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Summary 

A survey of robotized seam-tracking techniques was conducted in preparation for a project 
consisting of using an infrared camera on a robot for on one side collect continuous weld 
images for NDT inspection and on the other one track the weld joint. The tracking system 
can be used to discover the position of the weld bead without previous information. The 
robust system is outlined, along with its merits and disadvantages. 
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Preface 

In the context of Non Destructive Testing (NDT) of continuous welds at the “Production 
Technology Center” (PTC), a need of for the automatic tracking of weld beads using an 
infrared camera has arisen. The infrared camera and different types of light sources to ob-
serve material reflection have been used to make analysis on continuous welds using a 
novel NDT method. Sampling of images for the method has previously been realized by 
using the programmed path that was used by the robot during welding. However, methods 
used to produce such a continuous weld generally produce a bead that deviates from the 
original path and therefore reusing the path to implement the NDT method is sometimes 
not an option. There is therefore a need for a system able to follow the weld bead, collect 
images from the camera, detect and follow the bead and send the information to the robot 
to correct the original path. This project will attempt to solve the problem at hand. 
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CCD Couple-Charged Device. Device to transfer image light into electronic signal. 
 Has a different mode of action than CMOS.  
 
CMOS Complementary metal–oxide–semiconductor. Device to transfer image light 
 into electronic signal. Has a different mode of action than CCD. 
 
CTWD   Contact to tip to workpiece distance. In arc welding, the distance between 
 the tip of the torch and the workpiece. 
 
GTAW Gas tungsten arc welding. Arc welding process where the electrode is made 
 of tungsten and is non-consumable. 
 
PID  Proportional-plus-integral-plus-derivative controller. A controller that feeds 
 back to the original loop the actuating signal added to its derivative and its 
 integral. This process improves the response time of the signal. 
 
SAW Submerged arc welding. Arc welding where the weld zone and the electrode 
 are protected from atmospheric contamination by a flowing flux.
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1 Introduction 

Welding is a manufacturing joining process that has been around for over two millennia. 
Cary and Helzer mention [1]. The process can require the heating (fusion welding) of both 
workpieces and the optional introduction of filler materials. In their book, Kalpakjian et al 
describe the different welding techniques practiced and the most common ones are ex-
plained next [2]. The authors identified three types of welding: fusion, solid state and braz-
ing/soldering. Solid state welding occurs when the materials are not melted, but the joining 
happen due to metal diffusion, or welding processes such as explosion, ultrasonic or cold 
welding. Brazing and soldering are another form of fusion welding (lower temperatures). 
Fusion welding processes are more common however, with arc welding (an electric arc 
producing heat is created between the torch and the workpiece) offering multiple advan-
tages compared to processes such as oxyfuel gas welding (burn a gas to produce a flame), 
or electron/laser beam (produce a laser beam to melt the metal) welding. Advantages over 
oxyfuel welding include the production of a higher temperature during welding. Also, arc 
welding (although producing more distortion) necessitates a lower level of skill and is a 
cheaper process than laser beam welding [2].  

Full automation of the welding process has received much attention for the past dec-
ades, and seam tracking as well as weld pool analysis techniques are extremely important to 
create a flexible welding environment. During robotic welding, a variety of reasons come 
into play to offset the scheduled path of the robot. For example, thermal distortion of the 
material, part fixture inaccuracies and variable tolerances are common cause of the offset, 
which in turn engender poor quality welds[3]. Industries like shipbuilding, where the steel 
plates are becoming ever thicker, can really benefit of faster and more reliable welds [4].  

This present paper will first discuss fundamentals of vision systems and control theory, 
then take a survey of existing seam tracking methods, and then draw a conclusion of the 
most suitable method to use for the problem outlined in the preface. The method will then 
be applied practically and then evaluated. Methods utilized in producing the survey include 
research of scholarly journals, research on the world wide web and gathering of informa-
tion in a structured table. 

1.1 Aims 

The aim of this paper is to design a method for tracking a weld bead while using an IR 
camera. The method must then be tested to appreciate its advantages and criticize its dis-
advantages.  

1.2 Vision considerations 

Gonzalez et al. relate important factors to keep in mind when discussing vision techniques 
and give details of specific methods and the useful methods will be discussed in this section 
[5].  

To detect the seam when using a camera, with the usual pre-processing actions (filtering 
to clear noise and binarizing the image to get a clear contrast), one of the most crucial parts 
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come from detecting the edge of the seam. An edge is a frontier, it's a line where one 
passes from one environment to another.  

The idea in digital edge detection is therefore to find the areas where the intensity of 
the pixels change the most rapidly. One can go two ways about this: setting a threshold and 
finding areas where first directional derivative (depending on whether one is talking about 
the horizontal or vertical direction of the image) of the intensity is greater than that thresh-
old, or finding the areas where the second directional derivative of that intensity is zero. 
Several estimations of those two equations exist: the Sobel, Prewitt, Roberts, Laplacian of a 
Gaussian, Zero crossings and Canny detectors. The Prewitt detector is a computational 
simplification of Sobel's, however it is limited and produces noisier results. Robert's detec-
tor is an even simpler version of the Sobel, but is used less than any other (mainly in hard-
ware solutions, where speed and simplicity are required), because of its asymmetry and 
inability to detect edges that are multiple of 45°. The Laplacian of a Gaussian detector is 
really sensitive to noise and produces double edges and cannot be used to detect edges, but 
can be used together with the Zero Crossing method to find the location of the edge by 
computing the zero crossing between the two found edges. According to [5], the Canny 
detector is by far the most powerful one of the latter methods. All those methods are how-
ever subject to discontinuities caused by noise, and the Hough transform is an algorithm 
needed to meaningfully connect the broken lines. The detected lines can still be quite thick, 
and thinning algorithms exist. Moreover, methods to find the appropriate threshold when 
binarizing an image (such as Otsu's) can be found in [5]. As the camera will probably be 
fixed onto the robot arm, an algorithm must be derived translating the world coordinate 
system to the image coordinate system. The pinhole camera model introduced in [6] shall 
be useful in performing the analysis. 

1.3 Control theory basics 

Nise et al. describe control fundamentals in [7], and key concepts are described in this sec-
tion. The basic closed-loop control diagram adapted from [7] is shown in Figure 1. The 
action that is done between the input and the output is called a transfer function. Some-
thing is done to the signal (it was maybe amplified, impeded, or adjusted by adding feed-
back corrections) then the transformed signal gets out of the loop. There is a way mathe-
matically to combine all the transfer functions that can be present into one original and get 
back to an open loop. A difference must be made between transient response and steady-
state error. When an input is sent to the system, there is a frame of time where the signal 
has not settled yet. That frame has specific characteristics and is called transient response, 
or "in-between" response. Steady-state error is the difference, when the signal has settled, 
between the input and the output. One of the goals of controllers is to regulate the tran-
sient response and the steady state error. The designer must make sure that the signal stabi-
lises quickly (steady state settling time), does not hit disturbing peaks due to noise (over-
shoot), and does not take long to reach its final value (rise time) but also that the steady 

 

Figure 1 The closed-loop feedback control sequence 
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state error is not too large (possibly due to interferences).  
PID controllers are controllers that have added components (a differential and an inte-

gral one) to the general transfer function, such as to improve transient response (the differ-
ential part) and the steady-state error (the integral part) in real-time applications. The basic 
diagram of PID control (adapted from [7]) is shown in Figure 2. Testing must be per-
formed on any system to make sure that the applied changes give way to the desired re-
sponse. As will be seen in the next presented case, often those controller are too rigid too 
allow for several degrees of compensation of the system. Fuzzy control, which allows for 
compensations of the type "a little bit more" or "a little bit less", is often used in these 
types of processes where offsets are fairly small. 

 

 

Figure 2 The PID typical control loop 



Degree Project for Master of Science with specialization in Robotics 
Weld bead tracking by use of an infrared vision system - Related work 

4 

2 Related work  

The present work is concerned with tracking the weld bead on a cold workpiece. In the 
literature, however, there is more emphasis put on real-time analysis and calculations to 
follow the seam. Indeed, as said earlier, bead geometry is of capital importance in the quest 
for optimal material properties. Researchers are therefore often concerned in rectifying the 
deviations of the robot as the weld is being done. Therefore, not much literature can be 
found pertaining bead-tracking. However, seam- tracking is a very close subject to bead-
tracking, as both make a contrast with the uniform workpiece. This report will look closely 
into existing weld seam-tracking techniques and then more precisely those technologies 
involving infrared detection. 

