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joints. This paper presents a new algorithm for root gap measurement of “V” type joints using
a linear adjustment technique. This developed algorithm was evaluated from measurement
errors found in images captured before and during orbital welding procedure of a standard
test piece. The same images were processed with pattern correlation algorithm and derivative
algorithm, both presented in academic papers. The proposed algorithm presented the best
results of measurement error, robustness and flexibility.
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Algoritmo de Extracao das Caracteristicas da Junta para Sensores de
Triangulacao Laser Aplicados ao Controle do Passe de Raiz

Resumo: A medicdo da geometria da junta é tarefa fundamental para a automagdo da
soldagem. Dentre os sensores utilizados para tal finalidade, os Sensores de Triangulagdo Laser
para soldagem (STL) estdo entre as tecnologias que melhor caracterizam a geometria da junta
durante a soldagem. A medicdo da abertura de raiz (gap) é especialmente importante para
0 sucesso na deposi¢do automatizada do passe de raiz, com beneficios de produtividade e
qualidade em diferentes aplicacdes, como a construg¢ado de dutos para o setor de Petréleo
e Gas. A medicdo desta caracteristica é sensivel aos ruidos gerados pela soldagem e a
reflexividade da superficie da junta. Os algoritmos de processamento de imagem para
medicdo do gap apresentados na literatura ndo tém as caracteristicas desejadas de erro
de medigdo e flexibilidade para medicdo em chanfros de diferentes dimensdes. Este artigo
apresenta um novo algoritmo para a medicdo do gap em juntas de chanfro “V” empregando
atécnica de ajuste linear. O algoritmo de medicdo desenvolvido foi avaliado a partir dos erros
de medigdo do gap encontrados em imagens capturadas antes e durante o procedimento de
soldagem de raiz de um corpo de prova padrdo. As mesmas imagens foram processadas com
os algoritmos de correlagdo de padrdes e algoritmo de derivadas, ambos apresentados por
trabalhos académicos. O algoritmo proposto apresentou os melhores resultados de erro de
medicdo, robustez e flexibilidade.

Palavras-chave: Soldagem adaptativa; Controle e automacdo da soldagem; Sistemas inteligentes;
Soldagem orbital; Produtividade.

1. Introduction

Although the advantages of welding processes automation are notorious, for some of
the more delicate operations, which present conditions of greater sensitivity to instabilities
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behavior of the melt pool and changes the torch movement pattern and power source parameters. In root welding's
case, gap observation is especially important for welding success. The root pass is the first pass of the union of
two pieces prepared with a “V” bevel and the gap is the minimum distance separating the two pieces (Figure 1).
Because it is the first and most time-consuming pass, it usually determines the progress of the production line or
construction stages, one of the most affected being the construction of pipelines for transportation of Oil, Gas
and By-products. The main challenge of the root pass is to perform the joining of the two pieces so that the gap
is filled with a welding bead of acceptable penetration and geometry, in a regular manner throughout the weld.

Captured Image
Plane (u,v) Laser

Gap

Figure 1. Working principle of a laser triangulation sensor.

In automated root welding procedures, the gap must be measured by a sensor [1]. The Laser Triangulation
Sensor for welding (LTS) is one of the technologies that best characterizes joint geometry and gap during welding [2-4].
Unlike other systems, such as inductive or capacitive sensors [5] or mechanical probes [6], LTS allow joint geometry
measurement. In principle, sensing systems using the arcitself as a sensor may also have the ability to read aspects
of the joint geometry [7]. With laser sensors, however, it is possible to extract with greater precision and reliability
the values of gap, chamfer angle and cross-sectional area, among others.

The LTS are composed of a measuring head, equipped with a camera and a laser emitter, among other
important components shown below in the system description, and hardware and software for communication,
control, data processing and image processing. In this last subsystem, the scope of this work is inserted, which
objective is the development and evaluation of an algorithm to extract the joint characteristics in V type chamfers.
The comparison of the developed algorithm (Linear Adjustment) with techniques described in the literature (Pattern
Correlation [8]; Derivative Algorithms [9,10]) is also approached in this work.

