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POTENTIAL APPLICATIONS OF INTERNET OF THINGS:
A COMPREHENSIVE ANALYSIS

M. PUNITHA, P.M. REKHA

Internet of Things (IoT) is the amalgamation of hardware, like sensors and trackers,
which monitor several parameters of the environment or physical objects, and soft-
ware that processes all the data gathered by hardware. Globally, the IoT market is
anticipated to reach 53.8 billion USD by 2025. This enhancing demand is due to its
innate ability to automate, which drives several industries to adopt loT. In addition,
minimum memory cost, processing, and storage with an increase in Big Data (BD),
cloud, and conjunction of industrial networks and the internet are the added factors
for the increase in IoT development. Due to this significance, IoT has applications in
numerous areas like medical management, farming, wearable technology, smart en-
ergy meters, smart cities, etc. The applications are not limited to the examples men-
tioned above. Considering this, existing studies have considered different applica-
tions and attempted to execute them. As different applications have been focused on
by these studies, the present review intends to provide a compilation of potential ap-
plications of IoT as considered by conventional research between 2018 and 2022.
The study also intends to explore the advantages and disadvantages of different IoT
applications (deliberated by conventional studies) through tabular analysis. Further,
this review emphasizes [0T’s major key challenges and countermeasures to resolve
its security issues. Finally, the study affords recommendations that will assist all IoT
experts in bringing IoT products with enhanced security into the market.

Keywords: Internet of Things, automation, security, potential applications.

INTRODUCTION

The contemporary universe is experiencing silent smart evolution with enhancing
technological progress touching all life aspects. Smart technologies positioned as
the epi-centre of DT (Digital Transformation) possess drastic result leasing to in-
novation towards designing IoT (Internet of Things) as the main pillar of recent
Industry 4.0 [1]. IoT is defined as the network of objects embedded with circuits,
sensors, electronics, and connectivity, which permits the objects for gathering and
transmitting data. In IoT, the term ‘thing’ might be a vehicle with in-built sensors
or any manmade or natural objects for which an IP (Internet Protocol) address
could be assigned by which data could be transferred on a network. Consequently,
it has become easy for creating chances to directly incorporate the world into
computer-oriented systems that lead to efficiency, enhancements, minimized hu-
man exertion, and economic benefits. IoT definition has aroused due to the con-

© M. Punitha, P.M. Rekha, 2024
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junction of several technologies like ML (Machine Learning), the internet, auto-
mation, micro-electromechanical systems, and wireless technology. This conjunc-
tion has enabled to bridge of the gap between information and operational tech-
nology permitting unstructured machine-retrieved data to remain examined for
insights that will bring innovation. It permits objects to get sensed and managed
remotely throughout the existing infrastructure of the network creating choices to
directly integrate the physical environment into computer-oriented systems. IoT is
also capable of interacting with no human intervention. Few primary loT applica-
tions already exist in transportation, automotive industries, and healthcare. By a
report produced by a business insider, nearly 24-billion IoT-based devices were
used by 2020. It has also been predicted that the revenue of IoT will touch 300
billion dollars in the upcoming years which will lead to numerous jobs in various
industries. This vast reach is due to the significance of IoT which includes real-
time monitoring and tracking, optimal decision-making, automation, and the ca-
pability of IoT for affording sensor information and permitting communication
between devices.

For instance, automatic driving technology demands huge data from several
sensors embedded within vehicles. These embedded sensors gather the engine’s
behaviour, field data, and camera feed for enhancing the self-driving method for
handling any circumstance which could happen while driving. [oT also possesses
several other applications. [oT finds its application in smart grids for energy man-
agement where sensors are deployed on each customer outlet and transmission
line. These sensors assist in notifying failures, and irregularities in line, realizing
the behavior pattern and usage nature over time. The smart meters could also alert
the customers regarding the cost of peak time and non-peak time based on which
cost can be reduced. In addition, 10T is applicable in fleet management. loT logis-
tics have been a complicated task as goods have to be dealt with better efficiency
and care. Despite transmission from one place to another, the service providers
must confirm that correct conditions are maintained at the transportation time. To
alleviate such manual efforts, smart sensors that can connect with IoT networks
persistently monitor GPS location, container’s tilt angle, shock, temperature, and
humidity. Data gathered from such sensors are later processed and evaluated in a
central cloud server. This information could be accessed by the logistics team
from anywhere through the internet. Fleet movement could also be monitored in
real-time and later conveyed to customers regarding the delivery progress. Be-
sides, IoT finds its application in the manufacturing sector where the initial IoT
adopters have altered various phases of product development. IoT (Industrial 10T)
will assist in optimizing several manufacturing phases through monitoring of in-
ventory management and supply chain, quality testing, product enhancement, etc.
Further, IoT could be employed in agriculture to support researchers and farmers
to discover several cost-efficient and optimized manners to enhance production.
Individual agriculture stages can be improved through smart-sensor technology;
automation supports to minimize manual labour. Additionally, IoT is applicable
in the healthcare sector for saving the lives of individuals. Initiating from the
gathering of essential data from bedside devices, accessing patient information
and healthcare records throughout several departments and real-time processes in
diagnosing, overall patient care could be enhanced with the execution of [oT. In
addition to such useful applications of 10T, there also exist certain issues due to
IoT usage [2]. Hence, the present work intends to summarize the significant chal-
lenges in IoT use and countermeasures to solve the drawbacks along with the
analysis of existing works about potential applications of IoT.
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Objectives

The major objectives of the present work are listed below:

e To comprehensively examine the potential IoT applications as considered
by traditional works ranging from (2018-2022) to bring out the drawbacks faced
by these works.

e To discuss the advantages and disadvantages of different loT applications
(considered by conventional studies) through tabular analysis.

e To emphasize the major key issues of [oT and countermeasures to resolve
the security challenges of IoT along with recommendations that will assist [oT
experts while designing products in the future.

Paper Organization

Section 2 explores the loT evolution and its concepts. This is followed by IoT
architecture, protocols, and significance of loT in section 3. Subsequently, the
potential applications of IoT are discussed in section 4. After this, a comparative
analysis is presented in section 5. Following this, major key challenges are sum-
marized in section 6 with the countermeasures for security problems in IoT in sec-
tion 7. Finally, the entire study is concluded in section 8.

EVOLUTION OF 10T (INTERNET OF THINGS) AND ITS SIGNIFICANT
CONCEPTS

The arrival of smart concepts has made the globe become completely connected.
These concepts create a network of several devices. Its fundamental role involves
the connection of several devices for transmitting and receiving data. Kevin
Ashton was the one who invented the term “IoT” in 1999. Following this, LG es-
tablished the first smart fridge in 2000. After 7 years, 1* iPhone was introduced.
IoT has accomplished significant influence on the globe in its initial phase and
will also persist to evolve with time. The concept of IoT has also bought numer-
ous applications ranging from fiction to statistics permitting the 4IR (Fourth In-
dustrial Revolution). This has caused a significant impact on social, technical, and
economic aspects. Scientists have stated that probable merits attained from IoT
technology will develop a predictable future where smart things sense, contem-
plate and act. It is a trending technology that embodies several concepts like edge
computing, electronic devices, geo-location of the sensor, fog computing, etc.
A basic IoT concept is the things that have aroused to encompass several device
kinds from wireless sensors and RFID tags to intricate systems like consumer de-
vices and many more basic facilities. [oT possesses diverse names which expand
or refine its overall possibility. Examples include IoE (Internet of Everything-
things like processes, people, data, and connection), and IloT (Industrial IoT-
explaining how IoT employs in the manufacturing and industrial sector) [3]. [oT
comprises huge interconnected devices as a network. Such devices transmit and
gather huge data amounts regarding how they function and describe the informa-
tion stored by the devices. These devices also possess sensors embedded within
them which continuously emit information about the environment along with the
functionality of the devices. Thus, IoT acts as a medium for dumping all the in-
formation gathered by IoT devices.

Cucmemni docnioxcenna ma ingpopmayiiini mexuonoeii, 2024, Ne 1 9
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This platform examines data completely for gathering significant informa-
tion which is later sent back by the data afforded. Lastly, gathered data is shared
among other devices to achieve better performance to enhance the experience of
users [4]. In the past era, [oT has multiplied its attention in numerous areas. Ac-
cordingly, numerous researchers have tried to afford a glimpse of the IoT land-
scape. The study [5] intended to realize the evolvement of [oT and its diversified
technologies, applications, services, and concepts. It has been explored that, Al
(Artificial Intelligence), CC (Cloud Computing), and BDA (Big Data Analytics)
have a crucial contribution as IoT has been advancing its vision of smart services
by the use of connected devices. Though the notion of the IoT concept has been
prevailing for a long time, numerous technologies have made this concept practi-
cal. Reliable and affordable sensors have been making this technology probable
for several manufacturers. Different network IPs (Internet Protocols) have made it
ease in connecting sensors to the cloud for effective transmission of data. With
the progress in ML (Machine Learning), analytics, and access to huge data stored
in the cloud, businesses could gain fast and easy insights. The advent of such al-
lied technologies persists to drive IoT boundaries, the overall evolution of IoT is
tabulated in Table 1.

Table 1. IoT Evolution
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IoT-ARCHITECTURE AND PROTOCOLS

No single agreement of IoT architecture exists which is approved universally.
Varied architectures have been endorsed by different investigators. For instance,
the study [9] suggests a decentralized framework relying on SDN (Software De-
fined Networking) integrated with block chain for IoT in a smart city. The rec-
ommended framework depends on three major SDN technologies namely mobile
computing, fog computing, and edge computing for detecting the attack existence
in IoT networks.

After the accomplishment of initial research on IoT, 3-layered architecture
remained the central model for the applications based on IoT. These 3-layers
include the perception layer, network layer, and application layer.

Perception layer: sensors stay in this layer and this is the area from where
the data arrives. Data might be collected from numerous sensors on the connected
device. The actuators which work on their surrounding also exist in this layer.

Network layer: this layer explores how huge data are moving in the applica-
tion. It also connects several devices and transfers the data to suitable back-end
services.

Application layer: it is the layer that the users view. It could be a dashboard
exploring device status that is the system’s part or an application for controlling a
device.

The 3-layered model is a good manner of explaining an IoT-based project.
However, it is restricted in possibility. Due to this reason, several proposed mod-
els possess additional or different layers and this renowned model is termed a 5-
layered model. It includes the perception layer, transport layer, processing layer,
application layer, and business layer. In this case, the role of the perception layer
and application layer seems to be similar to 3-layered architecture. On contrary,
the transport layer performs sensor data transformation from the perception layer
to the processing layer and inversely through networks like 3G, Bluetooth, NFC,
RFID, wireless, and LAN. Following this, the processing layer (also termed as
middleware layer stores, evaluates, and processes many data which arrive from
the transport layer. This layer could manage and afford diverse service sets to
lower layers which apply numerous technologies like databases, CC, and BD
processing modules. Lastly, the business layer maintains the entire [oT system
which includes business, applications, and profit frameworks along with the pri-
vacy of users. The 3-layered and 5-layered models are shown in Figure taken
from source [10].

Perception oot

Transport
Network Processing

Application
Application

3-layered architecture S-layered architecture

3-layered and 5-layered architecture [10]
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Further, IoT devices utilize network protocols and standards for permitting
physical objects for interacting with one another and the cloud. Standards and
network protocols are policies that include certain rules which explain the com-
munication amongst many devices throughout the network. Moreover, single de-
vices namely personal computers and smartphones also utilize network protocols
to perform communication. However, general protocols which are utilized by
these devices might seem to be unfit for specific necessities like latency, range,
and bandwidth of solutions based on IoT. Thus, a few enhanced versions of a few
prevailing protocols and new IoT protocols have arouse to satisfy the needs of IoT
devices. These standards and IoT protocols are extensively categorized into two
distinct divisions. This includes loT data protocols and IoT network protocols.

IoT data protocols [11]: these are utilized for connecting IoT devices of
low power. They afford communication with the hardware on the user’s side
without requiring an internet connection. Connectivity in these standards and pro-
tocols exists through cellular or wired networks. Some IoT data protocols are
listed below.

HTTP (Hypertext Transfer Protocol). HTTP (Hypertext Transfer
Protocol): is an application layered protocol that transmits hypermedia documents
like HTML. It was framed for communication amongst web servers and browsers.
However, it could also be utilized for several other purposes. It is a segment of the
IP suite and states the services and commands utilized to transfer the data of the
webpage. It exists as a basis for the exchange of any data on the web and is a
client and server protocol that indicates that requests are started by the recipient
(typically a web browser).

CoAP (Constrained Application Protocol). CoAP (Constrained
Application Protocol): is an application layer protocol that is designed for
addressing the requirements of [oT systems relying on HTTP. It is ideal for usage
in devices having limited resources like WSN nodes or IoT microcontrollers.

AMQP (Advanced Message Queuing Protocol). AMQP (Advanced
Message Queuing Protocol): is an open-standard application layered protocol
utilized for the transaction of messages amongst the servers. It permits
interoperable and encrypted messaging amongst applications and organizations.
The main operation of this protocol involves: receiving and positioning messages
(in queues), setting an interaction amongst the messages, and storing the
messages. With its reliability and security level, it is generally applied in settings
that need analytical environments based on the server like the banking sector.
Nevertheless, it is not extensively utilized elsewhere.

MQTT (Message Queuing Telemetry Transport). MQTT (Message
Queuing Telemetry Transport): is a lightweight protocol and features a publisher
and subscriber model that permits the simple flow of data amongst varied devices.
Despite the wide adoption of this protocol as an loT standard especially with
industrial applications, it seems to not assist defined device management and data
representation.

DDS (Data Distribution Service). DDS (Data Distribution Service): is an
ascendable [oT protocol that permits high-quality interaction in IoT. Alike
MQTTT, it also operates with the publisher and subscriber model and could be
installed in numerous settings from cloud to small devices which makes it ideal
for embedded and real-time systems.
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IoT network protocols [12]: are utilized for connecting devices to a net-
work. Typically, these protocols are used over the internet. A few of the network
protocols of IoT are listed below.

Bluetooth. It is a widely utilized protocol for communicating within a spe-
cific range. It remains a standard communication protocol of IoT which is optimal
for low-powered, short-range, and low-cost wireless transmission amongst
electronic devices. Besides, BLE (Bluetooth Low Energy) remains a version of
Bluetooth which minimizes the consumption of power and has a crucial part in
connecting loT devices.

Zigbee. These networks are identical to Bluetooth in the aspect that, it
already possesses a significant base for the user in the loT world. Nevertheless, its
specifications marginally conceal the use of Bluetooth. It consumes low power
and possesses a low range of data, a long communication range, and high
security. It is a simple protocol for exchanging data and is frequently executed in
devices having minimum needs like sensors and microcontrollers.

RFID (Radio Frequency Identification). RFID (Radio Frequency
Identification): utilizes radio waves for transmission of fewer data packets upon
network within the low range. It seems to be easy for embedding the RFID chip
into IoT devices. After embedding, the RFID readers could read the corre-
sponding tags and afford information regarding the product which is attached to
the tags. Common RFID applications include inventory management. Through the
attachment of RFID tags to products and then connecting them with IoT devices,
businesses could track the available product count.

Wi-Fi (Wireless Fidelity). It is a renowned IoT protocol utilized for con-
necting neighbouring devices existing within a particular range by broadcasting a
signal or hotspot. Generally, this connection makes use of several radio waves
which are meant in broadcasting information upon specific frequencies namely
2.4GHz, 5GHz, or 6GHz. Presently, 6GHZ is probable to evolve as the biggest
novelty in the past twenty years. It remains the core of this DT (Digital
Transformation) which will permit reliable and fast interactions from the next
device generation.

Significance of IoT

Tracking and Monitoring in Real-Time. The potential of a web-based system
for monitoring and tracking is numerous. loT tracking affords effective means for
monitoring and tracking everything from stolen goods, and shipping containers to
vehicle fleets. Distinct devices could also detect alterations in climatic conditions.
Multiple industries exist where loT trackers could immensely enhance the com-
pany’s efficacy. For instance: IoT devices find their significance in determining
COVID-19 by following individual infected persons and taking suitable actions
for reducing its spread. Through the data gathered from several tracking devices,
it is possible to find the area affected with the maximum number of victims. Addi-
tionally, the individuals who are absconding from the isolation wards or clinics
could also be found. It is also probable to monitor the suspects. Conclusively,
with the assistance of 10T devices, the exposure rate could be effectively con-
trolled with the enhancement of patient health [13].

Optimal Decision Making. [oT devices possess numerous sensors based on
which they could gain considerable data from several sources, affording them ad-
ditional information for working with the data obtained. For instance, the study

Cucmemni docnioxcenna ma ingpopmayiiini mexuonoeii, 2024, Ne 1 13



M. Punitha, P.M. Rekha

[14] has explored an integrative agricultural monitoring system through the use of
IoT and smartphone application. Through the use of this system, farmers could
remotely observe the farm for determining the soil’s pH level, wetness duration of
the leaf, humidity, temperature, and soil moisture. The system quickly evaluates
the soil and weather conditions in the specific region where the plant exists and
affords new insights for manipulating the decision process. For instance, the
article [15] intended to outline and progress control through the sensor modes in
crop areas with the management of data through web applications and
smartphones. This permits manual or automatic management by users. Automatic
control utilizes data from the sensors used to monitor the soil moisture for
watering. Nevertheless, the user could opt for manual management of crop
watering in functional mode. The system could also send notifications by LINE
API for line applications. Outcomes have explored the execution to be valuable in
agriculture.

Automation. The main reason behind the IoT invention is convenience. The
smart devices which automate day-to-day tasks permit humans for performing
other activities. Such devices lessen the workload of people. For instance, the
research [16] has explored that home automation methods are moving to
mechanization techniques wherein machinery equipment manages varied systems
in houses with less effort from humans. It also forces the automatic management
of home appliances by several technologies. A Bluetooth kit used for automating
homes is cheap and versatile. However, it could be used only within a limited
range. Moreover, an automation solution utilized a zigbee-RF module for creating
a wireless network that permits users for remote monitoring of the appliances at
home. GSM-based automation outline is also under consideration wherein
consumers could monitor and manage the home appliances by transferring
messages from the corresponding devices.

POTENTIAL APPLICATIONS

Generally, day-to-day applications work smart. However, they are not able to in-
teract with one another. To permit them for communicating with one another for
sharing valuable information, IoT comes into origin with wide applications. These
evolving applications with autonomous abilities would certainly enhance the lives
of individuals. 10T is bringing technological modifications to the daily lives of
people which assists in creating and comfortable and simple life through several
applications and technologies. There are innumerable IoT applications in almost
all domains inclusive of industry, medicine, education, mining, transportation,
governance, manufacturing, etc. Some common and recent applications of loT are
discussed in this section.

IoT based smart-city

IoT possesses good importance in constructing smart cities. It also holds positive
implications in enhancing the progress of urban trade which includes the industry
throughout the city with commercial progress in the city’s central area. In a huge
sense, realizing IoT is of huge importance to re-alter the city’s industrial structure
that encompasses the features of centralized use of resources and optimizing a
smart city’s structure. The direct influence of executing IoT is to minimize the
cost of information management. As IoT relies on a network, it quickly processes,
stores and transfers huge information. As a new technology, the physical network
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not only creates new opportunities for the economic development of urban areas
but also improves the creation of new management and production techniques. An
IoT model relying on fog-computing has been endorsed in the study [17] that effi-
ciently resolves the network scalability and BD processing issues. This model has
been suggested to create efficient, harmonious, and coordinated operations of the
city through several information processing, network transmission and intelligent
perception means. Analytical outcomes have explored that, the recommended
scheme has been suitable for fog-environment having numerous computing re-
sources. Additionally, IoT could be utilized in several ways for making the cities
highly effective ranging from the management of traffic, air pollution control,
waste management, early planning for environmental disasters, creation of smart
buildings, etc. For providing traffic solutions, IoT makes use of varied sensor
kinds and fetches GPS location from the smartphone of drivers to find the loca-
tion, vehicle speed, and number. Concurrently, traffic lights based on IoT con-
nected with cloud platforms permit the monitoring of timings of the green light
and automatically modify the lights relying on the current circumstance of traffic
to avoid congestion. In addition, the use of historical data and smart solutions to
manage the traffic could forecast where traffic might go and undertake measures
for preventing probable congestion. Further, for monitoring air pollution, an IoT-
based system has been considered for observing the quality of air upon the server
through the internet. This will prompt an alarm if the quality of air exceeds a cer-
tain level indicating that, there are enough quantity of detrimental gases existing
in the air namely smoke, benzene, etc. general use of IoT is managing waste
through route optimization. It minimizes the consumption of fuel thereby empty-
ing the dustbins all over the city. Moreover, IoT also assists in determining natu-
ral disasters before their occurrence. The sensors and [oT devices gather real-time
information on things namely volcanic activity, barometric readings, and water
levels. The sensors could detect tornadoes, earthquakes, cloudbursts, etc, and
alerts through initial warnings. Thus, with its minimum energy consumption,
great connectivity, low cost, and strong coverage, loT has turned out to be a key
expertise in smart-city creation. Nevertheless, faced with numerous terminals,
non-uniformity in smart buildings, rational assignment of restricted resources, and
integration of heterogeneous data have become significant trends in the IoT study
area. Consequently, the study [18] has suggested a method to process the hetero-
geneous data gathered by loT networks in smart-building thereby converting them
into standardized homogeneous data which could be taken as input to monitor and
manage the procedures in smart buildings to optimize its performance.

IoT-based smart home

Using IoT for home automation has become a modern lifestyle to comfort the citi-
zens of smart cities. The person who is employing applications for home automa-
tion at the time of construction of the home could manage, monitor as well as
regulate the use of energy in all probable manners. It lessens the manual work.
For instance, a lamp in a bedroom glows automatically once an individual enters
the room. Moreover, lights in a specific area in the home could be programmed to
automatically switch on or off. Such home automation comes with several advan-
tages: they bring safety through the appliance, enables light control, enhances
awareness through cameras, and improvises convenience through automatic tem-
perature adjustments, alarm control, smartphone alerts, energy management, etc.
Some significant applications of [oT in automating homes are emphasized in the
study [19]. It has been claimed that IoT manages home automation devices from
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any place throughout the globe by managing them from tablets, smartphones, and
personal computers. Monitoring has been another factor of loT for affording how
things could be known in advance in terms of water distribution, security alarms,
and energy management. User-friendliness has been a significant factor of IoT for
managing home utilizations with less interface, limited range of wireless trans-
mission, and easy opera table through tablets and smartphones. Similarly, the re-
search [20] has suggested a system with interconnecting sensors, data sources,
and actuators to accomplish multi-purpose home automation. This system has
been termed a toggle which works by holding the ability for powerful and flexible
API (Application Program Interface) that indicates the basis of a common and
simple communication mechanism. Most devices utilized by qToggle rely on
raspberry-pi boards or ESP8266 or ESP8285. Besides, an application has also
been developed which permits users for managing the sequence of sensors and
home appliances. In such cases, qToggle has been utilized for several purposes
like controlling temperature and lights, security alarms, garden sprinklers, concur-
rent opening and closing of doors, and observing energy and power. Suggested
qToggle has been flexible, and user-friendly and could be developed through the
use of varied devices.

IoT for smart-energy

IoT has become a boundless ally in managing energy consumption and smart dis-
tribution in smart system cases. With the enhancement of IoT networks for opti-
mal energy, a smart meter comes with additional operations namely bidirectional
communication which permits the integration of networks and users, controlling
smart equipment, etc. Smart meters remain the basic component of a smart grid.
Moreover, meters utilized with a management system could be used to monitor
and control the appliances of the home and other devices by the requirements of
users. In a contemporary smart home, loT and smart meters have been hugely de-
ployed for altering the conventional analog meters which digitalize the meter
readings and data gathered. Data could be transmitted wirelessly which signifi-
cantly lessens the manual efforts. Nevertheless, the smart home community has
been susceptible to the theft of energy. These attacks could not be detected effec-
tively as the conventional methods need specific device installation to make it
work. This levies an issue for such theft detection to be executed despite the defi-
ciency in devices for energy monitoring. To resolve this, the study [21] has devel-
oped SETS (Smart Energy Theft System) which relies on statistical models and
ML (Machine Learning). Three stages of decision taking modules exist. The ini-
tial stage involves the prediction framework that utilizes a multi-model prediction
system. The such system integrates several ML models into a forecast system to
determine the rate of power consumption. This has been followed by the primary
decision-making model which makes use of SMA (Simple Moving Average) to
filter the abnormality. The final phase includes a secondary decision-making
framework which creates the final decision stage on energy stealing. Simulation
outcomes have represented that; the endorsed system could perform successful
detection at a rate of 99.6% which improves IoT security in a smart home for sav-
ing energy. It has also been found that SETS has improved IoT security from en-
ergy theft and could be further executed in industrial and commercial sectors. The
solution of the single integrated system has to be economical and effective. Smart
computation systems permit the monitoring of energy consumption thereby af-
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fording valuable information regarding the quality of energy. The information
afforded by such systems has been utilized by operators for enhancing the energy
supply. Varied methodologies could also be employed on this end like charge
scheduling, demand side management, and non-intrusive monitoring of load. The
intention of the research [22] has been to design, construct, explore and validate
the solution for a cheap smart meter to monitor energy consumption based on IoT.
It transfers the gathered data by wireless communication utilizing IoT protocols.
The collected data by IoT middleware has been capable of managing and afford-
ing users with information for energy use on the internet. The smart meter oper-
ates online where all the data has been attained in real-time. For easy integration
with any tracking software solution, the meter possesses a multi-protocol link.
Zigbee, 6LoWPAN, and Bluetooth have been permitted for this process. Wi-Fi
has also been utilized for validating the ability of the smart meter to interact with
IoT middleware. Lastly, the solution has been validated in real-world settings and
is also used recently.

IoT in medical management

The influence of IoT on the medical industry has attained extensive attention in
recent years. Digitalization has been rapidly occurring in hospitals. Numerous
firms have been developing platforms to connect numerous devices in clinics. For
instance, Philip’s health suite (an open platform) permits medical devices for
sharing data with the specific platform which could later process and evaluate
these data which could then be generated by medical workers inclusive of nurses
and physicians. This process assists the physicians in taking decisions. An eICU
program has also been developed by Philips, which integrates audio technology
with visual technology in addition to data visualization and predictive analytics.
This lays a centrally observed intense care in clinics by use of connected devices
which afford data in real-time [23]. Another research area in IoT in healthcare
involves the networked data produced and retrieved from healthcare devices in
serious care settings, analysis and observance of patients in the clinics from X-
ray, MRI, and CT scanners and mammography with integrated EMR (Electronic
Medical Records) with imaging results that could assist in fast medical decisions.
Moreover, digital pathology represents a term utilized for explaining actionable
information produced using Al (Artificial Intelligence) algorithms on diseased
tissue images including tumours, other diseases, and wounds. Various primary
MedTech companies like Philips have created products of digital pathology for
the market. Likewise, other global organizations like Siemens possess products of
digital pathology [24]. Another evolving sector where loT has initiated to make
an impact includes prosthetics and the implantation of medical devices like defi-
brillators, robotic surgeries, hip joints, etc. Measurement of heart rate, computa-
tion of intake or calorie burn, automatic patient monitoring, etc. includes a few
tasks accomplished by the IoT devices integrated with healthcare sensors. IoT
with fig-computing, mobile edge-computing, and cloud computing exists as
promising technologies to build a digital, smart, and advanced medical manage-
ment system. An enhanced block chain framework based on IoT has been sug-
gested in the study [25] to access and maintain EMR with reliability, efficiency,
transparency, and security. In this case, block chain resolves the privacy limita-
tions of IoT through the use of cryptographic algorithms. Reliability issues have
also been focussed through the use of tamper-resistant ledgers. Similarly, the
research [26] has used SHA (Saskatchewan Health Authority) which includes

Cucmemni docnioxcenna ma ingpopmayiiini mexuonoeii, 2024, Ne 1 17



M. Punitha, P.M. Rekha

several medical areas as case-study. The concept of the study has been to execute
IoT in SHA. It has been assumed that this will be sufficient in consolidating to
assure the interoperability and interconnectivity among medical areas through
network designs which will enable wide communication in a health area. It has
been argued that using IoT will give huge merits like enhance workforce produc-
tivity, enhanced business models, and cost savings with enhanced cooperation
with patients and medical practitioners in all the segments of medical delivery.
The smart solution has also been accomplished by concentrating on certain medi-
cal services like cloud services, emergency services, operational services, and
cancer-care services by loT, particularly with WSNs and other devices through
the full mesh-hierarchical network configuration.

