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ABSTRACT

For automated welding, seam tracking and weld penetration control are two
fundamental issues, whilst in process control the sensing technique is one of the key
technologies. Among the various types of sensors used in welding automation, vision
sensors are widely used. In recent years, especially, with the rapid advance of
personal computing technology and its associated consumer electronics,
microprocessors, video chips and laser diodes have become widely available at a

lower cost, resulting in their widespread use.

The work presented in this thesis has been concerned with the development of two
vision-based sensors for both seam tracking and weld penetration control. Both these
sensors are compact and capable of being mounting on the welding torch. A single PC
was used to carry out all image processing work for both sensors and the control
functions for the welding system. Consequently, an integrated, compact automated

welding sensing and control system was created.

The development of real time image processing software is extensively discussed
in this thesis. The image processing algorithms investigated were for weld pool
monitoring, to measure and estimate top-side bead width and, for seam tracking, to
extract the profile of the joint or seam. Closed loop control trials have shown that the
proposed sensors and image processing algorithms can provide reliable feedback
information of the bead width and seam position for penetration control and seam

tracking.

A third vision-based sensor has been developed for post weld inspection. To
extract the parameters of the weld bead profile, i.e. bead width, reinforcement and

undercut etc., a novel algorithm for segmenting the laser stripe is given.
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CHAPTER 1 INTRODUCTION

1.1 Arc Welding Processes

Arc welding is a joining process using an arc, between an electrode and the metal
edges to be welded, to heat the metal to a fusible state. Two types of arc welding

processes are in common use, namely TIG (Tungsten inert gas) and MIG (Metal inert

gas).

1.1.1 TIG Welding

In the TIG process the arc is formed between a pointed tungsten electrode and the
workpiece 1n an inert atmosphere of argon or helium. The small intense arc provided
by the pointed electrode is ideal for high quality and precision welding. It has played a
major role in the acceptance of aluminium for high quality welding and structural
applications. TIG is applied in all industrial sectors but is especially suitable for high

quality welding on thin sheet material because deposition rate can be quite low (using

a separate filler rod).

There are two kinds of commonly used TIG processes, DC-TIG and AC-TIG. In
DC-TIG, a constant arc current is applied with electrode negative during welding. It is
generally used for the TIG welding of stainless steel, mild steel and medium-carbon
steel. Pulsed arc current is also applied in this process to obtain a more flexible
control of welding current. In AC-TIG, alternating current is used to help to break up
the surface oxides on metal and exposes a clean oxide-free metal in the weld area.

This 1s especially necessary for the welding of aluminium. Therefore, AC-TIG

welding 1s mainly used for the welding of aluminium.
1.1.2 MIG Welding

In MIG welding with an electrode having a lower melting point than tungsten, the
electrode end melts and molten particles are detached and transported across the arc to
the workpiece by the magnetodynamic forces and gaseous streams. Therefore, it
offers high deposition rates and high productivity and is suitable for the welding of
thick material. Unlike TIG welding, MIG is invariably used with direct current and

usually with the electrode positive. MIG is widely used in most industry sectors and

an extremely wide range of metals, from mild steel to aluminium.
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1.2 Welding Process Control

Over the past decades arc welding process control has been an intensive research

topic for a number of researchers world-wide. For automated arc welding, process
control 1s mainly concerned with two aspects: weld penetration control and seam

tracking. The techniques concerned with these two issues are reviewed in the

following sections.
1.2.1 Penetration Control

Problems are frequently experienced in ensuring consistent weld penetration of a
joint, due to minor variations in material composition, component dimensions, joint
fit-up or the surface condition of the Component. In manual welding, the welder can
adjust the welding parameters, or his technique, to compensate for some of the
variations. In automated welding, the welding parameters are normally fixed prior to
welding. Even if constant welding parameters are used, inconsistent weld penetration
still occurs. This, consequently, will influence the performance of the weld in its
working condition, especially for critical applications such as nuclear, chemical and
aerospace structures. Thus, maintaining consistent penetration during automated arc

welding has become a primary objective pursued by researchers.

For penetration control, practical and effective sensors are required. A sensor
which observes the back of the weld and modifies the welding parameters to ensure
consistent penetration 1s ideal and direct. However, for many applications, access to
the back face of the weld 1s not possible. The difficulty associated with this problem is
to find a precise and reliable way to measure the weld penetration using only top-face
sensors that are attached to and move with the torch. To be widely applicable in the
fabrication industry, the system should ideally be able to accommodate variety of
welding processes, different welding positions and welding joint modes. Of equal
importance, the sensor should not make contact with the workpiece, or intrude into
the welding area. So far, a wide range of sensor systems applicable to arc welding
have been developed, 1.e., ultrasonic sensors, weld pool oscillation and visual sensors
etc. Among the methods proposed in existing literature, pool oscillation and vision-
based sensing methods received more attention, as ultrasonic sensing and acoustic
sensing use additional sensing devices which are difficult to attach to the torch and

contact with workpiece. A review of these methods is conducted as follows.