1.1. LTS working principles

The LTS is composed of a laser emitter that projects a structured plane of light over the piece to be measured,
resulting in the projection of a laser line on the joint. A camera equipped with a set of lenses and filter captures
this line. Figure 1 shows the operating principle of the LTS and its main components. The image captured by the
sensor is processed with different algorithms and digital filters to correlate the image of the laser line with the
geometry of the chamfer. The sensor can be calibrated to transform the position of the laser line pixels in the plane
of the image (u, v) into points of the measurement system in millimeters [11]. In automated welding procedures,
the sensor is mounted in front of the torch to inform the system of the joint geometry before welding [12].

In addition to naturally present noise sources in the laser triangulation process for welding, optical systems
measurements suffer from the noise generated by the electric arc luminosity, splashes and reflectivity of the
pieces. The literature has consolidated some hardware solutions for the sensor to support welding interferences.
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These solutions make the sensor capable of supporting the aggressive environment, but do not eliminate the
process noises altogether [4,13]. On the other hand, the part to be measured often has known characteristics that
help processing, such as the chamfer type and its main characteristics [14]. The steps of this image processing in
an LTS are organized in Figure 2.

Once captured, the image is segmented, filtered and the joint profile is extracted. The joint profile can
be understood as the set of points of the image that best represents the laser line. In the step of extracting the
joint characteristics, the joint profile is processed to measure its characteristic points. This information is used to
calculate the geometric characteristics of the joint, such as the gap (Figure 2) [14,15].

Captured Image Joint Profile Joint Characteristics Extraction

-

Characteristic points
Joint Profile

P t i

Segmented Image Filtered Image

i

Figure 2. Image processing steps for LTS.

Gap

Academic papers present algorithm solutions for gap measurement that meet certain automation
applications [8-10,16-20]. These solutions have limitations that often result in increased gap measurement errors
during welding or in the need for adjustments to the measurement settings for each new measured piece.
The need for constant adjustments makes the process inflexible and may limit its application. In this work, a
new image-processing algorithm for gap measurement called Linear Adjustment is presented. The results of the
measurements with this algorithm are compared to gap reference values and results obtained with the algorithms
of Second Derivative [10,19,20] and of Pattern Correlation [8]. The Second Derivative algorithm uses the variation
characteristic of joint profile inclination to measure its geometry and find the gap value. The main characteristic
of this algorithm is flexibility of application for V type chamfers. The Pattern Correlation algorithm uses preset
patterns to be correlated with the joint filtered image and perform the measurements. Standards correlation is a
technique used for measurement in joints with reflexive surface for its robustness to noises.

2, Linear Adjustment Algorithm

The Linear Adjustment algorithm uses different techniques to minimize noises in images captured during
welding. Initially, the captured imaged is segmented with an adaptive threshold technique [10]. This technique
consists in detecting the level of image background intensity to define the filter value. As an image | (u, v) of
height H and width W, Equation 1 gives the background value B [10].

1 w M, M, H
B=——— I(u,10v)+ I(u,10v
WM, + HM, ;; ( ) ;VZ:; ( ) (1)
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Any spatter present in the image may show higher intensity than the background value found and remain
in the image after the threshold is applied. The segmented image is then processed with a particulate filter to
remove these spatters. The filter groups nearby pixels with similar characteristics by defining an object in the
image. In this way, a group of objects generated by the images of spattering, reflections and the laser line can be
defined [21]. The objects identified from spatter and reflection images are much smaller than the ones generated
from the laser line image. This feature is used to identify and remove these noises. However, spatter that cross
the laser line at the time of image capture, or reflections very close to the line, can be grouped to the line object
and remain present after the threshold is applied.

