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Abstract 

Due to the many trends of the 21st century, such as the rise of devices using modern power electronics, the fast 

electrification of the automotive industry and the rapid increase in electric energy consumption, it is expected that 

the technology of direct bonded copper substrates will continue to play a key role within the electronics industry, 

because they have a prominent role in technological innovation. Due to the mentioned trends, these devices must 

cope with an increasing power dissipation density, which exposes them to a significant thermal load. Planning for 

this load is often a safety-critical task, because direct bonded copper substrates are installed in applications such 

as servomotors or automatic gearboxes, where failure during operation is particularly dangerous. In addition, 

temperature is the leading cause of failure in this industry, accounting for more than half of all failures, well ahead 

of vibration and moisture. In the research and development phase of direct bonded copper substrates, the thermal 

test can be performed with thermal transient measurement, T3Ster measurement. To create high-quality thermal 

models of electronic devices, certain model identification processes should be robotized. This reduces the effect 

of the human error factor and increases the number of measurements that can be performed in a unit of time. 

That is why the automation of the T3Ster measurement has significant added value both from an economic and 

technical point of view, as it increases competitiveness and reproducibility. This automation saves manual sample 

preparation for each component, thus reducing the number of human working hours and enabling measurements 

without human supervision. It is advisable to support the described process with a vision system, because with 

the help of this, the measuring robot receives information about the deviation of the individual electronic devices 

to be measured from the ideal position and orientation in the measurement space. In this way, the robot can 

correct this displacement, and as a result, the safety-critical measurement process cannot be interrupted. Due to 

the small size of the electronic devices, the demand placed on the vision system is high-precision navigation. This 

requires at least 0.25 mm accurate position calculation and 1° accurate orientation calculation. 

I contributed to this automation by developing a vision system in the Thermal Identification Team of Robert Bosch 

Ltd. I have developed a complex system, of which first task is to create a high-quality picture containing sufficient 

information. In the absence of this, it is difficult to develop a good image processing algorithm. A good optical 

system can be a more effective starting point for the entire vision system. For this, I chose optics and sensor 

considering the smallest size to be observed, the expected object distance range and the angle of view, and in the 

most emphatic part of my work, I developed software for processing the image information required for 

automation. Through a server-client communication, I supported the three-degree-of-freedom TTT robot with a 

vision system software made in Python 3 language. It uses several machine learning algorithms and fully 

convolutional neural networks based on deep learning. I chose task-specific parameters for the former, and I 

developed the latter myself. Fine-tuning the hyperparameters was a key task of my work. With the help of the 

Tree-structured Parzen Estimator, I determined appropriate settings for the categorical, continuous and discrete 

parameters of the deep learning-based semantic segmentation neural network. This is how I chose a suitable 

optimization algorithm, dilation, batch size, channel number, depth, epoch number, weight decay, learning rate, 

and learning rate decrease rate and decrease step interval. I created the dataset required for training and 

validation with the selected optics and sensor used for measurements and annotated them by hand. This means 

a total of 422 images, which I used with 80% - 20% training-validation split with additional data augmentation. I 

trained and evaluated network architectures 12149 times and achieved 98.37% IoU accuracy with the best 

configuration. Thanks to this and the SIFT algorithm integrated into the workflow, I created a robust vision system 

suitable for navigation with an accuracy of 100 μm and 0.75°. In addition to the fact that this fulfils the 

requirements of the task, during my literature investigations, I could not find any work that would have 

implemented semantic segmentation and navigation with such high accuracy in the case of direct bonded copper 

substrates. So, my work can be used for new industrial projects and developments in the future. Furthermore, the 

combined use of the Tree-structured Parzen Estimator, the fully convolutional semantic segmentation neural 

network and the SIFT algorithm, which helped to achieve the presented results, is a new approach. 
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1 Introduction 

The aim of my scientific student research project is to implement a vision-based robot navigation system. 

This task contributes to the automation of a widely used measurement in the electronics industry, the T3Ster 

measurement. With the integration of optics, mechanical engineering, electronics, and computer control, 

the system presented in this work is able to replace an 8-10 hour human work process with a 15-minute 

configuration and the subsequent automated measurement. This work process involves the thermal 

transient measurement of direct bonded copper (DBC) ceramic substrates. These devices are used in 

applications such as servo motors or automatic transmissions, where failures during operation can be very 

dangerous, making their testing and evaluation particularly important. 

 

Figure 1: Illustration of a power module using DBC technology [1] 

My thesis is structured as follows: After this introduction, Chapter 2 provides an overview of the relevance 

and theoretical foundations of the measurement to be automated, while Chapter 3 discusses the 

measurement challenges and the need for and process of automation. Automation can be broken down into 

hardware and software problem solving. Chapter 4 deals with hardware challenges, such as selecting the 

appropriate camera system, i.e. the appropriate sensor and optics. In my thesis, I determined the minimum 

pixel size that meets the task-specific accuracy requirements and chose an architecture that fits the system's 

physical characteristics. Based on this, I describe the economically optimal sensor-optics pair. 

“You insist that there is something that a machine 

cannot do. If you will tell me precisely what it is that a 

machine cannot do, then I can always make a machine 

which will do just that.” (János Neumann) 
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The task of the vision system is not only to create images but also to process them. As described in Chapter 

5, I perform the radial and perspective distortion calibration of the camera. Subsequently, my developed 

software performs semantic segmentation on the images of the individual examined devices, so that, by 

using the keypoints of the segmented parts, it can calculate displacement. The semantic segmentation is 

carried out using fully convolutional neural networks. For this, I did a comprehensive literature review in 

Chapter 5.4.1. The hyperparameter-optimization of the problem-specific network architecture using Tree-

structured Parzen Estimator is described in Chapter 5.4.2.9, while the estimation with an IoU value of 98.37%, 

which can be considered very good even on an international level, is evaluated in Chapter 5.4.2.10. Originally, 

the entire system was expected to achieve accuracy of 0.25 mm displacement and 1-degree rotation, but I 

managed to achieve accuracy of 0.1 mm displacement and 0.75-degree rotation, which demonstrates the 

effective functioning of the selected hardware and developed software in Chapter 5.7. Finally, in Chapter 6, 

I summarize the achieved results and outline the directions for further development. 

 

Figure 2: Illustration of supporting robot navigation with image processing 
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2 DBCs and their thermal characterization 

Currently, the global market for DBCs is experiencing continuous growth. The reason for this is that they play 

a crucial role in technological innovation, and they are essential for satisfying the constantly increasing 

consumer demands in the field of electronic devices. All indications suggest that significant growth can be 

expected in the next 5-6 years in the area of active electronic devices, semiconductors, and therefore carriers, 

typically located on these ceramic substrates [2-11]. The cited global trends make it clear that research and 

development in the field of DBCs and the devices located on them are particularly important for future 

technologies. New innovative industrial solutions often require smaller active devices, smaller transistor 

sizes, or higher performance. By integrating more of these elements per unit area or using higher-

performance ones, the power dissipation density increases. Therefore, special attention must be paid to the 

thermal testing of these devices. In the following, I will explain the need for automated measurement and 

introduce the theoretical basis for it. The so-called T3Ster measurement provides a solution to the problem 

described above, which I made faster and more efficient with my developed electronic device during my 

work. Thermal transient measurement is a scientifically exciting and challenging area both in terms of 

physical description and measurement techniques. In this field, I was able to replace approximately 8-10 

hours of active human work with a 15-minute configuration followed by automated measurement. 

2.1 Correlation between the reliability of electronic systems and temperature 

To develop reliable electronic devices, it is essential to be aware of the main causes of their failures. Figure 3 

provides information on this. 

 

Figure 3: Main causes of electronic device failures [12] 

Temperature
55%

Vibration
20%

Humidity
19%

Dust
6%
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Based on these, it can be seen that the most common cause of failure for electronic devices is temperature, 

which causes more than half of the failures [12]. Vibration, humidity, moisture, various pollutants, and dust 

are significantly less common causes. Furthermore, Lemmens et al. [13] and Wintrich et al. [14] unanimously 

draw attention to the fact that the expected lifetime of direct-bonded copper (DBC) ceramic carriers is 

significantly shorter at higher temperatures. These devices are tested in the industry using two-stage cyclic 

tests, including cyclic power tests. The first stage is a longer heating stage, during which the device reaches 

its maximum temperature. The second stage is a shorter cooling stage, during which the tested sample cools 

down to the minimum temperature. The difference between the minimum and maximum temperature is the 

amplitude. The specific parameters of the entire process are included in the SEMIKRON standard [14]. 

Figure 2 draws attention to the temperature dependence of the number of cycles until failure. It can be seen 

that the lifetime of a DBC exponentially decreases with an increase in average temperature, and the effect 

of amplitude increase also causes nearly exponential lifetime reduction at constant average temperature. 

 

Figure 4: Temperature dependence of DBC failure [14] 

Therefore, for the sake of reliability, as well as for the amount of material used in production, the economics 

and sustainability are very important factors, that the DBCs and the devices placed on them must be within 

the appropriate temperature range during operation, while fulfilling their tasks in the entire system. To 
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determine this range and to develop devices that can operate properly in this range, the heat input that they 

are subjected to must be measured and quantified in some way. 

2.2 Temperature measurement 

There are also some traditional methods for measuring the temperature of DBCs and the electronic 

components mounted on them. Their advantage is that they are relatively inexpensive and simple solutions, 

but they do not provide information on the internal temperature of individual active components or chip 

temperature. From this perspective, a better choice may be to use thermal transient measurement, which 

also provides information on these parameters [15-17]. 

2.2.1 Use of thermocouples 

One simple solution can be the use of thermocouples. By electrically connecting two different metals, 

typically welded, placing the junction on the surface to be measured, a temperature gradient is created along 

the different metals, resulting in an electrical voltage between them. The measured voltage depends on the 

material quality of the two wires and the temperature difference between the junction and the measurement 

location. By knowing the characteristic of a specific wire pair, the voltage measurement can be converted 

into a temperature measurement.  

2.2.2 Use of thermal imaging cameras 

Another possible method is the use of a thermal camera, which takes advantage of the fact that every 

material emits electromagnetic radiation due to the thermal motion of its charged particles. This radiation 

can be converted into an image by the sensor of the thermal camera, and different temperature surfaces can 

be displayed with different colors. However, this solution is also not satisfactory for surface measurement, 

just like the use of a thermocouple, as it does not provide information about the internal temperature of the 

electronic devices placed on the DBC. 

2.2.3 Thermal transient measurement, use of T3Ster [16]  

The T3Ster [17] (Thermal Transient Tester) measurement, complemented with appropriate software support 

[18], provides indirect information on how temperature changes over time in the entire internal structure of 

the device. Therefore, understanding its operation requires knowledge of the analogy between electrical and 

thermal systems. 