2.1 Using the emissivity spectrum during welding 

Each material has a different emissivity or spectral radiance when exposed to light. Those 
two denote the amount of radiation that materials are able to absorb or transmit [8, 9].  
Planck's distribution relates the spectral radiance of a component to its temperature and the 
radiation's wavelength: 

       
    

    
  

       

 

 

where B denotes its spectral radiance, T its absolute temperature, kB the Boltzmann con-
stant, h the Planck constant, and c the speed of light in the medium, whether material or 
vacuum [8]. This is used in various works to distinguish the workpiece from the molten 
pool and subsequently the keyhole in the infrared camera [8, 9]. It is interesting to observe 
that the spectral radiance is proportional to both the wavelength of the wave, as well as the 
temperature of it. A graph can be drawn that shows the typical relationship between the 
three components. The graph, adapted from [8], is shown in Figure 3.  
From the equation, the higher the temperature, the higher the spectral radiance at a fixed 

Equation 1  Planck's black-body emissivity 
equation 

 

Figure 3 Spectral emissive power's dependence to temperature and wavelength 
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wavelength. This gives a mean to have a thermal contrast between the molten pool (really 
hot) and the rest of the workpiece. Advantages of infrared techniques include the fact that 
they are not affected by the presence of ambient light, that they can penetrate through dust 
and flux in real-time applications, the size of the cameras are such that they can be mount-
ed easily near the torch, and the human eye cannot catch certain feature linked to minimal 
temperature changes [10]. Considerations when using an infrared camera for inspecting 
welds are outlined by Bzymek et al [11]. Reflectivity must be considered, as the position at 
which the waves are captured influences the image quality and therefore reflections were 
much more pronounced in flat long objects than in round ones. The authors of that paper 
found that placing the camera in different directions than the normal creates unwanted 
areas on the image as it diminished the depth of focus. Metal spatter - particles that are 
expelled from the weld due to the force acted on them - is also a source of errors in the 
image, and filters have to be used. Segmentation (finding regions of interest) is a common 
procedure to diminish the analysis area with obtained images. Another advantage of ther-
mal analysis is the fact that the seam can be a really small slit that is difficult to detect with 
methods such as the projection of structured light [12]. 

The latter information is used by Gao and Xiangdong to create near infrared images 
during fiber laser welding [9, 12]. The authors used a high speed CMOS camera and a band 
pass filter – which is a device that lets rays of certain wavelength pass while not letting oth-
ers through –to reduce interference and obtain clear near-infrared images for further analy-
sis. It was noticed that using a combination of two such filters gave better results, as plasma 
radiation was gathered at the ultraviolet part of the spectrum, while edges were at the near-
infrared section. A grayscale was defined to classify the different ranges of temperature of 
the molten pool and represent them with a different RGB color on the monitor. In thermal 
imaging, a spread isotherm means a low temperature and thus a low gray gradient. The 
contrary applies to dense isotherms. Several key points on the weld pool were identified, 
and the point of interest is the one that is closest to the weld seam. It was observed that the 
point had a sparse isothermal distribution, located between 2 dense regions. Some molten 
metal has already started flowing inside the narrow gap and thus the transition from hot to 
cold at that point is really fast. The gray value gradient at that region will therefore be 
small.. Namely, how many pixels in the image does it take to change from a colder region 
to a warmer one? It is basically the rate of change of the temperature (Figure 4, adapted 
from [9]). 

 

 

Figure 4 Typical molten pool near infrared image 
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 On one hand, the gray value gradient at each point was extracted from the camera and 
on the other, the image was binarized and a margin point sequence of the molten pool ex-
tracted. By plotting the gray value gradients versus the margin point sequence, a polynomial 
curve can be fit on the result and the minimum point found between two peaks (the points 
discussed about earlier) will denote the position of the seam line. The authors used statisti-
cal methods to evaluate the significance of their findings. The errors occurring during seam 
tracking were permissible. Pertaining to the present work, Gao et al. give useful guidance 
by introducing of the use of the gray value gradient, and the combination with the margin 
point sequence [9]. On the other hand, the method is used during real-time fiber laser 
welding, which will not be the case for this project. 

Although the previous papers presented online solutions, where a torch is actually on 
and the metal undergoes several changes in its state, other methods can be thought of, 
Zhang and Chin show that there was a drop in the thermal emission of a joint gap versus 
the emission of the general workpiece (Figure 5, adapted from [13]) [13, 14]. 

 The spectral emission of joint is different than the rest of the workpiece and also, the 
emissivity of the edge of the workpiece is different than the emissivity of the air in a gap 
(thus creating a huge contrast) or the weld bead. In our case, this concept can be used in 
conjunction with a flashing lamp onto the already welded lamp to make a contrast between 
the uniform workpiece and the weld. The difference in gray level intensity can then be pro-
cessed using visual techniques. 

2.2 Vision Techniques 

Even when for example the spectral radiance is used, there is often a need for a vision sys-
tem to save gathered images and consequently process them. Those systems however con-
tain several drawbacks [15]. Indeed, they are extremely sensible to noise, such as the one 
caused by surface change from machining, rust etc. Also, the emissivity of the weld pool is 
eclipsed by the one of the arc and can pose problems for systems designed to monitor the 
weld pool. Weld fume, spatter and flux also make those systems difficult to interpret in 
real-time. Overall, the systems described using vision first start the torch, then acquire the 
image, find the position of the seam, find its offset compared to the torch, send that offset 
to the control system which then corrects the path of the robot, and then the cycle is re-
peated until the weld has been completely covered. A diagram of the process can be seen in 
Figure 6, adapted from [16, 17]. 

Nayak et al. identify two classifications of 3D vision sensing techniques: direct and indi-
rect range measurement [3]. Those two differ in the fact that indirect range measurement 
gets 3D information from 2D images. As the computational time needed for those meth-
ods is quite high, especially in a real-time application, they will not be shown here.  

 

Figure 5 Infrared intensity drop at a joint gap 
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Direct range measurement include triangulation and time of flight techniques. Triangu-

lation uses geometric rules to find an unknown distance from known angles and vertices of 
a triangle. In triangulation, a difference is made between stereo vision - the use of two cam-
eras placed at the vertices of the triangle and structured light, where one camera and one 
light projector are used instead. The main problem with triangulation methods are dead 
angles that create shadows and cannot be seen from both vertices of the triangle. Those 
shadows can be reduced by bringing the 2 cameras closer, but it is not always feasible. One 
can also try to increase the focal length of the cameras, but the field of view is decreased. 
Regarding this problem of shadows, time of flight techniques are more beneficial for cer-
tain applications. Time of flight consists in sending a signal and receiving its response upon 
reflection. Depending on the material's properties and on the signal (ultrasonic or laser), 
the time of return varies. These techniques necessitate materials with certain properties and 
are not always feasible. However, they do take out the constraints that accompany triangu-
lation methods. 

A relatively simple process is employed by De et al. to detect the seam during arc weld-
ing [16]. A CCD camera is mounted ahead (as happens usually) of the torch, the table is 
controlled by a stepper motor and IR as well as ultraviolet rays are filtered out using dark 
glass. The result is visible light that gets assigned a different tone of grayscale, with white 
being where the highest intensity is. The authors used the fact that the arc will have the 
highest intensity to distinguish it from the background. Simple binarization of the image 
and the location of the location of the biggest area with pixels of that intensity (because 
some other spots can have a high intensity due to oxidation) allowed the authors to find 
the welding arc. The welding arc's parameter (centroid, axis etc) can then be computed 
using image processing algorithms. For the weld seam, they used the directional grayness 
gradient. Basically, the rows of pixels in the image are scanned one by one, and the rate of 
change of the grayness is studied. If a function of pixel intensity versus x position is made, 
the first derivative would show where the highest and lowest increase in grayness happen. 
In the paper, several vertical lines are then found (lots of interference) but the line with the 
lowest intensity is selected as it is logical that it would be the seam. The latter method gives 
way to straight seam lines, where the seam might be curved. An assumption was made here 
that the camera only captured a small portion of the seam and that therefore the seam 
could be considered straight. From the points obtained in the earlier stage, a straight line is 
fitted to match them, using the median-median line method. By dividing the points in three 
equal groups (for example, the points with lowest x value, the intermediate ones, and the 
ones with highest x value) and taking the median point within each group and connecting 
two of those median points and using a correction brought by the third one, one finds 
quite a suitable fit. The latter method was preferred to the usual least of squares line fitting 
technique, as it is vulnerable to noise causing a non-normal distribution of noise. Consider-
ing parameters such as stepper motor, welding speed, image processing time, angle offset, a 
geometrical analysis was made as to by how many steps the stepper motor had to correct 
the path of the arc compared to the direction of the seam. The results of this method show 
a tracking error within 0.02mm. Advantages of the described method include economic 

 
Figure 6 Robot path alteration diagram using vision systems 
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means (a laser could have been used to get joint information without needing an arc) and 
low computational time. Disadvantages however is the use of dark glass for filtering. Alt-
hough it works extremely well for locating the welding arc (and diminishing the glare splat-
ters from it), it is not optimal for locating the slim weld seam, and results are therefore de-
pending on the grade of glass used. 