The chamfer profile is extracted from the filtered image with the technique of multiple peaks and neighborhood
criteria [13,15]. In this technique, the luminous intensity profile of each column along the lines is analyzed to define
the set of points that best represents the chamfer profile. The luminous intensity of each column varies according
to the presence of the laser line or noise. Figure 3 shows the image of a filtered bevel with inverted colors for better
viewing. The image highlights the luminous intensity profile in columns A, B and C. In column A, the luminous
intensity profile contains only one peak. The position of this peak along the columns of the image represents the
position of the laser line in pixel coordinate. Columns B and C have two luminous peaks, one of which is generated
by the laser line and the other by a reflection present in the bevel or spatter crossing the image.

AB Columns Columns Luminous Intensity
A B C ”
é \\\/ ...................................... e
—
B IR Rl S ddist et - - SO —
A A A

Figure 3. Multiple peaks intensity profile analysis of columns A, B and C.

In images without noises, the peak of greater intensity correctly represents laser line position. However, in
regions where there is presence of noise generated by reflections or spatter, the peak of higher intensity may wrongly
represent line position. In these cases, the analysis of the different light intensity peaks present in a column can
help define the point that best represents the laser line. According to Figure 3, this analysis cannot be performed
based on peak value or peak format [22]. In this paper, the choice of the peak that best represents the laser line
is based on previous knowledge of the chamfer type and the pixels neighboring the analyzed point. The most
intense (Peak 1) and less intense (Peak 2) peak sets shown in Figure 4 are processed to identify the chamfer profile.

Peak 1 Peak 2 Joint Profile
; '\ b \ 4
& 74 A ¥4 L /
“~— * Vi —— . \ ‘;(’ \

Figure 4. Chamfer profile extraction through multiple peaks. Left to right: Peak 1 (Highest intensity peak), Peak 2
(Lesser intensity peak) and Chamfer Profile.
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The joint profile is then processed so that joint characteristics are extracted. In this algorithm, joint characteristics
are extracted based on the adjustment of straight lines to the chamfer profile. Figure 5 shows the adjusted lines
R1, R2, R3, R4, and characteristic chamfer points X1, X2, X3 and X4. The straight lines are found from the bisquare
adjustment method, which presents best result in the fit of straight lines on noisy signals [23,24]. This method returns
the adjusted line and the error value displayed between the bevel points and the line. Points perfectly aligned will
result in a straight line with zero error. To define R1, a line formed by the points of column 0 to column n + 10 is
set, with n = 0 initially. If the displayed error is below a cut-off value, n is incremented and a new line is adjusted.
This algorithm repeats until the error exceeds the cut-off value by defining the end of R1 line. The R2 line is found
by fitting a line to the points of the columns n to k + 10 where k = n initially. The value of k is incremented until
the error of the set line exceeds the cut-off value. The R3 and R4 lines are met with the same technique, starting
from the other end of the chamfer profile. The points X1 and X4 are found from the intersection of the lines R1
with R2 and R3 with R4. The points X2 and X3 are defined from the end of the lines R2 and R3.

(u,V) Adjusted Line i I
Joint Profile D

Characteristic Points |, TI

L X4 R4
| X /m—
v=0..10+n “R2 R3
v=n+10..k+10 \\
Y
X2 X3
Adjusted Line

Figure 5. Linear Adjustment method for characteristic chamfer points extraction.

3. Experimental Testing

In order to evaluate the performance of the Linear Adjustment algorithm in gap measurement, images were
captured with a development sensor before and during the welding process of a standard test piece. The test
piece used was composed of SAE 1020 9.6 mm thick carbon steel plates machined with a 60° bevel and 300.0 mm
length between the attachment points. The plates were assembled in such a way that the gap between them was
approximately 2.0 mm, with variations in this value due to the machining and assembly of the test piece. The gap
reference value was measured along the joint, with a 0.05 mm resolution caliper, every 30 mm of joint length.