2.2.3.1 Analogy between electrical and thermal systems [19] 

The analogy between electrical and thermal systems can be demonstrated by describing the similarity 

between an elementary transmission line segment and an elementary volume element that allows only one-

dimensional energy flow. 
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Figure 5: Elementary transmission line model 

The spatial derivative of the voltage and current of an elementary transmission line segment can be written 

as follows [20]: 

𝜕

𝑑𝑥
𝑢(𝑥, 𝑡) = −𝑅𝑖(𝑥, 𝑡) − 𝐿

𝜕

𝑑𝑡
𝑖(𝑥, 𝑡) (1) 

𝜕

𝑑𝑥
𝑖(𝑥, 𝑡) = 𝐺𝑢(𝑥, 𝑡) − 𝐶

𝜕

𝑑𝑡
𝑢(𝑥, 𝑡) (2) 

where based on Figure 5: 

𝑢 is the voltage, 

𝑥 is the spatial parameter, 

𝑡 is the time, 

𝑅 is the resistance, 

𝑖 is the current, 

𝐿 is the inductance, 

𝐺 is the conductance, 

𝐶 is the capacitance. 

Distributed RC transmission lines are often used in electronic calculations, which means that 

boundary conditions of 𝐿 = 0 and 𝐺 = 0 can be applied. Based on these conditions: 

𝜕

𝑑𝑥
𝑢(𝑥, 𝑡) = −𝑅𝑖(𝑥, 𝑡) (3) 

𝜕

𝑑𝑥
𝑖(𝑥, 𝑡) = −𝐶

𝜕

𝑑𝑡
𝑢(𝑥, 𝑡) (4) 

Therefore, the model is significantly simplified: 

 
Figure 6: Elementary RC transmission line model 
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In the case of thermal systems, it is convenient to start with the principle of conservation of energy. Then, 

the difference between the incoming and outgoing heat flow can be written in the x-direction [21] as: 

𝑄̇(𝑥) − 𝑄̇(𝑥 + 𝑑𝑥) =
𝜕

𝜕𝑥
(−𝜆

𝜕

𝜕𝑥
𝑇(𝑥, 𝑡)𝑑𝑦𝑑𝑧) 𝑑𝑥 (5) 

where based on Figure 7: 

𝑄̇ is the heat flow, 

𝑥, 𝑦, 𝑧 are the spatial parameters, 

𝜆 is the thermal conductivity, 

𝑡 is the time, 

𝑇 is the temperature. 

As heat conduction in semiconductors is typically approximated as one-dimensional, it is not necessary to 

write this equation in the y and z directions. 

 

Figure 7: Elementary volume element model 

By writing the energy balance equation of the volume element 𝑑𝑉, assuming that it is source-free (i.e., no 

energy is generated), it can be stated that the excess incoming energy equals the change in enthalpy, i.e.: 

−
𝜕

𝜕𝑥
(−𝜆

𝜕

𝜕𝑥
𝑇(𝑥, 𝑡)) 𝑑𝑥𝑑𝑦𝑑𝑧 = 𝜌𝑐𝑝𝑑𝑥𝑑𝑦𝑑𝑧

𝜕

𝜕𝑡
𝑇(𝑥, 𝑡) (6) 

where: 

𝜌 is the density, 

𝑐𝑝 is the specific heat capacity at constant pressure. 

Here, if 𝑑𝑉 ≠ 0 and the temperature dependence of 𝜆 is negligible: 
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𝜆
𝜕2

𝜕𝑥2
𝑇(𝑥, 𝑡) = 𝜌𝑐𝑝

𝜕

𝜕𝑡
𝑇(𝑥, 𝑡) (7) 

In this case, the second-type boundary condition can be used, which states that the heat flux density 𝑞̇ is 

known at the boundary of the 𝑑𝑉: 

𝑞̇(𝑥, 𝑡) = −𝜆
𝜕

𝜕𝑥
𝑇(𝑥, 𝑡) (8) 

Thus, based on equations (7) and (8): 

𝜕

𝜕𝑥
𝑇(𝑥, 𝑡) = −

1

𝜆
𝑞̇(𝑥, 𝑡) (9) 

𝜕

𝜕𝑥
𝑞̇(𝑥, 𝑡) = −𝜌𝑐𝑝

𝜕

𝜕𝑡
𝑇(𝑥, 𝑡) (10) 

Thus, the similarity between equations (3), (4), and (9), (10) becomes apparent. The analogy is evident. The 

temperature difference can be compared to the potential difference, the reciprocal of the thermal 

conductivity to the resistance, the heat flux to the current density, and the product of the density and the 

isobaric specific heat to the capacitance. Therefore, thermal problems can be reduced to the analysis of RC 

models. 

 

Figure 8: Thermal RC model 

2.2.3.2 Analysis of distributed parameter systems [16] 

The RC networks presented above can be used to model thermal systems related to electronic devices. As 

mentioned in connection with Figure 7, thermal conduction is often considered one-dimensional and 

neglected in the other directions. This is advantageous, as it allows for the analysis of each layer inside the 

electronic device that differs thermally. It is important to emphasize that this is a distributed system, meaning 

that the different layers located in space have different thermal resistance and thermal capacitance. 

Consequently, in a distributed parameter system, each RC element will have a different time constant. In this 

case, the system can be described by the so-called Foster model or Cauer model. 
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Mathematical basis of the measurement [22] 

Such a distributed parameter RC system gives a weight function, or Green's function, in response to a Dirac 

delta excitation. From this, the response function can be derived for any excitation using the convolution 

integral: 

𝑇(𝑡) =  ∫ 𝑊(𝑦)𝑃(𝑡 − 𝑦)𝑑𝑦
∞

0

 (11) 

so: 

𝑇(𝑡) =  𝑊(𝑡) ⊗ 𝑃(𝑡) (12) 

where: 

𝑇 is the temperature, 

𝑡 is the time, 

𝑊 is the weight function, 

𝑃 is the excitation function, 

𝑦 is the variable. 

Actually, the weight function that characterizes the system is not known. This is what needs to be 

determined, so deconvolution, rather than convolution, is necessary, as shown in (13): 

𝑊(𝑡) = 𝑇(𝑡) ⊗−1  𝑃(𝑡) (13) 

However, the Dirac delta excitation is very difficult to achieve in practice. Therefore, a better solution may 

be the much easier to implement unit step function, for which the response is the unit step response 

function, as shown in equation (14): 

𝑎(𝑡) = 𝑊(𝑡) ⊗ ℎ(𝑡) (14) 

where: 

𝑎 is the unit step response function, 

ℎ is the unit step function.  

So: 

𝑎(𝑡) =  ∫ 𝑊(𝑦)ℎ(𝑡 − 𝑦)𝑑𝑦
∞

−∞

 (15) 

𝑎(𝑡) = ∫ 𝑊(𝑦)𝑑𝑦
∞

0

 (16) 

Where from: 
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𝑊(𝑡) =
𝑑

𝑑𝑡
𝑎(𝑡) (17) 

So the main advantage of this method over measuring the response to the Dirac delta weight function is that 

the unit step excitation is easier to implement. This is a better solution, but in practice, it may be useful to 

work not with the unit step function itself, but with its transform. The reason for this is that in the case of 

the unit step, maintaining constant power after the "step" is not a simple task. More precisely, the function  

ℎ1 − ℎ(𝑡) can be used, where ℎ1 is a constant equal to ℎ(𝜏), for 𝜏 > 0. This function, which could also be called 

the "unit step down" function, is illustrated in Figure 9. 

 

Figure 9: „Unit step down” function 

In summary, when characterizing electronic devices using a T3Ster device, it is necessary to observe the 

decreasing temperature as the response when a constant power value is turned off. The response of the 

cooling device is measured based on electrical properties. All semiconductor devices have several so-called 

TSPs (temperature-sensitive parameters), which are temperature-sensitive parameters. For a simple diode, 

this is, for example, the forward voltage. The T3Ster measures this voltage with high accuracy and sampling, 

and the temperature is calculated based on this data through software. Therefore, it can be said that the 

characteristics of the investigated RC system can be determined based on the measured response 𝑎(𝑡). The 

distribution of thermal resistances and heat capacities within the entire DBC device, that is, the chip and the 

entire device structure, can thus be examined [23]. 
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3 Development of thermal transient measurement technique from 

the perspective of automation 

In the introduction, as I mentioned, my team conducted the thermal characterization measurement, as 

presented in Chapter 2.2.3. As I write in Chapter 2.1, this is an engineering activity that requires both 

economic and technological forward-looking and intensive development. To increase competitiveness and 

innovation, automation of processes is essential, not only in manufacturing but also in research and 

development. To create modern, high-quality models of individual electronic DBC devices for certain product 

development, it is worthwhile to robotize certain model identification processes. This reduces human error 

factors and increases the number of measurements that can be performed in a unit of time. This increases 

the added value and makes the process more economical. 

3.1 Development of measurement methodology 

We, in accordance with the description in the introduction of Chapter 3, are constantly striving to renew 

ourselves and create competitive products with innovative technologies. This includes the automation of our 

thermal transient measurements. The process and necessary electronic device, the T3Ster, was developed at 

the Department of Electronic Devices at the Faculty of Electrical Engineering and Informatics at Budapest 

University of Technology and Economics. Today, this method is used worldwide for non-destructive structural 

analysis and thermal optimization of integrated circuits and discrete components. However, to the best of 

my knowledge, when writing this work, no industrial participant had yet developed a computer vision-based 

project to automate the various DBC investigations in this measurement, neither domestically nor abroad. 

Therefore, even in the field of research and development, this work is considered pioneering. In the following 

points, I will present the thought process and steps involved in this development. 

3.1.1 Manual sample with soldering and wires 

The first method we used for measuring DBCs was a solution that required continuous active human work 

and presence. We strengthened the wires onto the individual components by soldering and heated the 

individual devices through them, then measured their response signal. Of course, we did this with the help 

of T3Ster. The small and often hard-to-reach transistor legs on the DBC made sample preparation quite 

cumbersome. Care had to be taken to ensure that the electrical conductor of the solder did not come into 

contact with the parts on the ground potential during the measurement, and, of course, the solder material 

of the wires of two electrically insulated legs could not contact each other. Here, of course, the preparation 

time is difficult to calculate, as it is difficult to solder the given wires to the given small legs. And even after 

this was successful, particular attention had to be paid to preventing any unwanted short circuits between 

any two materials, and to avoid any mechanical damage. 
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Figure 10: Manually prepared DBC 

Preparation for each DBC required a time-consuming and exhausting manual process. We thought about 

finding a way to do this more efficiently, automating the process. It was important to avoid the time-

consuming soldering required for each sample. Moreover, we wanted to increase our competitiveness in the 

long run by measuring more samples in the same amount of time. Thus, we developed a method that reduced 

the sample preparation time required for each device. 

3.1.2 Use of a pin bed 

The essence of the method mentioned at the end of section 3.1.1 is to avoid the need to solder wires onto 

the legs of every new sample and check for contacts each time. This led to the development of the pin bed 

shown in Figure 11. 

 

Figure 11: Use of a pin bed 
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Using electrically conductive pins, contact can be made with the devices to be measured from above with 

the help of the pin bed. As a result, the time-consuming process of preparing each sample is only required 

for the pin bed, and this time is distributed among all the samples to be measured. Overall, the gross 

measurement time for each sample is reduced. However, even this method still requires human presence 

because when a measurement is completed, the sample must be replaced under the pins. This also takes 

time and does not allow for unsupervised measurements at night, for example. Therefore, we have reached 

the point where we aimed to develop a robotic system. 

