TIAPGOS 1/2023 33

p-ISSN 2083-0157, e-ISSN 2391-6761

http://doi.org/10.35784/iapgos.3371 received: 15.12.2022 | revised: 13.03.2023 | accepted: 13.03.2023 | available online: 31.03.2023

SENSOR PLATFORM OF INDUSTRIAL TOMOGRAPHY FOR DIAGNOSTICS
AND CONTROL OF TECHNOLOGICAL PROCESSES

Krzysztof Krol'?, Tomasz Rymarczyk'? Konrad Niderla*?, Edward Koztowski’

'Research and Development Center, Netrix S.A., Lublin, Poland, 2WSEI University, Lublin, Poland, 3Lublin University of Technology, Faculty of Management, Lublin, Poland

Abstract: This article presents an industrial tomography platform for diagnosing and controlling technological processes. The system has been prepared
in such a way that it is possible to add individual sensors that cooperate with the system of an intelligent cyber-physical platform with an open
architecture. In addition, it is possible to configure and cooperate with external systems freely. As part of the experimental work, a platform has been
developed that allows individual subsystems and external customer systems to work together. The cyber-physical system, a new generation of digital
systems, focuses mainly on the complex interaction and integration between cyberspace and the physical world. A cyber-physical system consists of highly
integrated computing, communication, control and physical elements. It focuses mainly on the complex interaction and integration between cyberspace
and the physical world.
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PLATFORMA SENSOROWA TOMOGRAFII PRZEMYSLOWEJ
DO DIAGNOSTYKI | STEROWANIA PROCESAMI TECHNOLOGICZNYMI

Streszczenie. W artykule przedstawiono przemystowq platforme tomograficzng wykorzystywang do diagnostyki i sterowania procesami technologicznymi.
Aplikacja pozwala na dodawanie poszczegolnych czujnikéw wspdlpracujgeych z systemem inteligentnej platformy cyber-fizycznej o otwartej architekturze,
a dodatkowo mozliwa byta dowolna konfiguracja i wspélpraca z systemami zewnetrznymi. W ramach prac eksperymentalnych opracowano platforme,
ktora umozliwia wspélprace poszczegolnych podsystemow i zewnetrznych systemow klienta. System cyberfizyczny, koncentruje si¢ glownie na zlozonej
interakcji i integracji migdzy cyberprzestrzenig a swiatem fizycznym. System cyberfizyczny sktada si¢ z wysoce zintegrowanych elementow obliczeniowych,
komunikacyjnych, kontrolnych i fizycznych. Rozwigzanie koncentruje si¢ gtéwnie na ztozonej interakcji i integracji migdzy cyberprzestrzeniq a Swiatem

fizycznym.

Stowa kluczowe: tomografia pojemnosciowa, systemy cyber-fizyczne, sensory, tomografia impedancyjna

1. General principles of the system

The portal allows the user to manage the data collected on the
server by reading current or historical data. Sensor data is sent to
the database and can be viewed and read anytime. Individual
sensors can be added to the system and communicate using
MQTT, OPC, and Kafka. The system continuously displays data
from sensors measuring various physical quantities.

It is a system that allows building a platform for Industry 4.0
by combining the system with smart sensors [1, 2, 7, 12, 17].
Furthermore, a unique solution is using industrial tomography
with appropriate algorithms to analyse and diagnose technological
processes.

The networking of intelligent sensors, many advantages can
bring many benefits to industrial environments, such as the
combination of information and operational technologies.
Although operational technologies include hardware and software
systems that control processes on the shop floor, they have
generally not been integrated into a network or wider information
system. This connection allows computer components to
communicate directly with other machines and central servers,
exchanging information via the computer network.

It will also reduce the number of operations required; improve
performance and resource utilisation; minimise the life cycle cost
of the asset; speed up decision-making; buy and sell products as
services, expand business opportunities and enable new business
models to emerge for manufacturing. Therefore, the requirements
for emerging factories that form global networks of assets, storage
systems and manufacturing processes in cyber-physical systems
are key issues.

