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Currently thermal imaging is a big part of quality control used for multiple materials in 

many different fields of science. Machine vision is a rapidly developing field that can be 

used together with thermal imaging for automating and improving quality control process. 

This thesis studies viability of using thermal imaging and machine vision combined for 

quality control of slurry on a vacuum belt filter.  

Proposed machine vision system is based on use of passive thermal imaging method and 

OpenCV computer vision library. Results show that such system is viable for solving the 

goals set in this work. 
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1. Introduction 

Introduction focuses on why this work is important and what it focuses on, states the 

objectives and explains thesis structure. 

 

1.1 Research problem 

Over the last few years image recognition has become an important part of our everyday 

life. Automatic identification systems have become essential for a whole range of 

industrial and scientific purposes. Thermal imaging technology is widely used for 

maintenance and quality assurance of many industrial tasks, structures, mechanical and 

electrical systems. Thermal imaging has many practical applications, including military, 

night vision, law enforcement and counterterrorism, medical field, building inspection and 

automobile industry. 

This work has a particular focus on the use of computer vision (CV) and image recognition 

in the industrial vacuum filters (VF). The goal of this work is to design a system that would 

be able to quality control the slurry on the conveyor line and identify any deviations from 

the standard in the filtered substance. One of the most effective ways of finding these 

deviations, as proposed in this work, is to install an infrared (IR) camera (IRC) over the 

moving transport line for temperature measurement. On Fig. 1.1 a picture showing 

deviations taken with an IR camera is presented. 

 

Fig. 1.1 Example of a thermal image with a defect in slurry 
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1.2 Objectives 

The objectives of the work are as following: 

• Explore the use of image recognition and computer vision for quality control 

• Explore existing image recognition tools and choose the most appropriate one for 

this work 

• Create a system that is capable of identification and analysis of slurry temperature 

deviations with operator’s help 

• Test the created system in a laboratory environment 

As a result, the system will be able to capture all spots of temperature discrepancies by 

instantly processing images similar to Fig. 1.1. Methods and potential alternatives for 

image recognition will be discussed further on. 

 

1.3 Thesis structure 

This thesis is organized in 10 chapters. Chapter 1 covers introduction, which includes 

research problem, work objectives and thesis structure. Chapter 2 describes machine vision 

(MV), its history and working principle. Chapter 3 includes infrared camera history, 

description, working principle and discussion on resolution and camera choice. Chapter 4 

contains information on description, history and working principle of OpenCV library. 

Chapter 5 describes vacuum filter types and working principle of vacuum belt filter (VBF). 

Chapter 6 covers implementation of all components of the system together, describes 

system setup, methods and simulation. In chapter 7 laboratory tests are presented and 

discussed. Chapter 8 includes results and concluding points. Last two chapters contain 

reference list and appendixes. 
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2. Machine vision in quality control 

This chapter is fully devoted to machine vision, describing its brief history, relations with 

computer vision and working principle. 

 

2.1 MV description and history 

Machine vision is extensively used in the industrial processes. It comprises simultaneous 

functioning of various hardware and software systems in order to automatically perform 

mundane tasks by mostly processing visual information. It is worth mentioning that the 

algorithms used in industrial computer vision are similar to those applied for academic and 

military purposes. Educational applications, for instance, may remain at a lower level of 

integrity, reliability and stability as compared to industrial vision systems. Military vision 

systems, in their turn, have to be reliable and immaculate in their accuracy, but they 

usually cost much more. Thus, industrial machine vision has to combine the benefits of the 

two avoiding their disadvantages by being both, less expensive and maintaining a high 

level of reliability, accuracy and resistance to high temperatures and mechanical abuse. 

It is important to state the difference between machine vision and computer vision. While 

these terms are closely related, they are distinctly separated by field of their application. 

Computer vision does not have a strict narrow definition and multiple sources provide 

different statements. In general, computer vision is a system that has means to extract 

information, process and understand it from one or multiple images. It is not limited by a 

specific image type or machinery bound to that system in order for it to work. In some 

sense computer vision works similar to a human vision system, receiving an image or 

sequence of images and analyzing them with further extraction of any useful information. 

Machine vision on the other hand usually means industrial application of computer vision. 

It is used with any kinds of automated factory processes like quality inspection or robotic 

control. Usually machine vision is mentioned when image analysis must be supplied with 

an industrial function that acts based upon certain results from image recognition. That 

means that machine vision is much like a human quality controller that acts based on the 

information he gets from observing and can make a decision on spot. [1, 2] 
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Speaking of machine vision history, it dates back to 1970s. Looking back about 50 years 

ago, scientists had rather broad and unfocused views about constructing an artificial 

intelligence (AI). Machine or computer vision was not differentiated between and had been 

considered just a part of a bigger project. By some it was deemed a more simple part of an 

AI system to construct. Early examples of vision algorithms include line labeling, body 

models, edge extraction and optical flow. [3] 

Going into 1980s a lot has changed in general perception of how exactly should computer 

vision work. Researchers have become more focused on mathematical analysis. Multiple 

shape-from image techniques have been developed, like shape from shading, texture and 

focus. Decade was more focused on physically based modeling. 90s have seen a burst in 

research on projective reconstructions, factorization techniques and fully automated 3D 

modeling systems. As Szeliski mentions in his book, possibly most important advancement 

was increase in interaction with computer graphics. 

In 2000s multiple trends have appeared, that shaped the development of computer and 

machine vision as we know it now. In the early years of the decade computational 

photography was on the rise due to increasingly strong connection between vision and 

graphics. Feature based recognition with learning was another emerging trend that 

dominated visual recognition field. Efficiency in algorithms for global optimization was 

another big topic before we reach modern day, where machine learning is applied to 

finding solutions to machine vision problems. This could happen only thanks to 

availability of incredible amounts of partially labeled data that does not require human 

supervision or categorization. [3] 

Since then machine vision has been developing primarily in the realm of convolutional 

neural networks. First major use of such networks occurred in 2012, when it was used to 

win ImageNet competition that was regarded as the most important contest in computer 

vision field back then. Further modifications to that network model include spatial pyramid 

pooling, region proposal solutions instead of heuristic ones and use of Inception modules 

developed by Google and first used in GoogleNet. [4] 

Today machine vision and quality control in particular is of great importance to most 

industries. Customers want high-quality products for a low price. It is only logical that 

manufacturers are in need of a reliable quality control system in order to provide such 
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products. These systems are used to automatically detect substandard products, while 

avoiding errors and public discontent with an overall production quality. Their integration 

into the manufacturing process enables to reduce waste by detecting deviations in the 

products early on. 