3.1.3 Building a robot 

This intelligent system consists of an automated measuring robot and its associated hardware and software 

framework, which can be configured quickly. The robot can be seen in Figure 12. 

 

Figure 12: Measurement with the help of the robot 

The robot only needs to be set up above the first DBC, which is part of the configuration, and then the system 

will operate automatically. The entire setup is implemented using a modified CNC 3018 Pro milling machine. 

This was accomplished by replacing the engraving motor and tool with a measuring pin bed. The robot is 

controlled using a state machine model in LabVIEW environment. Here, the robot calculates how many steps 

its stepping motors need to take in which direction, which are capable of executing various movements with 

a precision of 100 μm. The control could seem simple with fixed DBC locations, but due to the different sizes 

of the various types, this is not possible, and the accuracy of placing the individual DBCs to the aluminium 

sheet is also a complicating factor because the measuring pins make contact with legs that can be as narrow 
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as a few tenths of a millimetre. Therefore, a system is needed that can intelligently and precisely provide 

input to the robot regarding the location of the measuring instruments. The goal is to achieve an accuracy of 

at least 250 μm. I took on the task of developing a vision system that can provide the LabVIEW code with 

correction data. 

 

Figure 13:  Process of thermal testing 

As shown in Figure 13, the vision system influences significant steps in the robot control process, indicated 

by the red-framed steps. The robot's movements are represented by arrows labelled "M". Configuration 

takes place before the first measurement. At this point, the measuring pin bed is manually positioned in 

contact with the first DBC. From here, the system operates autonomously. After successfully completing the 

first measurement, the robot moves with a fixed offset to take a photo of a well-measured reference object. 

Then, cyclically, it positions the camera over the next sample and takes a picture of it. Based on the 

comparison of these two images, the software I developed determines the necessary position correction 

relative to the previously well-measured sample. The robot performs this correction movement beyond the 

offset and then measures the sample. 

Configuration, 
initial 

measurement. 
Taking a 

reference 
picture.

M
Observing the 
next sample

Correction M Measurement

M 
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4 Developing and selecting the necessary tools and hardware for the 

vision system. 

My task was to create a system that can calculate displacement between two DBC target objects based on 

camera images. As the system serves to automate the measurement of very small components, the minimum 

accuracy requirement was 250 μm. Achieving a stepper motor accuracy of 100 μm would be a great, long-

lasting, and robust solution. Currently, the robot pin bed cannot rotate around its vertical axis, but in the long 

run, this feature is also a goal due to the possibility of DBCs being misaligned in this way. Therefore, the vision 

system must take this parameter into account as well. In the next section, I will detail the selection of the 

sensor, optics, and hardware resources necessary to meet the technical requirements mentioned above. 

4.1 Selection of sensor and optics [24] 
To select the appropriate components for the vision system, it is useful to summarize the starting parameters. 

The viewing angle of the observed object can be estimated as zero, as the offset mentioned in section 3.1.3 

allows the robot to bring the camera directly above the DBCs and stop there. Thus, the individual DBCs will 

always be located along the optical axis of the vision system. It is advisable to choose the smallest size to be 

observed as the desired accuracy, assuming the best achievable result of 100 μm. The object distance is not 

a fixed value, there may be an additional heat exchanger placed under the currently measured device, or 

possibly a body equipped with additional cooling plates. As an initial estimate, I assumed the object distance 

to be between 20 and 100 mm. The former may only be necessary in the case of a very large heat exchanger, 

but it is the confident underestimation of the object distance. The latter can only occur if the robot views the 

workspace from a completely elevated, distant position. Therefore, by selecting these limits, I aimed for a 

flexible, multi-functional, and robust solution that satisfies many requirements. Similarly to choosing the 

smallest size to be observed, it is also a good decision to choose a smaller pixel size, such as approximately 

2.5 μm, due to the small objects to be observed. This also complicates the hardware selection just like the 

wide object distance range. The latter requires the focal length of the optics to be adjustable over a wide 

range, while the former eliminates many sensors from the options available. Therefore, the calculation have 

to be be performed by an iterative approach. If there is no really good solution for the given pixel size, it can 

be slightly modified. The summary of the quantities discussed here is presented in Table 1. 

Table 1: Starting parameters for sensor and optics selection 

Quantity Symbol Value, range of values 

Viewing angle 𝜑 0° 

Object distance 𝑠 [−100 𝑚𝑚;−20 𝑚𝑚] 

Minimum observable size 𝑥 0,1 𝑚𝑚 

Pixel size 𝑝𝑥 2,5  𝜇𝑚 
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4.1.1 Focal length calculation 

It is important to specify which pixel size to consider when selecting the pixel size. A typical principle in 

camera selection is to choose the length of one side of the rectangular pixel if the object is primarily fixed in 

a horizontal or vertical orientation. The pixel size in the direction perpendicular to the smallest observable 

image details is crucial. However, if the object orientation is not fixed, it is advisable to consider the pixel 

diagonal as the characteristic size for safety reasons. The same principle should be applied in this application 

as well, as mentioned in the introduction of Chapter 4, since detection of rotated objects is also 

necessary [25]. 

In general, if the goal is to capture images of objects, it is reasonable to represent the smallest size with at 

least 2 pixels. Defining an edge or a boundary can already work this way, but in this case, certain 

characteristics may be useful to observe on this small component for controlling the robot. Therefore, I chose 

the number of pixels containing the smallest size to be at least 5, but I did not rule out the possibility of using 

15 pixels to see this size for very small components. So: 

5 ≤ 𝑎 ≤ 15 (18) 

From which, due to the 2.5 μm pixel size:  

12,5 𝜇𝑚 ≤ 𝑎 ∙ 𝑝𝑥 ≤ 37,5 𝜇𝑚 (19) 

where: 

𝑎 represents the number of pixels on which x can be seen, 

𝑎 ∙ 𝑝𝑥 is the size of x. 

The magnification factor 𝑁 can be calculated by using these: 

𝑁 =
𝑎 ∙ 𝑝𝑥

𝑥
 (20) 

So the 𝑠’ image distance can be calculated as:  

𝑠’ = 𝑁 ∙ |𝑠| (21) 

Thus, the f focal length can be obtained by: 

𝑓 =
1

1
𝑠′ −

1
𝑠

 (22) 

Given the size range of the image of x and the range of possible object distances, there is also a range for the 

focal length. This is shown in Table 1, which demonstrates that it is quite wide. 
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Table 2: Range of focal lengths in millimeters for different object distances and image sizes (𝒇(𝒂, 𝒔)) 

           s [mm] 
    a [-] 

- 100 - 90 - 80 - 70 - 60 - 50 - 40 - 30 - 20 

5 11.11 10.00 8.89 7.78 6.67 5.56 4.44 3.33 2.22 

6 13.04 11.74 10.43 9.13 7.83 6.52 5.22 3.91 2.61 

7 14.89 13.40 11.91 10.43 8.94 7.45 5.96 4.47 2.98 

8 16.67 15.00 13.33 11.67 10.00 8.33 6.67 5.00 3.33 

9 18.37 16.53 14.69 12.86 11.02 9.18 7.35 5.51 3.67 

10 20.00 18.00 16.00 14.00 12.00 10.00 8.00 6.00 4.00 

11 21.57 19.41 17.25 15.10 12.94 10.78 8.63 6.47 4.31 

12 23.08 20.77 18.46 16.15 13.85 11.54 9.23 6.92 4.62 

13 24.53 22.08 19.62 17.17 14.72 12.26 9.81 7.36 4.91 

14 25.93 23.33 20.74 18.15 15.56 12.96 10.37 7.78 5.19 

15 27.27 24.55 21.82 19.09 16.36 13.64 10.91 8.18 5.45 

4.1.2 Selection of the camera system 

Chapter 4.1.1 summarized the 0th step of the hardware selection process for the visual system. Following 

this, the iteration for selecting the camera system begins. Since specific products must be chosen, typically, 

discrete values or ranges of values are given for each parameter. That is, none of the parameters can be 

selected from a continuous set of values according to arbitrary requirements. Therefore, neither a lens that 

precisely satisfies the range of focal lengths in Table 2 nor a sensor with exactly the pixel size specified in 

Chapter 4.1 that is sufficiently high-resolution for observing the entire current device could be found. Thus, 

I examined several possible sensors and lenses from both technical and economic perspectives. Here, I 

present the system that was ultimately selected. 

It is primarily worth examining the lower rows of Table 2, especially the left-hand columns. The reason for 

this is that it would obviously be good to see the examined size on as many pixels as possible, and as 

mentioned in section 4.1, very small object distances are less relevant. For this, the Waveshare Electronics 8-

50mm Zoom Lens optics [27] may be a good choice for the approximately 8-27 mm focal length range. As the 

name of the product suggests, its focal length can be adjusted between 8 and 50 mm, and it is capable of a 

3-megapixel resolution. With this focal length range, the object distance and magnification can be inversely 

calculated, and by knowing the pixel size, it can be verified whether the image of the smallest object size is 

on enough pixels. However, there are two problems with this. Firstly, the pixel size is not a fixed value, it 

depends on the chosen sensor. Secondly, the lens also has a spatial extent, which forces the sensor to a more 

distant point from the observed object. The first problem can be solved by comparing different sensors, and 

the second one can be solved by examining the value of the parameter as a function of the distance from the 

front of the lens and the focal length, rather than as a function of the object distance and focal length. To 

start with, based on equation (22): 
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𝑠′ =
𝑠 ∙ 𝑓

𝑠 + 𝑓
 (23) 

Furthermore, based on equation (21): 

𝑁 =
𝑠′

|𝑠|
 (24) 

And according to equation (20): 

𝑎 =
𝑁 ∙ 𝑥

𝑝𝑥
 (25) 

Combining equations (23), (24), and (25), we get: 

𝑎 =
𝑥

𝑝𝑥
∙

1

|𝑠|
∙

1

1
𝑓

+
1
𝑠

 (26) 

It is essential to address the size of the optics here. Figure 14 can assist in this regard. 

 

Figure 14: Waveshare Electronics 8-50mm Zoom Lens [27]  

Let 𝑑 be the total length based on Figure 14: 

𝑑 = 68,30 𝑚𝑚 + 17,53 𝑚𝑚 = 85,83 𝑚𝑚  (27) 

The nodal point can be obtained by measuring the focal length along the optical axis from the sensor, and 

from here the object distance can be measured [26]. This is because the object and image space of the optical 

system have the same refractive index, so the nodal points and principal points coincide. Thus, the size of the 
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object distance can be calculated based on the distance from the lens, the total length of the lens, and the 

focal length. 

|𝑠| = |𝑠𝑜| + 𝑑 − 𝑓  (28) 

where, not previously marked: 

𝑠𝑜  is the distance of the object from the lens. 