A similar procedure is described by Xu et al., where a dimmer-filter system is used in-
stead of dark glass during GTAW [17]. The said system is composed of a narrow band pass 
filter and two dimmers. This results in images that are almost not disturbed by noise. Ex-
periments were carried out to find the adequate moment (this GTAW process operates 
with AC current) of image recording. The authors found that the optimal recording time 
was 50ms after a falling edge from a peak in the current signal to the background level of 
current. Edge detection is revisited here for seam extraction. The paper critics the regular 
Canny edge detection technique by pointing at its inability to cope with the changes in the 
welding environment. Indeed, the Canny algorithm makes use of binarization, but the latter 
depends on a threshold that is set manually (setting it too high omits some important fea-
tures, while setting it too low does not affect noise enough). Also, the Gaussian filter gen-
erally used detects other edges than the principal ones, and is unable to efficiently suppress 
noise. The authors replaced the Gaussian filter with a nonlinear anisotropy diffusion filter, 
which brings many advantages as discussed above, and also used the Ogsu algorithm to 
modify the binarization threshold depending on the image. It was found that the altered 
Canny algorithm gave better results than all the other edge detection methods. The paper 
also focuses on the need to implement changes to the PID controller to make it more 
adaptive to the changes implied by the seam-torch tip offset. It ensued that the welding 
voltage was affected by the PID controller's parameters which in turn depended on the 
magnitude of the offset. Experiments were carried to quantify the effectiveness of the de-
signed solution, and results were satisfactory, when the maximum offset of the of the 
taught path from the seam was 4mm. Two different taught path were tried out, and a ziz-
zag pattern incurred more offset range than a straight planned path. 

A vision sensor is used in conjunction to a laser stripe by Gu et al. to track the seam 
during multi pass metal active gas welding (arc welding)[4]. The laser is projected on the 
workpiece, and a filter is put in front of the focal lens. The value of wavelength filtering 
through the laser is decided according to the wavelength of the light produced by the torch. 
There is also a narrow band pass on the camera to filter through ambient light and process 
light disturbance. Therefore, the laser is the only light that is reflected into the camera. The 
laser allows the location of the seam line pretty easily, and computer vision is then used to 
extract (as gray valued) and process the images. A note must be made here that contrary to 
De and Xu’s methods [16, 17], the de-noising phase is different. Here, the laser stripe is cut 
off at certain places. A curve fitting algorithm had to be employed to continue the missing 
parts. Also, in order for the tracking system to be a continuous closed-loop one, an algo-
rithm had to be designed to extract 4 typical points (feature points) of the bead. Only after 
those points are identified can the system pass on to the next image. A fuzzy controller has 
been added to the usual PID controller to allow for some adaptive control. For the propor-
tional controller, experiments were conducted to select a constant of proportionality Kp 
that did not cause to delay the response time of the signal, and also did not cause it to 
overshoot. The experiments gave way to errors within 0.3mm of the tracking trajectory. 
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2.3 Through the arc sensing  

Nayak et al describe a technique mostly used during SAW [3]. The arc length (CTWD) 
changes according to the distance from the tip of the torch to the workpiece. If there is an 
increase in that distance, there is an increase in the arc length and voltage, while the arc 
current decreases. Therefore, the wire feed rate does not correspond to the melting rate 
anymore, and a reaction from the system must come into play. To adopt this technique, the 
through-the-arc sensing system must be attached to a weaving (oscillating) platform, such 
as to effectively scan through the workpiece. A function must be made depicting the posi-
tion of the oscillator versus the voltage perceived. A map of the seam location can then be 
drawn based on the positions of minimums in the function. This method of sensing is ex-
tremely constraining. Indeed, it is not easy and economical to use with all types of joints 
(particularly difficult to use with butt joints and shallow seams). Drawbacks of these sys-
tems are presented in [15]: those systems cannot follow a sharp turn, rust alter results, its 
effectiveness is decreased with nonferrous materials and the electrical arc signals are af-
fected when there is flux involved, such as in SAW. 

2.4 Use of electromagnetism 

The physical laws of electromagnetism are used by Bae et al. to locate the seam [18]. When 
the electromagnetic field around a conductor is changing, this creates eddy currents, which 
in turn impede the passage of electricity in a neighboring receiving coil. This concept is 
used to create an electromagnetic sensor composed of an exciter and three detectors. Both 
types of components consist of a coil surrounded by metal. Passing an electricity current 
through the coil creates a magnetic field around the component. The exciter's field induces 
current through the workpiece, which in turn induces an electric flow within the detectors. 
However, eddy currents are formed at the surface of the workpiece, which impede that 
flow. When the sensor passes over the seam, which is a gap of air, a peak in the electricity 
flow in the detectors can be observed. The seam has been detected. The authors of the 
paper performed several tests to determine crucial parameters, such as the optimal fre-
quency of the alternating current through the exciter to receive an optimal response for 
further testing. Two of the receptors were also used to get information about the height of 
the sensor with respect to the workpiece, as well as the gap width between the two parts. 
Similarly to the procedure used by De et al. [16], the a stepper motor table with a motor-
control board is used to adapt the offsets to the actual movement of the table. Although 
the paper concludes optimistically, the present paper's author believes the results to be not 
quantitative enough to be able to judge of the effectiveness of the method. 

2.5 Hybrid Methods 

Wei et al. combined vision and arc sensing to find three dimensional data about the weld 
seam in GTAW [19]. Indeed, the vision system would track the position of the seam, while 
the arc sensing system would provide information about the height of the welding bead. A 
band pass filter was used to protect from arc illumination. One CCD camera was mounted 
ahead of the seam, while another took the information from the bead and cooling molten 
pool in the back. A note must be made here regarding the collection times: when the cur-
rent was at base state, the images were collected at the front. This is different than what Xu 
et al. implemented [17], and tests would have to be carried out to compare the two solu-
tions. As soon as the current kicked in to peak mode, the arc sensor collected voltages and 
started processing them. In image processing, the authors used a small window containing 
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important information ( the seam), instead of computing the whole image, which saves a 
lot of time. To obtain neat images, it was determined that filtering and sharpening 
(Laplacian edge enhancement technique) features had to be used as pre-treatment. Canny 
edge detection was used, on a small window of the original window (this increases preci-
sion and high connectivity between found lines) and with a moderate threshold to find the 
seam. A self-adaptive dimension filtering process was applied, such as to isolate the longest 
chain of connected edge (the researched seam), and zooming in an even smaller window 
allowed to get rid of unwanted lines. A geometrical analysis taking into consideration the 
coordinate systems of the camera and of the robot was used to establish the offset from 
the weld seam. The last part of the article deals with three dimensional positional correc-
tion of the torch and is therefore out of the scope of this project. Indeed, one is only inter-
ested in following the weld bead, not remaking the welding, with proper depth etc. One 
can note however that the arc height (CTWD) in the process varies with the detected depth 
of the workpiece, and thus holes in the material can be detected by following voltage fluc-
tuations. The control feedback loop for this process had to integrate the responses of both 
sensing systems. Stability and signal accuracy were the main factors that altered the pro-
cess's effectiveness.  

2.6 Use of ultrasonic waves 

Umeagukwu et al. researched a way to use acoustics to find the seam [15]. The authors 
used the fact that at the seam, the reflection of the signal would be altered by the type of 
seam you have. The more inclined the surface is, the more different your echo received 
back would be. They inclined the sensor at an angle of 45° with respect to the surface of 
the workpiece and several advantages were observed compared to optical or through-the-
arc sensing methods. Those pros included the fact that only one vertical rotation was need-
ed to track the seam; the acoustics gave information about joint inclination and range dis-
tance; the use of both the time of flight of the wave and the amplitude of the signal gave 
way to the creation of simple algorithms to track the seam. Disadvantages of the system 
comprised the fact that the system requires that the joint are able to reflect sound waves at 
45° from the horizontal (V joints worked the best) and the fact that the waves amplitudes 
were symmetrical about the normal of the object, making it difficult to know on which side 
of the normal the sensor was located. 