Automated quality control systems release modern people from a number of complicated 

repetitive tasks. Furthermore, they perform these tasks faster and more accurately than 

people would, and are capable of working in tough environments for a very long time. 

When quality control is automated and controlled by a computer, the results can be 

efficiently included into any statistical analysis manufacturer might want to employ. 

Quality control systems more often implement machine vision, as these systems are rather 

cheap and can perform a wide range of tasks, including fast and accurate nondestructive 

testing and multiple variable defect analyses. 

 

Fig. 2.1 Working principle of a MV quality control system 



12 

As stated above, machine vision has a number of advantages. It is known, that human and 

machine vision are different in the way they perceive visual information. While human eye 

easily interprets a complicated scene with no particular structure, machine vision is better 

suited for discerning structured images. Fast and accurate, machine vision systems are able 

to effortlessly scan thousands of similar objects and spot the slightest distortions of the 

pattern within mere minutes. 

If supplied with a suitable optical system and resolution of a camera, MV systems are also 

capable of noticing details that human eye would fail to recognize. Absence of direct 

contact between the system and the test substance is a great way to prevent damage and 

reduce losses on maintenance. As human involvement is reduced to a minimum, it is easier 

to ensure workers’ security at workplace, as well as in potentially dangerous environment. 

 

2.2 MV system working principle 

Machine vision includes various systems, methods and technologies. The MV system used 

for quality control (Fig. 2.2) is focused on vision processing, communications and image 

sensors. Lenses play important part, as well as applications for vision processing and 

communications without which the system would not be properly composed. The 

importance of lighting should not be underestimated because it provides necessary 

illumination for the details that inspecting is required for. Without light any sort of visual 

inspection becomes very hard to perform by a MV system operator which makes any 

further work like comparing non-thermal image with IR one rather difficult. Thanks to 

good lighting any inconsistences come forth and are easy to capture with a camera. The 

lens is needed for capturing an image and transforming it into light, sending it later to the 

sensor, where light is transformed back into the image that may be further processed by the 

central processing unit (CPU). 
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Fig. 2.2 Example of a MV system 

Algorithms for such things as analyzing and extracting visual information, checking the 

system and making decisions are all parts of vision processing. Lastly, the usual way of 

conducting communication is by sending input/output (I/O) signals via cable or wireless 

network to processor. 

 

Fig. 2.3 Structure of a MV system 
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Fig. 2.3 shows the structure of a MV system. It is being controlled by an industrial 

personal computer (IPC) connected to the main personal computer (PC). Belt line is being 

monitored by multiple video cameras placed in suitable locations. Images taken with these 

cameras can be inspected and processed in real time using specialized applications 

installed on the control PC. 

To ensure high and steady performance, the images are broken down into small discernable 

fragments. People working with the provided visual information may choose to select as 

many fragments as they deem necessary, or restrict the image to just one area, to provide 

high quality of the measurements. It is also possible to adjust their position in order to 

improve quality even further. All necessary parameters, including position, size, frequency, 

etc., can be specified while setting up the system. 
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3. Infrared camera 

This chapter explains what is most important in infrared camera and how to select one 

fitting one’s needs, along with its brief history and working principle. 

 

3.1 IRC description and history 

Infrared thermography is a widely applied and extremely useful method for non-invasive 

monitoring in any electronic or mechanical field of appliance (e.g. medicine, engineering, 

etc.). It is common knowledge that objects emit electromagnetic radiation. Some of it can 

be rather felt than seen by humans in the form of heat. This type of radiation is in the 

infrared spectrum. Thermography is used to capture the infrared waves and make them 

visible on the thermal image. The latter may differ depending on the objective. For 

instance, if it is aimed at presenting the intensity of radiation, it can be a grayscale image. 

Otherwise, it can be represented in pseudo-colour. [5] 

The history of infrared thermography starts in 1800, when a British-German astronomer, 

Frederick William Herschel, discovered its existence. This discovery has paved the way for 

future explorations and inventions. By now, any thermograph is equipped with an IR 

camera, the detector of which absorbs heat transforming it into current. 

The discovery itself was made when Herschel decided to check how much heat of the sun 

would pass through different pieces of coloured glass. When he noticed that the amount of 

heat was strikingly different, Herschel conducted an experiment in order to prove and 

record his observations. He let sunlight through a prism, measuring the resulting 

temperatures in all parts of the visible spectrum. To his own surprise, he discovered that 

the highest temperature was registered just beyond the red part. Based on that, Herschel 

has devised a thermal spectrum. He called the radiation he discovered “invisible light”, and 

rightfully so, as it cannot be perceived by an unaided human eye. The word “infrared” 

came into use later, although it is still unknown who coined the term. 
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Fig. 3.1 William Herschel’s photo and experiment 

Using that knowledge and experimental results made by William’s son John Herschel, 

Samuel Langley could invent the bolometer in 1880. Over the course of the next 20 years 

the device has been worked on and significantly improved. That is widely considered a 

very important step in the infrared camera development. [6] 

Up until World War I the use of the newly developed IR detectors was restricted to 

thermometers and bolometers. Later, it began being applied for military purposes. The first 

devices were aimed at detecting people from some distance, while later civil applications 

included detecting icebergs and forest fires. [7] 

Modern thermal imaging cameras are based on these technologies. They have come a long 

way since the times they had been used to detect enemy armies at night. The first attempt 

at creating a thermographic camera was made in Britain in 1929, again for the military. 

1947 was the year when first infrared line scanners were developed for the United States 

(US) military services. They were slow, but were further developed and improved over 

time. 

By now, the cameras have reached high quality, small size and low prices, which makes 

them a good asset in any field of application, where it is necessary to capture thermal 

information. 
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3.2 IRC working principle 

As was mentioned above, all objects emit infrared radiation, the intensity of which depends 

on their temperature. They are in direct correlation, so an increase in temperature leads to a 

higher amount of radiation emitted. If the temperature is above 525 °C, the radiation 

becomes visible. This is the reason why very heated objects seem glowing red. 