By considering the sign: 

𝑠 = 𝑠𝑜 − 𝑑 + 𝑓  (29) 

And this can be substituted into (26), so: 

𝑎 =
𝑥

𝑝𝑥
∙

1

|𝑠𝑜 − 𝑑 + 𝑓 |
∙

1

1
𝑓

+
1

𝑠𝑜 − 𝑑 + 𝑓 

 (30) 

So now only the selection of the appropriate sensor needs to be solved. One suitable choice is the Sony 

IMX477 with a 1.55 μm vertical and horizontal pixel size and a resolution of 12.3 megapixels [28]. This results 

in a diagonal pixel size of 2.2 μm and a higher resolution than the optics, so it does not degrade the design in 

this respect. Examination of the 𝑎(𝑠𝑜, 𝑓) with these data can be seen in Figure 15. 

 

Figure 15: Minimum number of pixels containing a given size as a function of various distances and focal lengths  

The result of observing with too few pixels would be inaccurate robot navigation, while representing too 

many pixels would result in the entire observed device not fitting into the image, potentially providing 
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insufficient information. Figure 15 shows that for any distance, there is a suitable focal length setting that 

produces the appropriate number of pixels. The favourable range of these settings is shown in the red-

coloured area. Thus, I have successfully implemented a flexible, multifunctional solution that robustly 

satisfies many demands as mentioned in section 4.1. This flexibility can also be observed in Figure 16, which 

shows the range of distances that can be achieved with different focal length and minimum pixel size settings. 

 

Figure 16: Available distances from the lens for different focal lengths and smallest pixel sizes 

In Figure 16, the negative range is purely theoretical, as the object to be observed cannot be placed inside 

the lens. The relevant part is the range of 20-100 mm measured from the lens, where it can be seen that all 

defined minimum pixel sizes can be achieved with the system, making the solution fully satisfying all 

requirements. In addition, it is important to note that when selecting such a camera system, the sensor 

format is a crucial parameter. The sensor format and the optics must match each other. If the optics' sensor 

format is too large, the image it creates will protrude beyond the sensor. If it is too small, the edges of the 

image will remain dark and only a circular area in the centre will contain useful information. The sensor 

format of the Sony IMX477 and the Waveshare Electronics 8-50mm Zoom Lens are the same, making them 

compatible with each other. This optical system forms the basis of the work. Of course, it can be technically 

replaced with other alternatives [29-32], but considering economic factors as well, the one presented here 

is the most suitable. 

4.2 Hardware resources and mechanical design 

With this optical system, everything is in place. The selected sensor is available in the Raspberry Pi HQ 

Camera [33], so the Raspberry Pi provides an excellent opportunity to create a standalone camera platform. 
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I had the Raspberry Pi 4 Model B [34] hardware at my disposal, which I connected to the camera with its own 

factory ribbon cable. This 2000 mm cable is long enough to allow the Raspberry Pi to stay stationary while 

the camera is attached to the robot. Therefore, I designed a camera holder for the system using AutoCAD 

Inventor Professional 2022 software. 

 

Figure 17: Camera holder in Autocad Inventor Professional 2022 software 

Figure 17 illustrates this support device that aids in the mechanical implementation. Figure 18 depicts the 

dimensions of the device, which were designed to match the robot's specifications. The top view dimensions 

of the left block in Figure 17 can be seen on the left side, while the side view dimensions of the right block 

are shown on the right side. In the first case, the body of the left block was extended by 20 millimetres, and 

in the second case, the body of the right block was extended by 70 millimetres. I printed the component with 

the Creality CR-X Pro 3D printer. 

 

Figure 18: Dimensions of the camera holder 
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5 Software implementation 

In this chapter, I provide an overview of the software I developed for my system, and detail and discuss the 

scientific achievements, implementation of individual autonomous subsystems, the codes and algorithms 

applied and implemented, as well as the literature used. 

5.1 Transmitting camera feed from Raspberry Pi server to client machines 

On the server side of my system, a script is continuously running on the Raspberry Pi 4 Model B platform 

mentioned in Chapter 4.2. I create a socket and allow multiple sockets to connect to the same port. Then, I 

specify the IP address and port number, and wait for the connection. Once it is established, I capture the 

current photo with the camera and send it. On the client side, if I want to receive an image in any part of the 

code, I create a socket, connect to the server using its IP address and port number, and receive the file in 

packets and save it. These image files are used for the configuration steps and also for taking photos during 

measurements. 

5.2 Configuration of the vision system 

As mentioned in section 3.1.3, automated measurement is preceded by configuration performed by a human. 

This subsection presents the configuration of the software subsystem, which is basically divided into three 

parts: 

• Calibration of the distortion of the optical system. 

• Calibration of the position and orientation of the optical system. 

• Placement of measurement samples and setting the position of the robot for contacting the first sample. 

After this, the measurement can start according to section 3.1.3 and Figure 13, for which my system provides 

the necessary input data. The software implementation of the first two points listed here is presented in 

sections 5.2.1 and 5.2.2. 

5.2.1 Calibration of the distortion of the optical system 

In some cases, calibration of distortion can be considered as part of the configuration, since if, for example, 

the size of the measured object changes, or the object needs to be observed from a different distance, it may 

be necessary to adjust the focal length. However, if objects with the same size are measured consecutively, 

the focal length remains fixed and the previous calibration is adequate, since it corresponds to the same state 

of the optical system.  
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5.2.1.1 Equations used for distortion calibration 

Radial distortion occurs because the optical system does not perfectly converge non-parallel incoming light 

rays, especially those arriving at the edge of the system's lens, resulting in the image appearing at a different 

pixel location on the sensor. According to the work of Drap and Lefèvre [35], distortion should be calculated 

using equation (31): 

(
𝑥𝑑

𝑦𝑑
) = (

𝑥𝑢

𝑦𝑢
) + (

𝑥𝑢

𝑦𝑢
) ∙ ∑𝑘𝑖

𝑖

∙ 𝑟2𝑖 (31) 

where: 

(
𝑥𝑑

𝑦
𝑑
) represents the distorted pixel position in terms of x and y coordinates, 

(
𝑥𝑢

𝑦
𝑢
) represents the correct pixel position in terms of x and y coordinates, 

𝑟 is the distance from the centre, 

𝑘𝑖  represents the i-th constant coefficient describing the distortion. 

At this point, the projection matrix is not yet known, but according to [36], an algorithm can still be initiated. 

If the relative positions of certain points in the image are known and their world coordinate system location 

is also known, then by rearranging equation (31), we get: 

(
𝑥𝑑

𝑦𝑑
) − (

𝑥𝑢

𝑦𝑢
) = (

𝑥𝑢

𝑦𝑢
) ∙ ∑𝑘𝑖

𝑖

∙ 𝑟2𝑖 
(32) 

In this case, the left-hand side of equation (32) represents the distortion in pixels. By minimizing the 

magnitude on the right-hand side for different positions, the set of distortion coefficients can be obtained 

for which the distorted pixel positions have the smallest least squares error. OpenCV uses the Levenberg–

Marquardt algorithm [37] for this nonlinear minimization, and avoids the trivial solution where 𝑘𝑖 = 0 for 

all i. It should be noted that, as mentioned earlier, the camera matrix is not yet known, but it is necessary for 

projecting real-world points since equations (31) and (32) can be applied to these projected points. 

Therefore, OpenCV calculates the matrix using the widely known SVD decomposition [38]. 

5.2.1.2 Implementation of distortion calibration 

According to section 5.2.1.1, the known points with relative positions are the corners of a chessboard, which 

is shown in a calibration image in Figure 19. Similar photos need to be taken with the camera and run through 

the code, which uses OpenCV and other libraries such as numpy. 
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Figure 19: Distortion calibration using a chessboard pattern 

According to Figure 19, the world coordinate system is fixed in the chessboard plane along the z-axis, and as 

shown, only the internal corner points are considered, of which there are 9 ∙ 10 = 90 points. Along the 

orange, red, pink, blue, turquoise, green, lemon, orange, red path drawn on the figure, the points (0, 0, 0), 

(1, 0, 0), … (9, 8, 0) can be obtained in the z-plane, respectively. These points are then used to create a 9 ∙ 10 

array using numpy. Following this, separate lists are created for the real points and image points, where every 

point from every image can be stored, and the list of images is read, and iteration through the images begins. 

Each image is converted to grayscale, and the OpenCV findChessboardCorners function [39] is used to find 

the corners of the current chessboard. This function takes in the image, the dimensions of the chessboard, 

and can also be given various flags. Among these, it may be useful to set adaptive thresholding so that the 

algorithm is not sensitive to lighting, and normalization for histogram equalization. The corners found in this 

way can be refined using the cornerSubPix function [40]. The world and image points are then added to the 

created lists, and the iteration moves on to the next image. At the end of the iteration, the calibrateCamera 

function is called, giving these lists. This works according to section 5.2.1.1. This way, the projection matrix 

and the constant coefficients describing the distortion can be obtained, and these are saved. It is important 

to note that when creating calibration images, care should be taken to ensure that a sufficient quantity and 

quality of images are taken for the sake of numerical stability. An important characteristic of quality is that 

the chessboards should be as close to the edges of the images as possible, as this is where the radial distortion 

is the greatest. Furthermore, it should be noted that although the functions discussed here are called from 

Python, they actually run in a C++ environment for the sake of runtime efficiency. 

5.2.2 Calibration of the position and orientation of the optical system [41] 

The calibration of the position and orientation of the optical system is fully part of the above mentioned 

configuration. This must be done before every measurement is started, as it would not be easy to set the 

relative position of the camera and the measurement space to 100 μm accuracy before every measurement. 

This can be attempted, but a truly good and robust solution should not assume such accuracy of human steps. 

As a result of any potential changes in position and orientation, the same real object may appear differently 

in the image. The individual shapes are projected onto the image through perspective projection. Perspective 

projection is not distance-preserving, not scale-preserving, not angle-preserving, not parallelism-preserving, 
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but it is collinear, meaning that it preserves straight lines. It is actually a description of the pinhole camera 

model, as the projecting lines pass through a single point. Like many other projection, this can also be 

characterized using a matrix.: 

(
𝑠 ∙ 𝑥′

𝑠 ∙ 𝑦′

𝑠
) = (

𝑎11 𝑎12 𝑏1

𝑎21 𝑎22 𝑏2

𝑐1 𝑐2 1
) ∙ (

𝑥
𝑦
1
) (33) 

where: 
𝑠 is the scaling factor, 

𝑥′ is the horizontal coordinate in the projected image, 

𝑦′ is the vertical coordinate in the projected image, 

(
𝑎11 𝑎12

𝑎21 𝑎22
) is the matrix describing the orientation part of the transformation, 

(
𝑏1

𝑏2
) is the vector describing the translational part of the transformation, 

(𝑐1 𝑐2) is the projection vector, 

𝑥 is the original horizontal coordinate in the object space, 

𝑦 is the original vertical coordinate in the object space. 