IoT-wearable

IoT-based wearable technology has been associated with ubiquitous computing. It
is a technology with smart devices and microcontrollers. The device could be
worn on the human body as an accessory or an implant. Such wearable devices
could perform numerous identical computing similar to laptops and mobile
phones. Nevertheless, in certain conditions, wearable technology could perform
better than handheld devices. For instance: smart-belt, smart-shoes, smart-ring,
fitness trackers, smart jewellery, etc. Wearable devices based on IoT are not re-
stricted to these instances alone. While wearable technology inclines to indicate
the items that could be put on with ease and taken off with ease, there exist inva-
sive types of concepts as in implanted device cases like smart tattoos or micro-
chips. No matter if a device has been incorporated into a human body or is worn,
the wearable device has intended to develop convenient, portable, handy, and
constant free access for computers and electronics. The study [27] has presented a
HAR (Human Activity Recognition) system relying on DL (Deep Learning)
methods and a Wi-Fi sensor conceived to use the wearable and smart devices for
recognizing the day-to-day activities of users prevailing within AAL (Ambient
Assisted Living). Generally, the proposed model exploits neural networks and
Wi-Fi connections to be utilized on the cloud to perform demand tasks and on
embedding components or low-cost devices for regular activity recognition. By
this, connection to cloud services has been vital only when any individual initiates
to get monitored affording trivial training for creating an entire dataset to fit into
the use case. The intention of the work has not been real-time, however, it exists
as a personalized activity monitoring in the long-term for the activity accom-
plished during the day by old people to infer any unwanted behaviours often asso-
ciated with emergency or unhealthy cases. Obtained outcomes have been positive
in comparison with other research works. Furthermore, the study [28] has intro-
duced a smartwatch and data pipeline based on the cloud to develop a user-
friendly medicine intake observation system that could contribute for enhance
medication adherence. The introduced smartwatch gathers sensor data through a
gyroscope or accelerometer. With the suggested sensor data retrieval, pre-
processing and ML algorithms, the research has accomplished a maximum F1-score
of 0.977. Outcomes have revealed that spark-cluster with numerous storage,
memory, and CPU could construct ML models quicker by the use of several com-
puting resources simultaneously.
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IoT in farming

IoT in farming utilizes drones, computer imaging, remote sensors, and robots in-
tegrated with persistent progress of analytical tools and ML to monitor the crops,
surveying as well as field mapping with the provision of suitable data to the farm-
ers for better management plans of a farm for saving money and time. Employing
IoT in farming targets traditional farming functionalities to satisfy the enhancing
demands with limited production losses. Accordingly, the research [29] has de-
veloped an algorithm based on image processing to detect and observe the in-
fected fruits from cultivation to harvesting. To accomplish this, ANN (Artificial
Neural Network) has been employed. Four tomato crop diseases have been cho-
sen for the research. Two databases have been used for training infected images
and execution of query images. Weight has been adjusted for training through the
backpropagation concept. Empirical outcomes have presented the mapping and
classification of respective image categories. Images have been categorized as
texture, morphology, and colour. Practical execution of methodology has been
accomplished using MATLAB. Morphology has afforded results at a rate of 93%.
The suggested algorithm is better at determining the disease’s spread. Similarly,
the article [30] has executed services based on IoT for the farming sector. The
main intention has been to gather data from several spots in farmland. This data
later is accessed by farmers in a mobile application through a cloud platform.
Data gets represented in graphical form. The mobile application also affords sev-
eral beneficial services for farmers. Application users could also manage the fun-
damental functions of environmental, irrigation, fertilization, and soil data. These
data have been automatically correlated with the invalid data filtered out from a
view of evaluating the crop performance. Suggested application has also fore-
casted crops and recommended crops based on a specific farm. A farm could pos-
sess numerous crops in its fields. Thus, individual crops will possess varied pa-
rameters that have to be controlled. For this, a cluster has been needed that will
gather data individually. To undertake this, nodes have been installed on several
field areas relying on parameters. The individual node includes a sensor and rasp-
berry pi connected with it. The sensors might be humidity sensors, soil moisture,
or temperature sensor. As the soil moisture sensor has been analog, it needs an
analog-to-digital converter. Data from the sensor remains in an analog form that
has to be transmitted in digital format. Thus, raw data has been supplied to the
analog-to-digital converter which gets converted to digital (in voltage value for-
mat). Based on this value, the percentage of soil moisture has been considered.
Thus, through clustering technology, accurate decisions can be made by farmers
about detecting the particular area in which soil moisture gets reduced, the par-
ticular period in which motor pumps can be turned on/off and device parameters
to be managed. All this data transferred to the cloud has been stored in a cloud
database. These data could be viewed by farmers after logging into their corre-
sponding accounts. Data from the cloud has been afforded to the mobile applica-
tion by which farmers could easily control several devices and maintain all the
readings retrieved from sensors.

COMPARATIVE ANALYSIS - ADVANTAGES AND DISADVANTAGES

The reviewed articles have been comparatively evaluated to bring out their advan-
tages and disadvantages. The tabular analysis is shown in Table 2.
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Table 2. Tabular analysis — advantages and disadvantages
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< fertilization, and soil data
> | The basic obicctive has to The working of system A unified system
2 . . o compared with other ML | for maintenance
7 |[31]] = |predict the motor vibration . .
=l measurements techniques has stated | planning in industry
- better results has to be built
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From comparative analysis, a few disadvantages faced by conventional
works have been explored which include limitations in terms of privacy, confi-
dentiality, over-dependence on technology, lack of real-time execution, data to be
centralized, need of high compact system, and limited communication, lack of
plug & play support, inefficiency in BD management and storage resources. Ma-
jor Key challenges of [oT are discussed below,

MAJOR KEY ISSUES AND CHALLENGES OF 10T

IoT has interconnected several physical devices through the internet for exchang-
ing data amongst them. Data is maintained in the cloud. Despite its extensive
popularity, it is facing several issues as listed below [34]:

Regarding technological challenges, IoT lacks standards, and a deficiency in
intelligent analysis, and connectivity.

Standards: IoT organizations lack in adopting a standard which is the rea-
son for their deficiency in planning, implementing, and managing the IoT devices.

Deficiency in intelligent analysis: Sometimes the data gathered by the sen-
sor might be inaccurate which might lead to wrong results.

Connectivity: With the increase in the evolution of IoT devices, connecting
numerous devices have become a challenge.

Regarding societal challenges, 10T is encountering numerous issues to meet
up with customer demands that change frequently. New devices also grow rap-
idly, hence, time is required. As the users have partial knowledge regarding loT
devices, they might get concerned when the interface seems to be complex which
might lead to averting the product use. Inventing new IoT devices and integrating
them with previous ones requires time and money.

IoT also faces challenges in design where battery life seems to be a limita-
tion. Challenges are also involved in packing and including microchips with
minimum power consumption and weight. Designers have to resolve the design
timing issue and deliver the device to market at the correct time. In addition, loT
faces issues due to deployment concerning connectivity, data collection and proc-
essing, and capability cross-platform. In IoT, scalability has become another con-
cern which is of 2 kinds-vertical and horizontal scalabilities. In this case, vertical
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scalability indicates the removal or inclusion of computing-resources correspond-
ing to the IoT node, while, horizontal scalability indicates the removal or inclu-
sion of the IoT node. Though the study [35] has attempted to solve scalability is-
sues of 10T using a cloud-based model, it still faces several challenges [oT nodes
demanding enhancing services like functional scalability, data storage, privacy,
security, etc. Moreover, [oT has lacked end-to-end security solutions and privacy
standards which is a prevailing concern to deploy IoT. Deficiencies in encryption,
scarce testing, and updating are a few instances of lack of security in IoT. All
these challenges have to be solved for maintaining loT devices reliable and secure.

COUNTERMEASURES FOR SECURITY ISSUES IN IOT

Few countermeasures exist using which IoT security challenges could be miti-
gated [36]. This includes data encryption, access control, certification, communi-
cation security, etc.

Data encryption strategies. Encryption involves the procedure of converting
PT (Plaintext) into CT (Cipher text). The IoT network layer accepts the hop-by-
hop encryption strategy for securing nodes at the network layer. In this way, in-
formation gets encrypted during transmission. However, it has to maintain PT in
the individual node by encryption process and decryption process. On contrary,
IoT’s application layer accepts end-to-end encryption for the secure transfer of
information from the sender to the receiver. By business needs, one could select
any encryption approach. In addition, with security management and the ex-
change of keys, one could avoid attacks namely fabrication records, eavesdrop-
ping, etc.

CC (Cloud Computing). Huge data are stored in the cloud and its perform-
ance seems to be more with minimum cost. IoT could adopt CC for storing, proc-
essing, and gathering data from numerous sensor nodes that are also capable of
affording 3" party security for IoT systems.

Communication Security in IoT. [oT devices include small devices having
low power that results in weak communication security. Hence, a secure and strong
communication protocol is needed for accomplishing communication security.

Access Control and Certification. Through the use of PKI (Public Key In-
frastructure), one could accomplish authentication with public key certification to
preserve the confidentiality and authenticity of IoT. It also seems to be a secure
manner of determining the parties involved in transferring information. Identify-
ing parties could also be performed by a trusted 3™ party termed notarization. Be-
sides, access control affords secure loT through the limitation of device access
and person or things that are not legal for IoT resource access. For correct, [oT
access control, the system has to afford a certification system for security.

Recommendations

The efficient approach to secure loT is to concentrate on fundamentals. IoT de-
vice manufacturers, architects, developers, application developers, service devel-
opers, and experience designers have to work collaboratively to bring security in
the initial phases of designing and ensure that it seems to be consistent throughout
the entire 1oT phase. It is vital for individuals contributing to the development of
IoT for including security features at the design stage of solution development for
IoT. Efforts for preventing attacks involve designing security, embedding features
of the firewall to integrate additional defence layers, affording encryption abili-
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ties, and including capabilities of tamper detection. When manufacturers fail to
completely test their IoT devices, safety and consumer trust might be at risk.
Hence, it is significant to assure that security has a purpose, constructed in all the
ecosystem aspects which are implementing specific loT devices, services, or
products. When constructing 1oT products, the vendors must always apply opti-
mal strategy and intend for integrity, availability, and confidentiality.

CONCLUSION

The study reviewed the potential applications of loT from existing works that
ranged from 2018 to 2022. It also discussed the IoT evolution, its concepts, archi-
tecture, and protocols. Additionally, the significance of loT was highlighted. The
advantages and disadvantages of different IoT applications (considered by con-
ventional studies) were also discussed through tabular comparative analysis.
Through this comparative assessment, a few issues in considering loT was deter-
mined which comprised of limitations in terms of privacy, confidentiality, over-
dependence on technology, lack of real-time execution, data to be centralized,
lack of plug & play support, inefficiency in BD management and storage re-
sources, need of high compact system and limited communication. After this, the
study summarized the major key challenges of IoT technological challenges, so-
cietal challenges, and design and deployment challenges. Issues due to scalability
and security were also emphasized. Finally, the study provided countermeasures
for resolving the security challenges of loT with recommendations that will act as
a guideline for researchers and IoT experts in resolving the unsolved gaps to at-
tain a better vision in adopting [oT products with enhanced security.
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HNOTEHIIAHE 3ACTOCYBAHHSI IHTEPHETY PEYE: BCEBIUHUI AHAJII3 /
[Tynita MaxaneBanma, Pika [Typanik Mer

AHotanisi. [urepuer peueii (IoT) — ne 006’egHaHHA anapaTHOro 3a0e3NeyeHHs, Ha-
OPUKIIAJ JATYMKIB 1 TPEKepiB, sIKi BIACTEKYIOTh KillbKa MapaMeTpiB cepeoBHIa abo
(hisngHNX 00’€KTIiB, 1 MpOrpaMHOro 3a0e3medeHHs, ke 00pobiste BCi maHi, 3i0paHi
amapaTHuM 3a0e3nedeHHAM. OdikyeThes, mo rirodansHuid puHok [oT 3pocte Ha 53,8
MinbspaiB nonapis CIIA mo 2025 poky. Takuii 3pocTadbHHUN ITONUT HOSICHIOETHCS
HOTro BPOJPKEHOIO 3[aTHICTIO 0 aBTOMAaTH3allil, sIka CIOHyKae KiJbKa raiy3ei 1o
BrpoBaukeHHs [oT. Kpim Toro, MiHiManbpHa BapTicTh nam’siTi, 00poOieHHs Ta 36e-
piranHs 31 301IbLIIEHHAM BeauKuX nanux (BD), xmMapu Ta moegHaHHS POMHCIOBHX
Mepex Ta [HTepHeTy € nomaTKoBHMH (akrtopamu s 30inbiieHHs po3BuTKy [oT.
3aBasku Wi BaximBocTi [oT 3acTocyByeThest y 6arathox cdepax, Takux SIK yIpas-
JHHA MEIULIUHOIO, CLIBCHKE TOCIIONAPCTBO, HOCUMI TEXHOJIOTI1, PO3YMHHM JIi9MIIb-
HUK €Heprii, po3yMHe MICTO TOIIO. 3aCTOCYBaHHA HE OOMEKYIOTHCS HaBEICHUMH
HpHUKJIafaMu. [3 ypaxyBaHHAM IbOTO ICHYIOWI JOCITIIPKEHHS PO3MIISAAIN Pi3HI Ipo-
rpaMy Ta HaMmarayumcs ix peamizyBaTd. OCKIIBKH Il JTOCHIKEHHS 30CEPe Ky BaNCS
Ha PI3HHUX J0JATKaX, METOIO LbOT0 OTJIITY € HaJaHHS KOMIUIALIT NOTeHUiHHNX 3a-
crocyBanb [0T 3a pe3ynpTaramu 3BUYaHHHUX NOCHIDKEHb y miepion 3 2018 mo 2022
pix. JociipKeHHsT TAKOXK Ma€e Ha MeTi BUBYMTH HepeBard ta Hexoiikd pizHux [oT
JOZATKiB (PO3MIAHYTHX TPaJULIHHUMHU OCHIKEHHSIMH) 3a JIOIIOMOTOI0 TaOIM4YHO-
ro aHami3y. Kpim Toro, y mparii HaroJouryeTbcsi Ha OCHOBHUX KITFOUOBUX MpoOieMax
[oT BkIIOYHO 3 KOHTp3axomamH s BUpimieHHs npoOiem Oesmeku loT. docmi-
JDKSHHS JJa€ PeKOMEHJallil, sIKi JOTIOMOXYTh YCIM eKcIiepraMm 3 IHTepHeTy pedei
BUBECTH Ha PUHOK IPOIYKTH [HTEpHETY pedei i3 MmiABUIIEHOI0 Oe3eKOI0.

Kiwouosi cioBa: [HTepHeT peueld, aBromarn3aiis, Oe3neka, MOTEHLIHHI 3aCTOCy-
BaHH.
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Abstract. Patient information and medical imaging data are now subject to stringent
data security and confidentiality standards due to the proliferation of telemedicine
techniques and medical imaging instruments. Because of the problems described
above, as well as the possibility of data or information being stolen, this brings up
the dilemma of transmitting data on medical images via an open network. In the
past, potential solutions included the utilization of methods such as information con-
cealment and image encryption. Nevertheless, attempting to reconstruct the original
image utilizing these approaches may result in complications. In the process of this
paper, an algorithm for safeguarding medical images based on the pixels of interest
was established. Detection of image histogram peaks for the purpose of calculating
peaks in medical images pixels of interest in medical image that have had their
threshold values processed. The threshold is shown by taking the average of all the
peaks in the histogram. After that, a Sudoku matrix is used to assign values of inter-
est to each of these pixels. The proposed method will be assessed by a variety of sta-
tistical procedures, and the outcomes of these analyses will be compared to previ-
ously established standards. According to the findings, the suggested method has
superior security performance compared to other image encryption methods already
in use.

Keywords: real time applications, medical images, encryption, security, peak detection.

INTRODUCTION

Because of increased and better investment in multimedia techniques, research
pertaining to medical imaging has made great strides forward in recent years. The
vital personal information that the patient wishes to keep private is included in the
medical image. In order to safeguard sensitive information, medical images are
often encrypted. Textual data is often encrypted via one of many standard algo-
rithms, including Advanced Encryption Standard (AES), Data Encryption Stan-
dard (DES), International Data Encryption Algorithm (IDEA), or Triple DES.
Other frequent encryption techniques include the pixels in medical images are not
evenly distributed, and the data has a high resolution. There are also distinct geo-
graphical patterns. Due to the slowness of bulk data, traditional encryption is not
an appropriate method for safeguarding images from digital imaging and commu-
nication systems (DICOM) in the field of medical care.

RELATED WORK

When medical professionals require more information to diagnose a patient,
medical imaging provides a secondary source of information that is both vital and
effective [1]. Unfortunately, the fastest way to transmit medical images (and the
one that is often considered to be the most effective) is typically over open net-
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works like sharing files and email. Images that have been sent in this manner are
at risk of being subject to actions such as content alteration, illicit duplication, and
the loss of copyright [2]. As a direct consequence of this, there has been an in-
crease in the number of studies into medical image security that focus on image
encryption and information concealment [3]. The article [4] provided an explana-
tion of an approach that was not only simple but also effective. It included utiliz-
ing matrix multiplication to change the pixel values in an image, which resulted in
a fairly straightforward process but made it very difficult for unauthorized indi-
viduals to extract the information contained in the images. A combination of a
logistic map and a 3D Lorenz, both of which displayed multiple operating modes,
was essentially what produced the 5-D hyper chaotic map that was mentioned in
the study [5]. While one of the modes concentrates only on the pixels that are de-
rived from images with clear text, the other option diffuses the light a total of two
times in order to produce images that are secured. Because of the study that
solved the security problem [6], it is now possible for online users’ sensitive data
to be exchanged on web apps without the users’ needing to worry about their pri-
vacy being compromised. Article [7] developed a 1-D chaotic map in order to get
additional security by recognizing its shortcomings. This was followed by the
presentation of a modified version of the plain text attack. Paper [8] revealed the
hidden data that was hiding in a portion of the image by picking an essential sec-
tion of a medical image, which is something that is often done by choosing the
portions of the image that are utilized more frequently. In article [9], a method for
partially encrypting secret data contained in photographs was presented, with FF1
and FF3-1 serving as key components.

The sensitive information will be encrypted without leading to an increase in
the file size, which might result in a loss of memory. The gray scale encryption
method based on Image Region of Interest (ROI) with chaos is presented in article
[10]. To begin, the portion of the ROI that has to be recognized must be done so
utilizing the Sobel edge detection technique. The edges of the blocks must then be
used to sort the components of the image into those that are significant and those
that are not essential. Sine maps are utilized to encrypt the irrelevant area,
whereas the Lorenz method is utilized to encrypt the region that contains the ROI.
Paper [11] provides a self-generating area of interest (ROI) approach for water-
marking applications in biological images. The most significant benefit that this
approach has over others is that it is secure enough to avoid a wide variety of at-
tacks, including those using Gaussian, median, sharpening, and wiener filters. Re-
search [12] addressed a new approach in which he showed how to identify the
ROI with perfect precision, how to prevent information leakage in the ROI sec-
tion, and how to retrieve the information lossless from encryption in the transform
domain. This approach was presented as part of the discussion of the new ap-
proach. Therefore, here we come across a unique lossless game theory based
medical image encryption approach with optimal ROI parameters in addition to
ROI concealed locations. This method was developed in this work. In order to
retrieve the medical picture without losing any data, the process of encryption
must first entail a transformation at the pixel level of the ROI. This is done to
safeguard the loss of information contained within the medical image. The chaos-
based encryption approaches covered in the article [13] make use of a variety of
different encryption algorithms. The article [14] suggested an enhanced histogram
shifting (HS) reversible watermark technique for medical images and others’
work in order to increase the hidden capacity of the algorithm. For the purpose of
embedding information utilizing the HS technique, an image should be cut up into
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smaller parts. The authors of article [15] place a high priority on integrating in-
formation into texture regions via the use of HS and contrast enhancement, with
the goals of enhancing contrast in texture areas and improving how the image is
subjectively perceived. In the study by [16], the authors preserved patient infor-
mation by using a reversible image masking strategy for HS. After that, they en-
hance image quality by using two parameters of linear prediction: weight and
threshold. The economy and the interest rate merged. Research [17] suggests us-
ing an HS technique to look into the lossless data that high-resolution medical
images conceal. Employ a strong correlation in the image’s local block pixels for
the purpose of rendering the smooth surface of the medical imaging anatomy. It is
not difficult at all to modify the capacity and the signal-to-noise ratio (PSNR) in
accordance with the block size, the partition level, and the number of embedded
bits. Many of the objectives of the aforementioned approaches include ensuring
that the image is protected from infringement on its copyright and minimizing the
amount of distortion in the visual quality of the embedded image. Image histo-
gram peak detection is a basic approach for digital image processing that may be
used directly and efficiently for image segmentation, quality evaluation, en-
hancement, decrease in data, and other purposes. It is also one of the most impor-
tant aspects of digital image processing.

Column #
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Fig. 1. A sample Sudoku puzzle and its solution: a — Row#, Column # and Block# nota-
tion; b — a sample Sudoku puzzle; ¢ — the solution to Sudoku puzzle (b)

SUDOKU MATRIX

A Sudoku matrix is denoted by the notation X x X and may include any number
between 1 and N. However, given that X is the square of the number and N equals
X, each number can only appear once in each row of the matrix. Only the first
value in each column and the first value in each block will be increased. The fol-
lowing illustration in Fig. 1 provides a sample of a Sudoku problem as well as the
answer for X = 9. The result of successfully solving a Sudoku problem is referred
to as the “Sudoku matrix”.

Sudoku Typical Sudoku problems are derived from the Sudoku Matrix by
omitting some cells, but each problem also includes hints on how to solve it on its
own. The researchers have made an effort to come up with a number of different
solutions. In this piece, we will construct a Sudoku matrix via the use of a tech-
nique called the Latin square. The downside of this rapid and systematic tech-
nique is that the set of Sudoku matrices that it generates is just a subset of the uni-
versal set of all possible Sudoku matrices. This is a limitation of the method, but it
does not prevent it from being useful.
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PROPOSED ENCRYPTION SELECTIVE METHOD

Fig. 2 presents the block diagram of the proposed selective image encryption
method. The proposed method is comprised of a number of processes that, in or-
der to identify and encrypt the area of interest in the medical image, are neces-
sary. The first step is to calculate the histogram peak of the original image using
the formula presented in Fig. 3. The peak detection method uses the image histo-
gram to first create a peak detection signal. The extrema that are between the zero
and zero intersections of the peak detection signal are then used in order to locate
the peaks that are present in the histogram. A close approximation of the first de-
rivative may be achieved using convolution by utilizing a differentiator. The peak
may be identified in a histogram that has ideal smoothness by locating the point
where the sign and zero intersection of the signal that was produced by the /4 and
S convolutions occur. The extrema of the histogram and the location of the turn-
ing point may be estimated using the zero intersection method. The peak values of
the original medical imaging are shown by the symbol “*” in Fig. 3. The thresh-
old value for separating the relevant pixels in a medical image may be derived by
taking the average of all the peak values that are acquired via the use of the histo-
gram peak detection function. The next step is to examine each pixel in the origi-
nal medical image against the predetermined threshold value; if the value is
higher, the pixels must be grouped together to form a meaningful pixel block. The
diffusing procedure is performed on a Sudoku matrix consisting of numerous ran-
dom 16*16 grids. Perform an XOR operation on the significant pixel block using
the pixels in the Sudoku matrix to generate a random encryption of the block.

Medical HistqgrarT Selection Selective
Original | Peek detection of pixels of Encryptior Encrypted
Image and Threshold intrest Image
calculation
Sudoku
Matrix
Fig. 2. The architecture of proposed visible image encryption method
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Fig. 3. Original MRI image — a; Peak detection using histogram — b
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SIMULATION AND RESULT DISCUSS OF THE PROPOSED METHOD

By simulating the proposed encryption selective method on a PC using MatLab,
images are transferred after the medical image has been encrypted. When trans-
ferring the medical image, we transfer the encrypted image to protect the original
medical image. This is possible because the only person who will be able to view
the original after this process is the person to whom we want to transfer the im-
age. After the decryption procedure of the encrypted medical image, the original
image is only sent to that specific person. Fig. 4 displays the original Magnetic
Resonance Imaging (MRI) with its encryption image. Once an image has been
encrypted, the original image cannot be reconstructed until the encryption process has
been completed correctly. In a similar fashion, Fig. 5 and Fig. 6 display the original
image as well as the encrypted version of the hand and leg images respectively.