Cyber-physical systems make it possible to increase the level
of effectiveness and efficiency in industrial value creation through
the amount of real-time information on technical processes [5, 13,
18]. To fully exploit cyber-physical systems, the information
gathered should include the knowledge of the personnel. Often
this knowledge is only available informally, and the problem is
formalising it. However, due to the high value of this knowledge,
systematic collection, categorisation, and mapping methods should
be introduced. Furthermore, the availability of this knowledge can
be used to develop operational guidelines, which are an essential
part of decision support systems.

An example might be the repair of a faulty machine. The first
time a fault occurs, the troubleshooting process should
be documented so that if it occurs again, there are guidelines
for action, and each troubleshooter can benefit from the effect
of the learning curve. However, the system-based capturing,
categorising and mapping of hidden knowledge requires additional
employee effort. Therefore, it is necessary to explain the overall
added value based on the availability of action guidelines after
the development and implementation of a decision support
system [19, 20, 21].
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Fig. 1. Model of a sensor platform with an analytical system

In industrial research, it is often necessary to carry out
measurements that cannot be carried out using non-destructive
methods without interfering with the inside of the tested object.
The presented system consists of a network of intelligent sensors
using wired and wireless communication, which allows
the acquisition of data from various sources, directly or indirectly,
related to the production process (figure 1).
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Sensors and measuring devices are connected to the
communication interface whose task is to read the signal from
the selected sensor, process it into a consistent form and then send
the read and processed data to the acquisition module (figures 2, 3
and 4). The algorithm was trained using learning data obtained
by computer simulation from real models to solve the inverse
problem. In addition, the conductivity values of individual pixels
of the output vector made it possible to obtain images of the
interior of the tested objects.
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Fig. 2. Measurement system with a model of data transmission, collection
and analysis

Dviversified
measurement
data

Image reconstruction —<€——

~

Fig. 3. Digital twin — simulation

The research presented focuses on electrical impedance
tomography (EIT), a non-invasive imaging technique that
visualises the dynamic distribution of electrical conductivity
within the test object. In this method, the sensitivity of EIT
solutions to measurement, numerical and model errors requires
adapting model parameters to specific cases. In the traditional
approach, studies performed with EIT tomography are
computationally resource-intensive, resulting in complexity.
Therefore, the best solutions are sought to reduce
the computational effort by finding suitable algorithms to improve
the quality of the measurements. The authors used the logistic
regression method to reconstruct tomographic images.
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Fig. 4. Digital twin — real model

A cloud computing model (PLATOM Cloud) has been
developed. The system design is based on containers with
the possibility of deploying them in the cloud. Using containers
makes it possible to use the public and private clouds
at the location specified by the customer. The model is based
on virtualisation and resource aggregation. The starting point
for the developed concept of communication protocols
of the PLATOM platform is a general architecture model that
considers the data flow between five basic types of components,
i.e. measurement, control and service components, including
central, computational, timestamp, GUI and data. The control
architecture and data communication platform technology has
been developed. Measurement and control, and service
components have been incorporated into the PLATOM platform.
Measurement and control components are devices with dedicated
software designed to collect data from measurement devices used
to monitor the state of the process (tomograph, camera, flow
meter, etc.) and to set values of settings on active devices of the
process (inverters, control valves, etc.).

On the other hand, service components are responsible
for implementing individual PLATOM platform services and are
not directly connected to the process measurement and control
devices. Instead, they operate as elements of the PLATOM Cloud
in the form of software modules on dedicated server computers.
The following functionalities/modules are implemented within
these components: repository, computing module, database
module for storage and distribution, central module and GUI
modules. The diagram in the figure (figure 5) illustrates
the platform concept with the division into measurement
and control components and service components with the
indication of the data transmission direction.
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2. System development

The preparation of the system was divided into several tasks.
The main challenge of this phase was to develop 3D and 4D (time-
resolved) imaging models and techniques for industrial
crystallisation and fermentation processes using process
tomography techniques.