The mapping matrix can be calculated based on the knowledge of 4 original-projected point pairs, since the 

matrix is defined by 8 constants. This matrix is important for the application because it defines a quadrilateral 

region on the projected image, which is then transformed into a rectangular region. Based on the information 

contained in the rectangular region, the robot can navigate through the environment. In practice, a printed 

sheet containing markers is placed in the measurement area, and an image is taken of it. This is illustrated in 

Figure 20. 

 

Figure 20: Image of position and orientation calibration 

It can be seen that distortion calibration has already been performed here, and the outer curves of the image 

have been pulled inward by the algorithm described in section 5.2.1. The chessboard on this image is 

designed in such a way that the rectangle defined by the four inner red corners precisely identifies one 

measurement location where DBC can be determined. In the case of the configuration before the 

measurement, the robot performs this calibration at this one location, but the measurement algorithm 

described in section 3.1.3 applies the obtained transformation at every time. 
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So, the complete code can be characterized as follows. I apply distortion calibration using the OpenCV 

functions getOptimalNewCameraMatrix and undistort. Important input parameters are the projection matrix 

calculated according to 5.2.1 and the distortion coefficients. Then, I locate the four points marked in red on 

Figure 20 using the appropriate indexing and the findChessboardCorners function. I refine the corners again 

using the cornerSubPix function, then I obtain the perspective projection matrix using 

getPerspectiveTransform according to (33), which I save. Later, when reading in individual images, the 

warpPerspective function can perform the necessary transformation. 

5.3 Displacement determination 

The appropriate quality images are now available. Therefore, in each case, it is necessary to determine the 

required correction by comparing two images, as discussed in section 3.1.3 with reference to Figure 13. My 

idea is to first perform semantic segmentation to determine the domain where the measured DBC is located 

in the already good quality, undistorted images. Then, I search for characteristic points on these images that 

belong together. From these, I select the reliable points and determine the actual displacement based on 

their average displacement. Also, I determine the average rotation based on the average rotation of the 

vectors they form. I return these values as return values to the robot. Based on this, the entire software 

module can be modularly illustrated as follows: 

 

Figure 21: Modular structure of software 

The main module communicates with LabVIEW software. Using the calibration scripts discussed in sections 

5.2.1 and 5.2.2, a transformation can be performed on the image sent from the server mentioned in section 

5.1 to produce a good quality, essential region from the image. From this region, the DBC can be segmented, 

and key points can be searched, and the displacement can be determined relative to the previous image. In 

the following sections, I will discuss these three processes. 

5.4 Semantic segmentation 

The essence of semantic segmentation is to determine the class of each pixel in an image. Thus, its output 

resolution is the same as the input resolution, and for each pixel, there can be as many output values as the 
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number of classes to choose from for the given task. In my case, I need to determine for each pixel whether 

it belongs to the DBC or not, resulting in two possible values, 1 and 0. The IoU (Intersection over Union) value 

is a widely used and accepted quality metric for this decision, quantifying the overlap between the 

segmentation output and the real segmentation. Its description is as follows: 

𝐼𝑜𝑈 =
𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ∩ 𝑟𝑒𝑎𝑙 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ∪ 𝑟𝑒𝑎𝑙 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛
  (34) 

Typically, during evaluation, the IoU value is calculated for each class and averaged. Another possible quality 

metric is pixel accuracy. Here, the number of correctly classified pixels is compared to the total number of 

pixels: 

𝑃𝑖𝑥𝑒𝑙 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑝𝑖𝑥𝑒𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠
  (35) 

Using this is useful, for example when running a machine learning algorithm, but alone it is not really suitable 

for evaluating segmentation. The reason for this is that in cases where one class appears in very small 

proportions in an image, its substantial non-recognition does not cause significant errors in pixel accuracy. 

Therefore, inadequate semantic segmentations may seem appropriate if only this characterization is used. 

This is also true for the average class accuracy metric: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑙𝑎𝑠𝑠 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
1

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑙𝑎𝑠𝑠𝑒𝑠
∑

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑝𝑖𝑥𝑒𝑙𝑠𝑐𝑙𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠𝑐𝑙𝑎𝑠𝑠
𝑐𝑙𝑎𝑠𝑠

  (36) 

The essence of this metric is to sum the ratio of correctly classified pixels to the total number of pixels for 

each class and divide the total by the number of classes. In my work, I used artificial intelligence-based neural 

networks for semantic segmentation. I reviewed a lot of research papers, publications, books, and source 

code to find the best possible method. In the next chapter, I will summarize my research work concisely. 

5.4.1 Literature summary 

Semantic segmentation is not coincidentally difficult to implement well, as it is one of the greatest challenges 

in computer vision. As mentioned in Chapter 5.4, its task is to make pixel-by-pixel decisions on a given image 

about which class a particular pixel belongs to. It is possible to carry out semantic segmentation by 

conventional methods [42-50], but as in many other areas of science, deep learning methods play a 

significant role here. There are numerous applications of semantic segmentation implemented with deep 

learning. Medical applications are presented in [51]-[55], while self-driving cars utilize it in [56]-[59]. Notable 

applications also include semantic segmentation related to wildlife and animals [60]-[62], and pedestrian 

segmentation [63][64], which also promotes autonomous transportation. Furthermore, semantic 

segmentation is used in various other fields, such as defect detection during material inspection [65], or 

satellite image analysis [66][67]. Different authors classify the techniques used for various applications in 
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different ways. Guo et al. [68] provide a comprehensive overview of deep learning-based semantic 

segmentation and divide the literature on different techniques into three main parts: region-based, fully 

convolutional network-based, and weakly supervised methods. However, Lateef and Ruichek [69] use a much 

more detailed classification, categorizing the methods into ten categories. These methods are based on 

techniques such as Markov fields and conditional probabilities, their replacements, resolution changes, 

recurrent neural networks, regions, deconvolution, part extraction, weak and medium reinforcement, 

temporality, and detail encoding. Li et al. [70] apply an even deeper division. They divide the previously 

mentioned methods into unimodal and multimodal considerations, essentially contrasting methods that use 

a single frame and those based on three-dimensional procedures composed of consecutive, temporally 

different images or simply multiple images. However, the classifications in [71]-[73] are not identical either. 

In terms of applications, the fully convolutional network (FCN) has performed very well among the techniques 

listed above. Diverse examples include road segmentation [74], segmentation of high-resolution aerial 

images [75], tree species segmentation [76], and segmentation performed on MRI scans [77]. It is no 

coincidence that the authors of [74]-[77] and many others [78]-[81] chose this method. From the semantic 

segmentation review articles mentioned earlier, it is clear that FCN is considered outstanding. According to 

Lateef and Ruichek [69], FCN brought the real breakthrough in deep learning-based semantic segmentation. 

Li et al. [70] also believe that following the techniques based on Markov fields and conditional probabilities, 

and methods using simple convolutional neural networks, truly good semantic segmentation solutions were 

brought by FCN. Similarly, according to the article by Yu et al. [71], recent successes in segmentation are 

primarily due to FCN. Hao et al. [72] claim that it drastically increased accuracy, while Garcia et al. [73] 

emphasize that the currently most successful state-of-the-art deep learning semantic segmentation 

techniques are all based on FCN. As summarized in [68]-[73], numerous FCN-based techniques have already 

been developed. These are solutions of various sizes and thus have different hardware requirements. Table 

3 shows FCN methods and further techniques based on their considerations. 

Table 3: FCN methods and related techniques 

                Data type 

Method 

Benchmark Average IoU 
[%] 

Reference 

SDN PASCAL VOC 2012 test 79.9 [82] 

OA-Seg PASCAL VOC 2012 test 74.1 [83] 

DeconvNet PASCAL VOC 2012 test 69.6 [84] 

FC-DenseNet103 CamVid dataset 66.9 [85] 

SegNet CamVid dataset 60.1 [86][86] 

FCN-8s PASCAL VOC 2011 segval 62.7 [87] 

FCN-16s PASCAL VOC 2011 segval 62.4 [87] 

FCN-32s PASCAL VOC 2011 segval 59.4 [87] 
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The method for calculating the average IoU values, which best characterize the accuracy mentioned here, is 

discussed in detail in the previous Chapter 5.4. The individual benchmarks are internationally accepted, well-

known datasets, which are specifically suitable for verifying semantic segmentation [88]-[90]. 

5.4.1.1 Articles related to semantic segmentation of electronic devices 

Although it is evident that deep learning-based semantic segmentation is popular and widely used, the topic 

of electronic devices, particularly in the case of components mounted on DBC, is published to a very limited 

extent and can be considered modern and worth scientific investigation. I did not find any journal or 

conference articles specifically on DBC semantic segmentation. Fault detection methods can be found for 

IGBTs, which are often placed on DBC [91], or for printed circuit boards [92], but these require different 

techniques. Other literature performed instance segmentation for capacitors and resistors [93]. However, 

the success of this method would be of doubtful value for my application since every component in the 

published training and testing dataset was in front of a single-colored, white background, and only their 

shadows could be considered as distractions. Thus, the method would not be robust enough for my 

application. Interesting publications on printed circuit boards dealing with components can also be found, 

but these focus on detection [94] or depth-based segmentation of larger elements [95]. None of the 

electronics-related articles I found were published before 2020, so it can be confidently stated that the topic 

is novel and open for discussion. 

5.4.2 Implementation 

To create a technically appropriate, fully convolutional neural network suitable for semantic segmentation, I 

implemented my own code. The dataset needed for training was prepared using the same camera and optics 

as in the case of live measurements. I performed the annotation manually on the training and validation 

images. I modified the optimization algorithm, dilation, batch size, channel number, depth, epoch count, 

regularization weighting, learning rate, learning rate decay ratio, and decay step size, thus training and 

evaluating neural networks 12,149 times with the help of automated runs. In the following, I will characterize 

separately the related code snippets, classes, functions, and the overall operation of the network that I have 

prepared for this purpose. To do this, I used the Python Pytorch [96], Torchvision [97], Pillow [98], Numpy 

[99], Matplotlib [100], OS [101], and Glob [102] libraries. I note that I will use lowercase names for these 

libraries in the future, staying true to the format of my code. 

5.4.2.1 Data augmentation function 

Just as in other areas of artificial intelligence training, the appropriate amount of data is necessary for robust 

learning. Therefore, I implemented my own data augmentation. To do this, I created a class and overrode 

the (), or __call__, operator. If the __call__ method is called and an image is given with the help of pillow, a 
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random number is generated uniformly between 0 and 1. If the number is greater than 0.5, the image is 

reflected along its horizontal axis; otherwise, it is not. The overridden function returns the image. 

5.4.2.2 Dataset preparation 

The software implementation of the data set was done as follows. I derived a custom class from the pytorch 

torch.utils.data.DataLoader class. I overrode its init method to take in arguments specifying which data 

augmentation to apply to the images and segmented images in the current image or segmented image and 

where the root folder of the images and segmented images are located. From the former, I create attributes 

for the class, while for the latter, I use the os.path.join and glob.glob1 functions to create a list of paths to 

the images and segmented images, which I then sort. I also create attributes from these lists. 

Next, I make the class indexable, so I override the getitem method. I set it up so that indexing the attribute 

of the list of image paths returns the corresponding image, and I do the same for the segmented images. 