In other circumstances infrared radiation is invisible, but only for a human eye, which 

perceives a restricted spectrum. Therefore, in order to make it visible on an image, 

thermography is used. An IR camera can easily capture the radiation, as well as changes in 

temperature, even in the environment with no visible light. It is possible, according to the 

Planck’s law of black-body radiation, which suggests that all objects emit black-body 

radiation irrespectively of the lighting. It is this type of radiation that is detected by an IR 

camera. It converts the data it collects through a special algorithm into a schematic image 

showing approximate temperatures. They are not exact, because the camera calculates the 

approximate value based on the object’s surroundings. 

 

Fig. 3.2 Ranges of a light spectrum 

IR sensors used in the cameras are capable of detecting infrared radiation, but not of 

differentiating its wavelengths. This is why the images are usually single-coloured. There 

are cameras that make colour images, but they are more complicated structurally. It is also 

worth noting that the colours are marked approximately, as the real image is beyond the 

visible spectrum. The images in pseudo-colour, density slicing method, are quite useful, as 

they convey signal changes in the form of colour, rather than intensity. Although the colour 

scheme itself is approximate, the changes are more visible this way, as the slight changes 

in the intensity of gray hues on the grayscale are hard to spot. [8] 
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Sensors can be cooled or uncooled, depending on their construction method. Cooled 

sensors require lots of maintenance and their temperatures can be reduced down to 60 K 

which makes equipment unwieldy, bulky and expensive. Benefits however include very 

high resolution, compared to other IR sensors, and better spatial resolution due to shorter 

wavelengths. Uncooled sensor is stabilized at the ambient temperature which has opposite 

effects to cooled one. It’s more compact and cheap but has higher volume of ambient noise 

along with worse spatial resolution. 

Since normal glass lenses block IR radiation optics for IR cameras have to be made from 

another material. Usually there are two frequently used options which are germanium and 

germanium-based chalcogenide glass. Latter allows a wider IR spectrum and is cheaper to 

work with than germanium but requires mass production to be financially sustainable. 

Focal length for such lenses differs significantly, with fixed focus lenses prevailing over 

varifocal and zoom ones due to their simplicity and price. [9] 

The working principles of the IR camera are as follows: first, special lens captures infrared 

radiation; then captured radiation is scanned by an array of IR detectors; after that IR 

detector array transforms the data into electric signals and transfers them to CPU; finally, 

CPU changes the signals into a visual image presented on the display. 

Figure 3.3 visualizes the above listed steps in the form of a diagram. 
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Fig. 3.3 Thermal imaging system components [10] 

 

3.3 IRC resolution and choice 

Only few attributes of a camera are universally important for a non-specialized user and 

they include sensor resolution and thermal sensitivity. It is worth pointing out that a user 

should pay attention to both sensor and display resolution, but sensor resolution is 

significantly more valuable for a high picture quality while display resolution helps to 

present picture to camera operator. It is advised to acquire as high sensor resolution as 

budget allows, to find balance between price and quality. Most common sensor resolutions 

include 160x120, 320x240 and 640x480 pixels. [11] 

Thermal sensitivity is another important attribute of the camera. It is a value that shows 

how well an IR camera can distinguish details of environment with a set temperature range 

and is most useful when working in low thermal contrast conditions. Usually sensitivity 

ranges between 250 mK and 50 mK, the lower the better. Considering that most IR 

cameras display temperature distribution with 256 different grayscale/pseudocolour values, 

when compressed to a 10 degree temperature range, which makes each shade represent 
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30 mK. This value can help to approximate how much noise is still present on the picture 

and how significant is sensitivity in case of thermal cameras. [12] 

As for additional parameters and options, there is a lot to consider as well. Often each 

individual project requires special equipment, carefully chosen and tailored to suit specific 

demands. The choice may be restricted by different parameters and while some of them are 

extremely important, others can easily be deemed unnecessary and dismissed. 

For example, in some situations a built-in light might be very useful. It is mostly either for 

operator’s convenience or in case IR camera has an ability to make digital pictures in 

visible spectrum along with IR one. This is also true for a laser pointer, instead of a light. If 

the camera has to operate in the poorly lit environment, these devices can significantly 

improve general quality of life while using it. Another point of consideration is zooming 

possibility. While not an everyday requirement, in some cases IR cameras without it might 

end up being practically unusable. 

Some people may not pay enough attention to the file format that camera provides. It might 

be unwise because some images can only be processed with special software. It would be 

helpful to find a camera that works with standard general image formats. One more 

significant parameter is an ability of the camera to use wireless or Bluetooth connections 

instead of a Universal Serial Bus (USB) one or a Secure Digital (SD) card. This type of 

camera can transfer images in real time, which is often required. [11] 
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4. Computer vision library OpenCV 

This chapter helps to understand what OpenCV is and how it came to be the way it is 

today. 

 

4.1 OpenCV description and history 

OpenCV is a computer vision library that can be used in the majority of operating systems. 

It is open source, written in C++ with a Python/Matlab interface. It is created for people, 

who want to make their own applications using CV. It is easy to and provides an 

opportunity for processing visual information in real time. One of the advantages of 

OpenCV is that it exists under an open source license, which allows anyone to use it for 

any project with no liabilities. [13] 

Not many people are aware that since its creation in the 1999, OpenCV has helped to solve 

multitude of different problems such as noise reduction in medical field, satellite image 

stitching, improvement of autonomous vehicle control, automating of safety systems and 

many others. Originally OpenCV was created to make basic computer vision infrastructure 

readily available. It first appeared in university groups that wanted to share computer 

vision infrastructure between students and researchers without remaking it from scratch. 

The goals, that were set before OpenCV during its creation can be summarized as 

following: easy to access and optimized code for basic infrastructure for developers to base 

their work upon, and free base for commercial applications that don’t have to be free 

themselves. Theoretically that would lead to increase in quality and requirements for 

computer vision applications, which in their turn calls for better processors, increasing 

Intel’s stake on computer vision market. 