i A
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1.2.1.1 Weld Pool Oscillation Sensing [1.1][1.2]

When a short current pulse is applied to the arc, the surface of the pool vibrates.
T'he oscillation frequency and amplitude is dependent upon the weld pool size. It can
be monitored by measuring the fluctuations in either the arc voltage or the arc light
reflected from the weld pool. It appears that the oscillation behaviour of a partially
penetrated weld pool is considerably different from that of a fully penetrated weld
pool; the frequency of the partially penetrated weld pool being much higher and the
amplitude being much lower than those of the fully penetrated weld pool. It was
found that the oscillation of the partially penetrated weld pool is dominated by one of
two different oscillation modes depending on the welding conditions, whereas the
oscillation of the fully penetrated weld pool is characterized by a third oscillation
mode. It 1s possible to maintain partially penetrated weld pool oscillation in a certain
mode by choosing appropriate welding conditions. Under these conditions, an abrupt
decrease in oscillation frequency occurs when the weld pool transfers from partial
penetration to full penetration. Thus, weld penetration can be in-process controlled by

monitoring the oscillation frequency during welding.

Weld pool oscillation frequency monitoring is only effective for full penetration.
It 1s unlikely that the oscillation frequency can provide accurate measurements of
either the penetration depth or back-side bead width of the weld pool. For example, in
practical welding, the desired back-side bead width could be selected from 3 mm to 5
mm. However, the oscillation frequency is not sensitive to the variation in the back-
side bead width in this range. So far, the research on this sensor is only limited to the
T'lG welding without wire feed. Accuracy is reduced as the travel speed increases and

by power source ripple, slag islands, the presence of dirt, slag or oxide at the back of

the weld pool and the addition of filler wire to the weld pool.

[.2.1.2 Ultrasonic Techniques [1.3][1.4]

The principle behind this method is that the propagation interval for the ultrasound
1s related to the distance between the ultrasound source and the reflection point and
the distance between the reflection point and the receiver. For a single point range
measurement, the problem is to measure the transit time for a single ultrasound pulse

to travel to and from the reflector, which is a discontinuity in material property.

Theoretically, if the dimension of the reflector (for instance, crack, porosity, etc.) is

- — e —— e ———— - e — - ——— ===
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larger than the wavelength of the incident ultrasound pulse, the reflected pulse
contains information concerning the size and shape of whatever caused the reflection.
since weld pool constitutes a change in phase and in material properties relative to the
unmolten workpiece, its shape and size may be measured through its reflected
ultrasound. The depth of penetration of a weld pool can be measured by locating the

fusion interface between the weld pool and parent metal using ultrasonic waves

generated by an angled piezoelectric transducer in contact with the surface.

Accurate measurements from the top face can only be obtained for plate thickness
of greater than 10mm or less than 2mm. To ensure good coupling between the
transducer and the workpiece, the workpiece must have a simple, uniform surface
geometry with minimum irregularities, and distortion of the workpiece must be
avoided. The transducers must track the weld pool. Component vibration or
unexpected probe movement must be prevented. Although significant progress has
been made, practical applications are still restricted because of the contact sensor. If
the problems associated with the noncontact sensor [1.4] are well resolved, its

extended applications can be expected.
1.2.1.3 Acoustic Emission Techniques

During welding, the stresses which form in the workpiece because of the thermal
gradient about the weld and changes in the volume of fused metal generate acoustic
emissions, which travel throughout the workpiece. As penetration changes from
partial to full, the frequency spectrum of the acoustic emission can be measured using
a stationary acoustic transducer remote from the weld or, in laser welding, a non-
contact pressure wave sensor. However, the relationship between the acoustic
emissions and the weld penetration depth is not fully understood. Further, a number of

microstructural features may also influence the performance of these techniques.
[.2.1.4 Vision-based Sensing [1.5]-[1.19]

For a skilled human welder, penetration information can be obtained by viewing
the weld pool. This means that sufficient information about weld penetration exists in
the geometrical appearance of the weld pool. Thus, this technique assumes that if the

weld pool size on the top-face remains constant, then the penetration is constant. The
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weld pool may be viewed using a camera, which can be incorporated into the welding

torch.

Direct weld pool viewing functions independently of welding position, process
and joint type, and has received more attention than the other methods. However, the
development of this technique has been affected by the high expense of the
components of the system, such as the video camera, frame grabber etc. In recent
years the rapid advance of personal computing technology and its associated
consumer electronics has brought about a new, silent revolution worldwide.
Microprocessors and video chips have become commercially available at a lower cost
and compact size, resulting in their widespread use. Consequently vision based
sensors have become the most prospective methods for robotic welding sensing and

have shown their significant advantages over the other sensing techniques.