Original Image Encrypted Image

Fig. 4. The input MRI image and corresponding ROI encrypted MRI image
Original Image Encrypted Image

Fig. 5. The input hand image and corresponding ROI encrypted hand image
Original Image Encrypted Image

30 ISSN 1681-6048 System Research & Information Technologies, 2024, Ne 1



Digital medical image encryption approach in real-time applications

CONCLUSION

In this paper, we present a method for partially encrypting personal data, such as
tumors in the brain, hand parts, and so on. Padding and a rise in data volume as a
result of wasted storage space over time are challenges that are inherent to tradi-
tional image protection systems. Additionally, since the whole image is en-
crypted, it cannot be recognized before it is decrypted, and when it is decrypted,
critical information is revealed. The difficulty with conventional sub-image en-
cryption is that it encrypts superfluous sections by first encrypting a rectangular
region that covers information that has to be kept private. This issue can now be
resolved via the technique that was suggested. The suggested approach encrypts
the data using a Sudoku matrix after it has been used to determine the important
pixels using a histogram peak detection approach.
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HNHUPPYBAHHSI IUPPOBUX MEANYHUX 30BPAKEHBb ¥V ITPOI'PAMAX
PEAJIBHOI'O YACY / I33 K. A60yn, Myaaiien ®. Anb-Pagi, Hacip A. Anb-ABan

AnoTanis. [Hpopmanis Ipo HamieHTIB 1 JaHi MEJWYHUX 300pa’KeHb Telep Iifma-
JIAIOTh MiJ[ JIiF0 CYBOPUX CTaHIAPTiB O€3MeKu JaHuX 1 KOH(DIACHIIIHHOCTI, 1110 € mps-
MHM PE3yJIbTaTOM HOIIUPEHHS TEIEMEANYHUX METOAIB i IHCTPYMEHTIB Ul Mequd-
HUX 300paxkeHb. UYepe3 3a3HaueHi NpoOJIEMH, a TaKOXK uepe3 MOXKJIMBICTh
BUKpaJeHHs JaHuX abo iHdopMallii, BAHUKAE IieMa MepeiaBaHHs JaHUX Ha MeJIH-
YHi 300pakeHHA Yepe3 BIAKPUTY Mepexy. Y MUHYJIOMY MOTEHIIHHI pillleHHs BKIIO-
yany B ce0c BUKOPHUCTAHHS TaKMX METOMIB, SIK MPMXOBYBaHHA iH(opmamii Ta mud-
pyBaHHS 300pakeHb. THM He MEHIIE cHpoda pPEKOHCTPYIOBaTH OpHUTiHAIbHE
300pakeHHs 32 JOITOMOTOI0 IUX ITiIXOJIB MOXKE TIPU3BECTH IO YCKIaJHEHb. Y XOmi
POOOTH CTBOPEHO AIITOPUTM JUTS 3aXUCTY MEIMYHHUX 300pakKeHb HA OCHOBI IMIKCEIiB
iHTepecy. BusiBeHHs MiKiB TiCTOrpaMu 3 METOI0 OOYMCIICHHSI MIKiB y MEIMYHUX 30-
OpaXKeHHSIX MIKCeNiB iHTepeCy MEUYHUX 300paXKeHHSIX, VIS SIKUX 00poOIieHi mopo-
roBi 3Ha4ueHHs. [ToporoBe 3Ha4YeHHs BiZOOPAXKAEThCS K CEPEeIHE 3HAUCHHS YCIX Mi-
KiB Ha rictorpami. [Ticis poro 3acrocoByerbest MaTpuis Sudoku Ay mpu3HaYeHHS
3HAYeHb IHTEpeCcy KOKHOMY 3 IMX IIKCEINiB. 3ampoNOHOBAaHHK METOJ OIIIHEHO 3a
JOTIOMOT'O0 Pi3HOMA@HITHHUX CTAQTHCTHYHHX INPOLEAYp, @ Pe3yJbTaTH LUX aHAII3iB
HOPIBHSAHO 3 paHillle BCTAHOBJICHUMHU CTaHAApTaMHU. 3TiJHO 3 BHCHOBKaMH, 3aIIpo-
MOHOBAaHUH METOJ] Ma€ Kpally e(eKTUBHICTb O€3NEeKH IOPIBHIHO 3 IHIIMMH BXKE BH-
KOPHCTOBYBaHUMHU METOJIaMU MK (PyBaHHS 300paXKeHb.

KurouoBi ciioBa: nogaTku peajbHOrO 4acy, MEOU4HI 300paxkeHHs, mu(pyBaHHS,
Oe31eKa, BUSBIIEHHS ITIKiB.
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CARDIOMYOPATHY PREDICTION IN PATIENTS
WITH PERMANENT VENTRICULAR PACING USING
MACHINE LEARNING METHODS

E.O. PEREPEKA, V.V. LAZORYSHYNETS, V.0. BABENKO,
L.V. DAVYDOVYCH, I.A. NASTENKO

Abstract. Pacing-induced cardiomyopathy is a notable issue in patients needing
permanent ventricular pacing. Identifying risk groups early and swiftly preventing
the ailment can reduce patient harm. However, current prognostic methods require
clarity. We employed machine learning to develop predictive models using medical
data. Three algorithms — decision tree, group method of data handling, and logistic
regression — formed models that forecast pacing-induced cardiomyopathy. These
models displayed high accuracy in predicting development, signifying soundness.
Factors like age, paced QRS width, pacing mode, and ventricular index during im-
plantation significantly influenced predictions. Machine learning can enhance pac-
ing-induced cardiomyopathy prediction in ventricular pacing patients, aiding medi-
cal practice and preventive strategies.

Keywords: permanent ventricular pacing, risk factors, artificial intelligence, fore-
casting, machine learning.

INTRODUCTION

Right ventricular myocardial pacing remains dominating method in providing
medical care to patients with various potentially fatal bradyarrhythmias, even
though at the beginning of the 21st century, a relation between this form of car-
diac pacing and the left ventricular contractility impairment [1], as well as dete-
rioration of clinical outcomes in the distant period [2; 3].

According to data from various sources, the incidence of pacing-induced
cardiomyopathy (PICM) in patients with conventional right ventricular pacing
and with preserved initial left ventricle ejection fraction (LVEF) ranges from 7.5
to 26% [4-10].

The risk of heart failure hospitalizations (HFH) and overall mortality are
significantly higher among patients with PICM, as was shown in a large retro-
spective study by Sung Woo Cho et al. [10]. Though in patients with initially re-
duced systolic function of the left ventricle and high burden of ventricular pacing,
the factors of deterioration of the clinical outcomes are well established [3], in
patients with preserved LVEF, they have not yet been fully studied. Along with
the wide availability and significant global experience of using this method of
cardiac pacing in clinical practice, there is a growing number of publications fo-
cusing on the adverse effects of right ventricular myocardial pacing (and investi-
gating risk factors that led to them), one of which is the development of the so-
called pacing-induced cardiomyopathy, which is characterized by a decrease in
the left ventricle contractility and negative remodeling of the heart chambers,
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The identification of risk factors and prediction of PICM development in patients
with an implanted pacemaker is an objective of significant importance for modern
medicine, considering the appearance of modern physiological methods of cardiac
pacing (such as conduction system pacing) which allow preventing or minimizing
the negative consequences of right ventricular myocardial pacing [11-14]. It is
important to note that machine learning and artificial intelligence are becoming
more prevalent in healthcare, particularly in cardiology. These technologies have
successfully predicted disease cases and identified pathologies [15]. However,
studies that apply machine learning to indicate PICM were not found after analyz-
ing various literature sources.

The primary focus of research in the intersection of cardiology and machine
learning is centered around the prediction and diagnosis of diseases, including
ischemic heart disease (IHD) [16; 17], HF [18], atrial arrhythmias [19; 20], and
others, using data from patients’ medical records, imaging, and biosignals. In the
context of PICM, the scientific community focuses on studying risk factors and
developing preventive measures [21; 22]. Thus, the use of machine learning can
contribute to identifying patients at considerable risk of PICM, which will allow
the introduction of prompt and effective therapeutic interventions or other inva-
sive strategies. This study focuses on figuring out the possibilities of using the
machine learning methodology to predict the development of PICM in patients
with permanent ventricular pacing.

Specific tasks due to the urgency of the problem are determined by the fol-
lowing aspects:

1. Development of PICM prediction models based on various machine
learning algorithms using the available medical dataset.

2. Comprehensive evaluation of constructed models using classification
metrics including (but not limited to) accuracy, sensitivity, and specificity.

3. A detailed study of the importance of individual factors included in the
model in the context of their influence on predicting PICM.

The objective of the study is the construction of detailed prognostic models
for the development of PICM and the identification of critical factors that con-
tribute to the occurrence of this complication.

MATERIALS AND METHODS

In this research, we used anonymized data from patient examinations performed
at the State Institution “M. Amosov National Institute of Cardiovascular Surgery”
of the National Academy of Medical Sciences of Ukraine within the framework
of the cooperation agreement with the National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”.

Before initiating the study, the M. Amosov National Institute of
Cardiovascular Surgery performed a bioethical evaluation of the research
protocol. We analyzed data on thirty-four patients, of which nine (26.5%) were
diagnosed with PICM, which was determined with an LVEF of less than 45%.
Left ventricle ejection fraction was within normal limits in the remaining twenty-
five patients (73.5%).

The study included only those patients who met the following criteria: avail-
ability of echocardiographic data at the time of pacemaker (PM) implantation;
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total percentage of ventricular pacing at the time of examination is not less than
90%; preserved LVEF at the time of implantation (= 50%); age restrictions pa-
tients (18—80 years at the time of implantation and control examination, respec-
tively); this was to be a primary PM implantation without previous endocardial
lead extractions or power source replacements.

For the study, the M. Amosov National Institute of Cardiovascular Surgery
systematically collected and documented data, which included gender, age, the
period from PM implantation to follow-up, as well as the main and concomitant
diagnoses of the patients.

In addition, the data from echocardiographic and electrocardiographic
studies were collected, as well as cardiac pacing parameters at two stages: at the
time of hospitalization and during the control examination.

It is important to note that the used database has seventeen attributes, de-
scribed in detail in Table 1.

Table 1. Attributes of the selected database

Attribute' Data type Sn);ltr:ll:;)ol:lc
PICM Binary y
Gender Binary X
Age Continuous integer X
Time from pacemaker implantation to follow-up Continuous integer X3
LVEEF at the time of implantation Continuous integer X4
LA diameter at the time of PM implantation Continuous integer Xs
Width of native QRS complex Continuous integer X6
Width of paced QRS complex Continuous integer X7
Presence of atrial arrhythmias (including AF) Binary Xg
Right ventricle pacing site Binary X9
Structural heart diseases Binary X10
Diabetes mellitus Binary X1
Hypertension Binary X12
Ischemic heart disease Binary X13
Pacemaker type (single-chamber/dual-chamber) Binary X14
Rate-adaptive pacing mode Binary X15
Left ventricle EDI at the time of PM implantation Continuous X16

The purpose of applying machine learning technologies was to find key in-
put (independent) variables x that correlate with the presence of cardiomyopathy,
represented as an output (dependent) variable y. Machine learning aims to iden-

tify patterns and relationships between variables through data processing. Ma-
chine learning algorithms are designed to explore dependencies in data and show
trends that may not be clear. A substantial number of scientific developments con-
firmed this hypothesis, where authors considered tasks from various subject areas,
including medicine [23-25].

! Accepted abbreviations: PICM — stimulation-induced cardiomyopathy; AP — artificial pace-
maker; LVEF — left ventricular ejection fraction; LA — left atrium; AF — atrial fibrillation; EDI
— end-diastolic index.
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As can be seen from Table 1, the output variable y is dichotomous, which
writes down the need to solve the classification problem.

Taking this into account, we decided to use three simple classification algo-
rithms: decision tree [26], group method of data handling (GMDH) [27], and lo-
gistic regression [28].

Decision trees are one of the most convenient algorithms because of their
visual interpretation and ability to oversee numerical and categorical data. They
work by partitioning the space of input variables into regions corresponding to
different classes of the output variable. However, they can be prone to overfitting,
especially with complex data.

GMDH is an algorithm that creates a model based on a pairwise comparison
of objects. Its main advantage is the high interpretability of the results, which
supplies the possibility of a clear understanding of the classification mechanisms.
However, due to high computational complexity, GMDH may only be effective
for a small volume of data.

Logistic regression is a statistical algorithm commonly used to predict the
probability of an event occurring by applying a logistic function. This method
works well on two-class problems but can run into issues with non-linear relation-
ships or many categorical variables.

RESULTS

Before building PICM prediction models, we divided the patient sample into a
train (80%, or twenty-seven patients) and a test (20%, or seven patients) using a
stratification method, which preserves the class ratio between subjects in each
sample. We measured the performance of each algorithm by its accuracy (propor-
tion of correctly classified patients), sensitivity (proportion of correctly classified
patients with pathology), and specificity (proportion of correctly classified
healthy patients) [29]. The performance of the selected classification algorithms is
presented in Table 2.

Table 2. Evaluation of the constructed PICM prediction models by classification
metrics

Classifier Train (80%) Test (20%)
Accuracy | Sensitivity | Specificity | Accuracy SensitivitySpecificity)|
Decision tree 1.000 1.000 1.000 1.000 1.000 1.000
GMDH 1.000 1.000 1.000 1.000 1.000 1.000
Logistic regression| 0.852 0.857 0.850 1.000 1.000 1.000

Using the scikit-learn (the Python library), we implemented the classifica-
tion model (Figure) based on the decision tree method. The tree has a depth of
five and consists of nine leaves.

According to the data presented in Table 2, this model shows 100% accuracy on
the test sample, indicating its reliability and the absence of overfitting phenomena.

Six input variables: x3, x4, X7, X5, X5, and x;¢, were used in the model and
are illustrated in the tree (Fig. 1). We expressed each variable’s impact through
the tree’s weights: x3 =0.303, x4 =0.193, x; =0.146, x, =0.127, x;5=0.118,

X1 =0.113 . The weighting coefficients were figured out using the Gini index [26]. It
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considers the number of times each variable was used to split the data and how
effective this split was. The final weighting of each variable is a normalized value
based on the overall reduction in the Gini index caused by each variable. A vari-
able with a higher importance value is considered more “important” to the model.
X165 67.674
gini=0.5
samples =270
value = [135.0, 135.0]

class =2
X6 < 152.454 x3<33.641
gini = 0.366 gini = 0.476
samples = 100 samples = 170
value = [60.75, 19.286] value = [74.25, 115.714]
class = 1 class =2
4 gmi=00 5.%,<60.71 X2 < 68.34 7.%:<51.819
les = 80 gini = 0.384 gini = 0.254 gini = 0.475
v alsl?:lf [284 0,0.0] samples = 20 samples = 60 samples = 110
e value = [6.75, 19.286] value = [13.5, 77.143] value = [60.75, 38.571]
class=1 class =2 class =2 class =1
8. gini = 0.0 9. gini=0.0 10. gini = 0.0 11.x;s=1.15
samples = 10 samples = 10 samples = 30 gt = 0'1‘84
value =[6.75,0.0] | |value = [0.0, 19.286] [value =[0.0, 57.857] samples = 30
class =1 class =2 class =2 Value:[13.5, 19286]
class=2
* A
samples = 60 g T 0'25510
— value =[40.5,00] | | ST 20 o)
14. gini = 0.0 15. gini = 0.0 class = 1 value =[20.25, 38.571]
samples = 10 samples = 20 class =2
value = [0.0, 19.286]| | value =[13.5, 0.0] / \
class =2 class =1 16. x7 < 160.001 ——
=05 17. gini = 0.0
sa%nples = 40 samples = 10
value=[20.25, 19.286]| "¢ 0.0, 19:286]
class=1 cass—
18. gini = 0.0 19. gini = 0.0
samples = 30 samples = 10
value = [20.25, 0.0] value = [0.0, 19.286]
class =1 class =2

Decsion tree model

Applying the GMDH, we generated a model for which the formula below
is given:

y= 0.001x126 —0.0009x,x;6 — 0.643x13x;4 — 0.006x,x,, —0.006x),x;6 —

—-0.03 IX9xl5 + 00003)(:% + 0.018.7(:4)(:12 - 0519x1 1*12 — 0.736

We conducted the training process by using GMDH Shell DS software. As
shown in Table 2, the results show that the GMDH model is completely accurate
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in testing, indicating no model overfitting. This model includes ten independent
variables, namely: x4, X3, X7, Xj4, X125, X[, X4, X3, X9, and x;5. The weight of

each of these variables is found based on the change in the model’s predicted val-
ues when replacing the variable’s actual values with its average value. As a result,
the following variable weights were obtained: x;4=83.7%, x;53=53.9%,

X7 =53.2% s X4 =39.7% » X12 =33.4% s X1 =30.8% » Xg =17.6% s Xp =6.4%,
Xo =1.6%, x5 =—0.2%.

In the third step, we applied a logistic regression model. The general form of
the logistic model is defined by formula:

1
l+e’

where p is the calculated probability of occurrence of a given event (PICM in

this context); e is the basis of natural logarithms (2.713); y is the linear regression
equation. The following logistic regression model was obtained:

y=-0.065x, +0.044x, —1.758x;5 +0.119x,5 —8.179.

We conducted the training procedure using the scikit-learn package of the
Python programming language. The complexity of this model is four. Interest-
ingly, this model includes variables also used in the earlier models: x,, x;, x5,

and X16 -

DISCUSSION

While analyzing constructed models for predicting pacing-induced cardiomyopa-
thy based on the data in Table 2, it was found that only the logistic regression
model failed to present an ideal result for the entire sample (with a classification
accuracy of 85.2% in the train, despite 100% accuracy in the test). The observed
phenomenon can be explained by the intrinsic simplicity of the logistic model in
contrast to the other comparable models utilized in the research.

The developed decision tree model was structurally simple and included
only six independent variables. While the results of the classification estimation
are excellent, this model may be prone to misprediction of new data due to the
limited initial sample size. The GMDH model wins here by incorporating ten in-
dependent variables for prediction. Additionally, the algorithm for constructing
such a model allows non-linear combinations of variables, which sensitively in-
creases their predictive power.

The identified combinations of factors influencing the PICM development
align with the latest global publications. The three prediction models include the
following independent variables: x, (patient’s age), x; (width of paced QRS com-
plex), x5 (rate-adaptive pacing mode), and x4 (left ventricular EDI at the time of
PM implantation).

Among them, variable x; has a significant impact, especially in the decision
tree (0.147) and GMDH (53.2%), with one of the highest weighting coefficients.
There are also independent variables that were not included in any of the models,
such as x; (patient gender), xs (LA diameter at the time of PM implantation), xg
(presence of atrial arrhythmias), and x (structural heart diseases).
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The modeling results obtained during the study open the possibility of pre-
dicting undesirable clinical consequences of right ventricular pacing based on
combinations of the most informative factors. That makes it possible to prevent
the influence of these factors or intervene at the stage of medical care provided,
choosing more physiological cardiac pacing methods.

CONCLUSION

The study successfully developed models for predicting pacing-induced cardio-
myopathy (PICM) based on various machine learning algorithms using an avail-
able medical dataset of thirty-four patients.

Methods used — including decision tree, group method of data handling
(GMDH), and logistic regression — allowed robust predictive models to be cre-
ated. On the test sample, all of them showed 100% prediction accuracy.

Obtained results demonstrated the high efficiency of the used machine learn-
ing algorithms in terms of the accuracy of the PICM prediction, the absence of
overfitting, and the ability of the models to classify adequately normal and patho-
logical states of patients.

A detailed study of values included in the models allows an understanding of
their role in developing PICM.

The most significant data included in the models were patient age, paced
QRS complex width, rate-adaptive pacing mode, and left ventricular end-diastolic
index (EDI) at the time of pacemaker implantation.

The developed models can serve as a basis for further improving diagnostic
and treatment technologies for PICM prevention strategies.
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MPOTHO3YBAHHSI KAPJIOMIONATII ¥ HAIIIEHTIB 3 MOCTIMHOIO
HIJTYHOYKOBOIO EJEKTPOKAPAIOCTUMYJISILNIEIO 3A JOIIOMOI'OKO
METO/JAIB MAIIMHHOI'O HABYAHHS / €.0. Ilepeneka, B.B. JlazopummHens,
B.O. babenxko, I.B. Jlapunosuy, €.A. HacTeHko

Anotanis. Kapmiomionaris, cipuduHeHa KapIiOCTHMYIISIIEI0, € BaXIMBOIO IPO-
0JIEMOIO /ISl TIAIEHTIB, SIKi MOTPEeOYIOTh MOCTIHHOI MITyHOYKOBOI KapAiOCTUMYJISI-
uii. PaHHE BUSBIICHHS TPYI PU3MKY Ta MIBHJKA HPO(ITaKTHKa HEAYTH MOXYTh 3Me-
HILWTH [IKOAY JUIsl ManienTiB. OQHAK Cy4acHi METOIH [IPOTHO3YBaHHS MOTPEOYOTh
JIOOTIPAIIOBaHHs. 3aCTOCOBAaHO MAIlMHHE HAaBYaHHS ISl PO3POOJIEHHS MPOTHOCTHY-
HHUX MOJieJied Ha OCHOBI MEJMYHUX JaHMX. TpH alropuTMH — JEPEeBO pillleHb, TPy-
na oOpoOJIeHHsI JAHUX Ta JIOTiCTHYHA perpecis — chOopMyBasii MOZENI, SIKi TPOTHO-
3yI0Th KapaioMmionariio, Cnpu4rMHeHy Kapaioctumysiero. L{i mMopeni mnokaszanu
BHUCOKY TOYHICTH Yy TPOTHO3YBaHHI PO3BUTKY, IO CBIAYUTH MPO iX HaXIHHICTS.
KirouoBi dakropwu, Taxi sk Bik, muprHa QRS, pexuM kapaiocTUMyIALii Ta MITyHO-
YKOBHil IHAEKC IiJ Yac iMIUTaHTawlil, CyTTE€BO BIUIMBAJIM HA IPOTHO3U. MaulnHHE
HaBYaHHs MOXKE MOKPALIUTH [IPOrHO3YBaHHs KapAioMmionarii, CipHYuHEHOI Kapio-
CTUMYJIAILI€IO0, Y MALliEHTIB, SIKi NepeOyBaroTh HA IUTYHOYKOBIH €JIeKTPOKapaioCTH-
MYJIALIT, ToTIOMaraloyy MEANYHIH IPaKkTULi Ta MPOQITAKTHYHUM CTPATETISIM.

KunrodoBi cioBa: mocriifHe pUTMOBEICHHS IIUTYHOUKIB, ()aKTOPH PU3UKY, IITYYHHH
IHTEJIEKT, IIPOTHO3YBAHHs, MAllIMHHE HAaBYaHHSL.
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Abstract. Financial risks are considered today as popular research topics due to the
existing practical necessity for the use of their mathematical models, estimates of
possible loss in many areas of human activities, forecasting, and respective manage-
rial decisions in financial and other spheres where capital, obligations, stocks,
bonds, and other activities are circulating successfully. Financial processes today
exhibit sophisticated forms of evolution in time that require the application of so-
phisticated modeling, risk estimating, forecasting, and decision-making/support
methods, techniques, and procedures. The system analysis approach is applied to
solving such problems as a unique and universal research methodology. The finan-
cial risks, specifically the operational ones in the study considered, are classified as
nonlinear and nonstationary processes that require appropriate methods for analysis
and a rather sophisticated analytical description to estimate and forecast possible
loss. The results of operational risk analysis are achieved in the form of systemic
methodology, models constructed with statistical data, regression analysis, and
Bayesian techniques, and estimated loss with the models. The models and system
analysis approach proposed for analyzing financial processes are suitable for practical
applications, provided the users have appropriate statistical data and expert estimates.

Keywords: financial operational risk, mathematical model, statistical data, system
analysis methodology, loss estimation, decision support system.

INTRODUCTION

Financial risks are related to very popular research topics due to existing practical
necessity for the use of their mathematical models, estimates of possible loss in
many areas of human activities, forecasting and respective managerial decisions
in financial and many other spheres where capital, obligations, stocks, bonds and
other activities are circulating successfully [1]. Generally financial processes of-
ten exhibit rather sophisticated forms of evolution in time what requires applica-
tion of modern modeling, forecasting and decision making/support methods,
technics and procedures. The effective system analysis approach should be ap-
plied to solving such problems successfully [2]. The most known financial risks
can be classified as nonlinear and nonstationary processes (NNP) that require ap-
propriate attention for analysis and rather sophisticated analytical description to
estimate and forecast possible loss.

© P.I. Bidyuk, O.L. Tymoshchuk, L.B. Levenchuk, 2024
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The possible process nonstationarities appear due to availability of determi-
nistic and stochastic trends, changing in time variance, and possible nonlinearities
can be divided into two wide classes: nonlinearities with respect to variables and
nonlinearities with respect to parameters. The nonlinearities with respect to vari-
ables are easier to cope with because the models (parameters) containing them
can be estimated easier than models nonlinear with respect to parameters. For ex-
ample, the model describing process with nonlinear trend (say, polynomial trend
of second or higher order) can be correctly estimated using ordinary or nonlinear
LS (NLS) or maximum likelihood (ML) methods. On the other side, the models
nonlinear with respect to parameters may require for their estimation application
of sophisticated optimization procedures like NLS, including Bayesian techniques
such as Monte Carlo for Markov Chain (MCMC) or Bayesian optimization ap-
proach.

Thus, most of the financial processes that researchers have to cope with to-
day are nonlinear and nonstationary what requires paying special attention to
modeling their structure and parameter estimation. Generally, most of the proc-
esses around us (in economy, finances, industrial production, weather forecasting,
description of natural phenomena) are related to NNPs, and they should be mod-
eled, forecasted and governed correctly using respective theoretical basis pro-
vided by the estimation theory [3]. Usually specialized intellectual decision sup-
port systems (IDSS), based upon system analysis principles, are constructed to
analyze the processes that help substantially to improve constructed model ade-
quacy, quality of forecasts, respective decisions, and increase general understand-
ing of practical situations related to the modeling and forecast estimation prob-
lems. This is especially true regarding financial risk analysis where different
model types are to be applied to reach high quality results of possible loss estima-
tion/forecasting.

Among often met financial risks that researchers today have to cope with the
following ones should be mentioned: market risk, operational risk, risk of a coun-
try, credit and liquidity risks, risk of structured products sale, Exchange-traded
products (ETP) risk, Over-the-counter (OTC) derivatives risk and some others. In
this study we provide for a short review of modern methods for modeling selected
types of financial risks, and estimation of possible loss with special attention to
active usage of IDSS. Comparison of some approaches to risk estimation will also
be given. The studies [4, 5, 6] provide for grounded notion of “risk”, consider
possible instruments for operational risk analysis, and describe basic problems
met on the way of development and practical implementation of risk estimation
and prediction systems in financial institutions. The study [7] touches upon analy-
sis of key risks inherent to Ukrainian banking system. Many studies are devoted
to analysis and use of loss distributions approach (LDA) because it provides the
possibility for estimating the volume of capital necessary for covering operational
loss. The paper [8] is completely dedicated to analysis and practical use of the
popular LDA approach.

PROBLEM STATEMENT

The purposes of the study are as follows: to provide a short review of operational
financial risk modeling methods and respective loss estimation; to consider possi-
bility of financial risk estimation by making use of regression techniques (gener-
alized linear models) and Bayesian approach to data analysis; to compare quality
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of risk estimation by the methods selected; to give necessary illustrative examples
of financial operational risk estimation; to stress necessity of constructing and
practical application of IDSS to estimation/prediction of possible financial loss.

SOME GENERAL APPROACHES TO FINANCIAL RISK ESTIMATION

Here we start analysis with operational risk that is available practically in every
activity when we consider capital circulation problems on different levels of
economy and finances. The term “operational risk” does not have clearly estab-
lished definition. Some financial institutions define it as non-measurable risk
(what is also correct). In 2001 the Basel Committee on Banking Supervision for-
mulated general supervision standards and governing principles for banking sys-
tem, and gave definition for operational risk: “operational is the risk of loss due to
inadequate or erroneous internal processes, actions of co-workers or systems, or
influence of external events” [1].

The Basel Committee also proposed some methods for operational risk
estimation, namely: the basic indicator approach (BIA); standardized indicator
approach (SIA); internal estimation approach (IMA); an approach based upon loss
distribution curve (LDA); scoring cards, and scenario analysis techniques. The
first three methods are relatively simple, and can be used in various financial
organizations though they do not take into consideration special features of an
enterprise, its size and principles if risk management implemented within its
structure. Using the methods mentioned “good” and “bad” financial company will
be keeping the same amount of capital to cover operational risks. The last three
methods are considered as advanced approaches to operational risk analysis and
estimation. They are based upon mathematical models and advanced information
technologies, and provide the possibility for decreasing the capital necessary for
covering operational risk loss. Now consider some types of models used in
practice of operational and some other risks analysis.