In the first task, mathematical investigations were carried out
using existing software tools for modelling the crystallisation
process, enabling the selection of a technologically optimal
algorithm for visualising the process in terms of ultrasonic,
electrical and capacitive tomography measurements. In the next
task, the research focused on developing mathematical models
of the fermentation process and selecting an optimal technological
algorithm for the visualisation of the process in ultrasonic,
electrical and capacitive tomography measurements. In the third
task, several analyses were conducted by applying mathematical
models describing time-resolved tomographic measurements
and visualising the results obtained in industrial batch
crystallisation and fermentation processes. The next task allowed
the development of new technology for tomographic
measurements using ultrasonic tomography (UST) to control
and seriation batch crystallisation processes [8-11]. This task
required the development of hardware solutions and appropriate
algorithmic tools. As part of the task, several works were carried
out to develop tools for modelling the crystallisation process
taking into account reaction kinetics and crystal particle growth
through a population equilibrium model. The hardware solutions
developed made it possible to increase the efficiency of ultrasonic
wave penetration into crystal suspensions in terms of reflection
and transmission tomography methods. Measurement cards were
also developed for cooperation with probes of different ultrasonic
wave frequencies. A method of effectively placing active elements
(ultrasonic transmitters) on the rim of the vessel (reactor)
where the crystallisation process occurred was also developed.
At the same time, a model for spatially resolved and time-resolved
(3D and 4D) measurement of crystal size and density using
tomographic data reconstruction has been developed. The work
carried out as part of the task also included the development
of a new concept for adaptive control of homogeneous crystal
growth by ultrasonic activation. A number of crystallisation
measurements were carried out to test the concept of continuous
and  time-resolved  measurements.  The  crystallisation
measurements were carried out at different reactant dosing rates
and at different substrate mixing rates. The collected results
of the task directly contributed to creating a demonstration set for
the measurement of batch crystallisation processes using process
tomography techniques.

The implementation of the next task focused on developing
new technology for tomographic measurements using capacitive
(ECT) and resistive (ERT) tomography techniques to control
and manage the biogas fermentation process. The work carried
out in this task included the development of tools for modelling
the fermentation process, considering mixing methods, including
pneumatic mixing. Work also involved increasing the efficiency
of tomographic imaging by simultaneously applying capacitive
and resistive tomography techniques. Similar to ultrasound
tomography, models have been developed for the efficient
placement of measurement electrodes and their mutual
positioning. It is particularly important for 3D and 4D
measurements. In addition, time-resolved measurements were
carried out to investigate the possibility of improving the
efficiency of the fermentation process using process tomography
techniques. All the research, tests and simulations carried out,
combined with the hardware components developed, led to the
development a demonstration measurement setup. In the next task,
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process measurements were performed with the developed
demonstration workstations to verify the results of numerical
simulations with the developed solution elements in the context
of application in industrial installations. In the last task,
assumptions were developed for algorithms of reconstruction
and visualisation of process tomography images were developed
[3, 23-26, 28].

The platform consists of special tanks for carrying out the
crystallisation. The tanks are equipped with special holders that
allow the mutual arrangement of the transducers to be changed
and the measurement system to be adapted to the crystallisation
process to be analysed. The platform allows ultrasonic
tomography measurements in both transmission and reflection
modes of ultrasonic waves. Furthermore, the hardware platform
can work with transducers of different frequencies.