Using the open function from the pillow library's Image module, I then save a reference to the current image 

and its label in image and label variables, respectively. Finally, I call the random.seed function twice with the 

same, randomly generated seed variable and, if data augmentation was specified for the image or segmented 

image, apply it after the calls and return the references. 

5.4.2.3 Creation of convolutional layers 

In my network, a convolutional layer includes not only the convolution operation but also nonlinearity and 

normalization. I derive this as a class from the pytorch.nn module. I also override the constructor function, 

which takes in the input and output channel numbers, the convolution kernel size, and the stride parameter 

that specifies how many pixels the kernel should move through the image. In addition, I allow for dilation to 

be added to the convolutional layer. This parameter determines whether the k ⋅ k convolution kernel 

processes adjacent pixels or applies a single pixel skip, as illustrated in Figure 22. Essentially, this option can 

increase the convolution kernel's field of view but sacrifices some of the pixels near its centre. Whether or 

not to use this option depends on the application, and I test this parameter along with others in my work. 

 

Figure 22: Convolutional kernel without dilation and with dilation [103] 

 After initializing the parent class, I create a pytorch.nn.Conv2d object as the convolution attribute. This is 

called with the channel numbers, stride, and padding, which specifies how many 0s to add to the edges of 
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the image. I calculate the padding by dividing the kernel size by 2, adding 1 to the quotient if there is dilation. 

I also create an attribute for normalization, using the pytorch.nn.BatchNorm2d function, which takes in the 

output channel number. 

To move from one layer to the next, i.e., from one object to the next, I use the forward function. This function 

returns the normalization with an improved linear function, the Rectified Linear Unit (ReLU), by substituting 

the first created convolution attribute. ReLU is an internationally accepted and widely used 

method [104][105]. 

5.4.2.4 Creating a transposed convolutional layer 

I create this class in a formally very similar way to the convolutional layer. I use the same parent class and 

the overridden constructor function also receives the same inputs. However, the convolution attribute here 

is an object of the pytorch.nn.Transpose2d class. It also receives the input and output channel numbers, as 

well as the stride and padding parameters. The difference from my convolutional layer is that, due to the 

property of transposed convolution, the pixels generated at the edges of the image must be discarded, which 

must be indicated in the form of a parameter. The forward function is the same as the forward function of 

my convolutional layer. 

5.4.2.5 Creating fully convolutional architectures 

With this, I have all the building blocks at my disposal to create a fully convolutional architecture. As I 

mentioned in the introduction to section 5.4.2, I trained networks 12149 times, starting from as many 

different network states. One of the variable parameters was the depth of the network, that is, how many 

convolutional and transposed convolutional layers I used. So, in this regard, I created six different 

architectures. It is important to highlight this as it is a branching point in the object initialization. 

In each case, I also derive my class from the pytorch.nn module, where during initialization, I need to provide 

the input channel number, depth, and dilation. As a first step, I create a convolutional layer as an attribute, 

which takes the 3 colour channels as input and returns the architecture's input channel number. Then n 

downsampling and convolution steps follow each other, which are also implemented using convolutional 

layers. The parameters of the i -th downsampling layer are: the architecture's input channel number 2i - 1 

times, twice of this, the kernel size, the stride, and the dilation. In the case of convolution, both parameters 

are 2i times the architecture's input channel number. After this, I create an attribute from n transposed 

convolutional layers, where the parameters of the i -th layer are 2n – i + 1 times and 2n - i times the architecture's 

input channel number. Finally, I create a classifier, which is an instance of the pytorch.nn module's Conv2d 

class. Its parameters are the output channel number of the last transposed convolutional layer of the 

architecture, the number of classes, which in my case is 2, as well as the kernel size and the associated 

padding. I fixed these latter two values to 5 and 2, respectively, so that the last layer can see a larger area. 
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In the forward function written here, we first need to store the references of the results of the n + 1 

convolutional layers in local variables. Then we need to add these to the outputs of the corresponding 

transposed convolutional layers. Finally, we need to return the return value of the last modified transposed 

convolutional layer of the classifier. This addition, that is, connecting the upscaling and downscaling parts, is 

a recognized and reliable method to help the convergence of the training [106][107]. 

5.4.2.6 Creating training and validation functions 

The inputs of my trainer function are the current epoch number, a reference to the network, an object 

instance belonging to my custom dataset class, an optimization algorithm from the pytorch.optim library with 

an initial gradient of zero, a criterion class from the pytorch.nn module, and the width and height of the 

currently used images. To measure accuracy, I create three local variables: one that counts how many images 

the algorithm has used, one that shows the average pixel accuracy among them, and one that shows the 

error for the current epoch. Following this, it is necessary to set the network to training mode using the train 

function of the pytorch.nn.Module class, and then iterate through my input dataset with a loop, since I have 

overridden its __getitem__ function and thus can access individual images and segmented images. I also 

request the index of these using enumerate. I would like to note that the hardware I used for training has an 

NVIDIA Quadro RTX 3000 graphics card and version number 452.57, so I was able to use the CUDA 11.0.3 

Update 1 driver for faster performance [108]. Inside the loop, I call the built network and pass its output as 

input to the criterion class invoked with the __call__ operator. This returns a loss value, for which the 

backward function performs derivation on each parameter. With this calculation, the optimizer's parameters 

can be updated using the step function. After updating, I deal with the statistics, increasing the error for the 

current epoch with the scalar value stored in the loss, and for each pixel of each image, I get the most likely 

estimated class from the network output using pytorch.max. I modify the used images variable and the 

accuracy variable, then log the current epoch number, the loss value, and the accuracy, and finally return the 

latter two. 

The validation function differs only slightly from this. In addition to the previously mentioned image counter, 

accuracy determining, and average accuracy per epoch variables, I also calculate and log the IoU and average 

class accuracy values according to Section 5.4. 

5.4.2.7 Creating a run function 

Now the training can begin, for which I use my own run function. This function sets up the depth of the 

network, input channel size, batch size, optimizer algorithm, epoch number, regularization weighting, 

learning rate, learning rate decay rate, and dilation step size for learning, or without it. Firstly, for 

reproducibility, I fix the internal state of all used tools with the appropriate seed value, which I set to 42. 

These tools include random, numpy.random, pytorch, and pytorch.cuda.  
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The assembly of the training, validation, and testing datasets is done with my dedicated function. Here, in 

addition to my custom data augmentation used only in training, I define further transformations. For both 

images and segmented images, I perform resizing, using bilinear interpolation in the former case and nearest-

neighbor interpolation in the latter. Then, I create the training database with the given batch size. Finally, 

before starting the training loop, I define the criterion class, optimization algorithm, and method for 

modifying the step size using the decay rate and step size. My criterion is the widely used cross-

entropy [109][110]. 

5.4.2.8 Main function 

Finally, I implemented the main function, with which I create several fully convolutional architectures within 

the ranges specified in Table 4 for the adjustable parameters. 

Table 4: Ranges of hyperparameters to be optimized 

Hyperparameter Minimum value Maximum value 

Depth of network 1 7 

Channel number 6 16 

Learning rate 10-4 10-2 

Learning rate decay rate 0.1 0.5 

Step size 10 30 

Regularization weighting 10-5 10-3 

Batch size 1 16 

Dilation 0 1 

Epoch number 40 90 

The table does not include it, but I chose the Adam algorithm [111][112] and the Stochastic Gradient Method 

[113] as the optimizer algorithms, as the former is currently considered one of the best in international 

practice, and the latter can be useful if my training is not complex enough for the dataset. The former method 

proved to be more successful. The ratio of training to validation images was 337-85. I manually performed 

the necessary annotations using makesense.ai [114], as mentioned in the introduction to section 5.4.2. The 

entire data preparation, network building, and execution are well illustrated in Figure 23. 
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Figure 23: Process of training the FCN architecture 

However, we have not yet discussed how I optimize the hyperparameters of the system, including the 

optimizer algorithm, dilation, batch size, number of channels, depth, number of epochs, regularization 

weight, learning rate, as well as the learning rate decay rate and decay step size, within the ranges mentioned 

in Table 4. This is covered in section 5.4.2.9. 

5.4.2.9 Hyperparameter optimization 

Hyperparameter optimization is one of the most crucial aspects of developing learning algorithms [115]. If I 

want to find the best solution to a data-driven problem, after selecting the problem-solving model, I also 

need to fine-tune its settings and hyperparameters to obtain the most accurate solution. The use of deep 

neural networks in this problem is a good choice because they are proven to be suitable for learning complex 

non-linear relationships, such as those involved in semantic segmentation. To optimize the hyperparameters 

of these convolutional neural networks, I need to find a good methodology. It is important to find a good 

methodology because evaluating the training for different settings of convolutional neural networks, 

especially those working with a large amount of data, can be a time-consuming process. Therefore, a good 

approach is needed to obtain the best solution as quickly as possible. Thus, Figure 23 can be complemented 

as follows: 
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Figure 24: Process of hyperparameter optimization for the FCN architecture 

Manual, grid, random, and algorithmic optimization 

There are several options for optimizing hyperparameters [116]. The simplest one from a software 

development perspective is the manual method. In this case, each value is manually modified, and new runs 

are started, while observing which settings yield better results from the learning algorithm. Another solution 

that requires slightly more attention is when all possible model configurations within a given range are 

explored using multiple nested cycles. This method is more advantageous in the sense that it does not require 

continuous human presence, but it is still extremely time-consuming. Therefore, if the speed of optimization 

is also a concern, it can only find the local optimum of a smaller neighborhood of the hyperparameter space. 

Random search is also an option, but there is a risk of missing the best hyperparameter configurations. 

However, it can be faster than grid search. 

The most efficient and modern method is algorithmic optimization, as it can intelligently exploit the results 

of previous iterations within a single run. In general, most modern hyperparameter optimization algorithms 

are based on Bayesian optimization [117], although there are cases where gradient-based optimization [118] 

or evolutionary algorithms [119] can be applied, depending on the specific system being optimized and its 

evaluability. The essence of Bayesian hyperparameter optimization is that, at each optimization iteration, it 

builds a probability model of the objective function to be optimized, i.e., the error function of the neural 

network in the hyperparameter space, and uses this model to determine what hyperparameter configuration 

to evaluate the actual objective function at the next step.  The main difference between algorithms that 
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implement Bayesian optimization, or Sequential Model-Based Optimization (SMBO), is how they construct 

the probability model of the objective function. Of the two most popular algorithms, Gaussian Processes (GP) 

and Tree-structured Parzen Estimator (TPE), I chose the latter because it was more effective in several tests 

[115]. It has been used, for example, in optimizing solar power forecasting [120], fault diagnosis of rotating 

machinery [121], evaluating landslide susceptibility [122], and health management applications [123], among 

many others [124-127]. 

Bayesian hyperparameter optimization with TPE 

Bayesian hyperparameter optimization can be described by the following flowchart: 

 

Figure 25: Bayesian optimization 

It can be seen that the first and second steps only need to be performed once, while the third, fourth, and 

fifth steps need to be repeated cyclically. The stopping criterion is typically based on time, number of 

iterations, or the value of the objective function. The first step involves the initial random exploration of the 

simulation space to provide a basis for building the probabilistic model. In my case, I used the best initial 

configuration determined through experimental trial and error using Optuna [128], along with 10 random 

iteration configurations. The second and fifth steps involve TPE-specific modelling, the third step involves 

decision-making based on the TPE-specific criterion, and the fourth step involves running the neural network. 