GENERALIZED LINEAR MODELS

Generalized linear models (GLM) create to some extent universal approach to
modeling various processes including linear and nonlinear, stationary and nonsta-
tionary ones. This is possible thanks to the fact that this group of models includes
the models of different structures: pure linear Bayesian multiple regression; Pois-
son regression; variance and covariance analysis; nonlinear structures including
nonlinear polynomial elements; nonlinear structures like logit and probit models
that are capable to capture nonlinear dependences in the processes under study.
Combination of linear and nonlinear structural elements in one model is directed
to describing complex nonlinear nonstationary dependences inherent to many fi-
nancial processes. For example, nonlinear logit and probit models can be com-
bined with paired or multiple linear regression, Bayesian networks (static and/or
dynamic), Bayesian data filtering procedures that can be linear or nonlinear.

ESTIMATION OF REGRESSION MODEL STRUCTURE

The basics of regression model structure estimation were proposed by Box and
Junkins in the 1960s. Today the modeling methodology proposed, based on sys-
tem analysis approach, includes the following steps:
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e systemic analysis of a process under study on the basis of available basic
theory and expert knowledge, analysis of inputs and outputs behavior, represented
by the time series information, study of earlier existing model structures, and oth-
er accessible information,;

e preliminary processing of available data that is based upon application of
appropriate normalizing and filtering procedures, appropriate analysis of possible
extreme values, filling in missing values, structuring the data etc;

e analysis of statistical data for stationarity and nonlinearity using available
statistical tests;

e generation and estimation of candidate model structures with taking into
consideration possible structure of GLM: identification of stochastic and systemic
components and link function; computing descriptive characteristics; determining
statistical significance of independent variables using Wald statistic; estimate sta-
tistical characteristics of other structural elements of constructed mathematical
model (for example, residuals);

e sclection/development and application of model parameter estimation
method (or methods); it can be linear or nonlinear least squares (NLS) method,
maximum likelihood (ML) or Monte Carlo based Bayesian approach;

o selection of the best fitting model in the set of estimated candidates using
statistical quality criteria.

Now consider some details of the stages mentioned.

PRELIMINARY DATA PROCESSING

The time series theory considers observations as random variables containing de-
terministic component. Generally we have practically always process the data
measurements influenced by some random external disturbances and measure-
ment errors. The purpose of preliminary data processing is in eliminating possible
errors from available measurements and improving conditions for determining
their distribution and further modeling. According to current requirements when
GLMs are hired for formal describing the processes under study the data should
correspond to the family of exponential distributions [9; 10].
Preliminary data processing usually includes the following operations:

e normalization and possible correcting of measurements; normalization
means application of logarithmic operator or transforming the data to acceptable
and convenient amplitude interval;

e possible data correction may include imputation of missing values, appli-
cation of filtering techniques, and processing extreme values;

e computing, when necessary, first and higher order differences that are
necessary for analysis of corresponding effects of a time series under study.

Sample mean is subtracted sometimes from the observations to get a possi-
bility for constructing a model for deviations. It is clear that application of spe-
cific data preprocessing technique depends on specific features of the data avail-
able and established purpose of modeling (forecasting, deeper analysis of a
process or control).

Nonlinear deterministic trend available in data can be identified by estimat-
ing the following time polynomial:

y(k)=ag+c k+ey kb +. e, k™,
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where k=0,1,2,... is discrete time (¢=k7,), where ¢ is continuous time, and
T, is sampling interval for measurements. If one of the coefficients ¢;, i =2,...,m

is statistically significant, then hypothesis on trend linearity is rejected. In the case
when trend is quickly changing it time and its functional description is not ade-
quate enough, then model of stochastic trend should be constructed that is based
upon combinations of random processes.

ESTIMATION OF OTHER ELEMENTS OF GLM MODEL STRUCTURE

Taking into consideration possible GLM distributions there are several GLM
types presented in Table 1.

Table 1. GLM types considered in the study

Type of model Link function Distribution of dependent variable
GLM g =n Normal
Log-linear model g(w) =In(u) Poisson
Logistic model g(p)= ln(luj Binomial
-u
Probit-analysis g =0'u Binomial
“Survival” analysis g(wy=p" Gamma-distribution, exponential

Considering GLM, model structure is estimated from the point of view of its
components and includes the following elements:

o stochastic component: this is independent variable that is characterized by
distribution related to the exponential family;

e systematic component that includes p independent variables creating so

called “linear predictor”:
n=X-B;

e cstimating features of the link function with taking into consideration
their classification.

Besides the definition mentioned the model structure includes the following
elements: model order (maximum order of equations creating the model); model
dimension or number of equations creating the model; selection of a link function,
variance function and elements of the linear predictor.

MODEL PARAMETER ESTIMATION

After estimating model structure the next problem is to compute model parame-
ters using available statistical/experimental data. Usually, the model structure es-
timated provides information on a number of parameters to be estimated and the
estimation method to be applied in concrete case. In some cases, it is reasonable
to use the saving principle that supposes the following: number of parameters to
be estimated should not exceed their necessary quantity. Here “necessity” can be
viewed as necessity to preserve in the model constructed basic statistical charac-
teristics of the process being studied: mean value, variance and covariance.
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Very often parameters of a generalized linear model can be estimated using
ordinary LS (OLS) method. In a case of normal data distribution this is equivalent
to application of maximum likelihood (ML) method. Generally, widely used
methods for estimation of GLM parameters are the following: OLS, weighted LS
(WLS), ML, method of moments and Monte Carlo techniques (iterative and non-
iterative). As far as the OLS in some cases results in biased parameter estimates
due to its sensitivity to data outliers an alternative procedure for estimation is ML.

In the case of normal residuals logarithmic likelihood function, /, can be rep-
resented for » measurements as follows:

n TR
—21=nlog(2nc?)+ Y w
i=1 G
For a fixed, 6°, maximization of / is equivalent to minimization of quadratic

deviations from mean: Z[ y(k)— u]z ; thus, for linear model we have:

p
n;=H; =2 x; B
j=1

Very popular today method for GLM parameter estimation is Markov Chain
Monte Carlo (MCMC) procedure that can be applied to linear and nonlinear mod-
els. The estimation algorithm based on this method is functioning as follows [11]:

e sampling X L’;” from the distribution P(X,, | X, 0,6[ ), where X, is ex-
perimental data;

e sampling parameter estimate, 6™, from distribution PO| Xy, X L’;) .

The statistical series generated this way under weak regularity conditions has
marginal stationary distribution, P(X,,0|X,), that can be trivially transformed
into P(0]|X,). The MCMC techniques require rather high computational re-

sources but they are very popular due to their universality, good scaling character-
istics, capability to take into account non-observable variables, low estimation
errors, and possibilities for parallel computing. Correctness of the conditions nec-
essary for parameter estimation can be analyzed after computing the parameters.
After computing the parameters, we get estimates of the random process influenc-
ing the process under study as follows:

&(k) =e(k) = y(k) = y(k) ,

and analyze its statistical characteristics indicating correctness of the parameter values.

MODEL DIAGNOSTICS: SELECTION OF THE BEST MODEL OF THE
CANDIDATES CONSTRUCTED

At this stage model adequacy is analyzed that includes the steps given below.

a) Visual study of residual graph, e(k)= y(k)- y(k), where p(k) is de-
pendent variable estimate computed with the model constructed. The graph
should not exhibit outliers and long periods of time with large values of residuals
(i.e., long periods of model inadequacy). In the case of constructing GLM such
model characteristics can result from random selection of distribution law for de-
pendent variable without substantial argumentation. It can result in substantial
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deviations of forecast estimates computed with the model from actual observa-
tions.

b) The estimated model residuals should not be auto-correlated. To analyze
the possible autocorrelation level it is necessary to compute autocorrelation func-
tion (ACF) and partial ACF (PACF) for the series, {e(k)}, and analyze statistical

significance of the functions with Q -statistics. Besides, the level of residuals au-
tocorrelation can be additionally tested with Durbin—Watson statistic,
DW=2-2p, where, p=E[e(k)e(k— l)]/csg , is correlation between neighboring

. 2 . . . .
values of residuals; o, is variance of the residual process; if p=0, auto-

correlation between residuals is absent, and ideal value for the DW statistic is 2.

c¢) Statistical significance of the model parameter estimates can be tested
with Student ¢— statistic, tz[&—ao]/SE&, where a is parameter estimate; a® is
zero-hypothesis regarding the estimate; SE, is standard error for the estimate.

Usually all the computer systems that include functionality for time series analy-
sis provide all necessary information for a user regarding analysis of statistical
significance of parameter estimates.

d) Determination coefficient, R?=var[]/var[y], where,var(p) is vari-
ance of dependent variable estimated via the model constructed; var(y) is actual
sample variance of dependent variable. The ideal value of the coefficient is,

R? =1 , when the values of variance in nominator and denominator are the same.
This statistical parameter can be interpreted as a measure of information con-

tained in a sample and in a model. From this point of view R? compares volume
of information represented by a model to the volume of information represented
by data sample used for model constructing.

¢) The sum of squared errors should take minimum value for the best candi-
date model constructed:

Ze (k)= z [9(k)— (k)] —>mgn.

f) For estimating constructed model adequacy Akaike information criterion
(AIC) is used:

k=1

AIC = Nln(%ez(k)J+2n,

and Bayes—Schwarz criterion:

BSC :Nln(iez (k)J+n In(N),

k=1
where n=p+qg+1,is a number of estimated model parameters (p is a number of

parameters for auto-regression part; g is a number of parameters for the moving
average part; 1 is added in a case when the bias, a,, is added). Both criteria ex-

hibit minimum values for the best model among the candidates estimated.

g) Besides the statistics mentioned, Fisher statistic F ~R? /(l—R2 ) is ap-

plied that may show adequacy of a model as a whole after testing it for statistical
significance.
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To formulate statistical inference regarding the model constructed Bayesian
factor, BF (i, j), is also used that is represented by the ratio of posterior probabili-
ties to prior [12; 13; 14]. The criteria of maximum marginal density of the distribu-
tion, p(x|M;),is used that corresponds to the following condition: BF (i, j) >1.

Correct application of the methodology presented provides a possibility for
constructing adequate mathematical model in the class of generalized linear mod-
els if the statistical/experimental data hired corresponds to the requirement of sys-
tem representation and contain necessary information.

EXAMPLE 1. GLM MODEL CONSTRUCTING

Structure of statistical data hired for model constructing is shown in Table 2. The
data shows loss due to car insurance for three selected regions of Ukraine.

Table 2. The structure of statistical data

N Characteristic of data Value of the characteristic
1 Power of sample 9546

2 Dependent variable Loss due to insurance

3 Region where police was sold Kyiv, Crimea, Odesa

4 Year of a car production Starting from 2006

5 Car brend Mitsubishi, Toyota, VAZ

For the data described in Table 2, suppose that dependent variable is nor-
mally distributed, and accept as a link log-function. The histogram for dependent
variable “loss” is presented in Fig. 1.

Histogram of Damages

Spreadsheet1.sta 4v*9546¢
Damages = 9545*20000* normal(x; 1877 5309; 7492 2446)
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5000 ¢

No of obs

4000

3000 r
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1000

-20000 0 20000 40000 60000 80000 1E5 12E5 14E5 16ES 1.8ES
Damages
Fig. 1. The histogram for normally distributed dependent variable
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The mean value of dependent variable “Loss” is 1877.531. To select the best
model from the set of possible models constructed Akaike information criterion
was used. Its minimum value corresponds to the best model. For log-normal mod-
el value of the criterion is 20.666. The drawback of the criterion is that its esti-
mate asymptotically overestimates true value with non-zero probability. An alter-
native is Hannan—Quinn criterion that is based upon minimizing of corresponding
sum instead of value itself.

Information Schwarz criterion usually selects the best model with a number
of parameters that does not exceed number of parameters in the model selected by
the Akaike criterion. The Schwarz criterion is asymptotically more reliable, and
the Akaike criterion has a tendency to bias closer to selection of parametric mod-
els. However, for the example under consideration the values of Akaike, Hannan—
Quinn, and Schwarz criteria are practically equal; that is why any of them is suit-
able for use. The standard deviation for dependent variable, “Loss”, is 7492.245.

The Likelihood Ratio Test is used for testing restrictions regarding parame-
ters of statistical model, estimated with sample statistical data. If the value of LR-
statistic exceeds critical value from y-squared distribution at given significance
level then the restrictions are neglected, and the model without restrictions is
hired; otherwise, the model with restrictions is used.

The variance calculated shows how much the mean random value deviates
from mathematical expectation; here it is important that this is quadratic value. At
the same time the variance itself is not very convenient for practical analysis be-
cause it has quadratic dimensionality of a random value. That is why standard
deviation is used further on as a measure of risk. From the point of view of finan-
cial analysis, the standard deviation is more important because the mean deviation
of insurance results from expected return shows actual financial results and insur-
ance risk. As a risk measure can also be used mean absolute deviation (mad). In
practice the value of standard deviation is greater than mean absolute deviation
but these values have the same order, and here the following relation holds:
mad =0.7979-§ . The result of forecasting loss and risk is presented in Table 3.
The relative error of forecasting with log-normal model amounted to 1.06%, what
is high quality result for the model hired. The total forecasted loss amounts to
18111231.380, and actual loss was 17921032.581, what supports the fact that the
variable “Loss” is normally distributed. The proposal to use logarithmic link func-
tion is acceptable for subsequent analysis of alternative models.

Table 3. Forecasting results with log-normal model

Value Total loss Mean Std. deviance Max Min | Variance
Actual 17921032.58 | 18577.53 7492.24 1517714 | 0.00
Forecasted | 18111231.38 | 18976.45 9379.910 14010.97 | 634.0 | 49.535

Thus, the log-normal model is acceptable but it is not the best for the dataset

used. That is why the search for the better model was continued. Other modeling
results are given in Table 4.
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Table 4. Other modeling results with application of alternative data distribu-
tions and link functions

Model characteristics Deviation of
N Dep qndent Link Total Actual actual data |Risk of loss
variable . forecasted loss total loss
R function from forecasts
distribution
1 Gamma LOG |102008320.905 84087288.32 1.003
2 Normal LOG 18111231.380 190198.799 0.495
17921032.581
3 Poisson LOG 17921032.574 7921032.58 0.007 0.547
4 Normal identity | 17921032.589 0.009 0.532

Results of model parameters estimation with the use of classic and Bayesian
approach are presented in Table 5.

Table 5. Results of model parameters estimation with the use of classic and
Bayesian approach

Classic approach Bayesian approach
N . .
Mean dexsffgr;ce Var})ZHCC, Mean de\sfitgﬁce Varz;:)nce, R-squared
1| 11805.7 | 15358.1 | 130.091 | 11804.34 | 15247.23 128.669 0.897
2| 1897.45 | 93991 49.535 1897.294 939.94 49.4 0.998
3| 1877.53 | 1027.56 54.73 1877.301 | 1027.552 55.679 0.998
4| 1877.53 | 999.302 | 53.224 1876.909 | 999.751 53.809 1.0

Thus, after constructing models using various proposals regarding initial dis-
tributions of dependent variable and link function the following results of comput-
ing were achieved:

1) the best data approximating model turned out to be the model with initial
Poisson distribution of dependent variable and logarithmic link function what is
proved by the forecasted total loss of 17921032.574 with practically zero errors of
forecasting;

2) the value at risk for the models constructed was in the range 40—60%,
what requires extra measures for minimizing this value;

3) the model based on normal distribution of data showed the risk about 49-50 %,
but there were observed substantial deviations of forecasts from actual data;

4) comparing the models based upon normal data distribution with logarith-
mic and identity link functions it was established that Akaike criterion accepts the
same value of about 20.66; that is why the model selection should be based upon
forecasts of total loss;

5) the model based upon gamma-distribution with logarithmic link function
showed maximum deviation from actual data (84087288.324) and maximum er-
ror: about 100%;

6) it is clear from results in Table 4 that the quality of model estimation with
Bayesian approach are close to classic estimation with the maximum likelihood
method but with better estimates of variance and standard deviation.

Thus, it can be concluded that the model based upon Poisson distribution and
exponential link function is better for practical use from the point of view of fore-
casting, risk estimation, and parameter estimation.
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BAYESIAN NETWORK APPLICATION TO OPERATIONAL RISK
ANALYSIS

The next approach to operational risk estimation that we consider in the study is
based upon application of Bayesian networks (BN) that is constructed for a com-
mercial enterprise. The bases for the model create expert estimates though statis-
tical data can also be hired successfully. Comparing to regression approach, BN
provide a possibility for taking into consideration not only risk dependence on
risk factors, but also the dependences of between risk factors [15]. The probabilis-
tic inference also can be computed using incomplete data.

Mathematically, BN is directed acyclic graph nodes of which correspond to
risk factors and environment variables, and edges correspond to possible relations
between nodes. Each BN is also described by the set of conditional distributions
characterizing risk factors and environment variables.

Formally, BN is a triple N=<V,G,J >, where V stands for a set of net-

work variables; G 1is directed acyclic graph nodes of which represent variables of
the process being modeled; J represents joint probability distribution for the
network variables, V ={X,, X,,..., X,} [15; 16]. Here also Markov condition

should be fulfilled: each network variable does not depend on all other variables
except for the parent nodes of the variable. To construct the BN model first mu-
tual information between all nodes is computed to discover possible dependences,
then optimal network structure is estimated using appropriate criterion, say mini-
mum description length (MDL) that is analyzed and re-computed at each iteration
of the structure learning algorithm.

For two independent discrete events D and S Bayes theorem can be formu-
lated as follows:

p(D‘S):p(D)p(S\D) .
r(S)
Suppose that state variable D can accept two values: D, is true probability
that system under study accepted one of possible state; D, its opposite state.
These two probabilities sum to 1 independently on the value that accepts variable S :
p(D, [8)+pDy[S)=1.
Apply to this equality Bayes theorem:
p(D)p(S|D) , PD)P(SIDs)
p(S) p(S)

1

2

or
p(S)=pD)p(SID)+pDs)p(S|Dy).

Thus, known estimate p(S) can be eliminated from consideration. In this
example variable D has two states only, however, it is clear that p(S) can be
eliminated with arbitrary number of states for D.

Procedure of constructing Bayesian network. To estimate the degree of

dependency between two random variables x’ and x’ the following expression
was proposed in [17]:
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i _j i _j (xi,xj)
MI(x',x7) = (x',x7) log| 222 j
X , X Z P\ ,x Og(p(xl)'P(Xj)

This 1s mutual information that shows volume of information contained

—
xhx/

in the variable Xx' about variable X’. It accepts nonnegative values only,
MI(x',x7)>0, and in the case of complete independence between the variables it

accepts zero value MI(x',x’)=0, because p(x’,x’)= p(x')- P(x’) and
i iy, J

log POLYT) | el PGP

p(x')-P(x7) p(x')-P(x7)

In the case BN contains N nodes, estimation of MI(x’,x’) for all possible

N-(N-1)
2

J: log(1)=0.

pairs of x' and x/ it is necessary to perform computations under

condition MI(x',x’)=MI(x’,x").

The use of minimum description length (MDL) principle to estimate BN
structure. According to the Shannon coding theory, for known distribution P(X)
for variable X the optimal length of code for transmitting specific value of ran-
dom variable X tends to the value of L(x)=-logP(x) [18]. The source entropy

S(P)=—ZP(x)‘logP(x) is minimum expected length of the coded message.

Any other code that is based upon incorrect representation of information source
will result in longer expected length of message. In other words, better model of
message source results in more compact code of data.

In the problem of BN learning as a data source is functioning some unknown

distribution function P(D |h0) , where D={d,,...,dy} is dataset; h is hypothesis
regarding probabilistic origin of the data; L(D| h)=-log P(D| h) is empirical risk
that is additive regarding the number of observations and proportional to empiri-
cal errors [19]. The difference between P(D| hy) and modeled distribution,

P(D| h) , according to the Kullbak—Leibler measure is determined as follows:

|P(D|h) P(D |h0)|—%:P(D|ho) log P(D|h) -

=Y P(D| hy)-| L(D| )~ L(D| hy)| 2 0.
D

In fact, this is the difference between hypothetically expected data code
length and minimum possible length. This difference is always nonnegative and it
equals to zero in the case of complete equality between distributions only. The
MDL principle in its general formulation declares: from the set of possible candi-
date models it is necessary to select the one that describes data in short and com-
pletely (without loss of information) [19].

Thus, in general form the problem of forming MDL is formulated as follows:

for the set of learning data D ={d,,....d,}, d; = {xfl)xfz)...xi(]v)} (here upper in-
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dex is variable number); n is a number of observations; each observation includes
N (N >2) variables xO x@  x™  Each j-th variable (j=1,...,n) has
AY = {O,l,...,oc(j) -1} (oc(j) >2) states, and each structure, g € G, of BN is rep-
resented by N sets of parents, (H(l),...,H(N) ), i.e., for each node, j=1,...,n,
H(j)’ this is a set of parent variables such, that nY < {X(l),...,X(N)} \ {X(j)}

(any node cannot be a parent for itself, what means that graph does contain cy-
cles). Thus, MDL of the structure ge G for n observations, x" =d,d,...d,, is
computed as follows:

L(g,x">=H(g,x”)+@-log(n),

where k(g) is a number of independent conditional probabilities in the net struc-

ture, g, and H(g,x") is empirical entropy:

H(g,x")= Y H(j,g.x"), k(g)=2 k(j.2),
jeJ jeJ

where MDL for j-th node is computed as follows:
. . k(j,

LG, = H(sgox )+ L fogn)

k(j,g) is a number of conditional probabilities for ;-th node:

k(j,2) =@ ~1)- []a",
ked(j)

where ¢(j)c{L..,j—1,j+1,..,N} is such a set that v = {X(k) ke (I)(j)} .
The empirical entropy of j -th node is computed as follows:

/ . n[ 58, .7 ]
H(j,g.x")= > > —n[q,s,],g]‘log—q _j gl
5€5(/.8) geA) nls, j, gl

n ) n )
n(s,j,g)= Z[(nl(f) =s); nlqg,s,j,gl= Z[(xi = C],TCE]) =5),
i=1 i=1

where 1) =11 means that X© =x® vk e o) ; the function I(E)=1, if the
predicate, E =true, otherwise I(£)=0. The simplified BN structure learning
algorithm is shown in Fig. 2; it is performing in a cycle analysis of all possible

acyclic network structures. The structure g* contains optimal network structure.

The optimal structure accepts minimum value for the function L(g,x").

BN learning algorithm using MDL principle
1. g« go(e G);
2. for Vge G—{gy}:if L(g,x")<L(g" ,x") then g" « g;

. . . . *
3. solution is contained in g .
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EXAMPLE 2. BN MODEL CONSTRUCTION FOR OPERATIONAL RISK
ESTIMATION AT COMMERCIAL ENTERPRISE

Consider commercial enterprise that provides for the services in entertainment
sphere, and has obligations to other commercial enterprises for established possi-
ble services. These enterprises are banks, owners of cloud technologies and serv-
ers, and outsourcing companies that perform some separate functions for the en-
tertainment enterprise. The obligations suppose transfer of money to other
enterprises. That is why the main enterprise income should cover all obligations.
Suppose that the main enterprise income is equal to one million euros.

Certainly, during the period of the main enterprise functioning various risk
may arise that influence negatively its income. A substantial part of the risks cre-
ate operational risks. To have a possibility for covering the risks the enterprise
should direct a part of its capital (income) on covering operational risks, this is so
called Capital at Risk (CaR). The use of statistical data in such case is practically
impossible due to impossibility of separating operational loss from other risks.
That is why the basic source of information for modeling operational risks pro-
vide the expert estimates.

According to recommendations provided for researchers by Basel there exist
four basic factors influencing generation of operational risks:

o Risk related to working personnel: this type of risk is adhered to errors
and incorrect actions of personnel, their insufficient qualification, sometimes
overload at work place, possible irrational organization of working activities etc.

o Risk related to systems and work technologies. This type of risk is related
to insufficiently high information technologies used at enterprise, the hardware sys-
tem characteristics can be inadequate to performing operations, data processing
techniques can be inadequate or data itself may exhibit unaccepted characteristics.

e Processes risk: this is risk of loss due to errors in the processes of per-
forming various financial operations and corresponding calculations, forming re-
ports, price forming operations etc.

e Risk induced by external influences: this type of risk is generated by
events from external environment; for example, by legislative changes, general
policy of state, economy, as well as the risks of external physical influences into
activities of financial organization.

Each of the four named factors is also influenced by some other reasons of
coming to being operational risk that can be analyzed by the experts of specific
commercial enterprise. Table 6 illustrates the nodes (variables) selected for esti-
mating the structure of Bayesian network. The nodes and respective values were
selected using expert estimates.

The central point regarding the Bayesian network is touching upon variable
Loss that is described by the quantitative values in euros as follows: {0, 1000,
10000, 50000, 100000}. The specific numbers are used to define the variable be-
cause of necessity to perform linear interpolation. The numbers were selected by
an expert taking into consideration the loss at enterprise due to operational risks
that took place earlier. Using the analysis being performed the enterprise manag-
ers can estimate the loss say within a week/month and accumulate necessary capi-
tal to cover the loss.
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Table 6.Nodes of Bayesian network and their possible values
N Variable name Name of node in network| Possible values
1 Possible loss Loss 5(())’010%(’)(1’01)%%0(%’)
2 Risk of external environment R}ESk Qf External Low, Medium, High
nvironment
3 Risk of working personnel Risk of Staff Low, Medium, High
4 Risk of hardware system used Risk of System Low, Medium, High
5 Risk of information processes Risk of Process Low, Medium, High
6 Staff qualification level Qualified staff Low, Medium, High
7 Compliance of Compliance to staff  |Low, Medium, High
8 Possible changes in legislation Changes in legislation |Low, Medium, High
9 | e and pariner banks. | systems and parmer banks | L0 Medium, High
10 | Possible hacker attacks and viruses | Hacker attacks and viruses |Low, Medium, High
11 Loss of information Loss of information 0, 50, 100 (%)
12 Using workflow automation Using workflow automation | Low, Medium, High
13 Possible crashes of servers Server crashes Low, Medium, High
14 Network failures Network failures Low, Medium, High
15| Using of firewall in the system Using of Firewall Yes, No
16 [ Using of UPS to support system Using of UPS Yes, No

The Loss variable is influenced by the four basic factors mentioned above:
Risk of Staff, Risk of System, Risk of Processes and Risk of External Environment.
These factors have the following levels: Low, Medium, and High, that can be in-
terpreted as probability of realizing specific type of risk.