Measurements are made in 32 channels. 3D and 4D
measurements are possible for both techniques. The results
obtained can be directly visualised on the measuring device.
Due to the high speed of measurement data acquisition
and the development of new image reconstruction techniques,
it is possible to obtain images in less than 250 ms. During
the crystallisation process, the crystals formed to change the
physical properties of the medium. As the number of crystals
increases, the density of the medium changes. Density changes
increase the speed of propagation of ultrasonic waves. Based on
these changes and the known size of the container, the crystal
density can be spatially measured throughout the process.
The developed models were used to design the crystallisation
process. Within the fermentation process, using a novel method
of simultaneous measurement of resistive and capacitive
tomography for analysis and control allowed the detection
of heterogeneities. As the measurements were made at high speed,
it was possible to control the stirrer by implementing FPGAs.
The measurements carried out showed that the delay or reaction
time between the detection of inhomogeneities and the operation
of the agitator is less than 1 ms, which fully meets the parameters
specified in the milestone. As with ultrasound tomography,
a demonstration platform was developed to analyse fermentation
processes. The demonstration platform also required the
development of reliable software to control the measurements
and reconstruct the huge amount of tomographic data
(as the acquisition speed increases, so do the amount of data).

3. Measurement

3.1. EIT measurement system

The designed tomograph uses EIT technology to study
the cross-sections of closed spaces. The spatial distribution
of the impedance can be determined, and the internal structure
of the medium can be visualised by measuring the voltages on
electrodes directly adjacent to the medium. Thanks to the built-in
microcomputer, it is possible to carry out EIT measurements
and view the reconstructions based on them. It also has a network
interface for data transfer to an external server. The tomograph
measures voltages by switching channels according to the polar
method. First, multiplexers connect the EXC and GND outputs
to two opposite electrodes. A current flows, the intensity of which
is programmed to a set value. Then the signal input is successively
connected to the remaining electrodes on which the voltage
to GND is measured. After 14 measurements, the measurement
information is disconnected, the forcing electrodes are switched to
the next pair, and the cycle is repeated. The 224 (16x14) results
were converted into 192 (16x12) values of the voltages between
the measuring electrodes. The image reconstruction algorithm then
transforms the results.
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3.2. Logistic regression

When creating a reconstruction in EIT, we need to answer
the question of which finite elements belong to inclusion
in the field of view. We define a logistic regression model
to create the reconstruction for each finite element. Let (£2, F, P)
be a probability space, and for the finite element, we define a
random variable Y with discrete distribution, where Y:©2 — {0,1}.
In the presented approach, if the finite element belongs
to inclusion, we put on the realisation of random variable Y
is equal to 1 (i.e. y = 1); otherwise, 0. The main objective is to
determine whether the finite element belongs to inclusion based
on signal x e R™ obtained from sensors. For this purpose, we must
define a classifier f:R™ — {0,1}). In this paper, logistic regression
has been used to create a classifier. The logistic regression model
is used to estimate the binomial (or multinomial) distribution
of the response variable Y based on the realisation of the input
variables X: eR™ (in other words, we determine P(Y = y|X), where
ye {0,1}).In the literature P(Y = 1|X) value denotes the success
probability, but P(Y = 0]X) — defeat probability [14, 16-17, 27].
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3.3. Results

A measurement system consisting of a SmartEIT tomograph
and a measurement object with 16 sensors was used (Fig. 6).
The image reconstructions are shown in figure 7, where three
variants of the algorithms were compared, comparing the images
obtained by the methods Logistic with Elasticnet [6], Logistic
with Db12 wavelet [4], Logistic with Sym9 wavelet [21] were
compared. Table 1 corresponds to figure 5 and presents
a comparative analysis of the reconstructions obtained. Based on
the indicators: Accuracy, Sensitivity, Specificity, PPV, NPV,
Detection Rate, and Level. Basic properties of the first model
describing the view area. Number of electrodes: 16, type
of electrodes: linear, number of nodes: 1338, number of finite
elements: 2502. In this case, the decomposition level j = 2 was
used for wavelet analysis.