Intel Corporation being the one responsible for the creation of first OpenCV versions has 

tasked its Performance Library Team along with its Russian members with further 

improvement on it. [14] Since year 2000 to 2008 OpenCV has primarily been developed 

by Intel, with Russian team leading the development. During its first years library was 

growing wide, acquiring basic functionality like data structures, image processing and 
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computer vision algorithms, and input/output of images and video. Already at that stage 

facial recognition has been implemented. 

However, around year 2004 Intel has stopped actively supporting the library and second 

wave of development occurred when a Willow Garage company helped to update the team 

working on the OpenCV library. As a result of those changes the library has acquired new 

C++ and Python API, new architecture, CMake based build system and improved 

documentation and tutorials. 

Third stage of active development of this library has started around 2010, when NVidia 

joined in to work along with development team. First important result of this collaboration 

was a stereo recognition algorithm, allowing FullHD (1920x1080 pixels) video processing 

in real time. Along with it, an Android version of this library was being developed and 

received its own Java API. 

In the current year the project is still in stage of active development and even though it has 

mostly moved out of Intel, it is improving along with computer vision field. There have 

been multiple world class companies working on this library and it’s still too early to say 

that development is reaching its end. Quite the opposite is true, since AI and robotics 

related fields are developing so rapidly that demand for a universal computer vision library 

is growing ever stronger. [15] 

 

4.2 OpenCV working principle 

The underlying working principle of computer vision in general and OpenCV in particular 

is transforming data into decisions or some form of representation. Based on the data, 

accurately describing the situation and the environment, the computer makes a decision. 

The computer has to be taught, as it has no previous experience or patterns to recognize. 

The data is presented in the form of numbers. Thus, the computer does not know what it 

sees. This difficulty, however, is not the most serious. The main problem is that any 2D 

image can be presented by the computer as an infinite set of 3D scenes, as the initial 3D 

scene cannot be reconstructed. [14] 
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An image recognition algorithm has an image as initial data, while the output must be its 

content. The system must be trained to recognize certain objects and categorize them. 

Thousands of images in each category are necessary to train the system. Working principle 

of an image classifier is represented in Fig. 4.1 

 

Fig. 4.1 Working principle of an image classifier 

The first step is called preprocessing. Its purpose is to normalize brightness and contrast 

using gamma correction. It is followed by feature extraction, which simplifies the image in 

order to exclude information that is not needed. This step is followed by training the 

system to recognize the necessary features differentiating them from the background. The 

training is performed by processing thousands of similar images. [16] Convolutional neural 

networks work best for this purpose. By now, their performance has become nearly 

indistinguishable from that of humans. [17] 
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5. Vacuum filter 

There are many different types of vacuum filters each with their own advantages and 

disadvantages and this chapter helps to understand them better while focusing on a vacuum 

belt filter in particular. 

 

5.1 VF types and choice 

There are a lot of varieties of industrial vacuum filters made specifically for solid-liquid 

separation. They include belt, disc, precoat, drum, tray, table and tilting pan filters. All of 

them are fit for a specific purpose and have their own advantages and disadvantages. 

Disc filters are used only in some cases, when it is clear that cake does not require washing 

and can easily part from cloth after drying. At the same time cloth must not clog and in 

case it does or gets damaged the whole sector of the disc has to be replaced immediately, 

otherwise endangering the whole process. On the positive side, this filter is the cheapest to 

maintain out of all vacuum solid-liquid filters and has the biggest drying area for its cost. 

Disc filter is a side feed type filter. 

Precoat filters are used in very specific cases for clearing solutions with a relatively low 

solid content from contaminating elements. This type of filters does not have cloth for 

filtration because usually solid contents are very sticky and would otherwise clog it. 

Solution must already be very clear (about 2-3% of solid content) in order to be further 

purified with this filter. To prevent formation of a thick sticky layer on the filter a process 

called polishing is used, when that layer is being continuously cut off with a special blade. 

Precoat is a bottom feed type filter. 

Drum filters are among the oldest and most widely used filters in the industry. They are 

primarily used for slurries that can’t settle quickly and cakes that can’t be cleared from 

contaminating agents with just one washing stage. Maintenance for this kind of filters is 

minimal and cheap, compared to other, more structurally complex filters, with the 

exception of a disc filter. This is a bottom feed type of filter. 

Tray filters on the other hand are among the newest additions to the industry and its 

defining feature is that it lacks a rubber belt. These filters are most versatile, being able to 



25 

withstand highly corrosive materials due to possibility of them being made from non-

metallic materials. Additionally they are made modular, allowing for their expansion. 

Separation of mother and wash filtrates is much better than in drum filter and energy 

consumption is significantly reduced, compared to belt filter. Primary downside is that this 

filter works poorly with thick and heavy cakes. It is a top feed filter. 

Table filters belong to a category of old filters that are being pushed out of the industrial 

application by belt filters. Nowadays they still have some application; however it’s 

significantly reduced compared to what it used to be 80 to 60 years ago, before belt filters 

became the dominant majority. They are still used when solids in the cake are fast settling 

or when short cycle times and intensive cake washing are required. These filters belong to 

top feed category. 

Tilting pan filters are rather similar to table filters and belong to the same category, albeit 

even more unused currently. They are completely outmatched by belt filters but are worth 

mentioning since there are still places where they are not yet replaced and continue to 

operate. These filters are top feed as well. [18] 

Among all the filter types mentioned before, horizontal belt filters are most commonly 

used overall. They have a number of advantages before other filter types, such as 

flexibility, large capacity and ability to endure corrosive environments and materials. [19] 

Being quite simple in structure and maintenance, belt filters are extremely reliable and 

durable. [20] This type of filters can perform better than other filter types in any situation 

where they do not specialize, making it most useful type for generic purposes. There 

should be no surprise that for this work that focuses on different slurry type, consistency 

and temperature analysis vacuum belt filter is the most fitting choice. [18] 

 

5.2 VBF working principle 

The structure of vacuum belt filter is presented below: 
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Fig. 5.1 Structure of a vacuum belt filter 

The filter is designed to dehydrate slurry. [21] Poured from the top, the slurry gets 

gradually dispersed along the entire length of the belt. The resulting filter cake is formed 

well with less energy consumption as it is gravity that does most of the work. The process 

of dehydration is performed with a help of a vacuum applied to the bottom part of the belt, 

while the cake is slowly moving with the filter. Vacuum pump generates necessary vacuum 

for the belt and removes filtrate water and air as the slurry goes through the filter. The 

process is over when the slurry travels along the length of the belt, the filter cake gets dry, 

is detached from the belt and removed. [22] 