All other nodes and connections between them were identified on the basis
of expert data, and reflect real reasons that influence specific type of risk:

o Qualified staff — describes the level of competence and qualification of
personnel working at the enterprise. This node influences Risk of Staff, and Loss
of information.

o Compliance staff — is related to correspondence of actually working staff
to the necessary staff for functioning of an enterprise. This node has substantial
influence on the variable Risk of Staff.

o Changes in legislation — describes possible level of legislative changes
in a country. This is substantial reason for possible material loss because the pos-
sibilities for entertainment at any moment can be restricted or forbidden at all.
This node influences the Risk of External Environment.

o Reliability of payment systems and partner banks — this factor can be a
substantial reason for possible loss due to low quality of financial transactions
(prolonged transaction time and possible errors). The factor also influences the
Risk of External Environment.

e Hacker attacks and viruses — describes the level of hacker and viruses
attacks to the enterprise servers. This influence can result in server reloading and
system rejects. The node influences the Risk of External Environment.

o Loss of information — the loss is usually described in percentage form
and reflects the portion of information that could be lost in the process of func-
tioning of an enterprise. The node influences the Risk of Processes.
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o Using workflow automation — this factor describes the level of usage
specialized software that provides the possibility for performing workflow auto-
mation. This approach influences the Risk of Processes.

o Network failures — describes the level of computer network reliability
that usually does not depend on enterprise (under study) itself. The level can be
changed by changing network provider. This factor influences the Risk of Exter-
nal Environment.

o Using of Firewall — this factor has two states: Yes and No, and is de-
scribed by probabilities that are related to the time intervals when firewall is used
or not. It influences on Hacker attacks and viruses and Server crashes.

e Using of UPS — this factor is also characterized by two states and it is
also described by the probabilities related to time intervals when uninterrupted
power source was used or not. In its turn the factor influences on possible Server
crashes.

o Server Crashes — the factor describes possible level of server crashes of
an enterprise and depends on the Use of firewall and Uninterrupted power sup-
plies. The reason is that loss of power or virus/hacker/ddos attack may result in
server turnoff. The factor influences on the Risk of External Environment.

The next step of estimating Bayesian network structure is filling in probabil-
ity tables for nodes. All probabilities in this example were estimated using expert
estimates. On the other side, availability of necessary statistical information at the
enterprise (i.e., storing the information during its functioning) will give the possi-
bility for the fast replacing expert estimates by actual data. This way work adap-
tive risk analyzing systems.

For the nodes that do not have parents it will be unconditional probabilities
for each possible state. The nodes that have parents require estimating conditional
probabilities. The problem is that number of required conditional probabilities is
growing fast with growing number of parents and their possible states. In case of
discrete variables the number of values in conditional probability tables (CPT)
can be estimated via the expression:

Parents
Count = NodeStates - HParentStates,- ,
1
where Count is the number of values necessary for CPTs; NodeStates is number
of states for a specific node under consideration; Parents is the number of parents
for a specific node being analyzed; ParentStates; represents the number of states
for —i-th parent. Using this formula it was estimated that for the node Loss it were
required about 400 values. Example of CPT for the node of “Loss of information”
is given below in Table 7.

Table 7. Conditional probabilities for the node “Loss of Information”

Using workflow | 1y 0/ 1 ow | Medium Medium Medium| High High| High
automation
Loss of information | 0% | 50%| 100%| 0% 50% 100% | 0% | 50% | 100%
Low 0.25| 0.1 | 0.03 | 0.55 042 031 095 0.8 | 0.6
Medium 03022 0.1 0.25 0.3 0.38 [0.04|0.12| 0.23
High 0.45|0.68| 0.87 0.2 0.28 031 |0.01/0.08 0.17
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As a result of the model parameter estimation the BN was constructed for
operational risk analysis for commercial enterprise given in Fig. 2.

B Compliance_staff E Qualified_staff B | oss_of informaticn
Low 0.280 Low 0.300 - 0 0451
Medium Medium “| s0 0.202
High{70.100 High 0.200 100 l0.248
B Risk_of_Staff mm Fisk_of_Process mm Using_workflow_au.
Low{ 0243 Low{ 0315 o Low D.600
Medium Medium 0232 | Medium 0280
High 0307 High 0453 High{l0.120
B Network_failures \‘
Low 0.680
Medium 0.210
High{Z0.110
1000001 0.049
| /
m Risk_of_System mm Risk_of_External .. mmm Reliability_of_paym..
Low 0.617 Low 0611 _ High{ 0.060
Medium {0 215 Medium {0 208 h Medium
High{™0.168 High{™0.181 Low {02330
B Crashes_servers mmm Changes_in_legisla_. mmm Hacker_attacks_an..
Low 0736 Low 0.130 Low 0665
Medium {880.143 Medium Medium 0218
High {fo.121 High {70360 High {Hlo.117
mm Using_of_UPS B Using_of_Firewall
Yes 0.290 Yes 0810
No {0110 No 0.190

Fig. 2. Possible probabilistic inference estimation using the BN constructed

ANALYSIS OF THE RESULTS

Table 8 contains the capital necessary for covering the operational risks: the 90,
95 1 99 quintiles reflect the probabilities 0.9, 0.95 and 0.99, correspondingly.

Table 8. Capital required for covering the risks at selected level of confidence

Quintile, % 90 95 99
CaR, § 38476 56833 97554

It can be easily tracked that Capital-at-Risk (CaR) is substantially growing
with growing confidence level from 90 to 99. According to the proposal by the
Basel Basic Indicator Approach (BIA) acceptable level of risk for banking sphere
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is 15%. Thus, the enterprise with monthly income of about one million euros
should keep CaR of 150000 euros. This is about three times as much than the re-
sult achieved in the example above. This result stresses that enterprises in banking
sphere should use the Advanced Measurement Approaches (AMA) for analysis of
operational risks. The volume of CaR can be reduced substantially this way and
available extra capital could be used more rationally to achieve higher income.

CONCLUSIONS

The reasons for emerging financial operational risks in financial organizations
were presented. It was shown that an urgent task for the organizations is devel-
opment and practical use of the risk analysis and management systems on the ba-
sis of modern system analysis approach, providing the possibility for constructing
mathematical models, more specifically probabilistic models of Bayesian type
that provide the possibility for identification and taking into consideration uncer-
tainties related to the random nature of multiple events in financial analysis.

Improved systemic multistep methodology of constructing models for finan-
cial processes and financial risks of arbitrary origin was proposed. An example of
the methodology application is given that shows effectiveness of the methodology
in application to operational risk analysis. Application of the methodology pro-
posed for modeling financial processes with the use of generalized linear models
and Bayesian parameter estimation guaranties high quality of risk estimation with
minimum errors.

Also simplified methodology was proposed for constructing models of risk
in the form of Bayesian networks using the notion of mutual information between
variables of network, and criteria of estimation the quality of model structure on
the basis of minimum description length. An example of BN model constructing
was given for a commercial enterprise on the basis of expert estimates. The model
was used for estimating distribution of loss in the case of operational risk avail-
ability. Analysis of estimation results provided by Bayesian network proves that
models of the type selected can be successfully applied for estimating possible
loss in financial organizations.

In future studies it is reasonable to create specialized commercial intellectual
decision support system for performing mathematical modeling and financial
risks estimation. The system should provide a possibility for the use of statistical
data, expert estimates and generated (simulated) variables of continuous type
convenient for the use in Bayesian framework. Also possible data uncertainties
should be identified and taken into consideration to improve the results of all the
stages of expert estimation and statistical data processing. All the stages of data
and expert estimates processing should be controlled by appropriate sets of statis-
tical quality analysis criteria to reach high quality of intermediate and final results
of computing.
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OHIHIOBAHHSI ONEPAIIMHOIO PHU3UKY 3 BHKOPUCTAHHSIM
METOJOJIOI'Il] CUCTEMHOI'O AHAJII3Y / ILI. bimok, O.JI. Tumomyk,
JI.b. JleBeHuyk

AnoTanisi. PiHAHCOBI PU3NKH — IOIMYJIIPHA TE€Ma JOCITIIPKEHb NPAKTHIHOI HE0O-
XiJHOCTI BUKOPUCTaHHS X MaTeMaTHYHNX MOJeJel, OI[iHIOBaHHS MOXKJIMBHX BTpat
y GaraThOX HampsMax JIIOJCHKOI AisUIBHOCTI, IPOTHO3YBaHHI i BIANOBIIHHUX yIpaB-
JMHCHKHX pilIeHHsX y (iHaHCOBIH Ta iHIIKX cdepax, Ae KamiTai, obmirauii, GipxkoBi
aKiii Ta iHIIi aKTUBH YCIIIIHO BUKOPUCTOBYIOThCs. DIHAHCOBI MPOLIECH XapaKTepH-
3YIOTBCS CKIIAJHOIO (POPMOFO PO3BHUTKY Y Yaci, 0 MOTpedye 3aCTOCYBaHHS BiIIOBi-
IHUX METOJIB, IPUIOMIB Ta MPOLEIyp MOAETIOBAHHS, OIL[IHIOBAHHS PU3HKIB, MPO-
THO3YBaHHS 1 HiATPUMaHHS/NIPUHHATTS pimieHb. s BUpIMIEHHS OUX IMpobiieM
3aCTOCOBAHO MiAXiJ Ha OCHOBI CHCTEMHOIO aHANI3y SIK YHIKAIBHY Ta YHIBEpCAJIbHY
MeToJoJIoriio ociikeHHs. DiHaHCOBI PU3KMKH, 30KpeMa ONeparliiHi, siki po3ris-
JIAIOTBCS Y pOOOTI, KIacu(piKyIOThCS K HETiHIMHI HeCTalliOHAPHI MPOIIECH, IO I0-
TpeOyIOTh 3aCTOCYBAHHS HAJICKHUX METOMIB [UIS aHAJI3y i JOCUThH CKJIAJHOTO aHa-
JITHYHOTO ONHUCY JUISl OL[IHIOBAHHS 1 IPOTHO3YBAaHHS MOXJIMBHUX BTpaT. Pe3ynbratu
aHaJi3y omepamiiHUX PH3HKIB OTPUMAHO Y (GOpMi CHCTEMHOI METOMOJOTi, HOBHX
Mozienei, HoOyI0BaHUX 3 BUKOPHCTAHHIM CTATHCTUYHUX JIAHHX, perpeciiiHoro aHa-
ni3y Ta GalleCiBCBKMX METOMIB, a TAKOX OI[IHOK BTPAaT, OTPHMMAHUX 32 JOHMOMOTOIO
cTBOpeHuX Mojeneld. [1oOymoBaHO Mojeni i 3aIPONOHOBAHO CHCTEMHUH MiAXid 10
aHanizy (iHAHCOBMX IpOLECIB, NMPHIATHUI Uil NPAaKTHYHOTO BUKOPHCTAaHHS 3a
YMOBH, [0 KOPUCTYBa4yi MaTUMYTh HAJISKHI CTATUCTUYHI JaHi Ta eKCIIEPTHI OLIHKH.

Kuiouosi cioBa: QinancoBuii onepamiiHuil pu3UK, MaTeMaTHYHa MOJEJb, CTATHC-
TUYHI JaHi, METOJOJIOTiS CHCTEMHOTO aHaji3y, OLIHIOBaHHS BTpaT, CHCTEMa ITij-
TPUMaHHS NPUIHATTS PIllICHB.
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STUDY ON THE PROFITABILITY OF AGRICULTURAL
ENTERPRISES IN UKRAINE DURING
THE RUSSIAN MILITARY INVASION OF UKRAINE
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Abstract. This paper examines the effectiveness of grouping agricultural enterprises
according to the wheat harvested area and assesses their profitability. We have de-
veloped linear and non-linear regression equations to predict the income for said
groups of enterprises. The methodology is designed for cases when future market
prices are probabilistic in nature. With the help of the developed methodology, it is
possible to calculate the necessary production volumes in the conditions of price
fluctuations. We have used the Goldfeld—Quandt parametric test to test the model
for heteroscedasticity. Calculations show that agricultural holdings are indeed ineffi-
cient, and preference should be given to enterprises with medium crop areas. Appli-
cation of the Lagrange multipliers method when solving the problem of agricultural
enterprise optimization makes it possible to increase profitability. The case of price
risk, when future market prices are not deterministic, is considered. Therefore, it is
necessary to be guided by two criteria when making managerial decisions: to
maximize the expected total net income and to minimize the variance of the total net
income.

Keywords: economic and mathematical models, heteroscedasticity, models of re-
gression analysis, profitability, income, linear regression, nonlinear model, full-scale
russian invasion of Ukraine.

INTRODUCTION

Wheat is one of the most important crops for food security worldwide. Growing
wheat is also a source of income for the considerable part of Ukraine's population.
Among the agricultural crops in Ukraine, wheat occupies more than half of the
sown area. In the recent years, nation had entered the top ten major grain produc-
ing countries and became one of the world's leading exporters of wheat (Fig. 1).
Moreover, wheat exports to Africa, Southeast Asia and the Western Hemisphere

Turkey [N 17.25
Ukraine [N 21.00
Pakistan | 26.40
France [N 30.14
Canada | 33.82
Australia NN 38.00
United States NN 44.90
Russia [N 02.00
India NN 103.00
EU I 134.70
China I 137.72

Fig. 1. Leading 10 wheat producers worldwide in 2022/2023 (in 1.000 metric tons)
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were expected to increase in 2022/23. Unfortunately, as of May 2023 we can ob-
serve negative effects of war, as the economy exported 41.6 million tons of grain
in the 2022/23 July-June season within the Black Sea Grain Initiative and overall
wheat export is predicted to peak at 24 million tons. The negative trend is ex-
pected to remain, as the prognosis for the following period 2023/24 season stands
at the threshold of 26 million tons [1].

A starting point in understanding the Ukraine's grain producing sector, is to
analyse and group the enterprises by the size of the harvested area of wheat in
2021. In percentage terms, the ratio is as follows (Fig. 2). There are 24.016 wheat-
growing enterprises in total. 61.6% of those are the small enterprises, in particular
those with harvesting area of up to 100 hectares. Their aggregated volume of pro-
duction is 1.986 thousand tons of wheat, which is accordingly 7.7% of the total
volume of wheat production in Ukraine. There are only 123 enterprises with a
total area of more than 3.000 hectares, the volume of production of which is
2.852.1 thousand tons, which is 11.1% of the total volume of wheat production in
Ukraine [2].

1<100
2—100-200

3 —200-500

4 —500-1000
5—1000-2000
6 — 2000-3000
7 —>3000

Fig. 2. Enterprises grouping by wheat production (thousand tons) in 2021
Source: Source: authors’ elaboration on the data of [3]

The yield of wheat differs according to various groups of enterprises as fol-
lows: enterprises with an area of up to 100 hectares have a yield of 35 t/ha; with
an area of 500-1000, respectively, 50.3 cwt/ha; for the enterprises with more than
3.000 hectares, the yield is 65.4 t/ha. By volume of harvested wheat to the total
volume of production: enterprises with an area of up to 100 hectares collect 4%;
with an area of 500-1000, respectively, 16.6%; with an area of 10002000 —
23.4%; with an area of 2.000-3.000 hectares — 12.8%; enterprises over 3.000
hectares 28.7%.

And the trend of overall wheat production in the previous years shows con-
stant increase up to 2022 (Fig. 3), that is explained by the consequences of russian
aggression towards Ukraine. As war escalates, under constant bombing and shell-
ing, Ukrainian farmers are not able to harvest the grain. Moreover, fields, that are
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under russian occurrence are unreachable and inaccessible to them. Those crops,
if being harvested at all, are at the disposal of occupiers and are being expropri-
ated by them and consequently, their sale bypasses Ukraine. Hence, 25687.2
thousand tons of wheat were grown in 2021. Ukrainians consume about 20% of
local wheat — the rest is being exported. That is, 20549.76 thousand tons were
exported in 2021.

40

35
30 \/\/\
25

20
15

10
5

0
2017 2018 2019 2020 2021 2022

Fig. 3. Wheat harvest in Ukraine in previous years (1 cwt per hectare)
Source: authors’ elaboration on the data of [4]

Due to the use of the higher-quality seeds, modern technology and plant pro-
tection products, this year, despite the war, farmers managed to harvest a quite
proficient harvest. All this contributed to the increase in productivity. For the first
time in 20 years, there was no drought in Ukraine. The best harvesting results
were observed in Vinnytsia (6.7 million tons), Chernihiv (6.2 million tons), and
Poltava regions (5.7 million tons) [4]. According to the groupings of agricultural
producers, the productivity is as follows (Fig. 4): with an area of 100 hectares, as
a percentage of the total 61%: with an area of 200—500 hectares — 11.8%; with
an area of 500—1000, respectively, 8%; with an area of 1000-2000 — 5.5%; with
an area of 2.000-3.000 hectares — 1.6%; enterprises over 3.000 hectares 1.5%.

80 100%

0%
BO%
0%
B0%
50%
40%

70
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30%
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»3000 2000-30001000-2000 500-1000 200-500 100-200 <100

Fig. 4. Enterprises grouping by wheat yield in 2021 (centner per 1 hectare)
Source: authors’ elaboration on the data of [3]

Compared to 2019, in 2022 the overall grain production trends were as fol-
lows: soybean harvest increased by 17; 40 million tons of corn were harvested; as
well as 32 million tons of wheat (8 million tons more than in 2020). According to
the press service of the Ukrainian Grain Association, the record wheat harvest
guarantees the country's food security. By the end of 2021, all countries of the
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world expect to harvest a record 2.8 billion tons of grain, the Food and Agricul-
ture Organization of the United Nations (FAO) predicts.

Exports of agricultural products, during the 11 months of the war, amounted
to $24.4 billion, which is 22% higher than last year, according to customs data.
Ukrainian products are mostly imported to China, India and the Netherlands [5].
For 2023, the National Bank of Ukraine (NBU) forecasts consumer inflation (De-
cember to December) at the level of 18.7% and an average annual rate of 20.3%
(in 2022 it was 26.6% and 20.2%, respectively, in 2021 — 10% and 9.4%, in
2020 — 5% and 2.7%). According to NBU estimates, the average unemployment
rate in Ukraine in 2023 will be 26.1% (in 2022 — 25.8%, in 2021 — 9.8%, in
2020 — 9.5%) [21].

Optimizing in the war time

Theoretical issues of land management were developed in the works of: Schluter G.
[6, p. 747], who investigated the extent to which an increase in the minimum
wage will affect food prices; Sanchez-Fung J. [7], who deals with the stability of
macro indicators; Rasool H. [11, p. 87], who investigates the relationship between
rural wages and food inflation; Dorward A. [12, p. 633], food safety specialist; as
well as Sitikantha P. [10, p. 244], Bhattacharya R. [11, p.144], Duckett T. [12, p. 17],
Bhattacharya R. [13, p. 146], Nwaolisa E. [17] Wilson L. [19, p. 505].

During the war, the problem of optimizing the groupings of agricultural pro-
ducers is relevant both at the micro and macro level, since a significant part of the
Ukraine's agrarian-industrial complex products is being exported. Moreover, agri-
cultural production is characterized by seasonality. The manufacturer periodically
builds up stocks of products that will possibly be sold in the future. The proposed
methodology is designed for cases when the price of agricultural products is
probabilistic. Its use will allow the owner of agricultural products to protect his
economic interests to the maximum possible extent. The methods of substantiat-
ing management decisions in conditions of risk and uncertainty are to be consid-
ered from Taha H. [10].

Literature review. Models and metods

Since enterprises growing wheat have different areas, and accordingly will re-
ceive different income, it is advisable to monitor their income. To do this, to be-
gin with, the variance of the residuals for different groups of enterprises was cal-
culated, that is, it was checked for heteroskedasticity. The presence of
heteroskedasticity causes a violation of the properties of model parameter esti-
mates when calculating them using the least squares method. Therefore, it is al-
ways necessary to study this phenomenon and, if it exists, to use the generalized
least squares method (Aitken's method) to estimate the model parameters. Here, in
order to determine heteroskedasticity we have used the Goldfeld—Quandt para-
metric test.

In an econometric model that characterizes the dependence of consumption
costs on income, the variance of the residuals may change for observations that
belong to different groups of the population in terms of income.

We have developed a technique for optimizing the grouping of enterprises in
wartime. Since future market prices are not deterministic, the decision must be
guided by two criteria: maximizing expected total net income and minimizing the
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variance of total net income. The Lagrange method is used to solve the problem.
The developed methodology is designed for the probabilistic nature of future
market prices for products and makes it possible to take inflation into account.

Let us consider the method for optimizing the grouping of enterprises in the
conditions of the price risk and price fluctuations, in a wartime. Since future mar-
ket prices are not deterministic, the decision must be guided by two criteria:
maximizing expected total net income and minimizing the variance of total net
income. To solve the problem, the Lagrange method is used. Hence, using the
Lagrange method we develop a methodise, designed for cases when the price of
agricultural products has a probabilistic nature. We find the maximum income
according to formula:

T
Emax = z(pt—ct)xt ’
t=1

z_.. — maximum income; p; — the sale price of a product unit at the given

max
time t; ¢, — costs associated with the storage of a product unit until the time
tzl,_T; 6(2)min — minimal dispersion; a — production volume; 77 — planning
period. Then the maximum dispersion is:

Next, the worst values of the criterion indicators are calculated for a set of
effective variants of the calendar plan:

a
6(2) pin ==
Sl
t=1 G?
A a ZT (1_71_01)‘

min — =
IS
t=1 2
Gy

Therefore, we calculate the range of variation of criterion indicators:

Zon SZp<Z

mii

max; G(Z)min < c50 < cymax .
The optimal calendar plan for the sale of stocks of agricultural products is
determined. This plan x" =(x{,...,x;) is computed by solving the convex pro-

gramming problem, given that s — development criteria:

s —> max,
T
Z(ﬁt_ct)‘xt ZEO—i_S(Zmax_EO)’ (1)
t=1
2.2 2 2 2
th x; <05 —5(65 =67 (2) min)s 2
t=1
T
DX =a, 3)
t=1
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%20, (=1,T. )

It should be added that the optimal value s*will show whether the accept-
able levels of criterion indicators chosen by the product owner were true (at

s*>0)ornot(at s*<0).

MODELLING THE DEPENDENCE OF ENTERPRISE’S INCOME ON THE
HARVESTED AREA

To build this model, the original data set, which includes 7 observations, is used.
These data and calculations based on them are given in Table 1. Based on the na-
ture of the relationship between the value of income of enterprises from the har-
vested area, it can be assumed that the variance of the residuals is not constant for
each observation, that is, there may be a phenomenon of heteroscedasticity.
Therefore, in order to choose the right method for estimating the parameters of
the model, it is necessary to check whether heteroscedasticity is inherent in the
given input data.

Table 1.Inputdata and calculations

Enterprises Volume of | Crop yields, | Production |Price per ton |Revenue,

by area, production, thou-| 1 centner | expenditures | including | UAH
thousand hectares | sand centners | per hectare | per ton, UAH | costs, UAH | billion
up to 100.00 1986.0 39.2 630.37 7299.63 14.498
10001-200.00 2010.3 452 539.21 7390.78 14.858
200.01-500.00 5044.5 47.0 508.08 7421.92 37.44
500.01-1000.00 6000.8 48.3 494.38 7435.62 44.62
1000.01-2000.00 5806.4 494 493.27 7436.73 | 43.181
2000.01-3000.00 1987.1 49.6 489.98 7440.02 | 14.785
over 3000.00 2852.1 49.1 464.14 7465.86 | 21.294

Source: authors’ developments.

We consider the price per ton of wheat to be a constant value, which in 2022
is 7930 UAH. The cost of wheat production on one hectare of land is 22 thousand
UAH. Thus, with an average yield of 5.37 centners/hectare (Fig. 4), the cost of 1
ton of production will be equal to 4.1 thousand UAH. At the selling price of
wheat of 7931 UAH/ton, the profit per hectare will be 20 thousand UAH, which
will provide the profitability of more than 90%. Data for the Goldfeld—Quandt
parametric test is given in Table 2.

Table 2. Data for the Goldfeld—Quandt parametric test

Y X x? Xy Y | (@-7) | (v-7)
14.498 1986 3944196 28793.028 13.57 0.928 0.861184
14.858 2010.3 4041306.09 | 29869.0374 | 13.74 1.118 1.249924
37.44 5044.5 25446980.25 | 188866.081 | 34.98 2.46 6.0516
44.62 6000.8 36009600.64 | 267755.696 | 41.67 2.95 8.7025
43.181 5806.4 33714280.96 | 250726.158 | 40.31 2.871 8.242641
14.785 1987.1 3948566.41 29379.2735 | 13.57 1.215 1.476225
21.294 2852.1 8134474.41 60732.6174 | 19.63 1.664 2.768896

Source: authors’ developments.
Cucmemni docnioxcenna ma ingpopmayiiini mexuonoeii, 2024, Ne 1 67



Olga Tsesliv, Tamara Dunaieva, Julia Yereshko, Oleksandr Tsesliv

Identification of variables: Y = f(X,u), where Y — dependent variable
(revenue); X — independent variable (area size); u — stochastic component.
Model specification:
Using the Goldfeld—Kwandt algorithm, we determine the presence of hetero-
scedasticity. We find C observations that are in the middle of the population:
Cc 4 *
_:_, E:i’ C:4 7’ sz,
n 15 7 15 15
Then n =3, n, =3=3. Let us estimate an econometric model for the popu-

lation n; = 3. Let us quantitatively estimate the model parameters based on OLS:
nag+a; 2x=2Y,
{ao Yx+a Xxt=Yxy.
For each model we find the sum of squares of residuals:
Sy =ujuy =X (Y, - %), Sy =ubuy = (Y, —Y,)*, S,=8.16, S,=12.48.

Finding the criterion R:

12.48
St g2 sk =667,
S, 8.16

Because of R < Fi,,; grouping of enterprises by the size of the harvested

area of wheat heteroscedasticity is absent. If there is no heteroscedasticity, the
least squares method can be applied (Table 2).
Calculating the coefficients of linear pairwise correlation (r,, ) and determi-

R=

nation (R ): RY =77, =17 ~0.9999 .

Most often, in case of a system of linear equations, the linear method of least
squares is used. For our case, the linear regression formula is obtained: Y =
=0.0075%C;—0.1215 . Using this formula, we can calculate exactly how much
the income will increase when the area increases by one unit. In our case, an increase
in area by 1 hectare will lead to an increase in income by 0.13 (billion UAH).

Further on, we find and analyse the power regression equation y = ax’, for

the inputs x; and y; from Table 3.

Table 3. Additional values for calculating linear pairwise correlation (7, )

and determination (R12 ) coefficient

X Vi | Vi | (=) | (x —()_c))2 3; EI? A; c AEll.2
1986 |14.4|14.6| -1683.5 |2834364.65|-0.188| 0.035 | 0.001 - -
2010.3|14.8|14.8| -1659.5 |2754129.91/-0.007 |0.0001|0.0005|0.1811|0.0328
5044.5|37.4|37.4| 13749 |1890467.86|-0.051 | 0.002 | 0.0014{0.0438[0.0019
6000.8 | 44.6 |44.6 | 2331.2 |5434693.25/-0.001| 0 0 ]0.0496(0.0025
5806.4|43.1|43.1| 2136.8 [4566097.39| 0.008 [0.00010.0002|0.0105 |0.0001
1987.1|14.7 | 14.6| -1682.4 |280662.037| 0.090 | 0.008 | 0.006 | 0.081 | 0.006
2852.1121.2|21.1| -817.45 |668236.18| — |0.068 | 0.028 - 0.047
Source: authors’ developments.

NN KW~
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Assessing the significance of regression and correlation parameters

In order to estimate the significance of regression and correlation parameters,
let's find the average value x =3669,56; make a table of additional values,

where

The average approximation error (Table 3):

F — Fisher criteria Fi;,; = 6.67.

and y; for Table 4.