Table 1. Summary of reconstruction of pattern presented in figure 7

Methods Elastic net | Db12 Sym9
Accuracy 0.957 0.950 0.946
Sensitivity 0.609 0.646 0.589
Specificity 0.995 0.982 0.985
PPV 0.925 0.797 0.803
NPV 0.959 0.963 0.957
Detection Rate | 0.059 0.063 0.057
Level 0.50 0.30 0.27
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4. Conclusions

An industrial tomography platform used for process
diagnostics and control has been developed. Adding additional
sensors to the platform, which work together, is possible. It allows
individual subsystems and external customer systems to work
together and focus on developing algorithms and models for
image analysis and reconstruction. All the presented algorithms
were found suitable for practical applications in industrial
tomography. Furthermore, the proposed research results contain
essential information that may contribute to accelerating machine
learning methods in industrial tomography.

References

[1] Akhtari S. et al.: Intelligent embedded load detection at the edge on industry 4.0
powertrains applications. 5th international forum on research and technology
for society and industry — RTSD2019, 2019, 427-430.

[2] Assawaarayakul C. et al.: Integrate digital twin to exist production system
for industry 4.0. 4th technology innovation management and engineering
science international conference (TIMES-iCON) 2019, 1-5.

[3] Banasiak R. et al.:. Study on two-phase flow regime visualisation
and identification using 3D electrical capacitance tomography and fuzzy-logic
classification. International Journal of Multiphase Flow 58, 2014, 1-14
[http://doi.org/10.1016/J.1IJMULTIPHASEFLOW.2013.07.003].

[4] Daubechies I.: Orthonormal Bases of Compactly Supported Wavelets.
Communications on Pure and Applied Mathematics 41(7), 1988, 909-96.

[5] He J. et al.: Locality-aware replacement algorithm in flash memory to optimise
cloud computing for smart factory of industry 4.0. IEEE Access 5, 2017, 16252—
16262.

[6] Hui Z., Hastie T.: Regularisation and Variable Selection via the Elastic Net.
Journal of the Royal Statistical Society: Series B (Statistical Methodology)
67(2), 2005, 301-20.

[7] Krél K. et al: Intelligent Sensor Platform with Open Architecture for
Monitoring and Control of Industry 4.0 Systems. European Research Studies
Journal 24(2), 2021, 597-606.

[8] Kania K. et al.: Image reconstruction in ultrasound transmission tomography
using the Fermat’s Principle. Przeglad Elektrotechniczny 96(1), 2020, 186-189.

[9] Klosowski G. et al: Maintenance of industrial reactors supported
by deep learning driven ultrasound tomography.  Eksploatacja
i Niezawodno$¢ — Maintenance and Reliability 22(1), 2020, 138-147
[http://doi.org/10.17531/ein.2020.1.16].

[10] Ktosowski G. et al.: Neural hybrid tomograph for monitoring industrial reactors.
Przeglad Elektrotechniczny 97(12), 2020, 190-193.

IAPGOS 1/2023 37

[11] Ktosowski G. et al.. Quality Assessment of the Neural Algorithms
on the Example of EIT-UST Hybrid Tomography. Sensors 20, 2020
[http://doi.org/10.3390/520113324].

[12] Klosowski G. et al.: Using an LSTM network to monitor industrial reactors
using electrical capacitance and impedance tomography — a hybrid approach.
Eksploatacja i Niezawodnos¢ — Maintenance and Reliability 25(1), 2023, 11
[http://doi.org/10.17531/ein.2023.1.11].

[13] Kong X. T. et al: Cyber physical ecommerce logistics system:
an implementation case in Hong Kong. Comput Ind Eng 139, 2020, 106170.

[14] Koztowski E. et al.: Logistic regression in image reconstruction in electrical
impedance tomography. Przeglad Elektrotechniczny 97(5), 2020, 95-98.

[15] Koztowski E. et al.: The use of principal component analysis and logistic
regression for cutter state identification. Innovations in Industrial Engineering,
Springer International Publishing 2021, 396-405.

[16] Koztowski E. et al.: Application of the logistic regression for determining
transition probability matrix of operating states in the transport systems.
Eksploatacja i Niezawodno$¢ — Maintenance and Reliability, 22(2), 2020,
192-200 [http://doi.org/10.17531/ein.2020.2.2].