Intensive research on this technique has been done in recent years. Stone and
Ssmith [1.5] developed a vision-based sensor for measuring, in real time, the size of
the weld bead at the top face during automated welding. The technique involves the
periodic interruption of the arc for a short time duration, during which the image of
the weld pool is captured by a CCD camera. The size of the bead is measured by
hardware techniques. Bicknell and Smith [1.6] described a passive vision-based
sensor using an infrared camera combined with selective optical filtering instead of
arc interruption and external illumination techniques to reduce excessive arc glare and
improve contrast between an weld pool and heat affected zone. The sensor head was
compact and suitable for practical applications. In this technique, image processing
software was applied to measure the size of bead. More work has been done by Zhang
and Kovacevic [1.7][1.9][1.11][1.13] to investigate the correlation between weld pool
geometry and weld penetration in TIG welding. In their research, a high shutter speed
camera assisted with pulsed laser illumination was used to capture the clear image of
the weld pool. The shutter of the camera was synchronised with the laser pulse. From
developed 1mage processing algorithms in their study, the edge of weld pool could be

extracted successfully.

The principle behind this technique is quite similar for all this kind of system
developed with little differences in acquiring vision information of weld pool. In the

development of vision-based sensing techniques, both hardware and software play
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important roles. As hardware is concerned, all efforts have been made to get the clear

images of weld area, especially the weld pool, using components as compact and as
simple as possible to make the system suitable for practical applications. As software
Is concerned, great potential exists in developing novel image processing algorithms
to effectively and robustly extract the features of weld area. So despite the
achievements in vision-based sensing techniques, no one sensor is commercially
available because of the limitations of individual methods. Therefore, there is still
need to develop a vision based top face sensor, which should be flexible, robust and
portable in hardware, reliable in software, and suitable for a wide range of

applications.

In this thesis, a vision-based top face sensor is described for weld pool monitoring
in real time. A high shutter speed CCD camera combined with band pass filters
mounted on the welding torch is positioned in front of the weld. A standard frame
grabber, plugged into the computer, is used to capture images from the camera. Image
processing, on a PC, is then performed on the images. The resultant data extracted
from weld pool, mainly its width, is output to the control interface board for
manipulating the welding parameters, i.e. welding current, voltage (via. power
supply) and welding speed (via. stepper motor drive unit) to ensure the required weld
bead and penetration. Novel image processing algorithms have been developed for the

pool edge extraction in the welding processes of TIG and MIG on aluminium,

stainless steel and mild steel.
1.2.2 Seam Tracking

Seam tracking plays a fundamental and critical role in generating good arc welds
and continues to make great improvements. Most systems use one or more of the four

established sensing systems: touch, through-the-arc, ultrasonic and visual sensor.

The touch sensor uses the welding wire to find the beginning and end of the seam
before welding begins. This is the earliest method with poor accuracy and limited to

seams with grooves only.

[.2.2.1 Ultrasonic Sensor [1.20]-[1.23]

Mahajan [1.20] developed an ultrasonic seam tracking system for robotic welding

which tracks a seam that curves freely on a two-dimensional surface. The seam is

46 -
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detected by scanning the area ahead of the torch and monitoring the amplitude of the
waves received after reflection from the work piece surface. Scanning is
accomplished by using two ultrasonic sensors (a transmitter and a receiver) mounted
on a stepper motor such that the transmitter angle is the same as the receiver angle.
The motor is mounted on the end-effector just ahead of the welding torch and covers a
ninety-degree arc in front of the torch. If there is no seam then the receiver receives
most of the transmitted waves after reflection, but if there is a seam then most of the
transmitted waves are dispersed in directions other than that of the receiver. The
system has been tested and is robust in the harsh environments generated by the arc
welding process. The robustness of the system stems from using various schemes
such as time windowing, a waveguide, air and metal shields, and an intelligent sensor
manager. It can be used to weld very shiny surfaces, and is a very economical method
in terms of cost as well as computational intensity. The system can be used to detect

seams less than 0.5mm wide and 0.5mm deep.

Zhang [1.21] improved this approach using noncontact ultrasonic sensing. The
noncontact ultrasonic sensor was first introduced to seam tracking in the early 1980’s
by Estochen [1.22]. Umeagukwu [1.23] used a 100 kHz airborne ultrasonic transducer
to measure the joint orientation and lateral deviation caused by curvature or
discontinuities in the part. A data acquisition system was developed for V-groove

joints and lap joints.
1.2.2.2 Arc Sensor

Through-the-arc sensing is based on the correlation between the arc length and arc
voltage. With through-the-arc seam tracking, the head moves in a weave pattern over
the area where the seam 1s supposed to be. Variations in current and voltage as the
torch brushes over the seam give signals that can be converted to control commands.
Because of its robustness against smoke, spatter, and arc radiation, it is the most
prevalent method for seam tracking today. However, in order to apply this technique,
the joint sidewalls must be well defined or have a groove. Also, the mandatory weave
of the torch causes an undesired coupling between the sensing and the welding
process. In addition, it is only effective in gas metal arc welding. The arc light

intensity and welding resistance can also be utilised as a seam tracking sensor [1.24].

1.2.2.3 Visual Sensor [1.25]-[1.32]
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The basic principle of the laser-stripe sensor remained unchanged over the years.
State of the art charge-coupled devices (CCDs), laser diodes, and a microprocessor,
which controls and monitors the major functions, form the basis of a new, compact,
lightweight sensor head. The advantages of this design are its small size and the

absence of moving parts, resulting in an extremely reliable system.