A vacuum belt filter usually consists of a table, rollers, and a rubber belt with another belt 

of filter cloth placed around it. The rubber belt has grooves that prevent slurry from 

spilling and create space for vacuum chambers. There are small holes in the centre of the 

transporter belt. Their primary function is to let the filtrate into the vacuum box. Together 

with wear parts (such as additional wear belts) and water injection, it provides proper 

functioning of the filter. As it travels, the transporter belt is constantly supported by air 

bladders, ensuring minimal belt drag and constant tension on the filter cloth. The feed 

device is situated right before the vacuum zone. After going through the vacuum box, the 

filtrate gets to the receiver. It is then evacuated with the help of the vacuum pump. The 

filter cake, after being formed and dehydrated, travels to the end of the transporter belt 

until it gets to the discharge point by the end roller. In order to prevent the filter cloth from 
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clogging, water is sprayed over the filter after the point of discharge. The work of the 

whole system is dependent on a drive that sets the rollers going. [23] 

As seen in figure 5.2, the vacuum belt filter can be easily divided into three zones 

according to their functional properties. They are as follows: 

1. Feed zone 

2. Washing zone 

3. Drying zone 

 

Fig. 5.2 Zones of a vacuum belt filter 

The feed zone begins from the vacuum zone and ends at the rubber fold, aimed at retaining 

water. This is where the washing zone starts. It extends up till the point where the filter 

cake has no visible water on it. Then the drying zone begins, running all the way through 

the vacuum box. 
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6. Implementation 

This chapter provides an in-depth description of an experimental machine vision 

installation combined with vacuum belt filter, along with thermographic quality control 

method selection and simulations. 

 

6.1 System setup (Block, VBF, IRC, Beckhoff, TwinCAT, OpenCV) 

Block diagram of the system can be seen in Fig. 6.1: 

 

Fig. 6.1 Block diagram of the system 

All controlling input in the system comes from PC via TwinCAT tool. Following this input 

Beckhoff PC can command any parts of the belt filter separately and regulate their 

parameters if needed. This industrial PC is used to set reference values to the system via 

fieldbuses, such as EtherCAT and Modbus. It is also used to log and visualize data from 

the system. Visualization of the processed data is depicted in figure 6.2. 

 

Fig. 6.2 Example of user interface (UI) of a test setup vacuum filter automation system used to run tests 
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Belt filter is mechanically connected to infrared camera that makes images of slurry, which 

are later transferred to PC. This PC has analytical program written for this project that 

analyses these images and based on those results operator decides whether any adjustments 

should be made or not. In this particular laboratory setup all image transfers have been 

carried manually to simplify transfer procedure and avoid unnecessary complications at the 

early stages of development. 

Vacuum belt filter in this installation is very similar to the general filter described in 

chapter 5.2, however the difference is that this setup is experimental and much smaller than 

industrial size belt filter. It has belt length of 200 cm and has multiple changeable 

parameters, which are controlled via TwinCAT software from control PC. Among them are 

belt motor speed, claw vacuum pump speed, auxiliary slurry pump speed and many others. 

Filter installation itself can be seen in the following figures (Fig. 6.3, 6.4 and 6.5): 

 

Fig. 6.3 Belt of a vacuum filter (feed view 1) 
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Fig. 6.4 Belt of a vacuum filter (feed view 2) 

 

Fig. 6.5 Belt of a vacuum filter (discharge view) 
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Positioning of the conveyor belt allows suitable IR camera to be placed directly above the 

drying slurry and continuously make images for analyzing. In this setup, however, camera 

had to be held manually, due to certain task limitations mentioned further. 

Model of the camera used is Fluke Ti10. This tool is specialized in working in hazardous 

environments and has multiple advantages in comparison to other similar devices. Among 

them are following benefits: 

• it is encased in protective cover that saves it from fall damage from up to 2 meters 

• it remains unaffected from contact with dust or water 

• it has sufficient for this work screen resolution and image quality 

• it has menu that is simple to understand and navigate through 

• it allows to set any popular image resolution like .bmp, .jpg and others 

• it offers multiple visualization options for created thermal images [24] 

This camera is suitable for the task presented in the work, with only one significant 

downside, which is the size of the device. One of the requirements for this work was to 

make multiple images over the full length of the belt and up to 5 different pictures had to 

be taken during each measurement. This fact disallowed the possibility of mounting 

camera above the filter belt since it had to be constantly moved along with the slurry, to 

capture the process of drying in different positions of the belt. 

Considering that, it was decided to move the camera manually with the speed of the belt 

and make images every 40 cm of the belt, starting with 60 cm. Marks, correlating with the 

length of the belt, can be seen on the Fig. 6.4. 

During this work Beckhoff C6920 industrial PC was used. Industrial PC of this series was 

designed for installation and use in control cabinets which suits our goals. That allows us 

to save space necessary for other electronic devices and leaves all connectors for this one 

available. This model is also fitted with a fan cartridge with two cooling fans providing 

necessary temperature for IPC without any external influence. [25] 
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6.2 Thermographic methods for slurry quality control 

There are many different thermographic methods to choose from that include both active 

and passive imaging applications. Among active ones are lock-in and impulse thermal 

imaging. Lock-in thermography is based on using an input energy wave that goes through 

object, heats it up and is absorbed by it. When met with a defect inside that object, wave 

partially reflects from it and upon reaching the surface said wave produces an interference 

pattern with original energy wave. By analyzing that pattern and phase shifts between 

reflected and original waves it is possible to determine shape and size of the defect. [26] 

 

Fig. 6.8 Measurement setup for lock-in thermography 

Impulse imaging on the other hand does not require prolonged treatment of a tested object, 

heating it up with just a brief flash and providing a small change in temperature in a short 

time period. While not being able to detect dimensions of a defect perfectly, it is able to 

uncover its presence in a fast and reliable fashion, specifically in very homogenous 

materials. Other worthy of mentioning active imaging methods are laser-stimulated, 

induction and ultrasound (Fig. 6.8). [27] 



33 

While these methods are easily able to detect any potential cracks and air bubbles in slurry 

that is being examined in this work, unfortunately neither of them is applicable here due to 

VBF nature. Vacuum filter belt moves slurry down the line while drying it, which makes 

both temperature and potential defect location constantly changing in relation to mounted 

camera. Additionally belt construction allows mounting measuring devices only above the 

production line, leaving only passive heat flow methods available. Passive thermal imaging 

allows us to compare any part of the moving belt with its surroundings in real time, which 

is exactly what we need for this work. 