Figure 6A presents the test bench with welding power source (1), robot equipped with LTS (2) and image
acquisition and processing computer (3). Figure 6B highlights the cartesian displacement mechanism robot (1) [25],

Figure 6. Welding bench (A) with power source (A1), robotic system (A2), acquisition and control computer (A3),
LTS equipped robot (B) with sensor (B1), Cartesian robot (B2) and test piece (B3).
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the developed LTS (2), the test piece used in the tests (3) and the direction of welding speed (Vs) . The LTS uses
a 1.3 MP industrial camera with Ethernet communication, equipped with set of lens with focal length of 16 mm
and a 650 nm band pass filter. The laser projector used outputs 30 mW power and wavelength equal to 650 nm.
The resolution of this sensor is 0.05 and 0.09 px / mm (pixels per millimeter) along the length of the laser line
and the measurement height. The maximum measurement rate is 10 acquisitions per second, totaling a cloud
of 13,000 points in this range (300 mm test piece length measured). The LTS was mounted 50 mm in front of the
welding torch and 60 mm over the plate surface (vertically). The welding process used was the Controlled Short
Circuit, indicated for root pass welding by enabling better control of the molten pool. The process parameters are
presented in Table 1 [26].

Table 1. Welding movement and power source parameters.

Power source parameters Welding movement parameters
Wire Feeding Medium Medium Travel Speed Oscillation Oscillation  Side stopping
Speed (Va) Current Voltage (Vs) Width Frequency time
[m/s] [A] vl [mm/s] [mm] [Hz] [s]
3.2 120 16.5 2.5 1 2.5 0.3

Two groups of 2300 images of the test piece were captured, one composed of images captured before the
welding and another during it. The two groups were captured under the same conditions of movement and sensor
configuration. The images were processed with the three algorithms and analyzed for errors and measurement
failures. A measurement failure is defined when the algorithm fails to measure a gap value or when this value is
greater than the maximum value of 10 millimeters (five times the standard gap value expected).

The error values were obtained from the comparison between the reference value and the filtered gap for
the same test piece position. The applied filter eliminates abrupt variations and smoothes the measured gap
according to Figure 7. The measured Gap [n] is first compared to the previous filtered gap GapF [n-1], checking
whether the measurement shows a permissible variation. If the variation is less than 0.3 mm, the gap value is
processed with the first-order exponential smoothing filter with a equal to 0.3 and stored in GapF [n]. The a value
being 0.3 represents a cut frequency of approximately 343 Hz.

The gap measurement error in a group of images was obtained from the differences between the filtered gap
and the reference gap in the positions according to Equation 2. Ref is the gap reference value in position n, GapF

Gap[n] Measurement <

v

|GapF|[n] - GapF[n - 1]|

< Variation Limit

GapF[n] =a * Gap[n] + (1 - @) - GapF[n - 1] }—

Figure 7. Gap filtering algorithm.
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the filtered gap, Uo the standard deviation of the error module and t the coefficient of the Student distribution
to 95% certainty in a set of 11 samples.

Error = lZ:GapF[n] - Ref[n]it -u
L

4. Results and Discussion

Figure 8 shows the gap measurement results with the Linear Adjustment algorithm, the filtered gap and
the gap reference values along the joint for images captured before welding (A) and during welding (B). The gap
measured values and reference values were processed to generate the percentage of failure and measurement error
of the algorithm for this joint. The same images were processed using the Linear Adjustment, Pattern Correlation [6]
and Second Derivative [19] algorithms to define the percentage of measurement failures and measurement errors
presented by those algorithms. In Figure 8B it is observable that with the introduction of welding noises in the
captured images there was an increase of spurious points due to measurement errors of the algorithm.
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Figure 8. Linear Adjustment measurement results before welding (A) and during welding (B).