Optically, the structured light principle is employed. A fan of laser light
emanating from one or more laser collimators strikes the surface of the workpiece.
T'he resulting contour line is viewed by the CCD camera at a given angle, termed the
“triangulation angle”. This captured profile carries all the information necessary for
determining the height and location of a given feature representing a joint or seam in
order to track the seam (automated seam tracking) and to adapt the welding

parameters to the actual groove geometry (adaptive welding).

As moving parts are omitted high mechanical ruggedness is guaranteed. By
modification of the optical layout the measurement range and resolution of the sensor
can be adapted to the actual problem. Active lighting results in a minor dependency of
surface properties. Filtering the scattered laser light with an optical narrow band pass
filter, chosen according to the laser diode’s wavelength, reduces impact of

surrounding day-light or an open welding arc.

Although laser stripe sensors for seam tracking have been available since the mid
30’s wide scale industrial acceptance has not taken place yet. Reasons for this are
unaffordable high prices and poor reliability and accuracy in harsh industrial
environments. However, in recent years, the cost for computer related consumer
electronics, such as video chips and laser diodes, has decreased dramatically.
Therefore the price for this kind of system has drastically reduced, while the problems
concerned with reliability and accuracy still remain unsolved. Lots of efforts have
been made to improve the reliability and accuracy of these systems from both
hardware and software. However most work has been conducted on V preparation and
lap joint because the seam features in these two instances are comparatively easy to be

extracted. Limited work has been done on the butt joint [1.33].

A large variety of sensors have been developed for seam tracking but up to now

only non-contact laser-optical sensors have proven their general ability to cope with

the most common seam types without major restrictions.

g
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Research work relating to vision-based seam tracking systems has been in
progress at the University of Liverpool for some time. The early systems used
specialised hardware to provide the required image analysis [1.33][1.34]. More

recently, real time systems have been developed around standard, low cost PC

hardware that use software based image analysis algorithms. The results obtained
from the use of this type of software based seam image analysis system are presented
in this thesis. The system is applicable to a number of applications using differing

plate thickness and welding processes.

L il "'_ _.I., _.I.:.rd.
R S . R R

1.3 Bead Profile Inspection

All industrial welds are very carefully designed and scrutinised. In industry only

welds produced using an approved welding procedure can be performed. Since

welding 1s a non-deterministic process the final weld may still not conform to the

original specification. Thus a final level of inspection is required.

O A B

I'he process of inspection is generally carried out by a qualified inspection body.
Inspection is an ‘expert’ task, the results of some inspections being not definitive but

open to interpretation, the most widely used method of inspection being that of visual

Inspection.

Visual inspection 1s generally quick to apply, relatively inexpensive and gives
very important information about the conformity of the weld as specified in the initial
specifications. The British Standard for visual inspection of fusion welded joints

makes specific suggestions concerning the measurement of the dimensions of a weld

" " - - i A % .
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preparation, a weld, or an imperfection. The inspector usually checks the following

items:

* Penetration and root examination. The penetration and root concavity, burn

through or shrinkage grooves need to be within limits specified by the code of

practice.

* Contour. The weld face and height of any excess weld metal must be within

the code of practice.
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* Weld width. The width of the weld needs to be consistent over the entire joint.

It must also be within the dimensional limits as specified by the welding code

of practice.

* Undercut. Undercut must be measured and checked against the acceptance

criteria.

T'o date, measurement of weld profile dimensions has been made manually, off-
line, using variety of gauges and weld replicas. These methods are time consuming,
limited in accuracy and require significant operator skill. The inaccessibility of certain

welds (e.g. in pressure vessels) also makes the method problematic.

This thesis describes a vision-based system capable of providing fast, accurate and
repeatable post weld inspection. The weld gauge uses the same principle as the one
used in seam tracking. Triangulation-based laser-stripe sensor has been used to get the
profile of the weld, and novel, software based, image analysis algorithms have been

developed to measure the parameters of the weld bead and evaluate its quality.

In general, this thesis covers all the important issues of the process control in
automated welding: seam tracking, penetration control and bead profile inspection.
Attention has been placed to software development for the visual sensors in three
instances. The results obtained in this research have demonstrated the prospects of a
vision based integrated system capable of multi process control before (seam

tracking), during (pool monitoring) and after welding (weld inspection).

1.4 Thesis Overview

This thesis has been structured into eight chapters. A brief description of the

remaining chapters is given below.

Chapter 2 describes the hardware structures used in this research, its components

and their functions. Block diagrams are given to illustrate the principles of the sensing

and control systems.

Chapter 3 discusses the image processing algorithms concerned with weld pool
monitoring. The principle and methodology of edge detection are described and the

edge detectors commonly used in machine vision are presented and compared. The
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algorithms of weld pool edge extraction for the images of different welding processes

on different materials are discussed.