With passive imaging method and Fluke Ti10 camera we acquire thermal images of slurry 

that passes under the camera. By moving along the belt we can determine how slurry dries 

up and, if there are any defects, whether they develop or not and how exactly that process 

happens. Once the image gets captured by the camera it gets transferred to Beckhoff PC 

where analysis program is installed. The purpose of this program is to determine quality of 

slurry, recognize potential defects and whether situation needs operator’s attention or not. 

The method used to distinguish slurry defects is based on comparing average intensity 

values between rows of pixels. Processing of the image can be broken down into multiple 

parts. Once the original image has been received from camera it’s processed by the 

standalone analysis program with OpenCV libraries. 

 Step 1: Transferring image from camera to processing program. 

Transferring image can be done with multiple different ways, as long as equipment, 

namely IR camera, processing device and connections between them allow. In current 

laboratory setup the simplest viable option was transfer via SD memory card. Other 

potential options include Industrial Ethernet, Wi-Fi, USB and Bluetooth connections. 

After transferring, image has to be processed. That includes converting it to grayscale, 

since doing so with a coloured image would be meaningless. Before that happens, image 

has to be rotated vertically 90o clockwise, to simplify the process of extracting intensity 

values. After that and grayscale conversion, resulting image can be seen on the following 

figure (Fig 6.10). 
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    Fig. 6.9 Example of a thermal image  Fig. 6.10 Rotated grayscale thermal image 

 Step 2: Masking 

Next step is applying proper mask to the image, to cut all unnecessary parts that do not 

contribute to or may skew the intensity values. Mask is calculated in a way that considers 

imperfections during photographing and covers belt sides as well as user interface, 

imprinted on a photo by camera. 

    

        Fig. 6.11 Mask           Fig. 6.12 Resulting thermal image 
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After applying mask which removes camera UI, program proceeds to output intensity 

values to .yml file, which can be later processed by Matlab. 

Converting these images into intensity values first helps to store information about defects 

in slurry in text form. In that form files take very little storage space on processing device 

and it becomes much easier to keep statistics of such defects. 

It also makes detection task possible for autonomous system, since it can only be trained to 

find defects that have certain set colour/intensity. Due to nature of this image making 

process, same colour/intensity may represent significant defect on one picture and 

completely normal temperature distribution on another, which leads to necessary system 

recalibration after every new image made, which is very much undesired. 

 Step 3: Filtering and plotting 

After intensity values have been saved to .yml file, it can further be processed in MatLab. 

That is necessary to filter some of the unwanted data noise that occurs while processing 

these images. One of the issues is the presence of a crosshair that could not be removed 

from photos with camera settings. That leaves filtering its values from dataset manually. It 

can be identified affecting pixel rows 310-328, and is located at the center of the screen, 

represented by sharp value spikes. 

      

      Fig. 6.13 UI crosshair     Fig. 6.14 Intensity value distortions 

To solve this problem a suitable filter had to be selected. Out of all potentially useful filters 

robust loess had proven to yield the best results. Loess means locally estimated scatterplot 

smoothing and robust part means that it is resistant to outlying data points. Each filtered 

data point is determined by its neighboring values, thus locally estimated. To apply this 

filter to a dataset means to compute regression weights for each data point first, using the 

tri-cube weight function: 



36 

𝑤𝑖 = 1 − (|
𝑥−𝑥𝑖

𝑑(𝑥)
|
3

)
3

,     (1) 

where 𝑤𝑖 is the regression weight of a data point, 𝑥 is the predictor value, 𝑥𝑖 is the nearest 

neighbor of 𝑥 and 𝑑(𝑥) is the distance from 𝑥 to the farthest predictor value within the 

span along the horizontal axis; and then apply a weighted linear regression using second 

degree polynomial. First degree polynomial is used in similar lowess filter and zero degree 

polynomial makes it into a weighted moving average filter. [28, 29] 

When applied to the whole intensity dataset results show insignificant changes in the 

temperature values, but completely removed spikes from the whole set, and in particular 

crosshair spikes are removed almost entirely. When overlapped, images look like 

presented: 

 

Fig. 6.15 Distortions and smoothed crosshair intensity values 

Both original and filtered datasets are plotted on the figure below as an example: 

     

   Fig. 6.16 Original plotted values         Fig. 6.17 Smoothed plotted values 
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6.3 Test simulation 

Validity of the method proposed earlier was tested on the image taken prior to the test runs. 

This image is presented at Fig. 6.18: 

     

      Fig. 6.18 Original test image          Fig. 6.19 Grayscale test image 

This image was processed same as other coloured images mentioned before and a special 

trapezoid mask (Fig. 6.20) was created, to separate vacuum filter belt from background. 

     

       Fig. 6.20 Trapezoid mask           Fig. 6.21 Resulting test image 

After applying mask, resulting image has been analyzed by the program and output data 

has been plotted, what is represented on the following graph (Fig. 6.22): 
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 Fig. 6.22 Intensity value distribution  Fig. 6.23 Temperature value distribution 

As seen from the plot (Fig. 6.22), intensity values are rising moving down the belt, instead 

of declining. That happened because the image was made with a completely different 

temperature scale and a camera that is not used in this work. By using a temperature scale 

presented on the image and comparing intensity values of the hottest and coldest points on 

the belt with reference values on a said scale, a solution was developed that allowed to 

recalculate intensity values into temperature (Fig. 6.23). As presented on the figure 6.23 

temperature is declining and correlates to colour values on the original image (Fig. 6.18). 