& =Y—Vi &=y, —Vi; 4=

A=ny Y75 1000, = 0,43%.

Vi

Ji _JA}i

As it is known, the least squares method is a method of finding an approxi-
mate solution of an over determined system, which is used in regression analysis.
The most commonly linear least squares method is used in the case of a system of
linear equations. For our case, we obtain the linear regression formula:
Y =0.0075*C3-0.1215.

Using this formula, we can calculate, how much income will increase with

an increase in area per unit. In our case, an increase in area by 1 hectare will lead
to an increase in income by 0.13(billion UAH).

Let us find and analyse the power regression equation p = ax”, for data X,

Table 4. Auxiliary variables for calculating power regression

i X, », Inx, In® x, Iny, Inx Iny,

1 1986 14.498 7.59 57.66 2.67 20.30

2 2010.3 14.858 7.61 57.84 2.69 20.52

3 5044.5 37.44 8.52 72.69 3.62 30.88

4 6000.8 44.62 8.69 75.68 3.79 33.04

5 5806.4 43.181 8.66 75.11 3.76 32.63

6 1987.1 14.785 7.59 57.67 2.69 20.45

7 2852.1 21.294 7.95 63.29 3.06 24.33
Total | 25686.9 190.676 56.64 459.97 22.31 182.18

Source: authors’ developments.

the known formulas:
_nX(lnx; xIny)—2lnx; *Xlny; 7%182.19-56.64x22.31
nYIn’x, —(Xlnx,)

Cucmemni docnioxcenna ma ingpopmayiiini mexuonoeii, 2024, Ne 1

Let us calculate the coefficients a and b of the power regression equation by

b

a= exp[lzmy,- —EZlnxij = exp[%*22.31—
n n

Nonlinear regression equation Y = 0,007 * x

7%459.97 — 56.64>

1.0064

1,0064

~1.0064 ;

* 55.64J =~ 0.007 .

Let’s compare the calculations with linear and power regression.

The data obtained by calculations, linear and power regression actually
match. Thus, both relational models can be used.
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Needless to say, that in order to create economic and mathematical models
of agricultural enterprises in market conditions, it is necessary to take into account
all factors, in particular: land resources, labour resources, fixed assets, movable
assets, financial resources, information resources, costs. The combination of these
indicators makes it possible to forecast income more accurately.

Thus, the study showed the efficiency of different groups of enterprises in
terms of the size of the harvested area of wheat. Their profitability and income
were estimated. Since the best results are obtained from enterprises with a har-
vested area of 200-2000 thousand hectares (Fig. 5), this is obviously the best op-
tion for an agricultural enterprise. Nevertheless, in a war time and respective post-
war times, small businesses become more manoeuvrable and accessible to the

population.
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Fig. 5. Comparison of linear and power regression calculations
Source: authors’ developments

General problem of conditional optimization

The general problem of conditional optimization with equality constraints is re-
duced to the problem of unconditional minimization using the Lagrange function,
which is written in the form:

F(xl,XQ,X3,X4,X5,X6,X7,7\.1,7\.2) = f(xl,XZ,X3,X4,x5,x6,X7)—

= M (X, %5, X3, X4, X5, X, X7) = A (U(Xy, X9, X3, X4, X5, X5 X7 = Zppax ) -

An indispensable condition for using expression (2) is that the number of re-
strictions must be less than the number of variables. If this condition is not ful-
filled, then there is no optimization problem, since the number of connections of
variables exceeds their number. Thus, the task is reduced to finding the minimum
of the function:

OF (x ;) )\ 0o
Ox

A necessary condition for the minimum of the function (2) is the equality of
its gradient to zero, which leads to the system of equations. Consequently, solving
this system of equations leads to finding unknown quantities.
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The calculations were conducted in MathCAD, using the following formula
for the maximum income:

(15X 5 X3, X5 X5, X5 X7, A, Ay) =

=12800x124+490x22+80x324+516x42+566x 52+ 733 x62+2800x72

variance:
u(Xy, X, X3, X4, Xs, X6, X7) =

=T7290x1+7421x2+7435x3+ 7436 x5+ 7440 x 6+ 7440 x 6 + 7465 x 7 .

Solving the equation, we obtain optimal production volumes. We observe
that there has been a shift towards enterprises with an area of 200.01-500.00 thou-
sand hectares. Taking into account inflation, in order to achieve the received in-
come, it is necessary to obtain the production volumes indicated in Table 5.

Table 5. Auxiliary variables for calculating power regression

[5]

@ - = g .2 . = = o
STy SEwel 2T s2 Ed, ESv|ESgEx
=358 uE 5| v= S = 2 SE L|5ELES
o= = ESS2|2cRP | EE BEZ| « ESE|(ESESE
IN =23 s 2 = o= | == ® = S=sT
b, 29 ESE2E| 285 > R = < 3:‘-5—:3:‘-52-—';:
£z22 |S82% ~tf 2T TS 28 S|2SS2E
s o S = = -

12838.5| 920

—
N
[\
(e

1| upto 100.00 1986.0 | 7299.63 | 14.498

2| 100.01-200.00 2010.3 | 7390.78 | 14.858 490.9 | 2550 560
3| 200.01-500.00 5044.5 | 7421.92 | 37.44 80.7 | 16500 18000
4| 500.01-1000.00 | 6000.8 |7435.62|44.62 | 22.7 | 514.5 | 2530 2800
5
6
7

N
o=
o|N|w

NS

1000.01-2000.00 | 5806.4 |7436.73 |43.181| 23.8 | 566.1 | 1940 1940
2000.01-3000.00 | 1987.1 |7440.02 (14.785| 27.1 | 733.5 | 1200 630
over 3000.00 2852.1 |7465.86121.294| 52.9 |2800.8 | 0.18 1

Source: authors’ developments

Solving the system of partial differential equations (1)—(4), we obtain the op-
timal volumes of production, with the inflation taken into account. The results are
shown in Table 5. We observe that there has been a shift towards enterprises with
an area of 200.01-500.00 thousand hectares. That is, enterprises with an area of
200.000-500.000 hectares are the most efficient and provide the optimal volumes
of wheat production. It becomes clear, considering this study, that enterprises
with an area of 200-500, 500-1000 and 1000-2000 thousand hectares are effi-
cient and competitive, and it is most expedient to develop precisely them.

The problem was solved using the Lagrange method and the probabilistic na-
ture of prices was taken into account. The developed technique makes it possible
to calculate the necessary volumes of production during the period of inflation.
Calculations show that agricultural holdings are not efficient, and preference
should be given to enterprises with average cultivated areas.

CONCLUSIONS

In a current paper we study the grouping of enterprises by the size of the har-
vested area of wheat. Wheat is one of the most important sources of income for
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the part of the population of Ukraine. Over the years, Ukraine has had agricultural
land (71%), 78% of which is arable land; 97.2% of agricultural land is systemati-
cally used for economic purposes.

Here we examine the income of various groups of enterprises, using The
Goldfeld—Quandt parametric test in order to determine heteroskedasticity.

Our analysis of yield, volume of production, income of each group of enter-
prises showed, that the best results are obtained by enterprises with an area of
200-2000 thousand hectares. Meaning, that large agricultural holdings proved to
be not efficient, and preference should be given to enterprises with medium areas.

Since the phenomenon of heteroscedasticity was not detected, a linear re-
gression formula was constructed using the method of least squares. For compari-
son, a power-law regression equation was found and analysed.

In order to predict the income for each group of enterprises by the size of the
harvested area of wheat, we have developed equations of linear and nonlinear re-
gression.

The scientific novelty of the work is that the equations of linear and nonlin-
ear regression were developed to predict the income of each group of enterprises
by the size of the harvested area of wheat. Application of the Lagrange method
multipliers when solving the problem of optimization of agricultural enterprises
makes it possible to increase profitability.

Developed models can be used to analyse the income and profitability of ag-
ricultural producers.
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JOCHIA)KEHHSI PEHTABEJBHOCTI CLIBCBKOTOCIHIOJAPCBKUX
NIANPUEMCTB B YKPAIHI MIJI YAC BIMCBKOBOI'O BTOPIHEHHS
POCII B YKPAIHY / O.B. llecnis, T.A. [ynaesa, F0.0. €pemiko, O.C. Ilecnis

AHoranisi. JlocmipkeHo e()eKTUBHICTh TPYIYyBaHHS CUIbCHKOTOCIOAAPCHKUX IMif-
MIPUEMCTB 32 PO3MipOM 30MpaibHOI IUTOIII MIIEHUII Ta AaHO OLIHKY iX MpHUOYTKO-
BocTi. Po3po0OiieHo miHilHI Ta HeNiHIHHI PIBHAHHA perpecii IUis MpOrHO3yBaHHSA J0-
XOmy JUIS 3a3HAUCHUX TPYI HiJIPHEMCTB. METOMUKY pO3poOIeHO Ul BHIAJKIB,
KoM MaiiOyTHI PHHKOBI WiHM MalOTh IMOBIPHICHMI XapakTep. 3a JOIOMOTOI0
PO3pO0JICHOT METOJMKH MOXHAa pO3paxyBaTH HEOOXiAHI OOCSITH BHPOOHHUIITBA
B YMOBax KOJHMBaHHS wLiH. Bukopuctano napamerpuunuii tect [onadensma—
KBanjTa ju1s nepeBipkd MOZielIi Ha FeTePOCKEeIaCTHYHICTh. Po3paxyHKH MOKa3yroTh,
IO arpoXOJIMHIM HAacmpaBli HeeeKTWBHi, 1 mepeBary cClii BiagaBaTu
MIIIPUEMCTBAM 13 CepeIHIMH MOCIBHUMH IUIOMAMH. 3aCTOCYBaHHS METOLY MHOKHHKIB
Jlarpamka s BHUpIIEHHS 3aBAaHHS ONTHMi3alii  CUIBCHKOTOCIIONAPCHKUX
HiINPUEMCTB Ja€ 3MOTY IIIBHINUTH pPEHTA0eNbHICTh. PO3MNIIHYTO BHIALOK
I[IHOBOTO PHU3HKY, KOIU MaiOyTHI PUHKOBI L[IHK HE € JeTepMiHOBaHUMH. Tomy mix
Yac NPUHHSATTS YNPaBIIHCHKHUX pIlIEHb HEOOXIAHO KepyBaTHCS JBOMA ILIISIMH-
KPHUTEPIsIMU: MaKCHMI3yBaTH OYIKYBaHUH CYKyIHHH YHCTHI JOXiI i MiHIMi3yBaTH
JMCIIEPCII0 CYKYITHOTO YUCTOTO IOXOY.

Kawu4oBi c10Ba: eKOHOMIKO-MaTEeMaTHYHI MOJIENi, T€TEPOCKENACTUIHICTh, MOJIEI1
perpeciiiHoro aHanizy, npuOyTKOBICTb, IOXi[, JiHiiiHA perpecis, HeliHiiiHa MOzelb,
MOBHOMACIITaOHe BTOPIHEHHS pocii B YkpaiHy.
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HYBRID SYSTEM OF COMPUTATIONAL INTELLIGENCE
BASED ON BAGGING AND GROUP METHOD
OF DATA HANDLING

Ye. BODYANSKIY, O. KUZMENKO, He. ZAICHENKO, Yu. ZAYCHENKO

Abstract. The paper considers the problem of short- and middle-term forecasting in
the financial sphere. To solve this problem, a hybrid system of computational intel-
ligence based on the group method of data handling (GMDH) and bagging, as well
as an algorithm for its training, is proposed. The odd stacks of the hybrid system are
formed by ensembles of parallel connected subsystems. ARIMA and the GMDH-
neo-fuzzy hybrid network were chosen as such subsystems. The proposed system
does not require a large training data set, automatically determines the number of
stacks during training, and provides online operation. The experimental investiga-
tions were conducted using the proposed hybrid system, as well as separately using
ARIMA and GMDH-neo-fuzzy. The accuracy of the predictions obtained is compared,
based on which the feasibility of using the proposed hybrid system is substantiated.

Keywords: hybrid system, bagging, hybrid GMDH-neo-fuzzy network, ARIMA,
short- and middle-term forecasting.

INTRODUCTION

Today deep neural networks (DNN) are widely used for solving a large class of
Data mining problems and, above all, classification (pattern recognition, image
processing of various nature) and extrapolation (time series forecasting, natural
language text processing, fault detection), due to their universal approximating
properties, based mainly on the G. Cybenko [2] theorem. At the same time, DNNs
are rather cumbersome constructs that contain too many configurable synaptic
weights, in turn, requiring too much training data, which is not always available
for solving specific real-world problems. In addition, the learning process of DNN
requires quite a lot of time so that when solving Data Stream mining problems,
especially when processing nonstationary data streams, the use of these systems
encounters some difficulties.

It is possible to overcome these difficulties using ensemble methods [2-7],
while the ensemble can contain a variety of computational intelligence systems
the simplest type of elementary perceptron of F. Rosenblatt and N — Adaline [§]
to the most complex DNNSs.

© Ye. Bodyanskiy, O. Kuzmenko, He. Zaichenko, Yu. Zaychenko, 2024
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The main problem when using the ensemble approach is to combine the re-
sults of individual members of this ensemble in order to obtain the optimal initial
result in the sensing of the accepted learning criterion. For this purpose, Bagging
procedures [9] can be used, minimizing the RMS error on the training sample,
modified to work online.

The resulting ensemble approach and bagging system may be too complex
from a computational point of view. To simplify its implementation, it should be
decomposed into a number of simpler subsystems, while such decomposition can
be implemented quite simply using the Group Method of Data Handling (GMDH)
[10; 11].

It is interesting to note that J. Schmidhuber [12] believes that just based on
GMDH the first deep learning systems were built. Subsequently, based on
GMDH, neural networks and neuro-fuzzy systems were proposed, which demon-
strated their accuracy and speed in solving a number of problems [13—17].

In our opinion, it is appropriate to introduce into consideration a hybrid sys-
tem of computational intelligence (HSCI), built based on an ensemble approach
and bagging, which would increase its architecture in the learning process based
on GMDH ideas, would not require significant amounts of training selections and
would be quite simple from a computational point of view.

ARCHITECTURE OF HSCI ON THE BASE OF BAGGING AND GMDH

In the Fig. 1 the architecture of the proposed system is presented.

= |3 * ~ |5 * 7 | ALs <2}
LA =N BRTOTE=R PN R Bl (O] = FASO R I BRI =
%)
L e e
w012 1w 2 e | g il E e e [l E |vMw
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) L g =15, o 52100502 3Lk

Fig. 1. Hybrid system of computational intelligence based on bagging and GMDH

The architecture of the system contains 2S sequentially-connected stacks,
while odd stacks are formed by ensembles of parallel-connected subsystems that
solve the same problem (recognition, prediction, etc.) and even ones are essen-
tially learning metamodels that generalize the output signals of ensembles and
form optimal results in the sense of the accepted criterion. The output signal of

the first metamodel is the generalized optimal signal y*l(k) and (n—1) output

signals )7,[H (k),i=L2,...,n— 11( k) “best members of the ensemble”. At their core,

metamodels function as selection units in traditional GMDH systems, but not only
select the best results from the previous stack, but also form the optimal solution
based on these results.

Further, the output signals of the first metamodel are fed to the inputs of the
second ensemble, which is completely similar to the first. The outputs of the sec-

ond ensemble )3{2](16), ﬁgz](k),..., ﬁgzl(k) come to the second metamodel, which

calculates the optimal signal y*[z](k) and (n—1) j/l[i] (k) “closest” to it. The last

S-th ensemble is similar to the first two, and the output of the last S-th metamodel
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is y*[s](k) , which exactly corresponds to a priori established requirements for the

quality of solving the problem under consideration.

Each of the ensembles contains ¢ different computational intelligence sys-
tems that solve the same problem. There may still be simple neural networks such
as a single-layer perceptron, radial-basis neural network (RBFN), counterpropa-
gating neural network, etc., which do not use error backpropagation procedure for
training, neuro-fuzzy systems such as ANFIS, Wang-Mendel or Ta-
kagi-Sugeno-Kang type, wavelet-neuro systems, neo-fuzzy neurons and others,
the output signal of which linearly depends on the adapted parameters, which al-
lows to use optimal speed learning algorithms.

LEARNING HSCI BASED ON BAGGING AND GMDH

The input information, on the basis of which the system is configured, is a train-
ing selection of input signals x(1),x(2),...,x(k),...,x(N); x(k) = (x;(k),...,x;(k),...
I (k))T eR" and its corresponding scalar reference signals  y(1),...,
y(k),...,y(N). On the basis of these observations, the elements of the first en-
semble are tuned independently of each other, at the outputs of which ¢ scalar

signals yg,z](k), p=12,...,q, are formed, which are conveniently represented in
the form of a vector (k)= ()A’][]](k),...,ﬁg](k),...,ﬁg](k))r. These signals are
sent to the inputs of the first metamodel, at the outputs of which n sequences

W), 3 k)., 35 k)., 3, (k) the main of which is $ (k) while others

are auxiliary. The main signal of the metamodel y*[l](k) is the union of the out-
puts of all members of the ensemble in the form of

*| d *| A A *|
Y1) = 2wt 35y = 3 o™,
p=1

M1 (W*[l] w 1]
ses Wy e W

synaptic weights on which additionally restrictions are set on unbiasedness

where w )Y — is a vector of adapted parameters-

q
1] _ T .
Ywl=rTwtl=1, (1)
p=1
where I, — (g x1) is the vector of unities.

The problem of teaching the first metamodel is reduced to minimizing the
standard quadratic criterion in the presence of additional constraints (1).

Thus, the problem of training the first metamodel can be solved using the
standard method of penalty functions, which in this case reduces to minimizing
the expression

J(w*[l],S)Z (Y(N) - ?[IJ(N)W*U])T(Y(N) _yll (N)W*[I]) 152 (IqT wiil D, Q)

where  Y(N)=((),...,y(k),...y(N) =(Nx1) is a vector, Y'(N)=
=M ,.... oM k),..., MN)T = (N xgq) is a matrix, § is the penalty coefficient.
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Minimization (2) by w 1 Jeads to the result

. 1— 77 L8
w il = lim w! 0)= w4 P[l](N) — 7, 3)
550 1Py, 1
q q
where w1 is a standard LSM estimate:

WS = 707 oy y vy 7T (N y (V) = PO T (V)Y (V).

The same result may be obtained using the indefinite Lagrange multipliers.
Introducing into consideration meta-model error

M (k) = k)~ y M (k) = (k) = 5 (yw ™ = w0 1 sy — '™ 7 () =

=w (1, ) = 510k = w T BN (),
write Lagrange function in the form
LiwM )=

N
= W EN ) M (eyw !+ (17wt = 1) = W RV 4 01wt -1y,
k=1

(where A is indefinite Lagrange multiplier) and solving Kuhn—Tucker equations system
VW*[I]L(W*[”,x) =2R(N)w " +11, =0,
{ oL(w™ . ny/on =17 wt -1=0,
obtain the final result
{w*[l] = R, UTRT (W)Y,
A==2I]R(N)I,.

It was proved [3; 4] that the use of score (3) leads to results that are not infe-
rior in accuracy to the best of the members of the first ensemble.

If observations from the training sample are processed sequentially online, it
is advisable to use the least squares recurrent method in the form

PGk + 130 (ke + 1Pk
1+ 3 e+ 0 P ()5 (ke +1)
wESI e+ 1) = wESU () + PY Gk + D)otk + 1) = 507 (e + w03k + 1),
w41y = w14 PGy PO+ 1y 1) - 17wPS 0k 4 1)1,
w,(0)=¢" p=12,..q

or if a training sample is non-stationary we may use exponentially weighted re-
current LSM method

Pk 1) = PU) -

Ph](k-f—l) =l[P[l](k)_ P[l](k))}[l](k_'_l))}[l]T(k+1)P[1](k)]
(04

o+ T (k+D)PY k)M (k +1)
[1] _Ar LS[1]
P (k)(f(]; +1)—p ‘ (k f})w (k) S0k +1),
o+ P k+ )P )P (ke +1)
w il +1) =w Wk + 1)+ Pk + D] Py - 10wk + 11,
w,(0)=¢" p=12,..q,

w11 = wS ) +

78 ISSN 1681-6048 System Research & Information Technologies, 2024, Ne 1



Hybrid system of computational intelligence based on bagging and group method ...

where 0 < o <1 — forgetting factor.
To the parameters of the metamodel can be given meaning the levels of
fuzzy membership to the optimal output signal by introducing additional restric-

tions on the non-negative values of these parameters, that is, in addition to the

(1]

configurable parameters w™ we can also calculate the levels of this membership

HE] >0, p=12,...q.
To do this, we introduce into consideration the extended Lagrange function
L, .p) = (Y (N) = YW T (V) = PH ) + 2w 1) - p

where p — (g x1) is vector of non-negative indefinite Lagrange multipliers.

Using the equations system by Kuhn—Tucker
{flml(uuﬁlap)=5,
AL, 1.p)/p1 =0,
it’s not difficult to get the solution in the form
pt = pHGT (NY (V) = 0,541, +0,5p),
1 NPT (N Y (V) 140,51 pHI(N)p

A
0,517 (M1,

For finding vector of non-negative Lagrange multipliers, it’s reasonable to
apply Arrow—Hurwitz—Uzawa procedure

1wk +1) 1+ 0,518 P (ke + Dp(k
a e +1) = w4 1) - Pk +1) 2 ( ; 1 o P Dp) |
17PN+ 11,

(4)
+0,5PM(k +1p(k),
pk+1) = ., (p(k) =, () (k + 1)),
where B, (.) is a projector to positive ortant, n,(k) — learning rate, parameter.

First expression (4) after non-complex transformations may be presented in a
more compact form

0,577 P (k + 1)p(k)
[1] _ [1 g [1] _
uk+1) = w™Mk+1) - PU(k +1) : +0,5PM (k + Dp(k) =
1rPYk+ 1)1,
PG+ 1T
1 q9°4q [1]
=wlk+1)+05| 1, ————LL PNk +1)p(k)
{qqdpmm+ng

where instead of least squares estimates whs m(k +1), the parameters of the met-
amodel w ™ (k +1) are used, which simplifies the process of configuring it.
As a result of learning the first metamodel, the optimal signal y*m(k) is

formed at its output, as well as g signals ﬁg}”(k) from which we choose

n—1 (if ¢ 2 n) with the highest levels of fuzzy membership HE] , which subse-
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quently in the form of (nx1) — vector are fed to the input of the second ensem-

ble, the outputs of which go to the inputs of the second metamodel, and so on.
The process of increasing the number of ensembles and metamodels continues

until the required accuracy of the last metamodel with the output y*[s](k) is
achieved, or the value of the criterion minimized for the bagging model begins to
increase, i.e. 2 (y (k) = €2 (v (k)).

EXPERIMENTAL INVESTIGATIONS
The experimental investigations of bagging based on GMDH were performed at

the problems of short-term and middle-term forecasting of Dow—Jones Industrial
average index. The dynamics of DJIA is presented in the Fig. 2.
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Fig. 2. Dynamics of Dow—Jones Average

The data of DJ index was taken since 05.07.22 till 03.07.23.

The correlation function of process Dow—Jones index was calculated and the
correlogram was built presented in the Fig. 3.
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Fig. 3. Correlogram

Analyzing this correlogram we can see strong correlation between values of DJIA.
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As a first model used in bagging ensemble is ARIMA. ACF function plot is
presented in the Fig. 4.
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Fig. 4. ACF plot
Using differencing the process DJIA was transformed to stationary one:
Dickey—Fuller test was performed: P-value:1.3051439086544856¢e-28 < 0.05.
The experimental investigations were performed at different forecasting in-
tervals: 1, 3, 5 (short-term) and 10, 20 days (middle-term) forecasting.
Flow-chart for 1 day forecast is presented in the Fig. 5.
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Fig. 5. Flow chart of forecast at 1 day interval for ARIMA

Flow chart of forecast by ARIMA for 5 days is shown in the Fig. 6.
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Fig. 6. Flow chart of forecast at 5 days interval for ARIMA
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Next model used in ensemble is Hybrid GMDH-neo-fuzzy network. It was
optimized by parameters. After that the experiments on forecasting with different
forecasting intervals 1, 3, 5, 10, 20 days were performed. Some of results are pre-
sented below. Flowchart of forecast for 3 days is shown in the Fig. 7 and for 10

days in the Fig. 8.
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Fig. 7. Flow chart of forecast for 3 days interval by GMDH-neo-fuzzy network
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Fig. 8. Flow chart of forecast by GMDH-neo-fuzzy network for 10 days
After that the algorithm of bagging based on GMDH was implemented
and experiments at short-term and middle-term forecasting were performed.
The tables with criteria MSE and MAPE are presented in the Tables 1 and 2.

Table 1. Average MSE values for different intervals

Interval ARIMA GMDH-neo-fuzzy | HSCI-GMDH-bagging
1 17422.752 27420.394 17382.425
3 43434.022 59202.99 49332.635
5 66993.011 78330.284 58153.202
10 235427.989 108358.616 104324.0
20 696291.974 253693.345 241508.146
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Table 2. Average MAPE values for different intervals

Interval ARIMA GMDH-neo-fuzzy | HSCI-GMDH-bagging
1 0.83 1.049 0.828
3 1.416 1.63 1.398
5 1.616 1.903 1.577
10 3.134 2.208 2.108
20 5.579 3.433 3.308

Average MSE values for different intervals are presented in the Fig. 9 and
MAPE values — in the Fig. 10.
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Fig. 9. Average MSE values for different forecasting intervals
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Fig. 10. Average MAPE values for different forecasting intervals

Analyzing the presented results, one may conclude that bagging procedure
based on GMDH has the best results as compared with separate models in ensem-
ble, the second place takes GMDH-neo-fuzzy network for all the intervals at the
exception 1, 3 and 5 days. And for short-term forecasting 1, 3 and 5 days ARIMA
appears to be better than hybrid GMDH-neo-fuzzy network.
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In a whole the obtained results well comply with theoretical statements as
for properties of bagging procedure and the proposed bagging based on GMDH
in HSCI system appeared to be very efficient procedure which demand minimum
calculations due to application of GMDH.

CONCLUSION

The architecture and learning algorithms of hybrid computational intelligence sys-
tem, which is built based on Group Method of Data Handling (GMDH) method
and bagging approach, are proposed.

The system consists of a sequence of stacks, while odd stacks are essentially
ensembles formed by parallel connected different subsystems that solve the same
problem, while even ones are metamodels that implement the bagging procedure
and calculate the levels of fuzzy membership of each member of the ensemble to
the optimal result. The process of increasing the number of stacks is based on
GMDH principles until the desired accuracy of the final results is achieved. The
proposed system does not require large volumes of training samples, provides
online work and automatically determines the number of its layers — stacks in the
learning process.