2.7 Altering the robot's path from received offset data 

Several methods for converting the found offset from the tip of the tool to a physical 
change in the planned path exist in the literature. In various experiments [16, 18], the 
workpiece is placed on a table equipped with a stepper motor, and the stepper motor con-
troller is controlled by the PC. For each image, knowing the coordinate position of the 
weld pool and the equation of the seam line allowed a simple 2D geometrical calculation of 
the offset of the tool tip and the seam line. The said offset would then be used to incre-
ment or decrement the number of steps by which the motor would move the table in the X 
or Y direction, to acquire the new image. Tracking errors in De et al. experiments [16] 
ranged in the order of 0.02mm. In the present project, no table with stepper motor is used 
in the NDT procedure and thus all offsets should be implemented directly on the robot. 
An examples of this procedure can be found in Liu et al. works [6]. In the latter paper, the 
camera is fixed to the robot's arm and thus a coordinate conversion matrix between the 
world and the tool system was derived. Once an accurate offset was calculated, the offset 
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was sent to the robot using serial port communication. Those communications were re-
ported to have a speed of about 19000 bytes per second. Proper parameters can thus be 
controlled by the PC, and the robot sends feedback at each turn, as to when to send a new 
image etc. Proper software had to be devised to handle offsets with the robot, and at the 
same time handle communications between PC and robot.  
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3 Methods 

The work was basically divided into two parts. One of the main part of this project was 
image processing. There was a need for a solid algorithm for making the detection of the 
bead properly using the IR camera feasible. Sample images from a typical NDT run were 
used in this section. First, singling out the bead precisely from the background using meth-
ods such as binarization, edge detection and image segmentation was primordial. The algo-
rithms needed to be devised to be able to find the bead even when the latter is only par-
tially shown. Second, locating the general direction of the last portion of the bead (tangent 
direction) was carried. Last, the end of the bead was located. Then, a way of altering the 
robot path in real time must be devised. This is the control analysis section. The tasks here 
included: capturing the first image, using image processing to find the direction of the bead 
and angle difference between original orientation and end of bead, rotating the camera by 
the angle difference found in image processing, moving in a straight line to the end of the 
bead, obtaining the second image and reiterating the process until the end of the bead, car-
rying tests to assess the speed of the solution and performing optimizations. 

3.1 Image-processing 

Sample images were collected during a simulated NDT run with a UV light. The camera 
was set at certain distance from the welded specimen and the robot’s arm was moved fol-
lowing the line of the bead while taking images. In total, over 55000 images were acquired 
by a FLIR Silver SC5000 camera collecting 200 frames per second. Different settings were 
used, such as to be able to compare the performance of the developed system in different 
environments. Sample images were collected with or without UV light on, and with the 
seam aligned or at an angle. 

Matlab® was selected as the best platform for developing the necessary algorithms of 
this part of the work, mainly because of its comprehensive library of functions available to 
use in image processing and its compact structure compared to OpenCv. Moreover, pio-
neers Gonzalez et al. wrote their fundamentals in computer vision book using the software 
[5]. However, the latter is often rated higher in real-time applications such as the present 
case, where information from the software will need to be conveyed to the robot. There 
exist different solutions to the mentioned problem. 

3.2 Algorithm evaluation 

Time and means requirements did not allow for a full real-time implementation of the 
method for real time measurements. Indeed, the robot on which the camera was mounted 
did not have the end-effector capability to pivot the camera around its own longitudinal 
axis (z-axis). Therefore, the previously mentioned idea of sending both X and Y coordi-
nates and an angle of rotation around the z-axis would have to await the adequate material. 
In result, the obtained images were not oriented properly in the direction of the bead. In-
stead, the viewer follows the bead in the same orientation, no matter the direction that the 
latter is oriented. At first, the camera was fixed with the objective oriented in perpendicular 
fashion to the table on which the workpiece was placed. Camera images were obtained in 
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real time by a LabView user interface called Thermos developed at University West. The 
interface allows the user to record a certain amount of images and save them as .mat image 
sequence, that could then be used by the here developed algorithm. A workobject was cre-
ated that matches the X and Y directions of the camera image, such that the returned coor-
dinates would move the robot in those precise direction. Also, a calibration procedure had 
to be performed such as to know the pixel-to-mm conversion factor. Lines were drawn on 
a piece of paper and their vertical and horizontal components in pixels were compared to 
their counterparts in mm. The overall method was tested by manually sending the offset X 
and Y coordinates to the robot through the robot’s teach pendant. Images of the bead were 
recorded, analysed then stored. One of the best ways to be able to quantify the results ob-
tained was to record sequences of the use of the algorithm and measure the distance be-
tween the axis of the bead and the centre point of the image. As beads vary in their overall 
shapes, locating the centre of the bead is no easy task that can be performed empirically. 
Also, it was impractical to physically measure the bead’s dimensions and distance from the 
centre of the camera lens. Therefore, a measurement algorithm was developed analyze, 
from two point coordinates input, the perpendicular pixel distance from the centre of the 
image to the line passing through the two point coordinates. The coordinates were ob-
tained from the Matlab® figure interface that allows a user to know the pixel position from 
the pointer’s position. The placement of the line was thus dependent on each picture, and 
placed such as to fit the position and direction of the bead axis (see Figure 7). A graph 
monitoring the variation of the offset over the sequence could then be drawn. 

 

Figure 7 Methods. a) Experimental setup b) Measurement method 
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4 Work  

4.1 Image processing - Straight Line Case 

This section will outline the different techniques used to perform the tasks mentioned in 
the previous section. A look will first be taken into the image processing, and then into the 
applied control analysis. Figure 8 shows the steps of the first phase of the image process-
ing phase. At first, a look (Figure 8a) is thrown on a sample image that was taken with the 
bead aligned in the vertical direction in front of the camera, without UV light used. Detect-
ing the bead in this simple setting would be primordial in more complex environments 
(turning bead etc.).  

4.1.1 Cropping 

Lamps and other objects used in the NDT experiments completely disturb pixel distribu-
tion histograms in the image, by introducing a zone of unwanted dark regions in the image. 
As can be seen in Figure 9, the original image has two peaks. This is problematic when 
dealing with the next stages of processing. Indeed, the distribution of pixel intensity ob-
tained with all methods is erroneous because of the latter. Where possible, an image as neat 
as possible with relevant elements should be used. However, seeing the setup of the ex-
periment, it is easy to determine the position of the lamp, as it is attached to the robot’s 
arm and does not change position (left side of the image in this case). The Matlab® func-
tion imcrop with a constant cropping range was used on the whole batch of image samples 
in this process. 

4.1.2 Contrast Enhancement 

The original image was quite dim and although the naked eye can somewhat discern the 
bead from the background, the task is more difficult to the computer. Contrast enhance-
ment achieves the later by increasing the dynamic range of the original image. The Matlab® 
function stretchlim, when incorporated with the function imadjust produced Figure 9c. This 
is the same as combining several possible exposures of an image, in order to retain the im-
age with the best detail. If an image’s intensities are restrained in the 1-80% region of 
brightness, the function stretchlim will make sure that they proportionally expand, and oc-
cupy the full 1-100% region. Imadjust uses the limits found with the other function to apply 
the intensity changes in the image. Therefore, for example, a pixel that had its intensity at 
17 in the original 1-80% image, might find its intensity raised to 25 to match the new 1-
100% region, while keeping the same overall proportions (Figure 10, adapted from [5]). 
For keeping the proportions in the overall image, one can use 3 types of functions, depend-
ing on a stretching parameter γ [5]. The three types are described in Figure 10, where one 
can see that when γ=1, a linear transformation is produced. Other than that, a concave or 
convex curve can be used. With γ<1 valorising higher (brighter) pixel values in the trans-
formation. γ>1 valorised darker pixel values. The default value of γ is 1 (linear) in stretchlim 
and produced satisfactory results for this application (Figure 9c).   
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4.1.3 Filtering and Thresholding 