[17] Koztowski E. et al.: Assessment model of cutting tool condition for real-time
supervision  system. Eksploatacja i Niezawodnos¢ — Maintenance
and Reliability, 21(4), 2019, 679-685 [http://doi.org/10.17531/ein.2019.4.18].

[18] Lins T. et al.: Cyber-physical production systems retrofitting in context
of industry 4.0. Comput Ind Eng 139, 2020, 106193, 59.

[19] Manavalan E., Jayakrishna K.: A review of internet of things (iot) embedded
sustainable supply chain for industry 4.0 requirements. Comput Ind Eng 127,
2019, 925-953.

[20] Occhiuzzi C. et al.: Rfid technology for industry 4.0: architectures
and challenges. IEEE international conference on RFID technology
and applications (RFID-TA) 2019, 181-186.

[21] Percival D. B, Walden A.: Wavelet Methods for Time Series Analysis 4.
Cambridge University Press, 2000.

[22] Poor P. et al.: Predictive maintenance 4.0 as next evolution step in industrial
maintenance development. International Research Conference on Smart
Computing and Systems Engineering — SCSE, 2019, 245-253.

[23] Rymarczyk T., Sikora J.: Optimisation Method and PCA noise suppression
application ~ for ~ Ultrasound  Transmission ~ Tomography.  Przeglad
Elektrotechniczny 96(2), 2020, 90-93.

[24] Rymarczyk T.: New methods to determine moisture areas by electrical
impedance tomography. International Journal of Applied Electromagnetics
and Mechanics 52(1-2), 2016, 79-87 [http://doi.org/10.3233/JAE-162071].

[25] Rymarczyk T. et al.: Ultrasonic tomography for reflection and transmission
wave analysis. Przeglad Elektrotechniczny 96(3), 2020, 170-173.

[26] Rymarczyk T. et al.: The use of the autoencoder to improve images
in ultrasound tomography. Przeglad Elektrotechniczny 96(8), 2020, 160-163.

[27] Rymarczyk T. et al.: Logistic Regression for Machine Learning in Process
Tomography. Sensors 19(15), 2020 [http://doi.org/10.3390/s19153400].

[28] Rymarczyk T. et al.: Analysis of vertical and horizontal flows of liquids
and gases through a wire-mesh sensor. Przeglad Elektrotechniczny 96(3), 2020.

M.Sc. Eng. Krzysztof Krol
e-mail: krzysztof.krol@netrix.com.pl

He is an employee of the Research and Development
Department at the Research and Development Centre
of Netrix S.A. and an assistant at the Higher School
of Economics and Innovation in Lublin. Associated
with computer science for over 14 years. He conducts
scientific research in the field of process tomography,
loT and sensor networks. He conducts scientific
research in the field of process tomography, loT
and sensor networks.

http://orcid.org/0000-0002-0114-2794

M.Sc. Konrad Niderla
e-mail: konrad.niderla@netrix.com.pl

He manages at Netrix S.A. the programming
and research department. In his work he deals with
the development of new methods of control
and measurement in the field of automation
and tomography as well as artificial intelligence.

http://orcid.org/0000-0003-1280-0622

D.Sc. Tomasz Rymarczyk
e-mail: tomasz.rymarczyk@netrix.com.pl

Director in Research and Development Center Netrix
S.A. His research area focuses on applying non-
invasive imaging techniques, electrical tomography,
image reconstruction, numerical modelling, image
processing and analysis, process tomography, software
engineering, knowledge engineering, artificial
intelligence and computer measurement systems.

http://orcid.org/0000-0002-3524-9151

D.Sc. Edward Kozlowski
e-mail: e.kozlovski@pollub.pl

Professor in the Department of Quantitative Methods
in Management at the Faculty of Management, Lublin
University of Technology. His scientific interests
include optimal control of stochastic systems,
modelling of decision support systems under
conditions of incomplete information about the
system, time series analysis, valuation of information.

http://orcid.org/0000-0002-7147-4903