That allows us to say that this method is valid for evaluating images similar to Fig. 6.18 

and could be used in real laboratory tests. Since a different IR camera (Fluke Ti10) is used 

later during lab testing and temperature measurement scale is different as well, intensity 

values do correlate with temperature on images made during said tests. That means that 

recalculating intensity into temperature is not necessary because any potential defect can 

be easily determined by analyzing intensity value data and plot. 
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7. Laboratory testing and analysis 

For proper laboratory testing camera had to be positioned roughly 15 cm above the belt, as 

seen in Fig. 7.1, since it is a minimal focus distance for thermal lens for this specific tool. 

Determining this distance and keeping it the same in process of taking images allowed all 

created images to be as similar as possible to each other, so they all fit for the same mask 

during processing stage. These images had to be taken every 40 cm, starting at 60 cm from 

the beginning of the belt and later at 100, 140 and 180 cm marks, to follow and observe the 

development of the same area on the belt during the slurry drying process. 

 

Fig. 7.1 Distance between IRC and VF belt 

 

7.1 First test run 

First run was performed with apatite slurry with belt speed at 6,25 mm/s and yielded 

results represented on the following figures: 
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       Fig. 7.2 Lab test image 1.1    Fig. 7.3 Intensity value distribution 1.1 

     

       Fig. 7.4 Lab test image 1.2    Fig. 7.5 Intensity value distribution 1.2 

     

       Fig. 7.6 Lab test image 1.3    Fig. 7.7 Intensity value distribution 1.3 
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       Fig. 7.8 Lab test image 1.4    Fig. 7.9 Intensity value distribution 1.4 

As seen on these figures, plotted intensity directly correlates to slurry consistency. Severe 

drops in intensity represent defects or air bubbles inside slurry, that can’t be detected by 

simple observation or even optically enhanced surface control. IR camera, however, can 

detect them and analysis of said image can tell system operator that a certain area with a 

potential defect requires their attention. Figures 7.3, 7.7 and 7.9 all show a relatively 

straight intensity plot with no noticeable changes in consistency. Fig. 7.5 however contains 

a severe drop and raise in intensity between pixel rows 250 and 400. That tells us that a 

defect is present and can be determined by assessing the plot. 

 

7.2 Second test run 

Second run was performed with apatite slurry with belt speed at 8,33 mm/s and results are 

presented here: 

     

       Fig. 7.10 Lab test image 2.1    Fig. 7.11 Intensity value distribution 2.1 
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       Fig. 7.12 Lab test image 2.2    Fig. 7.13 Intensity value distribution 2.2 

     

       Fig. 7.14 Lab test image 2.3    Fig. 7.15 Intensity value distribution 2.3 

     

       Fig. 7.16 Lab test image 2.4    Fig. 7.17 Intensity value distribution 2.4 

Figures 7.13 and 7.15 require attention because the defect is significant enough to cause an 

intensity drop for 40-45 points, which amounts to about 4 degrees Celsius. Based on that it 
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can be stated that the program correctly defines intensity values and allows user to easily 

identify any changes in cake content, if they are present. 

The belt speed is deliberately set high, which might be among the reasons for why said 

defect has developed. The higher the belt speed is, the more rapid cooling occurs and the 

higher is the chance of any air bubbles to get trapped inside cooled slurry or cracks of 

varied sizes to appear in slurry cake. 

 

7.3 Third test run 

Third test run was made with apatite slurry with belt speed at 6,25 mm/s: 

     

       Fig. 7.18 Lab test image 3.1    Fig. 7.19 Intensity value distribution 3.1 

     

       Fig. 7.20 Lab test image 3.2    Fig. 7.21 Intensity value distribution 3.2 
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       Fig. 7.22 Lab test image 3.3    Fig. 7.23 Intensity value distribution 3.3 

     

       Fig. 7.24 Lab test image 3.4    Fig. 7.25 Intensity value distribution 3.4 

Here we can observe development of the same defect while cooling down and moving 

along with camera. On Fig. 7.19 nothing of importance can be noticed. Fig. 7.21 shows a 

slight change in consistency that signifies a defect in early stage of development, while 

Fig. 7.23 and Fig. 7.25 depict that same defect increasing in size and creating a drop in 

slurry temperature that is reflected on the plots. 

 

7.4 Fourth test run 

This run was made with calcite slurry with belt speed at 6,25 mm/s and results look as 

following: 
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       Fig. 7.26 Lab test image 4.1    Fig. 7.27 Intensity value distribution 4.1 

     

       Fig. 7.28 Lab test image 4.2    Fig. 7.29 Intensity value distribution 4.2 

     

       Fig. 7.30 Lab test image 4.3    Fig. 7.31 Intensity value distribution 4.3 
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       Fig. 7.32 Lab test image 4.4    Fig. 7.33 Intensity value distribution 4.4 

On these figures a consolidation process is presented. Figures 7.27 and 7.29 show a rather 

unstable plot where it’s hard to exactly say whether slurry has any defects due to general 

inconsistency. When slurry just enters the belt it’s sometimes, depending on the set 

conditions, too hot and filled with air to properly observe a defect development process. 

Figures 7.31 and 7.33, however, show that slurry appears to be homogenous after rapid 

cooling and contains no defects despite inconsistent at the start of the process. Main 

difference for this run from any other is that calcite slurry was used instead of apatite. 
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8. Results and conclusions 

The purpose of this work was to create a machine vision system that is able to find 

inconsistencies in slurry that is being dried up on a vacuum belt filter. During selection 

process between different imaging methods and computer vision libraries, an OpenCV 

library and passive imaging method were chosen due to reasons described in chapter 4.1 

and 6.2 respectively. Over the course of laboratory work and multiple simulations these 

choices have proven to be viable and suitable for this work. Comparison of average 

intensity values has also proven to be a correct method to distinguish inconsistencies in 

slurry after processing thermal images with OpenCV. 

Laboratory tests have shown that despite having different variable parameters like slurry 

type and belt speed, system is working as intended and is still able to perfectly recognize 

any deviations from norm inside drying cake, while also giving insight on how exactly 

cake is changing according to filtering system parameters mentioned earlier. 

However, it is important to mention that machine vision system is still not finished and has 

a lot of room for improvement. Originally it was planned that system would be able to 

recognize defects without human influence and notify operator when necessary. 