Filtering is used as a mean to decrease noise and disturbances in the image. The sample 
images did not exhibit a considerate amount of noise however and both Gaussian and Me-
dian filters did not restore the image much. A median filter is however used to diminish 
even the smallest amount of disturbance. The Matlab® function used for the latter is the 
default medfilt2. The contrast enhanced image does not contain enough difference between 
the weld bead and the background. Applying the edge detection algorithm on the latter 
resulted in a multitude of wrongly detected lines, as a result of no clear separation between 
object and background. A black and white image would of course alleviate the problem, if 
the bead is clearly visible in white, and the background in black. One of the main problems  
encountered in binarizing an image is identifying the adequate threshold. Gonzales et al. 
discuss the possibility of using either local or global thresholding. In local thresholding, the 

 
Figure 8 Image processing’s first phase. a) Original b) Cropped c) Contrast 

Enhancement d)Binarization e)Dilation f) Hole filling and erosion g)Edge detection h)Line 
extraction using Hough Transform i) Rectangle fit 
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value of a specific pixel (0 or 1) is dependent on its direct neighbourhood. The size of the 
neighbourhood can be controlled, and a combination of the standard deviation and mean 
value of that neighbourhood gives the sought threshold value. This method is extremely 
useful for situations where there are several dominant intensities in the image. In an exam-
ple shown in [5], a biological cell’s nucleus and body membranes are highlighted through 
this technique. Instead of having the interior of the cell in one color, and the rest in the 
other, local thresholding allowed for a more distinguished segmentation. The technique is 
however irrelevant in the case of this project, as a distinction must not be drawn, and the 
background of the image is quite uniform in its intensity repartition. As seen in Figure 10, 
only one peak is present in the histogram of pixel intensities. Global thresholding is thus 
preferable in this context, but the problem that arises is that each image is not taken with 
the same conditions and thus the optimal threshold value changes with each image. As 
explained in Chapter 2, Otsu’s algorithm offers a method for automatically finding the op-
timal threshold value of the image based on overall pixel repartition. The method basically 
tries setting a threshold at each pixel intensities discovered in the image, and assessing the 
between-class variance of each side of the threshold. The goal is to minimize the interior 
variance of each side of the threshold (separate regions of approximate pixel values). The 
latter is equivalent as maximizing the variance between both sides of the threshold. . The 
method then selects the threshold value that resulted in minimal variance on each side. 
The method also contains a way of finding out how separable the image using the selected 
threshold, by using the ratio between the found maximum between-class variance and the 

 
Figure 9 The effect of the lamp on the image’s histogram. Left: original image. Right: 
cropped image. (Horizontal axis: pixel intensity. Vertical axis: number of pixels.) 

 

Figure 10 Contrast stretching. Left: original. Middle: contrast enhanced. Right: effect 
of stretching factor γ. On histograms: pixel intensity on horizontal axis and number of 

pixels on vertical axis. 
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overall variance of the total pixels in the image. 

 This is given by   
  
 

  
  , where   

  is the between-class variance with the optimum found 

threshold, and   
  is the global variance of the image. The ratio is such that as the between-

class variance increases towards the global variance, the ratio gets close to 1 (the threshold 
chosen separates the 2 regions perfectly). A value of zero denotes an impossibility to ex-
tract object from background. Figure 8d shows the result of the binarization on the origi-

nal image, with the found threshold exhibiting a   value of 0.67, which denotes a quite high 
level of separation. 

4.1.4 Dilation, Erosion, Opening and Closing 

The details of the following methods are described in [5]. As can be seen in Figure 8d, the 
obtained image, although one can guess the general outline of the bead, is fragmented and 
clustered with holes and made of small to medium little “islands”. Moreover, some small 
regions have wrongly been recognized as objects during the binarization process. The latter 
is expected, as light reflections during image capture are not perfectly uniformed and thus 
certain regions exhibit higher intensities. A possible solution to this problem is to use con-
tours and try to detect the highest contour area present in the image (it is assumed that it 
would be the bead in question). However, because the image is so fragmented in little is-
lands, it makes it difficult to corner adequate contours.  

This is where the process of dilation come into play. Dilation consists in using a struc-
tural element element’s center over an image to find the pixels where the structural element 
touches the object of an image. Figure 11 details the process. A test is conducted on every 
pixel of the square image to find out if whether or not when the structural element’s center 
is posed over that pixel, one of the structural element’s high valued (1) pixels touches one 
of the square element. If yes, then that pixel is set to 1, no matter what was the previous 
value. As can be seen in Figure 11d, this results in expanding the figure one column on the 
sides, and one row on the bottom. If the structural element had been a cross (turning the 
pixel beneath the center on), an expansion of one row above the square’s top side could be 
observed. With dilation and with erosion, as will later on be observed, the main challenge 
consists in selecting a suitable structural element for the application (diamond, circle, line 
etc.). It is important to note that it saves computational time to dilate an image with a verti-
cal line, then dilating the result with a horizontal line when trying to dilate with a rectangle. 
Indeed, there is less calculations. In Figure 8e, the equivalent to a vertical (6x4) rectangular 
structural element has been applied (using Matlab® function strel) to dilate (using function 
imdilate) the previous binary image. It can be seen that although the bead has been almost 
completely filled and no more major “islands” linger around, errors have been enhanced 
and are now larger. Also, the bead’s width has been increased, but this is a minor issue as 
erosion will be later performed. The concept of erosion is similar to dilation (Figure 12). 

 

Figure 11 Dilation process. a) Original square image element b) Structural element with 
center in bold c)Final image element 
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This time, if any pixel of the structural element is not matched by a 1 of the object, the 
pixel at the center position of the structural element is turned to 0. This basically trims the 
image at the places where it is not ‘strong’ and contain the structural element. The function 
imerode performs the required erosion operation. Figure 8f displays the result of perform-
ing 3 successive erosions to erase the parts that are not part of the bead. A rectangular ele-
ment oriented vertically is used as the seam is a long vertical section and will thus endure 
the application of such a structural element. Dilation and erosion are two important mor-
phological processes, and mixing them often produces the desired images. Shapiro et al. 
introduce the concepts of opening and closing [20]. Opening is basically an erosion opera-
tion followed by dilation, with both times the same structural element. Closing is the other 
way around. As can be seen in Figure 13, depending on the shape of the object and the 
structural element used, both operations can give the same result. Otherwise, opening is 
mostly used to set clear distinction between component, while closing is used to close out 
little holes in such components. A similar result to Figure 8f can be obtained when per-
forming a closing on the binary image, followed by an opening. Functions imopen and imclose 
can be used in Matlab® to perform opening and closing operations, respectively. 

4.1.5 Edge Detection 

Once the bead’s outline has been completely filled and set in a color (while background is 
in another one) without remaining surrounding disturbances, edge detection can be used to 
obtain the edges of the bead. As mentioned in chapter 2, the Canny edge detector is the 
most widely used algorithm for edge detection. The reason why it is only introduced now is 
because performing the operation on the original image would basically outline wrong 
components. There is first a need of first separating the bead from the rest of the image 
before using edge detection. As described in chapter 2, the technique uses the changes in 
intensity from one region to another to find where the edge between those regions is. Basi-
cally, if one passes from a white region to black region, the change in intensity from one 
region to the other is higher than at other locations. The change in intensity is given by the 

 
Figure 12 Erosion process. a) Original square image element b) Structural element with 

center in bold c)Final image element 

 

Figure 13 Opening/closing processes. a) Original square image element b) Structural 
element with center in bold c)Final image element for both opening or closing (this case) 
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directional first derivative, while the highest change is given by the second derivative. Fig-
ure 8g depicts the application of the Canny edge detector on the pre-processed image in 
Figure 8f, and an addition operation to the original image allows to compare the obtained 
curves to the initial bead contour. As can be seen, the result is highly satisfactory. 