Chapter 4 discusses the image processing techniques needed to analyse the images
provided by both laser stripe sensor and the direct viewing method used for seam
tracking, while attention has been placed on the first one. The principle and
methodology of corner detection in machine vision is presented. The techniques for
seam recognition from laser line and direct viewing images for the most common

seam types are described.

Chapter 5 then discusses the problem with respect to the bead profile
measurement. The definitions of the measurements, which are universally considered
to be important for evaluating the quality of a weld, are given. Hough transform
techniques, which are used for line segmentation in bead profile measurement, are
discussed. The algorithms for profile segmentation and feature point extraction are

presented.

Chapter 6 describes the software design using Visual C++ for three cases
described 1n chapters 3, 4 and 5. Their software structure, interface design and the

procedures implementing the variety of tasks are discussed.

Chapter 7 gives the results of preliminary control trials conducted for pool

monitoring and seam tracking.

Finally, the Conclusions of this thesis are made in chapter 8. Future work for this

project 1s suggested.
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CHAPTER 2 VISION SYSTEM STRUCTURE

T'his chapter describes the hardware structure of the vision systems used for weld

pool monitoring, seam tracking and bead profile measurement for both automated

T1G welding and MIG welding.

2.1 Vision System Components

All vision systems used for welding automation in this thesis are composed of

four basic components: camera (with lens), filter, frame grabber and a personal

computer for image processing.
2.1.1 Cameras

Video camera are used to convert light signals into electrical voltages that can be
transmitted, via electrical cabling, and used to reproduce the scene, viewed by the

camera, elsewhere.

Charge Coupled Device (CCD) cameras were chosen for the research work
because of their advantages over the traditional Vidicon tube cameras. First of all.
they are physically more compact which makes them highly suited for mounting on
robotic system. They are also much more robust as they are entirely solid state apart
from the lens system. Another advantage of CCD cameras is their wide spectral

response, they respond well in the infrared region.

Most CCD cameras produce a standard composite video signal output, which is
the most common output from video cameras. Images are displayed on a line by line
basis scanning down the screen. The composite video signal contains timing
information to indicate when new images and new lines within that image are being
displayed. The brightness of a particular point on the screen is controlled by the

intensity of the voltage of the video signal corresponding to that particular point.

The timing of the video signal is closely coupled to the frequency of mains
electricity (50 Hz). In order to prevent strobing of the image, if it were to be displayed
on a monitor, a new image is displayed at exactly the same rate as the mains
frequency. Thus a new image is displayed every 20 ms. As the image is made up of a

series of lines, the vertical resolution of the image is dependant on the number of lines

R R
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displayed. However, increasing the number of lines displayed in the 20 ms, decreases
the time to display each line. The horizontal resolution of the image is a function of
the bandwidth of the signal and the time in which it is displayed. A compromise has

to be made between the vertical and horizontal resolution of the image. For the

composite video signal a line period of 64 us was chosen. This gives 312.5 line

periods per 20 ms.

However, 1f greater resolution is required the images are interlaced. The first
image 1s displayed and then the second image, however, rather than overwriting the
first image, the second image is displayed in between the lines of the first image. Thus
the vertical resolution is increased by two. Each separate image is called a field, with
the two fields being used to make up a frame. Therefore a new frame is displayed
every 40 ms. The two fields which make up a frame in an interlaced image are called
the odd and the even field, with each field contributing 312.5 lines to the frame. The

frequency of displaying a frame is 25 Hz, half of the mains frequency.

Newly developed Complementary Metal Oxide Semiconductor (CMOS) cameras
use arrays of photodiodes as the imaging sensor instead of charge accumulation used
in Vidicon and CCD cameras. These sensors can be accessed to give an output
voltage proportional to the instantaneous illumination. Normally the electronics are
configured to give a logarithmic response to the illumination; this allows a wider
dynamic range to be viewed than can be observed with CCD cameras. As the output
voltage 1s proportional to the instantaneous illumination there is no requirement for
charge accumulation and consequently these devices are not prone to blooming. There
1s also no need to repeatedly read the image as there is in Vidicon and CCD cameras.
Normally, the photodiodes of the array are individually addressable by providing the
row and column addresses. The instantaneous current from the addressed photodiode
can then be measured. This allows the image to be randomly accessed under external

computer control.

CMOS cameras would appear ideal for arc monitoring systems. However, the
technology is relatively new and does have some shortcomings, the main one being
the non-uniformity of the response of the individual pixels. Subjecting the camera to a
calibration procedure and then using a computer program to modify the read

intensities, based on the calibration values, normally overcomes this.
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2.1.2 Filters |

Optical filters are used to allow transmission of light from the light source into the
Image processing system, but to block the transmission of any corrupting light from,

for example, the welding arc.

The welding arc is an extremely powerful light source covering the range of the
optical spectrum from ultra violet to infrared. It is impossible to view the weld pool
by a camera without getting rid of the arc light using filters, especially for weld pool
monitoring. Firstly, a normal welding glass is applied to attenuate the arc light
thoroughly. Then, a band pass filter is used to block the unrelated light from the weld
area to make the weld pool edge clearly visible. However, for different welding
processes, such as TIG and MIG, and different welding materials, e.g. aluminium and
stainless steel, the radiation from the welding area differs. So filters with different

central wavelengths and bandwidths are used.