Experimental investigations confirm that Hybrid system of computational in-
telligence based on bagging and GMDH is effective for short- and middle-term
forecasting in the financial sphere and has better metrics than ARIMA and
GMDH neo fuzzy.
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T'TBPUJIHA CUCTEMA OBYMCJ/IIOBAJIBHOI'O IHTEJIEKTY HA OCHOBI
BEITIHI'Y TA METOJAY TI'PYIOBOI'O YPAXYBAHHS API'YMEHTIB /
€.B.bonsucrkuii, O.B. Ky3pmenko, FO.I1. 3aituenko, O.10. 3aituenko

AHoTanisi. PosrnsgHyTo npobieMy KOpOTKOCTPOKOBOTO Ta CEpeIHLOCTPOKOBOTO
nporuo3yBanHs y ¢inancosiit chepi. Just i BupilieHHs 3ampornoHOBaHO TiOpUAHY
CHUCTEMY OOYHMCIIOBAJBHOTO IHTEJIEKTY HAa OCHOBI METOAY I'PYNOBOTO ypaxXyBaHHS
aprymenTiB (MI'YA) Ta Gerriary, a Takox anroput™ ii HaByaHHS. HemapHi cTexu
ribpuaHOi cucteMu cHOpPMOBaHI aHCAMOJSIMU TApaANITbHO 3’€JHAHHUX MiJCHCTEM.
Sk taki migcucremu oopano ARIMA ta ribpunny Mepexy MI'YA-neo-daszsi. 3a-
MPOTIOHOBAHA CHCTEMA HE MOTPEOYE BEIMKOr0 00CATY HaBYaIbHOT BUOIPKH, aBTOMA-
TUYHO BU3HAYA€ KIIbKICTh CTEKIB Y MPOIECi HABYAHHS Ta 3a0e3nedye poboTy y pe-
xumi online. IlpoBeneHO eKCIEPUMEHTANbHI [OCHIHKEHHS 3 BHKOPHCTaHHIM
3alpONOHOBaHOI ribpuaHOi cuctemu, a Takok okpemo ARIMA ta MI'YA-Heo-
(a3zzi. [TopiBHAHO TOYHICTH MPOTHO31B, OTPUMAHUX EKCICPUMEHTATHHUM ILIS-
XOM, Ha OCHOBI 4OTO OOTPYHTOBAaHO JOLIBHICTh 3aCTOCYBaHHS 3alPOTIOHOBAHOT
riOpHUIHOT CUCTEMHU.

Kurouosi ciioBa: ribpunna cucrema, 6errinr, riopuaxa mepexa MI'Y A-Heo-das3i,
ARIMA, KOPOTKOCTPOKOBE Ta CEPEAHBOCTPOKOBE MPOrHO3YBaHHS.
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STATISTICAL METHODS OF FEATURE ENGINEERING
FOR THE PROBLEM OF FOREST STATE CLASSIFICATION
USING SATELLITE DATA

Y.V.SALII, A.M. LAVRENIUK, N.M. KUSSUL

Abstract. Timely detection of forest diseases is an important task for their preven-
tion and spread limitation. The usage of satellite imagery provides capabilities for
large-scale forest monitoring. Machine learning models allow to automate the analy-
sis of these data for anomaly detection indicating diseases. However, selecting in-
formative features is key to building an effective model. In this work, the application
of Bhattacharyya distance and Spearman’s rank correlation coefficient for feature
selection from satellite images was investigated. A greedy algorithm was applied to
form a subset of weakly correlated features. The experiment showed that selected
features allow for improving the classification quality compared to using all spectral
bands. The proposed approach demonstrates effectiveness for informative and
weakly correlated feature selection and can be utilized in other remote sensing tasks.

Keywords: Sentinel-2, vegetation indices, Bhattacharyya distance, feature engineer-
ing, greedy algorithms, Spearman’s rank correlation coefficient.

INTRODUCTION

Monitoring the condition of forest areas is a task for successfully identifying tree
diseases and preventing their further spread. The use of high-resolution satellite
images makes it possible to regularly obtain up-to-date information on large forest
areas [1]. The process of processing and analyzing these data can be automated
using machine learning methods that can detect signs of abnormal vegetation
changes that may indicate the presence of diseases [2; 3].

One of the key steps in building an effective machine learning model for
classification of the forest condition is the careful selection of the most informa-
tive features of the input data for the machine learning model. This allows to sim-
plify the model and reduce the training time, without losing the quality of the
classification. There are a large number of approaches to evaluating the informa-
tiveness of features. Most approaches are statistical, based on evaluating the simi-
larity of data distributions. Among the most well-known methods for assessing
the similarity of distributions, it is worth noting the Kullback—Leibler divergence,
which calculates the relative entropy between two probability distributions. The
higher the divergence value, the more distinct the distributions are [4]. However,
this characteristic is not symmetrical, which limits its use. More universal are
methods for determining the distance between data distributions, which include
the Euclidean metric, that calculates the Euclidean distance between the means of
two distributions, the Wasserstein distance, which measures the minimum “work”
required to transform one distribution into another, or the chi-square distance, that
compares the frequencies of samples from two distributions. Another symmetric
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metric that allows you to measure the difference between two distributions is the
Bhattacharyya distance [5].

This paper investigates the possibility of using the Bhattacharyya distance
and the Spearman correlation coefficient to select the most informative and at the
same time weakly correlated features of multispectral satellite images.

FORMULATION OF THE PROBLEM

Let us consider the task of detecting disease in forest areas based on the analysis
of Sentinel-2 satellite images [6]. The goal of our research is to develop an effec-
tive model that will be able to automatically determine whether a certain area of
the forest is diseased on the basis of multispectral satellite data at different times.

To achieve this goal, two multispectral images will be used: current (Fig. 1,
a) and past (Fig. 1, b). Since coniferous forests were studied, past images are not
limited to a specific date, but it is important that the forest is healthy. Addition-
ally, a vector mask of forest type (Fig. 1, ¢) from the Forest Type 2018 geospatial
dataset [6] is used, which allows us to determine the areas where the forest is lo-
cated and exclude non-forest areas from the analysis.

In the terminology of machine learning, the task is to build a binary classifier
of each pixel of a multispectral image into the classes “healthy” and “stressed”
(Fig. 1, d) by building and training a machine learning model. For training and
testing of the model, the experts provided a ground truth (disease) mask (Fig. 1,
d), which will be used for training the model and evaluation of its effectiveness.
The experimental study was conducted on the data of the eastern part of the
Grand Est region, France. The area for which training data is available is shown
in Fig. 2.

‘,-; -

L e s
L?.# -
(c) Forest Type 2018 (d) Ground truth mask

Fig. 1. Example of input data: (a, b) RGB (B4, B3, B2) composite of Sentinel-2 images;
(c) white — coniferous, gray — deciduous, black — non-forest; (d) white — sick,
black — healthy
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Fig. 2. Sections for which train areas are available. The locations of the areas are marked
with black dots

SATELLITE DATA

The work uses multispectral images of the Sentinel-2 satellite obtained in the
eastern part of France. The images contain data in 13 spectral channels (bands)
with a spatial resolution of 10 to 60 meters. Images of areas of coniferous forests
were selected for analysis. All channels with a resolution of 10 m (Fig. 3, @) and
20 m (Fig. 3, b) were used, as well as channel B9 (water vapor) with a resolution
of 60 m (Fig. 3, ¢). This choice is due to the fact that these ranges are sensitive to
the content of chlorophyll, moisture and other indicators of vegetation, the change
of which may indicate the presence of diseases.

The choice of bands for research is determined by the following considera-
tions. The B4 band (red range) is sensitive to the chlorophyll content of vegeta-
tion because chlorophyll strongly absorbs red light for photosynthesis. A decrease
in the content of chlorophyll during plant stress or disease leads to an increase in
reflection in the red range. B5 band (red-edge) is in the region of rapid change in
reflectance from low (red light) to high (infrared). Changes in this band can carry
information about the content of chlorophyll, which often changes during the de-
velopment of the disease. B9 band (water vapor) is used mainly for atmospheric
correction, but can help in cases of changes in the water content of vegetation un-
der stress. Bands B11 and B12 (short-wave infrared range) are sensitive to the
water content of plants because water absorbs strongly in this range. A decrease
in water content under stress leads to an increase in reflectance, which may indi-
cate the development of the disease.

In addition to the values of the spectral bands themselves, their combinations
(so-called vegetation indices) will also be used as input data. Depending on the
mathematical form of the index, they can highlight information about the state of
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the vegetation cover; eliminate or minimize the influence of negative factors (for
example, brightness).

SWIH
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T
E
i
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Fig. 3. Bands of Sentinel-2 satellite images [7]. Bands with a spatial resolution: 10m (a),
20m (b), 60m (c)

Among the well-known vegetation indices, the following can be noted:

o Green Leaf Index (GLI) — used to assess the health and development of
green leaves of the plant cover, physiological state, detection of stress, drying or dam-
age of plants, as well as monitoring of their growth and phenological changes.

e Normalized Difference Vegetation Index (NDVI) — measures the health
and density of vegetation on the Earth’s surface. This index is used to assess the
state of ecosystems, monitor the impact of climate change and control land use.

e Disease Stress Water Index (DSWI) — used to identify plant diseases,
especially coniferous forests. A decrease in DSWI values indicates a deterioration
of the physiological state of the plant cover, which can be caused by diseases, for
example, infectious diseases or stressful conditions.
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o Chlorophyll Vegetation Index (CVI) — used to estimate the concentration
of chlorophyll in the vegetation cover.

Since vegetation indices are mathematical functions, they can be generalized
by classes of functions. For example, the following classes can be distinguished
for the vegetation indices used in the article [2, Table 2]:

B(4A)=4 :B2,B3,B4, ... ,B9,Bl11,B12;

A-B
NORMP(A,B) = ) : NDWI, NGRDI, NDRE2, NDVI, GNDVI, NDRE3;
+

FRAC(A, B) =% - RDI, PBI, CIG;

(A+B)+4+C)

NORPP(A,B.C.D) =8
C+D

GLIbased(A,B,C) =

: DSWI,

CVIbased(A,B,C,D) =ﬂ : CVI,
C-D

DIST(A,B)=\ A*> + B> : DRS.

Set of values of various spectral bands and possible vegetation indices will
be used as input data for building and training models for classifying the state of
the forest into healthy and stressed.

METHODOLOGY

Bhattacharyya distance calculation

to evaluate the informativeness of the features, the bhattacharyya distance will be
used between the distributions of the feature values for the healthy and damaged
forest classes. The larger the value of this distance, the better the feature separates
these classes.

Bhattacharyya distance is calculated by the formula:
Dy(H,S)=-In(BC(H,S)),

n
where BC(H,S) =) H;S; — Bhattacharyya coefficient, where H;, S; — prob-
i=1
abilities of the i-th value (the height of the i-th columns of the histograms A and §).
The value of the Bhattacharyya coefficient is sensitive to the number of his-
togram columns. If their number is too low, the coefficient will be underesti-
mated, if it is too large, it will be overestimated. Because of this, it is reasonable
to take the number of histogram columns equal to the square root of the number
of observations of the stressed class.

Greedy feature selection algorithm

In the previous section, classes of functions were presented, on the basis of which
a large set of vegetation indices can be created. In this section, the most relevant
features from this variety of indices will be defined. Our task is to select a subset
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of features that jointly satisfy two key criteria. First, they should be distinguished
by high values of the Bhattacharyya distance that characterizes their significance.
Secondly, these features should be as independent as possible, i.e. carry as much
new information as possible.

This approach is aimed at building a compact and at the same time informa-
tive subset of features that helps to understand key relationships and features in
the data. This selection of features will simplify the machine learning model and
increase its effectiveness.

A greedy algorithm will be used to form an optimal set of informative and
weakly correlated features. At each step of the work, greedy algorithms choose a
locally optimal solution, which makes it possible to obtain a satisfactory global
approximation in an acceptable time [8]. Heuristics based on the Bhattacharyya
distance and the Spearman correlation coefficient will be used as a criterion for
local optimality of the greedy algorithm.

Spearman correlation coefficient

Spearman correlation coefficient [9] is used to determine the statistical depend-
ence of two variables and shows to what extent the dependence between variables
can be described using a monotonic function. The Spearman correlation coeffi-
cient is defined as the Pearson correlation coefficient for variable ranks, that is, it
does not operate with the values of quantities, but with their serial numbers. Its
values lie within [-1, 1].

cov(R(x),R(Y))

S(R(x))o(R(y))’
of variables; R(X), R(Y) — transformation of variable values into their ranks;
cov(R(X),R(Y)) — covariance of rank values; o(R(x)), o(R(y)) — dispersion
of the corresponding rank values.

This value is defined as 7, (X,Y) = where X, ¥ — values

Independence coefficient

Since the goal is to find the most independent features, a value of 1 should corre-
spond to independent features, and 0 should correspond to fully dependent fea-

tures. Thus, the coefficient of independence will take the form: c,(X,Y)=
=1- Fs (X7 Y)

, where 7,(X,Y) is the Spearman correlation coefficient.

Proposed algorithm

The algorithm works as follows:

1. The weight of each feature is set equal to the value of the Bhattacharyya
distance of the given feature.

2. The feature with the largest current weight is selected.

3. The weight of each feature is multiplied by the independence coefficient
between the current feature and the feature selected in the previous step.

4. Return to step 2 until the required number of features have been selected

The pseudocode of the algorithm can be seen in Fig. 4. It is important to note
that it uses a modified coefficient of independence, namely, a constant value C is
added to it. Such change allows you to adjust what the algorithm should pay more
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attention to: the independence of features (C — 0) or the informativeness of fea-
tures (C >0).
procedure SELECTINDEPENDENTSUBSET(indezes, k)
indexes + list of all indices and their Bhattacharyya distance
k + required number of features
if len(indexes) < k then return inderes
end if
output + new listfk]
i+ 0
while i < k do
selected + indezes[argmazx(indezes, indezes.distance))
output[i] « selected
inderes.distance + indexes.distance x (1 + C — |spearman(indexes, selected)|)
i1+ 1
end while
return output
end procedure

Fig. 4. Pseudocode of the proposed algorithm

This approach allows to consistently add to the set the most informative at
the moment and weakly correlated with previous signs. As a result, a set is
formed that contains a maximum of information for a given number of features.

Machine learning models for classification

To compare the effectiveness of different sets of features, machine learning mod-
els will be used for binary classification of the forest state.

Multilayer perceptron [10] with a different number of hidden layers will be
used as a basic classifier. Optimal architecture and hyperparameters of the model
will be tuned using a genetic algorithm.

The models will be trained on a training sample of satellite images with
ground truth masks. To assess the quality of the classification, such metrics as [11]
will be used: overall accuracy (accuracy), Jacquard coefficient (IoU), cross-entropy
(log-loss), area under the ROC curve (ROC AUC) on the validation sample.

Note that the overall accuracy metric makes sense only when assessing the
classification accuracy with a balanced distribution of classes, which occurred on
the validation sample.

Five-fold cross-validation was used to analyze metrics.

Comparing the results of models built on different sets of features allows us
to assess the contribution of the proposed feature selection method to improving
the quality of classification.

EXPERIMENT RESULTS

Description and results of the experiment on evaluating the informativeness
of features

In order to evaluate the informativeness of various features of the image, the
Bhattacharyya distance between the classes of “stressed” and “healthy” conifer-
ous forest was calculated for various spectral channels and vegetation indices.
Sentinel-2 images containing fragments of healthy and stressed coniferous
forest in eastern France were used as input data. Each image contains 12 bands.
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For each pixel of each image, 43.644 vegetation indices were calculated based on
12 spectral channels according to the given index classes.

The territories were divided into 3 parts, for each of which Bhattacharyya
distances were calculated separately between the obtained histograms of class
distributions. Histograms were built within the values of the “stressed” class with the
number of columns equal to the square root of the number of pixels of this class.

As a result, average estimates of the Bhagattacharya distance
(Avg(Dy(H,S))) for each of the features were obtained.

Among the original spectral channels, bands B4, B11 and B12 showed the
greatest informativeness (Table 1). Among the known vegetation indices, 7 (RDI,
NDWI, NGRDI, DSWI, NDRE2, NDVI, GLI) demonstrated higher separation
rates (Table 1) compared to spectral channels. A comparison of Bhattacharyya
distance values in vegetation indices from table 1 and the corresponding class
of indices (Table 2) shows that there are instances of the class with a larger
distance value.

Table 1. Bhattacharyya distance

Sentinel-2 bands Well-known vegetation indices
Band | Avg(Dg(H,S)) | Index Formula Avg(Dy(H,S))
B12 0.332 RDI B2 0.581
B84
B4 0.306 NDWI B34 - Bl 0.577
B8A+Bl1
Bl1 0.228 NGRDI B3- B4 0.562
B3+ B4
Bl 0.116 DSWI B8+B3 0513
B4+ Bl11
B9 0.115 NDRE2 B7-B5 0.470
B7+ B5
B5 0.107 NDVI B84 - B4 0.448
BSA+ B4
B7 0.092 GLI (B3~ B4) + (B3 — B2) 0.389
' (B3 + B4) + (B3 + B2) '
B2 0.073 PDI B8 0.219
B3
BSA 0.068 CIG B34, 0.183
B3
B6 0.068 GNDVI B84-B3 0.182
BSA+ B3
B3 0.062 NDRE3 B3A4-B7 0.126
B8A+ B7
B8A- B5
B3 0.041 CVI B—32 0.051
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Table 2. The largest Bhattacharyya distance for classes of vegetation indices

Class Instance Avg(Dg(H,S))

CVibased(4,B,C,D) B3-B6 0.686
Bl1-B4

NORPP(A4,B,C,D) B2+B6 0.646
BI2+ B4

GLIbased (A, B,C) (B6—B4) +(B6 - Bl1) 0.630

(B6+ B4)+(B6+ Bl1)

NORMP(A,B) B6-B12 0.609
B6+ BI2

FRAC(A,B) B6 0.603

BI2
DIST(A,B) JB12 + B2 0.354
B(4) BI12 0.331

So, the experiment confirmed that the Bhattacharyya distance can be used to
evaluate the informativeness of features, confirmed the advantage of using vege-
tation indices in comparison with the original image data, and showed that for
each class of indices it is possible to find instances with better informativeness
(within the scope of the task) than in well known indices.

This makes it possible to form an effective set of features for further training
of machine learning models without the need for their previous training.

Determination of the optimal set of informative features

The analysis of the results of feature selection showed that among the initial set of
43.644 calculated vegetation indices, 3.128 had a Bhattacharyya distance above
0.4, which indicates their high informativeness.

Using the proposed greedy algorithm, sets of 12 and 24 features were obtained.
The algorithm used a modified coefficient of independence: c;(X,Y)+ C, where

C =0.6. At this value of the C parameter, the model showed the best result.

As it was found during experiments, the use of classes GLIbased(A,B,C),
NORPP(A,B,C,D), CVibased(A,B,C,D) during selection leads to a decrease in
metric values, so their use was abandoned. Rejecting them allows you to reduce
the execution time of the algorithm by an order of magnitude.

As a result of this problem, it seems reasonable to search for an effective
combination within each class separately, and then somehow combine them.
However, the identification of the causes of this problem and methods of solvingit
require a separate study.

As can be seen in Fig. 5, the obtained set of features mostly contains features
with relatively little informativeness. This indicates that although a large number
of signs are informative, they are also highly correlated. This is also confirmed by
the fact that the selected features with high informativeness are more correlated
with each other (have a darker color) than the features with low.
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Fig. 5. Independence matrix for (@) — 12, (b) — 24 features selected by the proposed
algorithm among the classes NORMP(A, B), FRAC(A, B), DIST(4, B)

Fig. 5 shows the example of pairwise independence of selected features,
where features are placed from top-left to bottom-right in descending order of
their individual informativeness. Brightness of each cell corresponds to their in-
dependence, where brighter means higher.

Overall, the obtained set of features mostly contains features with relatively
little informativeness. As can be seen in fig. 5, the selected features with high in-
formativeness are more correlated with each other (have a darker color) than the
features with low.

Analysis of machine learning results

To evaluate how successful the sets turned out to be, let’s compare the accuracy
of models built using them compared to models using only spectral channels,
known vegetation indices, and their combination.

Fig. 6 immediately shows that the model built on the features proposed by
the algorithm shows much better knowledge of metrics and their dynamics. Thus,
already after about 7 epochs, the model based on 12 proposed features shows met-
rics close to the metrics of the model based on known vegetation indices. This
comparison confirms that the proposed algorithm is effective.

It should also be noted that the models from the 12 proposed features show
close (but still slightly worse) values of metrics to the model based on spectral
classes. At the same time, the algorithm worked an order of magnitude longer
than model training. Based on this, it can be concluded that the spectral channels
are a good enough basis, and the multilayer perceptron model is able to build a
vegetative index with high informativeness on their basis.

However, when the number of features is doubled, the proposed algorithm
was able to find such a set of features that improves the accuracy of the model
and the rate of its learning. This suggests that the feature sets previously failed to
maximize the amount of information, which one would think, as the model based
on a combination of known vegetation indices and spectral channels showed
almost the same accuracy and learning rate as the model based on spectral chan-
nels alone. And also confirms the usefulness and necessity of feature engineering.
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Fig. 6. Metrics of built models on the validation sample

In the future, the proposed algorithm can be applied to optimize forest state
classification models based on other types of data and for other tasks of remote
sensing of the Earth.

CONCLUSIONS

In this work, the possibility of using Bhattacharyya distance to assess the relative
importance of features in the task of forest state classification based on satellite
images was investigated.

The analysis of real data showed that it makes sense to consider not specific
(known) vegetation indices, but their classes. It was confirmed that within each
class, with a high probability, a vegetative index can be found that is more infor-
mative compared to the known and original Sentinel-2 spectral channels.

The proposed greedy feature selection algorithm based on the Bhattacharyya
distance and the Spearman correlation coefficient made it possible to form a set of
12 features with similar accuracy indicators, and a set of 24 features with signifi-
cantly better ones, compared to the model based only on the spectral channels of
the image.

Therefore, the proposed approach is effective for selecting informative and
weakly correlated features based on satellite images. It can be applied to find an
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effective set of features for building machine learning models in forest condition
monitoring tasks and other fields of Earth remote sensing data analysis without
the need to pre-train the models.
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CTATUCTHUYHI METO/I THXKEHEPIT O3HAK JUISI 3AJIAYT KJTACH®PIKAIII
CTAHY JIICIB 3A CYITYTHUKOBUMU JTAHUMMU / €.B. Camniii, A.M. JIaBpeHIOK,
H.M. Kyccynb

AHoTtanisi. CBoe4acHe BHSBJICHHS XBOPOO JIiCy € BaXKIIMBUM 3aBIaHHIM IS 3211001~
raHHA iX MOIINPEHHIO Ta OOMEXEHHsS HacliAKiB. BUKOPUCTaHHS CYITyTHHKOBUX
300pakeHb HAJ[A€ MOMKJIMBOCTI UL BEJIMKOMACIITaOHOTO MOHITOPHHTY JiciB. Mogeni
MAaIIMHHOTO HaBYaHHS JAlOTh 3MOTY aBTOMATH3yBaTH aHAJIi3 LUX JaHUX VIS BUSIB-
JICHHsI aHOMaJIii, 110 MOXKYTh CBITYHMTH IPO HasBHICTH XBOpoO. Binbip iHdpopmarn-
BHHX O3HaK € KJIIOYOBHUM eTaroM no0ynoBu edekTuBHOT Moaei. J{oCiiKeHO MOXK-
JUBICTh 3aCTOCYBaHHs Bincrani Brarrauap’s ta koediuienta kopensuii CripmeHa
IUTS BiZOOpy O3HAK i3 CYIMyTHUKOBUX 300pakeHb. 3aCTOCOBAHO XKaTiOHUHA aaropuT™
U1 (popMyBaHHS MAMHOKMHH cJa0KO KOPEThOBAaHHMX O3HAK. EKcriepuMeHT moka-
3aB, M0 OOpaHi O3HAKH JO3BOJIIOTH ITOKPANIMTH SIKICTh Kiachikarii mopiBHIHO
3 BUKOPUCTAHHSM yCiX CHEKTPAIBHUX KaHATiB. 3aIIPONOHOBAHUHN MiIXiX MPOJEMOH-
CTpyBaB e(heKTHBHICTH JUIsl BiOOpPY iHPOPMATUBHUX i CIAOKO KOPEJILOBAHUX O3HAK
Ta MOXKE 3aCTOCOBYBATHUCS B IHIINX 3a7a4ax AUCTAHLIHHOIO 30HyBaHHs 3eMJIi.

Kurouosi cioBa: Sentinel-2, BererariiiiHi iniexcH, BiJictanb brarradap’s, imKeHe-
pist 03HaK, *kaaiOHI axropuT™u, KoediuieHT kopemsuii CriipmeHa.
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EVALUATION OF THE THERMAL REGIME OF THE CATHODE
OPERATION OF A HIGH-VOLTAGE GLOW DISCHARGE
ELECTRON GUN, WHICH FORMS A RIBBON ELECTRON BEAM
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Abstract. The article discusses the various methods of estimating the surface cath-
ode temperature of the high-voltage glow discharge electron gun, which forms a rib-
bon electron beam with a linear focus. Numerical estimations have been made to de-
sign the cathode assembly of an industrial gun. It is shown that the most effective
way to make approximate estimates of the temperature of the cathode surface in
high-voltage glow discharge electron guns for various technological purposes is to
use arithmetic-logical ratios for modeling the geometry of the cathode assembly and
locus functions for estimating the temperature distribution. The accuracy of such es-
timates, made using the heat balance equation, was 5—-10%, sufficient at the initial
stage of designing an electron gun. It is shown that using the SolidWorks CAD
software complex for designing high-voltage glow discharge electron guns is effec-
tive only for solving the complex engineering design tasks and preparing the corre-
sponding technical documentation. The results of the theoretical research published
in the article are of interest to a wide range of specialists engaged in developing
electron beam equipment and its implementation in industrial production.

Keywords: electron gun, high-voltage glow discharge, CAD-systems, thermody-
namic equation, heat balance equation, arithmetic-logical relation, locus.

INTRODUCTION

Today, high-voltage glow discharge (HVGD) electron guns are widely used in
various branches of industry [1-3]. The main fields of application of such electron
guns are electron-beam welding of thin-walled parts and their assemblies, deposi-
tion of ceramic coatings in an environment of active or inert gases, depending on
the requirements of the technological process, as well as electron-beam cleaning
of refractory metals and ceramic materials for the further use of high-refining ma-
terials in modern production technologies. The main advantages of HVGD elec-
tron guns over traditional electron sources with incandescent cathodes are the fol-
lowing [1-3].

1. Stability and reliability of operation in conditions of low vacuum in the
environment of various gases, in particular inert and active ones.
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2. Simplicity of the design of HVGD electron guns with the possibility of
replacing spent units, in particular the cold cathode of the HVGD.

3. Simplicity of vacuum technological equipment, without the need to ensure
the operation of the electron gun in conditions of high vacuum.

4. Simple control of the power of the electron beam. In general, there are two
ways to provide such control in order to improve the quality of industrial products
that are subject to heat treatment with an electron beam. There are the following:
changing the pressure in the discharge gap [4] or changing the concentration of ions
in the anode plasma due to the lighting of the additional auxiliary discharge [5].

In connection with the physical features of the operation of HVGD electron
guns listed above and the existing advantages of these types of guns over tradi-
tional electron sources with incandescent cathodes as well as over other beam
technologies, including laser ones [2; 3], the main industrial areas of application
of HVGD electron guns in modern electron beam technologies are the following.

1. High-speed electron beam welding of capsules and contacts of modern
electronic devices, in particular cryogenic ones [6; 7].

2. Production of ceramic films for high-quality and durable capacitors with
the aim of creating a new component base of the modern electronic industry [8—11].