4.1.6 Line extraction  

Edges in an image are highly advantageous visually, but they cannot give any information 
as to their location, nor their orientation. Basically, they are not usable in an algorithm. 
That is where line extraction comes into play. Also, malfunctions in the edge detection can 
give way to incomplete line segments. As discussed in section 1.2, Hough transform offers 
a good method for detecting straight lines in an image. Because of this, the algorithm de-
vised later will have to take this fact into account. The full detail of the method can be 
found in the literature [5, 20]. Basically, in the regular x-y plane, a line passing through a 
point (x,y) has equation y = mx+ c. However, in the so called parameter-space, or slope 
intercept space, all the lines passing by a point (x,y) will have equation c =-xm+y. Thus, an 
infinity of possible lines passing through (x,y) and having different slopes are transformed 
in an infinitely long line of slope x and intercept y in the parameter-space. This transfor-
mation is really useful because now, every line passing through 2 points in the x-y plane will 
correspond to 2 lines intersecting at a point in the parameter-space. In that same plane, the 
more lines intersecting at a particular point, the more points lie on the same line. All the 
Hough transform does is collect votes about “at which point, in the parameter space, do 
the highest amount of lines intercept?”. Instead of the m-c plane however, it is done in the 
polar coordinates ρ-θ plane, because a line can also be represented by ρ=xcosθ+ysinθ, 
where ρ is the perpendicular distance of the line from the origin, and θ the angle between 
the x axis and the perpendicular distance ρ. A note must be made that there is only a point 
in applying the method on the detected edges, to limit computational time. There are dif-
ferent ways to go about collecting those votes however. Depending on the number of dif-
ferent angles tried, one is able to get more accuracy, but this takes more computational 
time. The Matlab® function hough gathers all the votes in an array, called accumulator cell 
[5], while houghpeaks gathers the local maximas in the array and transmits them to houghlines 
which combine the points in the maximas onto a line structure. Figure 8h shows the suc-
cessive use of the three functions on the image in edges detected, and one can see that the 
technique has picked up the most important lines, which are vertical in this case. 

4.1.7 Fitting a rectangle 

 The goal of detecting lines in the previous section is to be able to fit them in a rectangle 
from which typical information such as the beginning of the bead, the orientation of it can 
be extracted. The Hough transform method gathered the end points of each selected line. 
In the case of perfectly aligned and vertical or horizontal beads, an algorithm can use those 
end points to draw a rectangle starting from the left most and top most point in the image, 
with width and length being the difference between the right most and left most point, and 
the difference between the top most and down most point, respectively. Figure 14 depicts 
the latter concept. With detected lines all pointing in the same vertical or horizontal direc-
tion (direction of the bead), one can draw a rectangle using the extremes of the set of end 
points. In the left part of Figure 14, the letters depict the 6 end points of the 3 red lines. 
Point A (and B) are located to the left most of the image, Point C is located the highest, 
point E is located the right most, and point F is located the lowest. Drawing a rectangle 
that encompasses all of the lines and their general direction, one needs to draw it starting 
from A’s x coordinate and C’s y coordinate (highest left most point out of these extremi-
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ties. The highest length is given by the difference between F’s and C’s y coordinates. The 
highest width is given by the difference between A’s and E’s x coordinates. It can however 
be seen in Figure 14 (right) that the method poses problems for inclined lines, as the fitted 
rectangle does not represent the minimum bounding rectangle. This method only gives a 
vertically or horizontally oriented rectangle. 

4.2 Image processing - Generalization of bead detection 

Several problems arise when one tries to apply the concepts of section 4.1 to the general 
bead, which can be inclined at angles. First, as mentioned in section 4.1.4, the opening and 
closing processes depend on a structural element that takes up a certain shape. The size and 
characteristics (width to length ratio, for example) will completely affect the opening and 
closing procedures. Hence, a structural element might work for one picture, but will not 
work for the next. Second, Hough transform only detects certain straight segments off the 
edge detection process. Hough transform is hence not powerful enough in case of pro-
nounced curves. Last, the disadvantages of the fitted rectangle method in section 4.1.7 were 
outlined: it will not outline a fitted rectangle with inclined lines. A more general procedure 
is outlined next. 

4.2.1 Improved edge detection 

The Canny Edge detector is really powerful in the sense that it will only consider a pixel as 
an edge if it is found in a meaningful contour. The first derivative discussed in sections 1.2 
and 0 is a directional gradient pointing in the direction of the highest intensity change in 
the region of the pixel. The pixel will be selected as a starting point only if it was already 
declared as a possible edge and if the gradient magnitude at that pixel is above a certain 
high threshold value. A tentative to create a contour will be done with neighboring possible 
edge pixels (and this time, a small threshold is used) and only the pixels that are part of that 
meaningful contour will be kept as edge pixels [5]. This ensures that the selected pixels are 
not parse, noise pixels. By default in Matlab’s edge function and according to Canny, the 
high threshold value is the value that encompasses 70% of the previously detected edge 
pixels. Thus, only the 30th percentile of detected edges are considered strong edges [5]. This 
automatic selection of thresholds is not suitable for the present application, as each weld 
image is different. It has been observed (see Figure 15) that using Otsu threshold as the 
high threshold, because of its high adaptive behavior outlined in section 4.1.3, gave much 
better and consistent results than the default thresholding parameters. As usual, the small 
threshold was fixed to 40% of the high threshold. The latter method gives much more flex-
ibility than the previously presented method of opening/closing successions that depends 
on a specific structural element. 

 
Figure 14 Rectangle fit on vertical lines (left) and inclined lines (right) 
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4.2.2 Fitting a general rectangle 

Once acceptable edges have been extracted from the whole envelope, one can easily gather 
the pixels that make up the edges and store them to later surround them with the desired 
rectangle. The method described in section 4.1.7 posed problem once the shape was not 
vertical or horizontal. An alternative consists in using the convex hull of the edge pixels 
extracted earlier. A Convex hull of a set of points is the smallest convex set that comprises 
all of the points. Several algorithms already exist to compute it, including the Quickhull 
algorithm that can be found in Matlab® [21]. The Quickhull algorithm basically consists of 
obtaining one edge of the hull and connecting to segments that make the less angle be-
tween them. The first edge is found by finding two points which, when a line connects 
them, make sure that the other points are all on one side of the line [21]. Figure 16 shows 
the convex hull obtained from the edge points extracted from Figure 15c. It has already 
been shown that the orientation of such a convex polygon can be obtained by using the 
angle of orientation of its axis of least second moment (axis of elongation of the shape)[22]. 
The matlab® function regionprops readily gives the orientation of an input convex hull by 
using the latter concept. 

The next stage consists in fitting the minimum area rectangle that encompasses the 
convex hull. Indeed, the hull is unpredictable in nature and can thus not be helpful in this 
application. What is needed is a shape like a rectangle, which is always traceable, with the 
same features: length, width, diagonals etc. The main idea behind fitting a minimum area 
rectangle to a convex polygon is to use the fitting method in section 4.1.7, but to do so at 
every possible angle while rotating the polygon until an angle of 90 degrees has been met, 
and to compare the areas of the rectangles encountered in the process to choose the one 
with minimal area [23]. Indeed, once this angle is passed, the areas of rectangle encountered 
are the same as met previously. This random angle trial would be quite consuming, and no 
one would know what angle increments to use. However, It has been proven that the min-
imum area rectangle has one collinear edge with the convex hull [23]. The latter fact greatly 
diminishes the amount of angles that need to be tried, and one can simply focus on the 
angles at which the edges of the convex hull are oriented. Several algorithms have been 
devised for the process, and use the same concept [24]. A function can therefore be de-
vised in Matlab using the above described concept to return the four point coordinates of 
the minimum area rectangle bounding the set of points extracted from the edges above. 
Once those points have been devised, a little organization algorithm has to be developed to 
make sure that the found points are not randomly positioned. This would create a problem 
in creating a direction of reading of the rectangle. As such, color and point marker types 
have been devised to recognize the four points. Point 1 is green and marked by an asterisk 
marker. Point 2 is blue and marked by a ‘+’ marker. Point 3 is yellow and marked by a 

 
Figure 15 The effect of proper Canny parametrization. a) Original image. b) Default 

70th percentile hysteresis thresholding. c) Otsu hysteresis thresholding 
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square marker. Point 4 is magenta and marked by a diamond marker. By arbitrary rules, it 
has been set that points 1 and 2 make the first width of the rectangle, while points 3 and 4 
make the second. One diagonal of the rectangle is made by points 1 and 3, while the se-
cond is made by point 2 and 4. Hence, by going around the rectangle, one counts the num-
bers from 1 to 4 and back to 1. Moreover, a cyan pentagram has been selected to represent 
the center of the image. These sets of disposition rules ensures maximum readability for 
following diagrams and are demonstrated in Figure 16. 