In the system used for seam tracking and bead profile measurement, as a laser
light source was used, it becomes possible to use band pass filters to prevent

unwanted light entering the camera system.
2.1.3 Frame Grabbers

The frame grabber is the link between the video signal and the computer. In order
for a computer to be able to analyse an image, the image has to be stored so that the
processor can access the data. It is the function of the frame grabber to capture and
store the 1mage from the camera, so the computer can access it. Most frame grabbers

also have the ability to provide a real time display of its contents to a monitor.

In order to pursue the integration of the welding control system only one computer
was used for the both visual sensors, one for pool monitoring and another for seam
~tracking. So two frame grabbers are required in one machine. Since the device driver
for the frame grabber does not support two identical cards in one machine, two

different kinds of frame grabbers, WIN/TV and PICOLO, were used for the pool

monitoring and seam tracking respectively.
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2.1.3.1 WIN/TV Frame Grabber

Hauppauge’s WinTV-pci is a low cost single slot PCI card with 125-channel TV-
tuners. The TV-source can be from aerial or cable TV. With the external audio/video
Inputs, it can also be connected to a video camera, VCR or camcorder. It is capable of

capturing high resolution video images from a TV broadcast or any external video

SOUrcCe.

Live video is digitized from either the built-in 125-channel cable TV tuner or an
external video-input source using high quality 4:2:2 video sampling at 60 fields per
second (50 fps in PAL). Maximum digitized image size is 640x480 for NTSC video
sources, which 1s the video standard used in North America, 758x576 for PAL, which
1S the standard used in the most parts of Europe including UK. The digitized video is
sent over the PCI bus in a PC into the memory of the VGA display adapter. This
allows the digitized video to move efficiently, and takes a fraction of the available

bandwidth of the PCI bus. Figure 2. 1 shows the layout of the WinTV-pci board.
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2.1.3.2 PICOLO Frame Grabber

T'he PICOLO board from Euresys is used as frame grabber for the seam tracking
system. It acquires PAL, CCIR, NTSC, EIA, SECAM or S-Video (625 or 525
standard) colour or monochrome signals directly to PC memory. It is compatible with

Windows 95, Windows 98, Windows NT and DOS 32-bit environments and supports

the real-time image transfer of full resolution (up to 768x576 pixels) colour images

and sequences of images to the PC memory (video capture). Its PCI management
hardware and drivers have been optimised to allow high-speed image transfer under
32-bit environments. Figure 2. 2 shows the board layout whilst Figure 2. 3 shows the

function units.

75 2 termination

MiniDin 4

connector

DB9 female

connector
Camera

connection

| BNC
-:cmn&cta;t

Video 1
Video 2
Viieo 3

Figure 2. 3 PICOLO Block Diagram
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A personal computer is an essential part used for both image data analysis and
control implementation in welding process control system. It uses Microsoft Windows
NT as its operating system because of its numerous advantages. Microsoft Windows
NT 1s a powerful 32-bit operating system, which have specially been optimised for
network operations as well as embedded applications. It is built to run on several
different families of computer processors: x86, MIPS, the DEC Alpha, and Power PC.
Also, 1t can run on computers running more than one processor. Moreover, its

multitasking operation and multi-threaded process have made it ideal for welding

control applications.

2.2 Vision System Structure

Principally, the vision systems used for pool monitoring, seam tracking and bead

profile measurement are similar, but slightly different in their structures.

2.2.1 Pool Monitoring System

T'he principle layout of the pool monitoring system is shown in Figure 2. 4. The
weld torch 1s held fixed while the workpiece is moved by a stepper motor. Direct and

pulsed currents are used in TIG and MIG welding. The CCD camera mounted on the
welding torch was positioned in front of the weld. A standard frame grabber, plugged
into the computer, is used to capture images from the camera. Image processing, on a

PC, 1s then performed on the image.

The resultant data extracted from the weld pool, mainly its width, is output to the
control interface board for manipulating the welding parameters, i.e. welding current,
voltage (via. power supply) and welding speed (via. stepper motor drive unit) to
ensure the required weld bead and penetration. Novel image processing algorithms
have been developed and are described in this thesis for the pool edge extraction in

the welding processes of TIG and MIG. These are introduced in detail in Chapter 3.

Ry |7 2
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Image Processing Stepper Motor
s Drive Unit
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Figure 2. 4 Experimental Set up

2.2.2 Seam Tracking System

A typical optical seam sensor system consists of a CCD camera, a laser diode, a
computer based frame processing system. The seam is illuminated by a laser line at a
given angle and viewed by a CCD camera usually placed vertically. The image of the
laser line images contains all the information necessary for determining the features
representing a joint or seam. The CCD images are captured and analysed by a
computer based image analysis system. A number of image processing activities are
undertaken on these images, in real time, to derive the geometrical information of the

seam such as the centre position, gap and misalignment between two plates.