Implementing this part had to be cancelled due to health issues of the author of this thesis, 

which ultimately led to author’s inability to be present on site and work with industrial PC 

directly, which was a requirement for a successful implementation. 
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Appendixes 

 

Appendix 1 (OpenCV code) 

#include <iostream> 
#include <opencv2\opencv.hpp> 
 
using namespace cv; 
 
int main() 
{ 
 String filename = "IR00xxxx.bmp"; 
 Mat3b bgr = imread(filename); 
 String str2 = ""; 
  for (int i = 0; i < filename.length() - 4; i++) str2 += filename[i]; 
 std::cout << str2 << '\n'; 
 
 Mat3b hsv; 
 cvtColor(bgr, hsv, COLOR_BGR2HSV); 
 
 Mat1b gra; 
 cvtColor(bgr, gra, COLOR_BGR2GRAY); 
 
 //trapezoid mask 
 /*cv::Point corners[1][4]; 
 corners[0][0] = Point(297, 182); 
 corners[0][1] = Point(397, 182); 
 corners[0][2] = Point(497, 584); 
 corners[0][3] = Point(297, 584); 
 const Point* corner_list[1] = { corners[0] }; 
 int num_points = 4; 
 int num_polygons = 1; 
 int line_type = 8; 
 cv::Mat poly(656, 875, CV_8UC1, cv::Scalar(0)); 
 cv::fillPoly(poly, corner_list, &num_points, num_polygons, cv::Scalar(255), 
line_type);*/ 
 
 //square mask 
 cv::Point corners[1][4]; 
 corners[0][0] = Point(44, 0); 
 corners[0][1] = Point(424, 0); 
 corners[0][2] = Point(424, 525); 
 corners[0][3] = Point(44, 525); 
 const Point* corner_list[1] = { corners[0] }; 
 int num_points = 4; 
 int num_polygons = 1; 
 int line_type = 8; 
 cv::Mat poly(640, 480, CV_8UC1, cv::Scalar(0)); 
 cv::fillPoly(poly, corner_list, &num_points, num_polygons, cv::Scalar(255), 
line_type); 
  
 //scale mask 
 /*cv::Point corners[1][4]; 
 corners[0][0] = Point(610, 56); 
 corners[0][1] = Point(637, 56); 
 corners[0][2] = Point(637, 368); 
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 corners[0][3] = Point(610, 368); 
 const Point* corner_list[1] = { corners[0] }; 
 int num_points = 4; 
 int num_polygons = 1; 
 int line_type = 8; 
 cv::Mat poly(480, 640, CV_8UC1, cv::Scalar(0)); 
 cv::fillPoly(poly, corner_list, &num_points, num_polygons, cv::Scalar(255), 
line_type);*/ 
 
 /*Mat1b mask1, mask2; 
 inRange(hsv, Scalar(90, 255, 255), Scalar(130, 255, 255), mask1); 
 inRange(hsv, Scalar(10, 255, 255), Scalar(25, 255, 255), mask1); 
 Mat1b mask = mask1 | mask2;*/ 
 
 Mat1b mask1, mask2; 
 inRange(hsv, Scalar(90, 255, 255), Scalar(130, 255, 255), mask1); 
 inRange(hsv, Scalar(10, 255, 255), Scalar(25, 255, 255), mask1); 
 Mat1b mask = mask1 | mask2; 
 
 Mat1b crop; 
 crop.convertTo(crop, CV_8UC1); 
 bitwise_and(gra, poly, crop); 
 
 FileStorage fs("Test.yml", FileStorage::WRITE); 
 fs << "ImageMatrix" << hsv; 
 fs.release(); 
 
 FileStorage fsMask("TestMask.yml", FileStorage::WRITE); 
 fsMask << "ImageMatrix" << poly; 
 fsMask.release(); 
 
 FileStorage fsCrop("TestCrop.yml", FileStorage::WRITE); 
 fsCrop << "ImageMatrix" << crop; 
 fsCrop.release(); 
 
 FileStorage fsOutput(str2 + ".yml", FileStorage::WRITE); 
 fsOutput << "rbr" << "["; 
 for (int y = 0; y < crop.rows; y++) { 
  int k = 1; 
  int i = 0; 
  for (int x = 0; x < crop.cols; x++) { 
   if ((crop.at<uchar>(Point(x, y)) != 0)) { 
    k++; 
    i = crop.at<uchar>(Point(x, y)) + i; 
   } 
  } 
  fsOutput << "{:" << "R" << y << "I" << i / k << "}"; 
 } 
 fsOutput << "]"; 
 fsOutput.release(); 
 
 imshow("Mask", poly); 
 imshow("Intensity", crop); 
 imshow("Grayscale", gra); 
 waitKey(); 
 
 return 0; 
} 
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Appendix 2 (Matlab code) 

function convertYml(filename) 
keyr='R:'; 
keyl='I:'; 
fid=fopen(filename); 
valuemat = []; 
for i = 1:3 
    tline = fgetl(fid); 
end 
tline = fgetl(fid); 
while ischar(tline) 
    if strfind(tline, '- {') 
        indexr=strfind(tline, keyr); 
        valuer=sscanf(tline(indexr(1) + length(keyr):end), '%g', 1); 
        indexl=strfind(tline, keyl); 
        valuel=sscanf(tline(indexl(1) + length(keyl):end), '%g', 1); 
        valuemat = [valuemat; [valuer, valuel]]; 
        tline = fgetl(fid); 
    end 
end 
fclose(fid); 
fid=fopen(strcat(filename(1:end-3), 'csv'),'w'); 
%for i = 1:length(valuemat(:,1)) 

     
for i = 1:526 
    fwrite(fid, sprintf('%d, %d\n', valuemat(i, 1), valuemat(i, 2))); 
end 

  
fclose(fid); 
end 

 

convertYml('IR00xxxx.yml'); 

M = csvread('IR00xxxx.csv'); 

m1 = M(:, 1); 

m2 = M(:, 2); 

m22 = smooth(m1, m2, 0.05, 'rloess'); 

figure(1) 

plot (m1, m22) 

xlabel('Pixel row') 

ylabel('Intensity') 

axis ([-inf inf 100 200]) 

figure(2) 

plot (m1, m2) 

xlabel('Pixel row') 

ylabel('Intensity') 

axis ([-inf inf 100 200]) 