It is worth starting with the criterion. What makes a hyperparameter configuration good? To determine this, 

TPE uses the Expected Improvement (EI) function: 

𝐸𝐼𝑦∗(𝑥) = ∫ (𝑦∗ − y) ∙ p(y|x)dy
𝑦∗

−∞

 (37) 

where: 

𝑥 is the current hyperparameter configuration, 

𝑦∗ is the threshold value of the objective function. According to the best initial configuration determined 

through experimental trial and error using Optuna, this is the lower decile. After the 25th iteration, 

it is the smaller value between the lower decile and the 25th smallest value, 

𝑦 is the current value of the objective function, 

p(y|x) is the conditional probability model of the objective function. 
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It is already clear from this formula that the algorithm searches for objective function values that are smaller 

than the threshold value, since this is the only way the integral value can be positive. Therefore, the goal is 

to minimize the error. Understanding the concept of expected improvement, it is worth moving on to the 

main component of TPE, the probability model: 

𝐸𝐼𝑦∗(𝑥) = ∫ (𝑦∗ − y) ∙
p(𝑥|𝑦) ∙ p(y)

p(x)
dy

𝑦∗

−∞

 (38) 

where: 

p(𝑥|𝑦) is the conditional probability model of the hyperparameter configuration, 

p(y) is the probability model of the objective function, 

p(x) is the probability model of the hyperparameter configuration. 

Furthermore, TPE introduces the functions l(x) and g(x) such that: 

p(𝑥|𝑦) = {
𝑙(𝑥) | 𝑦 < 𝑦∗

𝑔(𝑥) | 𝑦 ≥ 𝑦∗ (39) 

Here, the 𝑙(𝑥) and 𝑔(𝑥) models are constructed as Gaussian mixture models (GMM) [129], where for each 

data point, a distribution is fit with a variance equal to the distance to the closest data points on both sides. 

Thus, if we extract 
1

p(x)
  from (38), we get: 

𝐸𝐼𝑦∗(𝑥) =
1

p(x)
∫ (𝑦∗ − y) ∙ p(𝑥|𝑦) ∙ p(y)dy

𝑦∗

−∞

 (40) 

Then, based on the Expected Improvement formula (39), it can be written as: 

𝐸𝐼𝑦∗(𝑥) =
1

p(y < y∗) ∙ l(x) + (1 − p(y < y∗)) ∙ g(x)
∫ (𝑦∗ − y) ∙ l(x) ∙ p(y)dy

𝑦∗

−∞

 (41) 

From this, we can calculate: 

𝐸𝐼𝑦∗(𝑥) =
p(y < y∗) ∙ y∗ − ∫ p(y)dy

𝑦∗

−∞

p(y < y∗) + (1 − p(y < y∗)) ∙
g(x)
l(x)

 (42) 

This shows that if the expression 
g(x)

l(x)
 decreases, then the denominator of the fraction in (42) also decreases, 

and thus the fraction, i.e.,  𝐸𝐼𝑦∗(𝑥) increases. This means that there is a higher chance of improving the 
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estimate. Essentially, this means that TPE algorithm always tries to choose a hyperparameter configuration 

that is close to the configurations that result in smaller errors, by looking at the ratio of objective function 

values above and below the threshold. 

5.4.2.10 Evaluation of segmentation 

As introduced in section 5.4, the internationally accepted measure for evaluating the quality of semantic 

segmentation is Intersection over Union. In Table 3, I demonstrated the results achieved with various well-

known methods on widely used benchmarks. In my case, I was looking for a solution to a specific task. For 

semantic segmentation, the goal was to accurately identify the pixels of DBC tools. This problem can be 

considered less complex than, for example, segmenting different types of vehicles and animals in the PASCAL 

VOC 2012 dataset [88], which is why better results can be expected. I tried to build smaller, more compact 

neural networks than those listed in Table 3. The reason for this was that a complex network developed for 

20 object categories is probably not the most suitable for my specific problem. My results supported this 

expectation. 

As described in section 5.4.2.9, the Parzen Estimator selects hyperparameters in the simulation space where 

state estimation performs the best. In my case, the performance was measured by the strictest IoU metric, 

which can comprehensively evaluate the results of an estimate as described in the introduction to section 

5.4. The result of the optimization is summarized in Figure 26. 
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Figure 26: Relative frequency results of hyperparameter optimization 

The Adam algorithm has clearly proven to be better in terms of optimization. This is not so surprising, since 

semantic segmentation is a complex problem and the training dataset created for it is small in proportion, so 

it is not necessary to use the SGD method as described in section 5.4.2.8. 

Among the batch sizes, the smaller ones proved to be suitable, so the training works better if the weight 

parameter optimization of the convolutional kernels is done based on only a few images at a time. The 

optimal number of channels was around 11, meaning that the system works best with this many parallel 

kernels. As for the scaling, the inner point of the optimization interval, specifically 5, proved to be the best. 

Therefore, it is not good to use too many scaling operations, as important information for semantic 

segmentation can be lost, but if the network depth is too small, sufficiently complex image features cannot 
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be extracted. The optimal step size was in the range of 21-27. If it is smaller, the learning rate will decrease 

too quickly, and if it is larger, the weight parameter optimization will not be fine-grained enough. Among the 

epoch numbers, a large number around 80 was optimal, indicating that overfitting should not be a concern, 

even in long training sessions, as mentioned in [130]. The learning rate takes on a value that is roughly around 

0.001, as in the literature [111], so this parameter is not unique. This rate is multiplied by a value of roughly 

0.35 for the chosen step size, which is the ideal decay rate. Regularization should be taken into account for 

larger weights, as this effectively avoids overfitting. The dilation values were not represented, and their 

distribution was 50-50%, so the segmentation result is independent of the field of view of individual layers. 

Therefore, it is better to work with the case without dilation for computational time reduction. 

The solution that performs the best, with an IoU value of 98.37%, uses the Adam algorithm with a batch size 

of 2, 11 channels, a depth of 5, a step size of 26, 80 epochs, a learning rate of 0.000583, a regularization 

weight of 0.000987, and a decay rate of 0.37, without dilation. The learning process of this solution is 

illustrated in Figures 27-29. 

  

Figure 27: Losses of the best run 

  

Figure 28: Pixel accuracies of the best run 
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Figure 29: Intersection over Union and class accuracy values of the best run 

Thanks to the Tree-structured Parzen Estimator, the well-chosen architecture and methodology show a nice, 

uniform convergence. The validation results are very similar to the training results in terms of both loss and 

pixel accuracy values, which rules out overfitting. The obtained IoU value of 98.37% is outstanding compared 

to the results presented in Table 3 at the beginning of the chapter.  

 

Figure 30: Result of semantic segmentation 

Additional visual representation, along with a complete evaluation of the architecture, can be found in 

section 5.7. The efficiency of hyperparameter optimization is also well demonstrated by the approximate 

density functions obtained from the results returned by the training runs. It is apparent that using a poorly 

constructed set of hyperparameters can lead to 10-20% worse results in terms of pixel accuracy, class 

accuracy, and IoU metric. Therefore, with the help of a modern optimization technique, I was able to find a 

configuration that produces really good results from a relatively wide range of values. The wide range of 

results is illustrated by Figure 31, which shows the training losses, validation losses, training pixel accuracies, 

validation pixel accuracies, class accuracies, and IoU values. 
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Figure 31: Wide range of results of the optimization 

5.5 Keypoint detection [131][132] 

In chapter 5.4, I determined the range in which the appropriate keypoints can be searched for the calculation 

of displacement. I found these keypoints using the SIFT (Scale Invariant Feature Transform) detector, whose 

patent expired in March 2020, making it now free to use in industry. 

This algorithm essentially looks for corner points and creates a descriptor that is invariant to all 

transformations except for perspective distortion based on their local neighbourhoods. To achieve this, it 

uses the DoG (Difference of Gaussians) filter, which is widely used in edge detection problems. The algorithm 

runs the filter in multiple sizes on the image and searches for local maxima according to three parameters: 

the filter size, and the x and y coordinates. These local maxima are not discrete in nature but rather 

continuous since SIFT fits a multi-variable polynomial to the calculated points. As a result, it achieves a higher 

level of accuracy than pixel-level, which is particularly important in my application. The generated descriptor 

is 128-dimensional and is stored in a one-dimensional array. It is created from various directional intensity 

gradients within a 16x16 pixel window around each detected point, with weighting. The code takes into 

account the derivatives farther from the corner point less than the closer ones. The direction of the largest 

derivative is the reference direction from which the descriptor's combined intensity gradient can be rotated. 

For example, if I run it on an image and its rotated version, it still finds the same keypoints in both cases. 
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Among the 36 derivatives obtained every 10 degrees, if there is one whose value reaches 80% of the original 

corner point, a descriptor is also created for it. Additionally, the algorithm divides this already rotated 16x16 

neighbourhood into 16 4x4 neighbourhoods, normalizes them to 1, and performs the process again with 45-

degree resolution instead of 10, thus ensuring scale invariance. This gives the final descriptor. Therefore, 

normalizing to 1 ensures insensitivity to linear changes in brightness. If the change is nonlinear, it does not 

significantly reduce the efficiency of the method, as the normalization is actually done by setting a threshold 

value (0.2) for each gradient, and modifying values below it before normalization. This makes the orientation 

of the individual descriptors more prominent than their magnitude. 

5.6 Displacement calculation 

So, if the reference image and the image to be analyzed have already undergone semantic segmentation and 

the SIFT detector has been used to find their keypoints and descriptors, then the correction calculation can 

be performed. 

5.6.1 Shift correction 

First, I will present the shift correction. To do this, I first pair the individual points based on their descriptors 

using the match function of the OpenCV BFMatcher class [133]. Based on this, I can obtain the confidence-

ordered pairs of points. The user can set in advance in the configuration file how many of these point pairs 

the algorithm should use in the future. Typically, the optimal value falls in the range of 40-60, and every 

option was satisfactory for all my tests. I will discuss this in more detail in section 5.7. 

Next, I calculate the differences between the x and y coordinates of these point pairs and determine their 

average and standard deviation using the numpy.mean and numpy.stdev functions. Then, I exclude the point 

pairs corresponding to differences outside the standard deviation. This way, out of the originally selected 40-

60 high-quality detections, only the 30-40 best remain. It is necessary to perform two different quality filters 

in two steps because this is the only way to filter out errors, such as when the SIFT detector detects two 

different legs of a D2PAK as identical. Such errors are typically rare and result in a significantly different 

distance than other values, so they are sure to disappear by excluding the standard deviation. Finally, I 

calculate the average of the remaining differences, obtaining the appropriate shift correction. 