The resultant parameters of image processing are transmitted to the control system
to adjust the manipulator path to ensure that the torch is at the correct position with

respect to the seam and furthermore to generate the welding parameters for

compensating the gap and misalignment.

Figure 2. 5 shows a block diagram of the seam monitoring system. This sensor
comprises a sensing head and the image processing system. The sensing head,
including CCD camera, filters and laser (680nm) was mounted onto the welding torch
and acquires visual information with regard to the seam position. In order to suppress
the disturbances due to the arc light and the radiation from the hot metal, a narrow-
band filter has been employed operating at the same wavelength range as the diode

laser. The composite video signal output from the CCD camera is transmitted to an

LR
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image capture board or frame grabber fitted to the computer system. The frame
capture board is capable of storing images from the camera at resolutions up to

768X567 pixels at a frame rate of 25Hz.

Image Frame Power step Motor
Pf‘ﬁﬂﬂﬂﬂiﬂg FIADD e supp ly Drive Unit
! Camera
Filters

S Torch

/ \Y4
LY/ R S TR

Laser Stripe

Figure 2. 5 Seam Monitoring System

The corresponding real time image processing algorithms developed to derive the
geometrical information of the seam such as the centre position, gap and

misalignment between two plates are presented in Chapter 4.

The pool monitoring and seam tracking system can be integrated into one unit, in
which two cameras are mounted onto the welding torch, one for viewing the pool and
another for the seam. Consequently, two frame grabbers are required in one computer,
associating with two cameras. Figure 2. 6 is a photo of the sensing head of this

system. Figure 2. 7 is the central computer used for image processing and the control

function in this system.

2.2.3 Bead Profile Measurement

The system used for bead profile measurement is quite similar to the one used for
seam tracking, as shown in Figure 2. 5. It also uses a laser line projecting onto the
bead behind the torch instead of in front of it. A CCD camera mounted on the welding
torch 1s positioned behind the weld pool for viewing the image of laser line, which

carries the bead profile information. Chapter 5 describes the image processing
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algorithms developed to perform bead profile measurement such as bead width,

reinforcement and surface imperfections wherever they occur.
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CHAPTER 3 IMAGE PROCESSING FOR WELD POOL MONITORING

In this chapter, the background knowledge of edge detection and the commonly
used edge detectors are firstly reviewed. Then the application of the edge detectors on

weld pool monitoring is investigated based on the analysis of the image data from

different weld pool images.

3.1 Theory of Edge Detection

T'he category of edges in digital images as well as their natures is discussed,

several typical edge detectors are introduced and compared 1n this section.

3.1.1 The Nature of Edges

An edge 1n an image is a significant local change in the image intensity, usually
associated with a discontinuity in either the image intensity or the first derivative of
the 1mage intensity. Discontinuities in the image intensity can be either (1) step
discontinuities, where the image intensity abruptly changes from one value to a
ditferent value, or (2) line discontinuities, where the image intensity abruptly change
value but then returns to the starting value within some short distance. However, step
and line edges are rare in real images. Because of low-frequency components or the
smoothing introduced by most sensing devices sharp discontinuities rarely exist in
real signals. Step edges become ramp edges and line edges become roof edges, where
intensity changes are not instantaneous but occur over a finite distance. Illustrations of

these edge profiles are shown in Figure 3. 1.

Step-Edge Ramp-Edge Line-Edge Roof-Edge

Figure 3. 1 Examples of edge profiles

Among the above edges, step edge or ramp edge detection in real image is the
most significant in computer vision and many effective step edge detectors have been

developed in the last two decades.
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3.1.2 Edge Detector

T'o estimate the performance of an edge detector, three performance criteria are

defined as follows:

" Good detection. There should be a low probability of failing to mark real edge
points, and a low probability of falsely marking nonedge points. This criterion

corresponds to maximising the signal-to-noise ratio.

" Good localisation. The points marked as edge points by the operator should be

as close as possible to the centre of the true edge.

" Only one response to a single edge. This is implicitly captured in the first
criterion since when there are two responses to the same edge, one of them

must be considered false.

According to the definition, an edge refers to places in the image where there
appears to be a jump in image intensity or a local extremum in the first derivative of
the 1mage intensity. The aim of all edge detectors is to find either where the intensity
gradient magnitude is sufficiently large to be taken as a reliable indicator of the edge
or where a local extremum of the first derivative exists, as shown in Figure 3. 2. This
means that at the edge points, there will be a peak in the first derivative and,

equivalently, there will be a zero crossing in the second derivative.

Figure 3. 2 Step Edge and its First and Second Derivatives

TI'he commonly used edge detectors i.e. Roberts, Sobel and Prewitt operators
(Table 3.1), look for the high gradient magnitude using a threshold. They use separate

component masks in different directions. Using these edge detectors, only edge areas

can be extracted rather than the exact edge centre, also they are very sensitive to

bive Yo 4
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noise. The more complex, second generation edge detectors, which combine
properties 1n a single operation or mask, attempt to detect edges in the presence of
noise. They are methods developed by Marr & Hildreth [3.1] and Canny [3.2]. In their
methods, Gaussian smoothing is employed to reduce noise. As a result, another

problem 1s raised -- scale, which is to use different operators to function in different

scales.

