= | 0058500 | m | Z;=| 0.744240 | m Zy= | 0.057962 | m | 0.919683
X,=1 0225200 | m | Xx= | -0.173419 | m Xy= 0224925 | m | 0.122100
Point5 | Y. = | -0.691300 | m | Yy = | 0.119557 | m | Point5 | Y; = | -0.691894 | m | 0.085914
Z.= | 0081500 | m | Zx=| 0.779919 | m Zy= | 0.080433 | m | 1.308700
X,=1 0246800 | m | X = -0.173188 | m X¢=| 0245573 | m | 0.497309
Point6 | Y. = | -0.684400 | m | Y= | 0.062975 | m | Point6 | Y; = | -0.685508 | m | 0.161930
Z.= | 0.142700 | m | Zi= | 0.744421 | m Zy= | 0.143636 | m | 0.656010
X,=1 0165100 | m | X = -0.127399 | m Xy =1 0.166424 | m | 0.801784
Point7 | Y, = | -0.658100 | m | Y= | 0.081165 | m | Point7 | Y; = | -0.659079 | m | 0.148775
Z.= 1 0107900 | m | Zx= | 0.820671 | m Zy=| 0.107880 | m | 0.018826

(1) Percentage Error ¢ x 100
T

The root-mean-square (RMS) deviation for C,. and C is : RM S deviation = 0.0014360

From the Tab. 1 is possible to see that the biggest and smallest percentage error value are 1.308700% and 0.018826%,
this is equivalent to a difference of 1.046 mm and 0.00002 mm respectively, this is an acceptable result considering the
measuring error introduced by the human factor at the moment of positioning the end effector during the measure process
with the robot ABB IRB-140, because this robot has a repeatability of 0.03 mm.

4.2 Test on metallic mock-up

The following figures Fig. 10, Fig. 12 and Fig. 14 display the result of some tests carried out on metallic mock-up,
in Fig. 10 is possible to see how the segmentation part works in the algorithm, each detected plane is colored with a
different color, in Fig. 12 and Fig. 14 more than the necessary lines appear this is the raw result, these lines can be
suppressed using the GUL In the future is expected to add another step to the algorithm, where the parallel lines can be
reduced. The Fig. 15 shows a problem that sometimes appears when a metallic mock-up has good finished on the surface,
sometimes this problem can be avoided by changing the work piece orientation relative to the sensor and modifying the
light conditions.

Figure 9. Control mock-up and robot ABB IRB-140 Figure 10. Control points measured with the GUI
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Figure 12. Control points measured with the GUI

Figure 15. Laser Problem on a metallic mock-up

5. CONCLUSIONS AND FUTURE WORK

The goal of identify and record the straight edges of T joins with square groove and/or in inside corner join with no
preparation that will be welded, in order to facilitate the programming process was fulfill. This means that the proposed
methodology of work with 3D rather with 2D images is functional and able to be implemented in some applications were
the 2D image processing is dominant. Such result imply that a new stage of processing algorithms is emerging.

Is relevant to stand out that there were no need to perform a sensor calibrations as it was required when the stereovi-
sion technology is employed, this is possible since the proposed algorithm works directly with three-dimensional points
captured by the IR deep sensor instead of the two-dimensional pixels. Nevertheless the Kinect comes pre-calibrated from
the factory, and its default parameters was enough. However, to do a calibration on the Kinect sensor to improve its
precision is also possible, as is explained in Karan (2013) and in Gui et al. (2014). In the future the Kinect calibration will
be performed to verify how much the accuracy is improved for the present application.
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It is necessary to tune up some details in the last steps of the algorithm to reduce the human intervention even more.
As the capacity of classify and filter parallel lines, too.

The GUI developed demonstrate to be easy to use, it has good performance during the algorithm execution, and it’s
a valuable tool during the design stage. The benefits of the proposed system span from the easy of use to the quick
recognition of the geometric features required in the path and trajectory planning process related to welding robots. For
the future is expected to improve the algorithm code to enhance this performance, and also add optimization algorithms
to get better results in the last steps. Another improvement will be adding the capacity to detect cylindrical surfaces.

Another point to take in count is to use a better mock-up in the process of find the transformation between the sensor
and robot coordinates systems to reduce the error of measure, implement a 3D printed muck-up as an option in the future.

The coming work has the challenge to adapt the 3D edge detector algorithm in such way that it can work with registered
point cloud.
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