4.2.3 Target selection 

Figure 17 is a sequence of images illustrating the process of target selection for the algo-
rithm. Figure 17a,e and i show the originals of the three images used for the sequence. 
Figure 17d, h and l show the center of the image, the bead encapsulation of the original 
image, and the path taken by the camera towards the next image. Figure 17b shows the 
edge extraction result for image 1, while Figure 17f demonstrates how efficient the Otsu 
parameter selects the strong edges from the default edges in image 2. In that particular im-
age, 12 percent of the pixels were considered by the default algorithm to be edge pixels. 
After application of the Otsu parameter, a further decrease in edge pixel occurred, as only 
10 percent of the edge pixels were considered to be actual edges. The middle of the rectan-
gle width 1-2 will be used as a target for the camera’s center of image. Ideally, in every im-
age (except for the first one), the center of the image coincides with the center of the detec-
tion rectangle, and one moves to the middle point of segment 1-2 for the next image. This 
signifies that the camera will only be moved half the length of the detected bead segment. 
This creates an overlap of the bead between images for security, and forbids the camera of 
finding itself at a place where no bead was detected. However, the first image poses prob-
lem because there is no data to build upon, and thus the bead might find itself not cen-
tered. As beads have different sizes, one can count on the fact that there will be rare situa-
tions where the center of the image finds itself in on the bead axis.  

 
Figure 16 Encapsulation of the convex hull obtained from the edge pixels of Figure 

15c and illustration of the rectangle vertices organization. 

1 

2 3 
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One way around the problem is to establish guidelines for the algorithm to follow regard-
ing where to place which point on the rectangle. One can use the fact that since the first 
image corresponds to the beginning of the bead, the rectangle width that is closest to the 
border will be the one to be target. For example, in Figure 17c, which is the first image of 
a sequence the segment 3-4 should be renamed 2-1, as it is the closest to the border. The 
latter reversal of vertices is demonstrated in Figure 17d, where vertices 1-2 took the place 
of vertices 3-4. Once the target has been set in place, it is easy to find the offset needed to 
move from the center of the image to the middle of the segment 1-2. Figure 17e shows the 
new image acquired once the camera center has been displaced to the target. One can see 
how the center of the image (cyan pentagram) is readily closer to the bead center than in 

 
Figure 17 Target selection process. a) Original image 1 b)Edge extraction 1 

c)ConvexHull encapsulation 1 with initial rectangle vertices disposition d)Vertices final 
disposition 1 e) Original image 2 f)Edge extraction comparison 2 g)Target selection 2 h) 

Vertices final disposition 2 i)Original image 3 j)Initial target selection 3 k) Final target 
selection 3 l)Vertices final disposition 3 

4 
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the previous image. In Figure 17f, it is observable that the algorithm, similarly to basically 
all vision depending methods, is affected by zones of shadows. The algorithm has indeed 
missed edge pixels in the left upper corner of the image. The latte does not affect the gen-
eral orientation of the bead however, and can be remediated with proper even lightning 
over the specimen. The orientation angle of the convex hull found in the previous section 
can also readily be sent to the robot, such as to rotate the camera in the z-axis and always 
face the bead in the same direction. This however, as shall be seen in the following section, 
depends on the rotational capabilities of the robot. 

Since the images overlap, the algorithm will always detect part of the bead of the pre-
vious image. This creates a problem of target selection, and an algorithm was needed to 
keep the robot from moving the camera in the direction from where it just came. A trap 
algorithm was devised to keep the robot from making a 180° turn from the direction it 
took in the last image. This ensures that the algorithm always chooses the target that is in a 
zone unknown in the previous image. The trap works by creating a red zone taken from 
the recreation, in the second picture, of the disposition of points 1, 2, the middle of the 
segment 1-4 called mid3, and the middle of the segment 2-3, called mid4. The red zone is a 
polygon formed by point 1, mid3, the border point in the direction 1-mid3, point 4, mid4, 
and the border point in the direction 4-mid4. This is illustrated in Figure 17g. In the next 
image, if the target is found to be in the red zone, the position of points 1 through 4 are 
reversed, such as to switch the target’s position. This means that the system depends each 
time on the previous image to know where to head to next. As such, it is primordial that 
the first image is a success, since the algorithm will operate according to a ‘push’ mecha-
nism, where it is always pushing to go see the unknown. In Figure 17g, it is important to 
note the position of the target: it is very close to the red zone, unlike the position of the 
actual target in Figure 17h. What one is interested in is the direction of the target, not the 
actual position of it. Sometimes, the target is out of the pictures and steps out of the red 
zone. To keep the later from happening, the vector pointing towards the target has been 
normalized, such that the target is always next to the center of the image, and thus can easi-
ly fall into the red zone. The latter concept is demonstrated in Figure 17j and k, where the 
targets are located across the red zone’s edge, as if mirror reflections. The section of the 
bead detected is shown in Figure 17l, but originally, segments 1-2 and 3-4 were inversed, 
and the algorithm was prone on going reverse to the previous displacement. Since the ini-
tial target was located in the red zone, a change in the segments 1-2 and 3-4 positions was 
needed, and the new target is therefore located outside the red zone. 

4.2.4 Ending the sequence 

One of the problems with the ‘push’ system is the way to stop it. As the image gets closer 
and closer to the end of the bead, there is less and less significant edges to detect. As such, 
there comes a point where the algorithm only sends small increments to adjust the position 
of the center of point. As time goes on, there will be eventually a point where there will be 
no change to the actual position at all. The latter situation is unsatisfactory, and one cannot 
wait for it. As illustrated in Figure 18, the end of the weld can be reached in a couple of 
images, with small increments. Having even smaller increments would give out approxi-
mately the same image over and over. A way to stop the algorithm is to input a value of 
increment below which the sequence will need to be stopped. This system works, with the 
condition that nothing more is detected. Shadows also create problems, as they might come 
up before the camera has completed the whole path, and stop the process prematurely. 
Therefore, a great illumination of the zone to detect is needed for optimum results. There 
might happen however, that unwanted elements in the images are considered edges, such 
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as the edges of the plate that was welded. Figure 19 illustrates the latter observation. The 
original image on the left is the end of the weld, which is narrowly close to the edge of the 
plate. Naturally, that edge was picked up by the program and this lead to surprising results, 
where the target is brought beyond the bead, towards the lower left corner of the image. 
Once the edge of a plate is detected, there unexpected results can occur, and the algorithm 
can send the camera in remote locations away from the bead, and even run indefinitely. 
Ways around this problematic situation include using plates where the bead is well away 
from the edge of the plate and cannot be picked up by the camera. Also, after experiment-
ing with the program on actual samples, users can get an estimation on how many image 
captures are needed to reach the end of a bead of a particular nature and of a particular 
length. Another alternative, which is less attractive as it takes away the flexibility offered by 
the software by exploring the unknown, is to predetermine the length of the specimen and 
keep track of the accumulation of offsets encountered on the way to the end of the bead. 
Knowing the length of the specimen, one can stop the algorithm when the sum of the off-
sets equate the length.  
 

 
Figure 18 Approaching the end of the bead 

 

Figure 19 Wrong edge detection 
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5 Results and discussion 

In total, 8 sequences of tests were recorded, all on 30cm*10cm welded metal plates. The 
plates and the results of the sequences ran on them can be seen in the Appendix A. The 
strength of the method present in this paper highly depends on the edges detected by the 
program. The more the detected edges embrace the shape of the actual bead, the more 
precise the offset returned will fit the centre of the bead axis. The smooth surface of the 
sample also played a part in the fact that rarely random pixels were picked as belonging to 
edge pixels. It however happened sometimes (before the edge of the plate was in view) that 
the detection zone was slightly rotated due to wrongly detected edges (over-detection), or 
due to detecting less edges than required to create a suitable detection polygon (under-
detection). This is illustrated in Figure 20 and it can be noted that over-detection is often 
prone to more serious errors than under-detection, as in the latter, the detected edges are in 
the zone of the actual bead. The resulting convex polygon will therefore always have its 
main body in the bead zone, and thus only slight offsets form the centre of the bead axis 
can be observed. One must observe that the resulting graphs obtained in Appendix A were 
gathered regarding the part of the bead that the algorithm needs to have control of. Mainly, 
all images between the first image and the image where the edge of the plate can be de-
tected. Hence, the first image was not included in the graphs below, nor images where the 
edge of the plate was detected and thus the algorithm started behaving sporadically. How-
ever, under-detection and over-detection on the path was let part of the experiment, as 
those provide useful optimization data. It must also be noted that the data collected is sub-
ject to minimal errors produced during camera calibration, and thus pixel-to-mm ratio de-
termination.  