Many 1mage processing work locally, theoretically at the level of individual
pixels, edge detection methods are an example. The essential problem in such
computation 1s scale. Edges correspond to the gradient of the image function, which is
computed as a difference between pixels in some neighbourhood. There is seldom a
sound reason for choosing a particular size of neighbourhood, since the ‘right’ size
depends on the size of the objects under investigation. The idea of scale is

fundamental to Marr’s and Canny’s edge detection techniques, where different scales

are provided by different sizes or different standard deviations o of the Gaussian filter

masks. The aim is not only to eliminate fine scale noise but also to separate events at

different scales arisin g from distinct physical processes.

Table 3.1 Edge Detection Operators

Roberts Operator Ge= 10 _z}yz O >
0 -1 1 0
10 1 4R
Sobel Operator Sy = -2 0 2 S5, =000
1.0 1 -1 -2 -1
J ﬁ TG "
Prewitt Operator 3 = -1 0 1 S, =000
-1 01 -1-1-1

A Marr-Hildreth mask is a combination of a Gaussian smoothing function and a

Laplacian difference operator. It has the following format,
M(x,y) = V°G
= 9°G/dx* + d°G/dY*
where G = exp((xX’+ y°)/20°)
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T'he Gaussian part of the operation is a more considered smoothing operation than the
smoothing component of the Sobel operator and overall the method works better than

simple gradient edge detection, particularly when edges are more blurred and the

noise level is high. The scale o is the standard deviation of the Gaussian and controls

its width. The higher the value of o the greater the smoothing and at the same time the
more the image is blurred. The Laplacian is used to detect edges by finding zero
crossings, the key idea being that edges as zero crossings are easier to detect than

edges as extrema, which is the case with derivative images.

The Canny edge detector, reported in 1986, also uses Gaussian smoothing. This
operator detects edges at zero crossings of the second directional derivative of the

Gaussian smoothed image in the direction of the gradient (where the magnitude of the

gradient must be above a threshold). That is:
C(x,y) = 3°G/dn’
where n 1s the direction of the gradient of the smoothed image.

3.2 Gaussian Filters

Gaussian filters are a class of linear smoothing filters with the weights chosen
according to the shape of a Gaussian function. The Gaussian smoothing filter is a very

good filter for removing noise drawn from a normal distribution. The zero-mean

(Gaussian function in one dimension is:
G(x) = exp( X°/20°)

To apply a Gaussian filter to digital image processing, a one-dimensional discrete
approximation to a Gaussian is provided by the coefficients of the binomial

expansion:
(1+x)"=m0)+ (n1)x+ (n2)x° + ... + (n n)x"

where n refers to the point number in a filter. For example, the five-point
approximation 1s {1, 4, 6, 4, 1}. This technique works well for filter sizes up to
around n = 10. For larger filters, the coefficients in the binomial expansion are too

large for most computers. However, arbitrarily large Gaussian filters can be

implemented by repeatedly applying a smaller Gaussian filter.
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Another approach in designing Gaussian filters is to compute the mask weights

directly from the discrete Gaussian distribution to obtain a kernel or mask, for which

the value at [0, O] equals 1.

For a specific application, to obtain the best filtering result using a Gaussian filter,

scale space analysis 1s needed to find the optimum filter. That is to select different

filters with different scale o or different point number n.

3.3 Pool Edge Detection

A weld pool is the molten part of a weld during welding. It moves with the torch
and forms a special object in the scene. Because of the different existent states, an
edge can be seen between the pool and the surrounding solid metal in the illumination
of the arc. The weld pool is also different from an object in the real world due to the
following reasons: (1) It is a flexible object with continual changes in shape and size
under different welding conditions. (2) The images of the weld pool viewed from the
camera change drastically for different welding processes and different welding
materials because of the arc property and surface reflection change. Therefore, the
edges of weld pool represent different features in different cases. As a result of this,
the detection of weld pool edges has been categorised into three cases: AC-TIG on
aluminium (TA), DC-TIG on stainless steel (TS) and MIG welding on mild steel.
Figure 3. 3 shows the images of these three cases and the corresponding intensity
changes in the direction perpendicular to the pool edge. The weld is being viewed

ahead of the electrode as the workpiece travels away from the camera.

As can be seen from Figure 3. 3, a roof edge is presented for TA welding and step
edges or ramp edges for TS welding and MIG welding. Pool edge detection is
conducted in one dimension along the black horizontal line (Figure 3. 4) from pool
centre to two sides as two dimensional edge detection is time consuming and not
necessary for pool monitoring. Pool edge detection results are given in Figure 3. 4.
T'he white crosses on the black detection line are the detected pool edges. The pool

width 1s obtained by calculating the distance between these two white crosses.
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