The percentage of failed measurements and the calculated error for the Linear Adjustment, Pattern Correlation
and Second Derivative algorithms are shown in Figure 9A and Figure 9B. The Second Derivative algorithm presented
the highest percentage of measurement failures. Processing the images captured during welding, this algorithm
presented measurement failures in 23% of the images. This data shows lack of robustness of the algorithm in the gap
measurement of noisy images. Even in images without the presence of spattering and sensible luminous variations,
the algorithm presented the biggest measurement error. This result is directly related to the principle of extraction
of the chamfer characteristics used by this algorithm. The bevel's profile derivative operation eventually amplifies
the profile noise, which often impedes the algorithm operation. The algorithm uses filters to soften the profile
and reduce the noise intensity, but ends up distorting the bevel profile and inserting coarse measurement errors.

The algorithm of Pattern Correlation was less influenced by the process noises, with a low percentage of
failure in both sets of images. Measurement failures occurred in 8% of the images captured during the welding
process. The operating principle of the algorithm is based on previously saved patterns that are correlated with
each captured image to find the bevels interest points positions. Due to this operating principle, the algorithm is
robust because it does not have to extract the joint profile and subsequently identify the interest points. However,
the algorithm is extremely dependent on the creation of standards for measurement success. In this way, the
patterns must be recreated at the beginning of each procedure, which renders the algorithm unproductive. In very

20 Soldagem & Inspecdo. 2017;22(1):14-23



Welding Joint Features Extraction Algorithm for Laser Triangulation Sensors Applied to Root Pass Control

[ Linear Adjustment
I Pattern Correlation

A I Sccond Derivative
;\j 204
g
g 15
[ 7]
S
&
S 101
o
2
S 5
0 -
Before Welding During Welding
Linear Adjustment
. @ Pattern Correlation
—— Second Derivative
B o2
0.0 T ¥ %
E’ -0.24
[ ]
& [
-04
-0.6
| L
Before Welding During Welding

Figure 9. Percentage of measurement failures (A) and error comparison (B).

long joints, where the geometry of the joint profile varies significantly, the algorithm tends to present significant
measurement failures.

The Linear Adjustment algorithm presented a smaller gap measurement error in images with process
noise. This algorithm also presented the smallest percentage of measurement failures, indicating its robustness
in measurements with and without the presence of welding noises. Because the operating principle does not
rely on previously saved patterns, the algorithm has the flexibility required for application in automated systems.
The algorithm can measure the joint position and characteristics, such as the gap, without the need to be reconfigured
to each welded piece as it happens with Pattern Correlation algorithm. The Linear Adjustment used to identify
the lines makes the definition of interest points more robust than the other processes. The algorithm adapts to
bevels with different characteristics, allowing the application in joints with significant profile geometric variation.
In the procedures without welding noises, the linear adjustment algorithm presented only 1% of measurement
failures. These few measurement failures resulted in a data set with a larger standard deviation, which resulted in
a higher maximum error in the measurement procedure for images captured before welding.

5. Conclusions

The Linear Adjustment algorithm proposed in this paper presents a solution for image processing of laser
triangulation sensors applied in the root pass welding control. This algorithm is indicated for measurements with
interference of process noise for its robustness. The algorithm’s operating principle uses the joint profile points
straightening to perform the joint characteristics measurements and is therefore called Linear Adjustment. The Linear
Adjustment algorithm was compared with literature proposed algorithms for “V” type joints gap measurement,
presenting better results in relation to failures and measurement errors.
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The Second Derivative algorithm, which uses the profile slope variation of the laser line to perform
measurements, was sensitive to the process noises, presenting increased errors when applied to images acquired
during welding. The Pattern Correlation algorithm presented robustness when applied to images with process
noise, but it was not very flexible to chamfer variations. This algorithm is extremely dependent on the correlation
patterns used to identify and measure chamfer characteristics. In this way, it is indicated that the correlation
standards are calibrated to each new test piece. The Pattern Correlation strategy should be applied in short length
joints or with little dimensional variation of its profile.
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