5.1 Sequence 1 

The first three sequences were performed on a Ti6242 straight laser weld, with high con-
trast between the plate and the welded region. The non-welded part has a smooth surface 
and a fairly low amount of scratches can be seen on it. This type of specimen represented 
the ideal subject for the algorithm, as can be observed on Figure 15, which an example of 
the level of bead detection obtained on the plate. The three runs in sequence 1 differed 
only in the original direction of the bead from the first image (oriented diagonally up or 
down), and the magnification used for the image. In Figure 20a, one can see that the mag-
nification is higher than in Figure 20b. Magnification of the image does not affect the al-
gorithm, and is dependent on the user’s needs. A higher magnification will provide images 
with more details, but the end of the bead will be reached later than with a smaller magnifi-
cation. In Appendix A, it can be observed that in sequence 1B, the end of the bead is 
reached in 10 images, while in sequence 1A, it is reached in 20 images. In the sequence 1, 
no matter how many images were required to reach the end of the bead, one need only 
make sure to adapt the algorithm to the pixel-to-mm ratio appropriate for the present 
magnification. The fluctuations that can be observed on the graphs are due to mild offsets 
created by under and over-detection situations. It can be noted that the greatest discrep-
ancy between two images was in sequence 1B, was 1.2mm, due to over-detection.  
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In sequence 1, 95% of the images had an offset below 1mm, and although the respective 
averages are 0.46, 0.53 and 0.36mm for sequences 1A, 1B and 1C, the overall average offset 

for the whole sequence is 0.43mm. This number denotes a high level of accuracy for the 
system and application it is intended for. 

5.2 Sequence 2 

The three runs of sequence 2 were performed on a S-curved steel TIG-welded plate. Al-
though the surface of the plate was similar to the first sequence’s, lacked scratches or re-
flections but was still subject to under and over-detection as well, the curvature of the weld 
brought a new element for increased offset of the centre of the image from the bead axis. 
One element of procedure must be noted here, as when searching the ‘bead axis’, since 
there curves involved, a reference method had to be devised to maintain consistency in the 
measurements. As such, the part of the bead that is closest to the centre of the image was 
taken as basis for bead axis position. The latter is demonstrated in Figure 7b, where one 
can see that setting the two line extremities in the middle of both bead extremities would 
produce a bead axis that does not embrace the curvature at all. In this case, the bead part 
that is closest to the centre of image is located in the curvature. Figure 21 displays the al-
gorithm’s weakness to curves. In Figure 21a, the edge detection part has detected the bead 
quite nicely and passed on the pixels to the encapsulation part. The latter is made of a rec-
tangle, which will therefore not correctly fit onto the curves of the bead. The rectangle 
encloses the polygon that encompasses all of the edge pixels, and as such does not marry 
the shape of the curve correctly. In Figure 21b, it can be observed that the centre of the 
image (cyan marker) is located at the edge of the bead, not at its centre. This denotes a pre-
vious problem in detection. One can see that in Figure 21b, the target for the next image’s 
center is located again on the edge of the of the bead. In Figure 21c, the curve has been 
exited, and on that image, the bead has retaken a temporary straight shape. It can therefore 

 
Figure 20 Detection problems. a) Under-detection b) Over-detection 
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be seen that the target is placed exactly in the middle of the bead, and the offset for the 
next image will be decreased. Observing the image carefully, one can see that the next im-
age will probably be the last, as the camera has reached the end of the bead. The curve has 
a straight ending, and it is reproduced in the graphs of sequence 2 shown in Appendix A, 
where the three runs have low offsets in the last two images of the test. Curves are there-
fore the main reason why the average offsets in sequence 2 are 3.43, 3.26 and 2.71mm for 
the three runs respectively. While the highest offset in the sequence neared 7mm, 80% of 
the offsets in sequence 2 were below 5mm, and the overall average offset for the sequence 
was 3.12mm. Considering the nature of the present NDT application, 7mm offsets still 
allows a great view of the bead, and shows an image with the centre really near its bead 
axis. A problem would arise however for other applications such as tracking during weld-
ing, which requires much smaller clearances.  

5.3 Sequences 3 & 4 

As can be observed in Appendix A Sequence 3, the third sequence was performed upon a 
straight Titanium laser weld having a lot of markings, scratches and reflections on it. This 
changes from the first sequence, where the plate was in majority quite smooth. One can say 
that the present case presents more challenges for the algorithm to discern good edges 
from bad ones. As such, it is no surprise to observe in the graph of sequence 3 that al-
though the average offset was 1.73mm, it would happen quite often that the algorithm 
finds itself near the bead axis and then jumps away in the next image. The surface of the 
plate was indeed treacherous and the sudden jumps from an offset of around 1mm (close) 
to 5mm were all cases of over-detection, which engendered a disturbing of the target’s lo-
cation. One can however see in the graph that despite those disturbances, 92% of the re-
corded offsets stayed below 5mm, while 67% of the offsets stayed below 1mm. The latter 
numbers confirm that a smooth surface does produce more accurate results, but that the 
algorithm is robust enough to find its way back onto course after being thrown off because 
of over-detection. The offsets stayed within an acceptable range for the NDT application. 
The fourth sequence was performed to test the algorithm’s adaptation and robustness to an 
odd situations such as collinear beads. The algorithm responded surprisingly well, as can be 
seen in the graph of sequence 4 in Appendix A. Indeed, the average offset was 2.99mm, 
and 77% of the offsets were below 2mm.  

The algorithm responded by capturing the two beads as one, and aimed for the middle 
of the two beads. Hence, the camera stayed within view of both beads and this produced 

 
Figure 21 Algorithm’s weakness to curves. a) Edge detection in image 1. b) Targeting 

in image 1 c) Location of centre of image and targeting in image 2. 
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interesting results. Figure 22 shows the detection involved and the end enclosing rectangle 
for the case of the two beads. One must note however that because of the size of the de-
tection rectangle, over-detection outside the zone between the two beads causes high off-
sets from the targeted middle, as it can be seen in the graph in Appendix A that the highest 
reached offset was 12mm, before the algorithm went back on track. Sequences 3 and 4 
therefore demonstrated the algorithm’s robustness in front of adversity – namely, presence 
of scratches or reflections on a surface, and the presence of multiple beads. As such, the 
only ways observed that could bring the algorithm so far away from the bead were the 
edges of the plates, and the program stopping abruptly due to the fact that the light is not 
evenly spread on the specimen, which creates a zone of shadow ahead of the camera and 
thus making the algorithm not detect anything ahead. 

 

 

Figure 22 Algorithm adaptation to multiple beads 
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6 Conclusion 

Most of the methods for seam tracking that can be found in the literature are exposed here 
above. Vision techniques offer a really attractive prospect, because of their effectiveness 
and economical features. A robust method using computer vision has been devised to track 
and follow a weld bead. The algorithm has been tested for its accuracy by performing tests 
on different types of welded plates. It has been shown that the algorithm is affected by 
bead curvatures, plate surface smoothness that engender under and over-detection, zones 
of shadows and plates edges. In the best cases of straight beads with a smooth surrounding 
surface, the algorithm can be really precise and perform within 0.5mm in average. Curva-
tures increase offsets of the centre of image from the bead axis however. The algorithm is 
robust enough to find its way back towards the bead after encountering target offsetting. 
The algorithm is ready to be implemented in real time for an automatic use of it. 

6.1 Future work 

Future work include a more comprehensive testing of all the applications and limitations of 
the algorithm. Indeed, time was of essence and only the main features of the program were 
tested. Moreover, a 3D development should be enquired, such as to be able to follow the 
bead with the robot in different planes. A better solution for ending the sequence should 
be implemented, such as to make sure that the algorithm does not get dragged to the edges 
of the plate, as it is not always possible to place the bead well apart from the edges of the 
plate. Optimization of the algorithm should be performed to satisfy time demands for in-
teraction with the robot. Indeed, although accuracy has been tested, the speed of the algo-
rithm has not been put in parallel with robot communication. 

6.2 Generalization of the result 

The presented solution has applications in all matters of tracking that need to store images, 
or mainly for robotized inspection of objects’ features. The main strength of the algorithm 
is its way of always moving forward, finding ‘branches’ or edges to which it can attach itself 
to move forward. As such, it can be utilized in all matters of robot exploration when what 
lies ahead is unknown. 
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A. Appendix – Distances Measurements 

SEQUENCE 1 – Straight Ti6242 v800 
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Appendix A:2 
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Appendix A:3 

SEQUENCE 2 - Curve Heinz 282 TIG  
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Appendix A:4 
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Appendix A:5 

SEQUENCE 3 - Straight Ti_Raw_03_FBH  
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Appendix A:6 

 
SEQUENCE 4 - Straight Ti_Raw_03_SSN 

 

  
 