5.6.2 Rotation correction 

Of the two corrections, rotation correction is the more difficult to calculate. Essentially, when selecting the 

value of n mentioned in chapter 5.6.1, the user can only choose even values. The reason for this is that the 

best point pairs selected in this way are paired for rotation calculation and vectors are defined between 

them. Vectors are generated in both the reference image and the image under examination, and the rotation 

value can be obtained from the average of their rotations. This is mathematically justified. Essentially, the 
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DBC in the image is a planar shape with its centre of gravity initially located at the origin, around which 

rotation occurs, followed by a translation of the entire DBC. These transformations result in the following 

changes at an arbitrary i-th point in the DBC: 

(
1 0 𝑎
0 1 𝑏
0 0 1

) ∙ (
cos(𝛼) −sin(𝛼) 0
sin(𝛼) cos(𝛼) 0

0 0 1

) ∙ (
𝑥𝑖

𝑦𝑖

1
) = (

𝑥𝑖 ∙ cos(𝛼) − 𝑦𝑖 ∙ sin(𝛼) + 𝑎

𝑥𝑖 ∙ sin(𝛼) + 𝑦𝑖 ∙ cos(𝛼) + 𝑏
1

) (43) 

where: 

𝑥𝑖  is the x-coordinate of the i-th point, 

𝑦𝑖  is the y-coordinate of the i-th point, 

𝛼 is the angle of rotation, 

𝑎 is the x-component of translation, 

𝑏 is the y-component of translation. 

Furthermore, I take a vector pointing from an arbitrary j-th point to an arbitrary k-th point in the DBC, and 

based on the rotated and translated points obtained from this vector's points based on (43): 

𝐽𝐾⃗⃗⃗⃗ = (

𝑥𝑘 − 𝑥𝑗

𝑦𝑘 − 𝑦𝑗

0
) (44) 

𝐽′𝐾′⃗⃗⃗⃗⃗⃗  ⃗ = (
𝑥𝑘 ∙ cos(𝛼) − 𝑦𝑘 ∙ sin(𝛼) + 𝑎

𝑥𝑘 ∙ sin(𝛼) + 𝑦𝑘 ∙ cos(𝛼) + 𝑏
1

) − (

𝑥𝑗 ∙ cos(𝛼) − 𝑦𝑗 ∙ sin(𝛼) + 𝑎

𝑥𝑗 ∙ sin(𝛼) + 𝑦𝑗 ∙ cos(𝛼) + 𝑏

1

) (45) 

And from these: 

𝐽′𝐾′⃗⃗⃗⃗⃗⃗  ⃗ = (

(𝑥𝑘 − 𝑥𝑗) ∙ cos(𝛼) − (𝑦𝑘 − 𝑦𝑗) ∙ sin(𝛼)

(𝑥𝑘 − 𝑥𝑗) ∙ sin(𝛼) + (𝑦𝑘 − 𝑦𝑗) ∙ cos(𝛼)

0

) (46) 

And this is equivalent to rotating the vector pointing from point J to point K by an angle of α around the 

origin. Therefore, the angles between the vectors indicate the rotation of DBC.  

So, after determining the position vectors defined by each pair of points, you calculate their angle with 

respect to the x-axis using the mat.atan function. By subtracting these angles from each other, I obtain the 

angle of inclination of each vector. Similar to section 5.6.1, I calculate the mean and standard deviation of 

these angles, and then only consider the results within the range of the standard deviation to calculate the 

final result. 

5.7 Evaluation of results 

With this, I have reached the evaluation of my software's results. In terms of semantic segmentation, I have 

already performed a quality characterization related to my work in Chapter 5.4.2.10. Now, I will compare this 

with previously referenced literature and, subsequently, examine whether the entire system meets the 250 

μm displacement and 1° rotational accuracy requirements. 
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5.7.1 International aspects of semantic segmentation 

In general, for semantic segmentation, the IoU values of individual FCN networks range from 60 to 80% when 

examining various major benchmarks, as discussed in the literature review, Chapter 5.4.1 [82]-[90]. Of 

course, better results can be achieved for more specialized tasks with different architectures. As I mentioned, 

the field of semantic segmentation of electronic devices and DBCs is very poorly published in my case, but 

special applications can be examined from other areas. For example, in the introduction of [51], several urban 

applications were collected with IoU values of 80 to 90%. Among medical applications, I would highlight [54], 

where they achieved an average IoU value of 93.21% in the case of colorectal polyp segmentation. In the 

highly researched and highly important road segmentation for the development of future self-driving cars, 

[56] listed values between 85.9% and 96.7%. In terms of computer vision, in a lower quality snowy 

environment, this number is around 50% according to [57]. Defects on metal surfaces were determined by 

[65] using several methods with values between 80 and 90%, and [67] segmented individual city quarters 

based on satellite images with up to 87.43%. Thus, the performance of my novel application, which is over 

98%, absolutely holds its own among special cases and does not perform worse than them. 

5.7.2 Examination of accuracy 

A reliable and robust operation was an important requirement for my entire system, both for me and my 

team. Therefore, I conducted a detailed analysis by creating real measurement conditions. I set up my camera 

and ran my code, which took a picture of a DBC. This was the DBC that corresponded to the reference 

according to Figure 13. Then, I placed another DBC, belonging to the same sample set, in a different location 

and ran my code on it as well. It worked as shown in Figure 32, providing the correction values, the 

displacement vector, and the rotation. 

 

Figure 32: Results of the semantic segmentation and the execution of the SIFT algorithm 
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I verified these by measuring the displacement of individual points with a micrometer with a 10 μm accuracy 

and calculated the rotation from these vectors as well. Considering the corners of each DBC's bounding 

rectangle, I determined 4 points, which I treated as keypoints and performed the measurement algorithm 

using the micrometer. I did this in 50 cases, where I received an appropriate estimate each time. I will show 

three of these in detail here, marking the keypoints found by the software and those examined with the 

micrometer. I combined this examination with the investigation of how many points, according to Chapter 

5.6.1, the user should specify as appropriate. In Figure 32, the reference DBCs can be seen in the top row, 

while the DBCs to be examined are in the bottom row. Figures 33 to 41 summarize the results of the 

correction calculation, which is a quality characteristic of the entire system. 

 

Figure 33: Displacement calculated along the X-axis 1.

 

Figure 34: Displacement calculated along the Y-axis 1. 
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Figure 35: Rotation calculated around the Z-axis 1.

 

Figure 36: Displacement calculated along the X-axis 2.

 

Figure 37: Displacement calculated along the Y-axis 2. 



Vision System Development for T3Ster measurement automation of DBCs using AI-based technologies. 

50 
 

 

Figure 38: Rotation calculated around the Z-axis 2. 

 

Figure 39: Displacement calculated around the X-axis 3.  

 

Figure 40: Displacement calculated around the Y-axis 3. 
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Figure 41: Rotation calculated around the Z-axis 3. 

As can be seen from Figures 33 to 41, the 30 to 40 range for the number of keypoints to be used is indeed a 

good choice. In this range, all possibilities are exceptionally good for both rotation and displacement, but 

otherwise, there is no greater deviation than allowed for either displacement or rotation for any of the 

objects. In some places, it can be observed that the estimated values change stepwise depending on the 

number of keypoints used. The reason for this is that as I increase the number of keypoints used, it may not 

significantly change the dispersion for a long time, so no really poor estimation points pass through the 

second quality control filter. However, once a really bad point is included with this increase, the dispersion 

suddenly jumps, allowing more points to pass through the second quality control, resulting in a significant 

change in estimation. Nonetheless, these values remain within the error margin.  

In addition, the estimation typically moves well within the allowed range with a small offset error. I was able 

to achieve not only the targeted 0.25 mm displacement estimation accuracy but also the outstanding 0.1 mm 

accuracy, and in terms of rotation estimation, I managed to implement 0.75° accuracy instead of 1°. In the 

development of these values, in most cases, a clear noiselessness and continuity can be observed, which 

confirms that image noise does not cause significant problems in determining the correction. This, 

incidentally, not only validates the correct operation of the software, distortion corrections, the adequacy of 

segmentation, and corrections by keypoints, but also the appropriate hardware selection in the case of the 

camera and optics, as well as the appropriate hardware design in the case of the camera holder. The system 

can be considered robust, as it always finds at least twice as many keypoints as necessary, and in every case, 

it provides an estimation within the error margin for all tests performed. It is worth noting that these tests 

were conducted under conditions identical to those of real measurements. 
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6 Summary and opportunities for further development 

In the framework of my thesis, I have presented the problem of automating T3Ster measurements and 

identified methods that increase the efficiency of addressing challenges in this area. I designed, developed, 

implemented, verified, and analyzed the necessary processes analytically. I created a complex electronic 

device and vision system that contributes to enabling the automated operation of the internationally 

renowned DBC thermal characterization measurements commonly used in the automotive industry. I have 

been performing this measurement using traditional methods for several months, so I have gained a good 

understanding of it during that time. A prerequisite for robotic implementation is the availability of adequate 

information about the whereabouts of the objects to be measured. 

To solve this problem, I designed an algorithm, performed analytical calculations, developed several 

hardware and software tools, selected the most suitable ones from existing tools, and worked with them. In 

this way, I chose a sensor, camera, and optics by performing appropriate optical calculations, selecting the 

economically optimal solution from several acceptable technical solutions. Then, I designed a suitable 

mechanical construction for mounting the camera, and for transmitting its image, I chose a suitable 

embedded platform and implemented a server on it. I performed two corrections on the camera image using 

my algorithm and the functions of the OpenCV library. The first was due to distortion, and the second was 

due to perspective projection. Next, I performed semantic segmentation using fully convolutional neural 

networks, for which I conducted thorough literature research. In this regard, I would highlight Chapters 5.4.1, 

5.4.2.9, and 5.4.2.10. I prepared and manually annotated the images required for training in accordance with 

real measurement conditions. Precise semantic segmentation is expected to solve such a specific problem. 

Accordingly, my software can be considered internationally good, producing an IoU value of 98.37% on the 

test dataset. Finally, I performed keypoint search on the area selected with semantic segmentation, which I 

did using the SIFT algorithm. For filtering these keypoints by quality, I implemented a two-stage algorithm to 

achieve the most accurate estimation and robust operation. My developed system also shows synergy with 

the process of evaluating measurements, as its images can be used to view the environmental parameters of 

individual DBCs after thermal analysis. This provides significant assistance to my team's simulation engineers 

in their work. 

My work is scalable and can be used for further scientific and industrial innovations and projects. In the 

future, I would like to measure other types of power electronics modules built on different carriers using 

similar techniques with minimal modifications to the existing system. In the future, I would like to try and 

investigate a few more things and their impact on my system. On the hardware side, this includes building a 

lighting system and using a polarizing filter, which could potentially improve the reliability of my developed 

device. On the software side, I would investigate the effects of changing further parameters, functions, and 

settings of my neural networks. These may include, without limitation, individual stride values, kernel size, 

activation function, or data augmentation. With further investigation of these, it may be possible to achieve 

even greater accuracy than the successfully achieved 100 μm and 0.75°, allowing for the measurement of 

even smaller devices than the DBCs discussed in this work. 
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