3. Production of ceramic films for receiving and transmitting antennas of
modern microwave communication electronic means [8—11].

4. Deposition of heat-resistant and heat-protective coatings in the modern
automotive, aviation, and space industries. For example, advanced modern tech-
nologies are the application of heat-protective coatings on the blades and other
parts of automobile and aircraft engines [12—15].

5. Electron beam refining of refractory metals and ceramic materials in order
to increase their purity and quality [16-20]. For example, in works [17-20], the
features of applying electron-beam remelting technologies to obtain pure poly-
crystalline silicon were considered. The aim of this advanced electron-beam tech-
nology is to improve the manufacturing technology of modern semiconductor
electronics devices, in particular, electronic microcircuits.

6. The modern technologies of three-dimensional printing on the metal’s
substrates [21].

STATEMENT OF THE PROBLEM

One of the features of the HVGD electron gun is a rather low current density from
the metallic surface of the cold cathode, the maximum value of which is about
10>~ . In connection with this, an advanced direction for the introduction of

m2

HVGD electron guns in modern electron-beam technologies is the formation of
profiled electron beams with a linear and circular focus from a large cathode sur-
face. The main advantage of using such types of HVGD electron guns in modern
electron-beam welding and surface treatment technologies is the extremely high
productivity of the technological process, since the use of profiled electron beams
allows for a short period of time to process the products of a long duration with
complex geometry without the need to provide the additional scanning of the
electron beam on the surface of detail, which is treated [2; 3].

The main advantages of HVGD electron guns, which form profile electron
beams, are the following [2; 3].
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1. A wide range of power, from 10 kW to 600 kW, which allows designing
optimal equipment for a specific technological application.

2. Stability of operation in a wide vacuum range, the partial gas pressure can
be from 10—4 to 10-1 Pa, including in conditions of dynamic pressure changes in
the process chamber.

3. The use of different active and noble gases, as well as mixtures of them, is
also possible.

4. The HVGD electron guns are compact and light in weight.

5. The HVGD electron guns are simple to exploit and repair, and they are
also reliable in operation.

6. The cold cathodes of HVGD electron guns have a significant time of op-
eration without necessary cleaning, up to 100 amps for hours or more.

The construction diagram of the electrode system of the HVGD electron
gun, which forms an electron beam with a linear focus, is shown in Fig. 1. The
main features of the electrode systems of HVGD electron guns, which form elec-
tron beams with a ring and linear focus, as well as methods of evaluating their
geometric design parameters, were 7
considered in papers [22-24].

In connection with this, the

most important tasks related to the 2
mathematical model of HVGD elec-

tron sources, from a practical point RSN

of view, are estimates of the thermal T /'/ AT 3
modes of operation of the cold cath- \\\ Vi ///f/’/(/ i
ode, which form electron beams i |“!.‘ Dl e 4

with a linear focus. In general, from
the point of view of HVGD physics,
the thermal mode of operation of the
cold cathode significantly affects its
emission properties [1]. L

Methods of analysis of the self- N\
aligned electron-ion optics of Fig I. Structural diagram of the HVGD electrode
HVGD, taking into account the as- system, which forms an electron beam with
sessment of the position of the alinear focus: / — cathode; 2 — anode; 3 —
plasma boundary relative to the electron beam; 4 — product being processed
cathode, have been studied quite thoroughly and were described in the papers
[1, 25-27]. Generally, anode plasma in HVGD electrode systems is considered
a moving electrode with a given potential that is transparent to electrons. The pe-
culiarities of estimating the position of the plasma boundary in HVGD electrode
systems, which form electron beams with a linear and circular focus, were con-
sidered in a paper [20]. The general theoretical approach to estimating the operat-
ing temperature of the cold cathodes of the HVGD electron guns was considered
in [28].

Another approach to simulation and experimental study of the properties of
powerful and intensive electron beams in vacuum and plasma devices, including
microwave ones, is presented in the papers [29-31]. In the paper [29], the radia-
tion of plasma diodes in the microwave range has been studied experimentally. In
the paper [30] the penetration of an intensive electron beam into an irradiated ob-
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ject in dependence on the incidence angle of the electron beam has been studied.
In the paper [31] model of an electron beam for an advanced method of computa-
tional dosimetry for radiation processing has been elaborated and tested.

Therefore, the main goal of this work is to evaluate the thermal modes of operation of
the cold cathode in HVGD electrode systems that form electron beams with a linear focus.

GENERAL THEORETICAL APPROACHES AND THE BASIC EQUATIONS FOR
CALCULATING THE TEMPERATURE DISTRIBUTION ON THE COLD CATHODE
SURFACE OF HIGH-VOLTAGE GLOW DISCHARGE ELECTRON SOURCES

The main conclusion, which is a consequence of the general theory of HVGD, is
that the accelerated electrons in HVGD do not significantly affect the temperature
of the working gas [1]. Accordingly, limitations on the power of HVGD electron
guns can only be associated with ensuring the dissipation of energy on the elec-
trodes. In addition, the maximum power of HVGD electron guns is limited by the
emissive properties of the cold cathode, as well as by contraction of the discharge
and step ionization under conditions of high pressure [1]. The maximum value of
the current density of the secondary ion-electron emission is 10° A/m”. In any
case, in the general theory of the HVGD, it is justified that, according to the rela-
tions for the current-voltage characteristic of the HVGD, the HVGD electron
guns, within the physical conditions of the existence of the discharge under a de-
fined range of the pressure and the accelerating voltage, are operated stably, with-
out unwanted surges of current up to extremely high values [1].

The second conclusion of the general theory of HVGD is that to reduce the
temperature of the electrodes and, accordingly, the effect of their heating on the
discharge parameters, it is desirable to use light gases, for example, hydrogen or
helium, in the powerful electron guns. In addition, it is known that when light
gases are used, the sputtering coefficient of the cathode surface S decreases, and,
accordingly, the operation time of the HVGD electron gun without replacing the
cathode increases [1]. However, the choice of operation gas or gas mixture is al-
ways combined with the task of ensuring a high value of the coefficient of secon-
dary ion-electron emission y,, which allows, under the condition of stable opera-
tion of the cathode, to increase the power of the electron beam that is formed [1—
3]. Another way to reduce the operating temperature of the electrodes’ surfaces is
to increase the gas flow rate. However, the application of this method must be
compatible with the gun current stabilization system, since the gun current de-
pends on the pressure of the operation gas, and, according to the main equation of
vacuum technology, the gas pressure in the HVGD gun directly depends on the
gas flow rate [4]. Usually, in modern electron-beam technological equipment, the
control of the current of the HVGD gun is carried out by changing the gas pres-
sure by automatically adjusting the gas flow into the electron gun [4]. Therefore,
this method of cooling is generally not used in industrial HVGD electron guns.

That is why ensuring the effectiveness of water cooling of the cold cathode
due to the thermal power released on it as a result of bombardment with residual
gas ions is the main technical factor that ensures the stable operation of HVGD
electron guns [28].

Generally, the following four approaches are used to solve applied problems of
thermodynamics [32-35].
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1. A simplified approach based on the transition to a one-dimensional model without
taking edge effects into account and solving the heat balance equation [32; 33]:

[
m S (T, -T,
B—}—Cm(T)mm dTZ\' =Pb3 Bz J' S( N Cl)dl, (1)
dt 0 7\‘m(T)

where ¢, is the specific heat capacity of the heated material; A,, is the thermal
conductivity of the heated material; S is the surface area irradiated by the flow
of energetic particles; /,, is the thickness of the body being heated; 7, is the tem-
perature on the surface of the substance, m,, is the mass of the heated material;

T,, is the temperature coolant; B, is the power absorbed by the substance; and P,

is the lost power due to thermal conductivity.

Estimates of the surface temperature, which are based on relations (1), are
most accurate for metals that have high thermal conductivity, and, due to this, the
temperature of the surface of the metal, which is heated by a high-energy stream
of charged particles, can be assumed to be the same with great accuracy [28].
Therefore, for the preliminary analysis of the temperature of the emission surface
of the cathode of the HVGD electron guns, the ratio (1) is used. For electrode sys-
tems with direct cooling of the cathode by a coolant, the heat balance equation (1)
is written as follows [28]:

Ve R AL —R-FR Lk
1+ A A -
Tc: Tg ¢ K +Tc . OLC:k1+k2 Ve, (2)
2( . R R J
a.R;| arcsin —— — ——
2R, 2R,

where a, is the heat transfer coefficient of the liquid through the base of the
cathode; A, is the thermal conductivity of the cathode material; R, — the radius
of the cathode emission surface; R — the transversal size of the cathode; v, is
the rate of the cooling liquid, m /s , ki and k, are the empiric coefficients. For
example, for water, at room temperature and atmospheric pressure, k; =350 and
ky = 21000 [34; 35].

In the case of a complex geometry of the cathode, a mathematical approach
for describing the geometric form of complex three-dimensional objects, based on
the application of arithmetic-logical relations [36] and Rvachov functions [37-39],
or the locus, can be effectively used to find the temperature of its surface using
relations (2). The appropriate software means can be effectively implemented us-
ing the programming tools of the MatLab system of scientific and technical calcu-
lations [40].

2. Analytical solution of the heat conduction equation [32; 33]:

0 o(,ory of(,or) of(,oT
5(pCvT) —a[;&aj+5(7\.5j+§(7\,5j+}7()€,y,2), (3)

where x,y, and z are the space coordinates; 7 is the temperature of medium; A is
the thermal conductivity of the substance; p is its density by mass; F(x,y,z) —
the density of the thermal sources on the surface boundary.
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Solving the generalized equation of thermal conductivity with partial deriva-
tives (3) is carried out analytically by expanding its solution under given bound-
ary conditions into a functional series. To carry out this operation, consider the
kernel of equation (3), which, in its general form, is written as follows [28; 32; 33]:

;exp _i a2:L )
(2a,[mt)" 4a’t | t ’

where x is the coordinate, that is under consideration and by which the equation
(3) is solved; ¢ is the time; a, is the coefficient of thermal diffusion; c, is the gas

O(x,t) =

heat capacity by the volume, and # is the number of the basic function. In the the-
ory of thermal conductivity, it has been proven that the series based on the use of
functions (3) are orthogonal and coincide [41-44]. Generally, the coefficients of
thermodynamic tasks in the functional row (4) must corresponded to partial dif-
ferential equation (3), given above [28; 32; 33]. The general disadvantage of this
approach is the difficulty of automating the formation of functional series using
computer programs [32; 33]. That is, the application of such an approach requires
a large amount of routine work from professional mathematicians and engineers.
On the other hand, the obtained functional series can be analyzed, in particular,
take the derivatives of analytical functions and search for their extrema [41; 42].
This sometimes, to some extent, simplifies the search for optimal engineering so-
lutions regarding the geometry of the cathode assembly details [32; 33].

3. Numerical solution of the heat conduction equation (3). Usually, the right-
hand difference method or the implicit Crank—Nicholson method is used to solve
the complex non-stationary heat-conduction equation (3) [30; 31; 38]. However,
if a stationary thermodynamic problem is considered, the hyperbolic heat conduc-
tion equation (3) is generally reduced to the elliptic Poisson equation [32; 33; 40;
43; 44]. The advantage of numerical methods for solving engineering problems in
thermodynamics is that, if they are correctly set, it is possible to obtain high accu-
racy in modeling the temperature distribution, taking into account all edge effects.
The general disadvantage of this approach is that, in order to obtain optimal de-
signs of thermodynamic systems, it is necessary to analyze a large number of
variants, which is usually associated with huge time costs. Today, even with the
use of advanced computers and network technologies in cloud computing, solving
one variant of an engineering task with the complex spatial geometry of the simu-
lated object can take several hours [36; 39]. Another disadvantage of using this
approach is that the research engineer has only the final results of the provided
calculations, and after those, it is usually extremely difficult to find the optimal
design from the point of view of the laws of thermodynamics. It is much easier to
do this through the analysis of the simple analytical solution of a thermodynamic
problem or the corresponding functional series.

4. Today, with the development of computer systems for engineering design
and modeling, computer modeling methods using built-in computer calculation
systems and engineering systems for automated design (CAD) are often used to
estimate the temperature regimes of the HVGD cold cathode. Such methods of
modeling thermodynamic systems are based on the numerical solution of the heat
conduction equation (3) using the implicit Crank—Nicholson scheme, and calcula-
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tions are performed using the finite element method [40; 43; 44]. When using this
method, the accuracy of calculations for axially symmetric cathode cooling sys-
tems is proportional to the minimum dimensions of the calculation elements of
the finite-difference cells and is estimated by the following ratio [43; 44]:

2 2
82=\/(81+Mhr] +(81+M}12j D (5)
or 0z

where ¢€; is the temperature calculation error at nodal points; €, is the error of
approximation of the temperature dependence between nodes; 4, is the discreti-
zation step along the r coordinate, and 4, is the discretization step along the z
coordinate.

It is clear from relation (5) that to increase the accuracy of simulation of
HVGD cathode cooling systems, the density of the finite-difference grid should
be increased in regions with a high temperature gradient. Usually, such areas are
the boundaries between elements of the cooling system, which have different val-
ues of thermal conductivity.

The work [28] presented the results of modeling the cooling system of the
cathode unit through the copper base in the case of considering a gap between the
cathode and the base and without such a gap. The simulation was carried out in

the pdetool program of the MatLab system for scientific and technical calcula-
tions [28; 40].

COMPUTER SIMULATION TOOLS OF THE SOLIDWORKS CAD SOFTWARE

The work [28] considered the means of modeling the cooling system of the cath-
ode unit of the powerful HVGD electron gun, implemented in the modern Solid-
Works software complex, in the Flow Simulation program [45; 46]. The advan-
tage of using this software tool in engineering activities is that it is designed
specifically for drawing and has high-quality graphic means for visualizing com-
plex three-dimensional parts, assemblies and structures. In the SolidWorks soft-
ware complex, drawings of individual parts of the cathode assembly are first cre-
ated, and then, through the connection of these parts, an assembly drawing is
performed with the possibility of three-dimensional visualization of the entire
structure [45; 46]. After that, the final version of the drawing of the cathode as-
sembly is uploaded to the Flow Simulation program, where the power of the heat
flow that is applied to the surface of the cathode is set. Manual and automatic set-
tings of the rate of the coolant are also possible. The Flow Simulation software
has its own database on the necessary values of thermodynamic parameters of
metals, ceramics, organic materials, as well as liquids and gases [45; 46], so it is
enough to specify most of the material from which the corresponding part of the
cathode assembly is made, the coolant and, if necessary, the type of operation gas
and its pressure [45; 46]. Basic mechanical, thermodynamic, aerodynamic, and
electrophysical properties of structural materials, given in reference literature [34,
35], already entered into the database of the SolidWorks CAD software [45; 46].
A generalized review of the possibilities of using all the approaches described
above regarding the analysis and optimization of the temperature regime of the
cathode cooling systems of HVGD electron guns was generally carried out in [28].
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PRELIMINARY ESTIMATES OF THE TEMPERATURE OF THE COLD
CATHODE SURFACE OF A HIGH-VOLTAGE GLOW DISCHARGE
ELECTRON GUN, INTENDED FOR THE FORMATION OF A RIBBON
ELECTRON BEAM, USING THE HEAT BALANCE EQUATION,
ARITHMETIC-LOGICAL RELATIONS, AND RVACHOV FUNCTIONS

The structural diagram of the electrode system of the HVGD device, which forms
a ribbon electron beam, is shown in Fig. 2. The device intended for the formation
of a ribbon beam contains a cathode 1, which is fixed on a high-voltage insulator
4, and is located in a capsule 2. The cooling of the cathode surface with water is
carried out directly, cold water enters through tubes that are passed through the
insulator. The length of the rubber hoses used to supply water should be such that

they provide reliable electrical insulation, taking into account the fact that a volt-
age of 15 kV is applied to the cathode.

Coolant |
' |
- |
3
/
.\‘ I "‘ | — 4
/ ‘l I l" i
l.Ill I :l'
| ." 5
‘-‘ | ;' /
‘l I J'
Vi
|I‘| !.': 6
N Wl e
i

Fig. 2. Structural diagram of the HVGD electrode system designed to form a ribbon
electron beam: / — insulator; 2 — capsule; 3 — cathode; 4 — near-cathode diaphragm;

5 — anode; 6 — base flange for mounting the gun on the technological chamber with a
hole for the output of the electron beam; 7 — ribbon electron beam with a linear focus

The capsule of the device, taking into account the near-cathode diaphragm 4
and the base flange 6 with a hole for outputting the electron beam, forms a

discharge chamber in which a high-voltage discharge burns [1-3]. Diaphragm 4,

located near the cathode, ensures the distribution of the electric field necessary for
the formation and focusing of the ribbon electron beam [2; 3].
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The calculation of water cooling of the cathode surface for the HVGD elec-
trode system, whose design scheme is shown in Fig. 2, was carried out taking into
account the geometric features of the cathode assembly. Fig. 3 shows the
construction of the cathode assembly used and the corresponding geometric
parameters of the cathode. Therefore, the boundary conditions for solving
thermodynamic task are presented in Fig. 4.

R
:

SN NE

]
—

Fig. 3. Geometrical parameters of the cathode of the HVGD electrode system, the struc-
tural scheme of which is shown in Fig. 2: R, is the radius of the cylindrical emission surface
from which the flow of electrons is formed; R is the cathode radius as a structural element; /. is the
thickness of cathode; /., is the wideness of the cathode emission zone; 4., is the longitude
length of the cathode emission zone; and R, is the radius of cathode rounding

Analytical relation (2) has been used to estimate the temperature of the sur-
face of the HVGD cold cathode, and the geometry of the cathode assembly was
described using arithmetic and logical functions [36]. Under such conditions, the
arithmetic-logical relationship that was used to calculate the temperature of the
cold cathode of the HVGD device, which forms a ribbon electron beam with
a linear focus, has the following form:
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Fig. 4. The boundary conditions for calculation the heat regime of electrodes system
of high voltage glow discharge electron gun
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where 7,(x,y) is temperature distribution function on the cathode surface by x
and y coordinates; a, is the heat transfer coefficient of the coolant liquid
through the base of the cathode according to the second ratio of equations set (2).
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Calculations using relations (6) were carried out using logical and matrix
programming tools of the MatLab -system of scientific and technical calculations
for the following parameters of the cathode assembly: 7, =10°C, W, -1-5kW,

Yg=3, R =005m, R=0.03m, R, =0.012m, [.=0.005m, /[, =0.012m,

h, =0.026m, v, =0.03m’/s, k; =350k and k, =21000.

The simulation results obtained using arithmeticlogical relations (6) are
shown in Fig. 5.

0.03

0.03

0.02

0.01

-0.03
-0.03 -0.02 -0.01 0 0.01 0.02

x,m c

Fig. 5. Contour graphs of the temperature distribution on the cold cathode surface 7(x, y),
obtained using arithmetic-logic relation (6):a — W, =1kW; b— W, =5kW;c— W, =7kW
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From the graphic dependences obtained using arithmetic-logic relations (6)
and shown in Fig. 5, it can be seen that the preliminary, generalized estimates
based on the use of the heat balance equation indicate that in the range of power
released at the cathode, within the range of W, =1-7kW, the surface tempera-

ture of the water-cooled aluminum cathode does not exceed 60°C. Such a tem-
perature mode of operation is normal for the cold cathode of technological elec-
tron sources, based on HVGD [1-3].

Another, more accurate approach to describing the geometry of complex
three-dimensional objects is the use of Rvachev functions, or locus [37-39]. The
essence of this approach is that instead of the logical ratios used in the analytical
expression (6), atomic functions or locus are used. Locus is smooth functions with
a high value of the derivative. Therefore, with their help, a jump-like coordinate
difference is approximated for the surface being modulated. Locus functions are
formed on the basis of arithmetic-logical relations. This approach makes it
possible to effectively use locus for solving problems of electrophysics and
thermodynamics in real devices with complex electrode geometry [37-39].

Analytical expressions for locus functions are given in Table 1 [35-37].

Table 1.Rvachov R-functions R, , or locus

The accompanying .
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The coefficient a in the ratios given in Table 1 is selected in the range [0; 1],
depending on the formulation of the modeling task.

Let's rewrite the logical expressions of the arithmetic-logical functions (6) in
terms of the Rvachev R, functions defined in Table 1.
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Then the sophisticated arithmetic-logical relation (6), taking into account (7),

will be rewritten as follows:
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The results of calculating the temperature distribution on the surface of the
cathode using content (8), which have been obtained under the condition o = 0.95,

are shown in Fig. 6.
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Fig. 6. Contour graphs of temperature distribution on the surface of the cold cathode 7.(x, y),
obtained using relation (8): a — W, =1kW; b — W, =3kW; c— W, =5kW
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ESTIMATION OF THE SURFACE TEMPERATURE OF THE COLD CATHODE
USING MODELING TOOLS OF THE SOLIDWORKS CAD SOFTWARE

The CAD software system SolidWorks is a well-known and widely used package
that allows one to create 3D models of parts based on drawings or sketches. That
is why this engineering CAD is often used by designers and industrialists. The
system also has the powerful algorithms for calculating loads of various types.
The calculations are based on the physical parameters of materials implemented
in the program, which include almost all widely used metals, alloys, nonmetals,
and liquids. Mechanical loads and deformations, as well as thermal loads can be
simulated. It is also possible in this CAD system to study the aerodynamics or
hydrodynamics of a simulated object in a liquid or gas flow [45; 46].

Today, the creation of an engineering design of any device cannot be done
without the prior use of its simulation tools. High-voltage devices, in case of fail-
ure during testing, pose a significant danger, therefore, it is much more efficient
and safer to make their preliminary modeling and corresponding simple calcula-
tions. Modern systems of automatic design and their corresponding tools allow,
with sufficient accuracy, to simulate the conditions and loads to which a real
model of the device will be subjected. The SolidWorks CAD system has several
internal applications for modeling loads of various types [45; 46].

In the course of the provided engineering researches described in this section
of paper, the application Flow Simulation has been used [45; 46]. This program
allows you to simulate flows of liquids or gases within certain geometric limits,
taking into account the heat exchange between interacting solid-states materials,
liquids, and gases. Since this software is primarily focused on the development of
three-dimensional models, it calculates the physical parameters of materials with
a certain value of error, which does not allow obtaining an absolutely accurate
result. However, usually this accuracy of calculations is sufficient to draw general
conclusions regarding the correctness of testing and applying the system being
researched and designed [45; 46].

To simulate the design of the device in the SolidWorks CAD system, one
need to make an assembly drawing or a necessary detail in the form of a three-
dimensional model. In the provided and described engineering research, an as-
sembly drawing of an electronic device intended for the formation of an electron
beam with a ribbon focus has been made. First of all, one needs to open the as-
sembly drawing file and click on the option Flow Simulation.

In the next step, one needs to create a new project with specification of
physical quantities, materials, and initial conditions for modeling.

Then, by selecting the Calculation Area option, one can select the space
where the object of research is located. Before this, it is necessary to make an axi-
symmetric section of the assembled drawing for better visualization [28; 45; 46].

As noted in Section 4 of the paper, the SolidWorks CAD system has its own
powerful database of mechanical, electrical, and electrophysical properties of
various structural materials. Therefore, the next step in simulation is the selection
of materials from which separate parts of the structure are made. If the necessary
material is not available, it is possible to create a new record in the database and
enter the necessary parameters of the material there [45; 46].
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Having chosen the materials for the parts and assemblies of the device, one
can move on to defining the boundary conditions for the operation of the device
being modeled [45; 46]. The parameters of the model for studying the temperature
mode of operation of the cathode unit of the HVGD electron gun, which forms a
ribbon beam with a linear focus, are given in Table 2.

Table 2. The parameters of the cathode assembly model of the HVGD elec-
tron gun, which forms an electron beam with a linear focus, created in the
SolidWorks CAD system

Model parameter Value
A model of the heat conduction in a solid body Enabled
Only heat conduction in a solid Disabled
Radiation heat exchange Disabled
Heat exchange in gas by radiation Disabled
Non-stationarity Disabled
Gravitational effects Disabled
Rotation Local Area (Averaging)
The power released at the cathode 2 kW
Type of liquid flow Laminar and turbulent
High-value Mach number flow model Disabled
Cavitation Enabled
Concentration of dissolved gas by mass, kg/m’ 107
Free surface Disabled
Surface roughness, pm 0.1
Water flow rate in the normal direction to the 10
cathode surface, m/s
Water consumption, m’/s 10°
Thermal conditions on the outer walls Adiabatic wall
Number of nodes in the finite-elements mesh 5-10°
. Static pressure, Pa| Temperature, K
Thermodynamic parameters
101325 293.2
Intensity and scale of turbulence Intenszlty, % Scalel (Sléilgih’ m)

ANALYSIS OF OBTAINED SIMULATION RESULTS AND PRACTICAL
RECOMMENDATIONS

Fig. 7 shows the results of modeling the thermal modes of operation of the cathode
node of an electronic device that forms a ribbon beam with a linear focus, ob-
tained using the Flow Simulation program in the SolidWorks engineering com-
puter CAD system. The obtained results largely coincide with the results obtained
by numerically solving the heat balance equation and modeling the geometry of
the cathode node by arithmetic-logical relations or locus functions, which are
shown in Fig. 6.
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Fig. 7. The temperature distribution of the cathode assembly 7. (x, y, z), obtained using
modeling tools and the design toolkit of the SolidWorks CAD software
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The results of modeling the temperature regime of the cathode assembly ob-
tained in the provided research generally indicate that a simplified approach to
solving the heat conduction equation (3), connected with the transition to the ana-
lytical solution of the heat balance equation (2), taking into account the real ge-
ometry of the cooling constructive elements of the electronic gun through the use
of arithmetic-logical relations, is quite effective, and the accuracy obtained from
modeling is usually sufficient for preliminary generalized estimates of the thermal
mode of operation of structural units at the initial stage of gun design. The method
of describing the complex geometry of construction details by locus or Rvachev
functions [28; 37-39] is also effective. To calculate the thermal regime of the
cathode assembly, we used relation (2), which is quite universal and was used in
work [28] to calculate the surface temperature of the cathode with direct cooling
in electron guns that form beams with a point focus. The difference of the pro-
posed model lies in the fact that the real geometry of the cathode assembly for the
HVGD electron guns, which forms a ribbon electron beam, was described using
the appropriate arithmetic-logical ratios. It should also be noted that the accuracy
of thermal calculations in the SolidWorks software complex is also low, about
20%. However, an important advantage of this system, from a practical point of
view, is the possibility of numerical calculations for real structures. In this regard,
if the appropriate mathematical apparatus is available, the proposed model of the
cathode node, based on the use of locus, or Rvachev functions [28; 37-39], can be
recommended to designers of electron beam technological equipment for further
practical use. To carry out more accurate estimates of the temperature of the sur-
face of the cathode, taking into account the boundary effects, in work [28] it was
recommended to use the pdetool toolkit of the MatLab system of scientific and
technical calculations, however, working with this program requires certain quali-
fications and knowledge of the appropriate mathematical apparatus from the de-
signers.

The testing experiments in SolidWorks software were realized in the
such range of geometry parameters of cathode item: R, =0.05+0.0lm, R=0.03%

+0.0lm, R,=0.012+£0.01m, /,=0.005£0.00lm, [/, =0.012£0.00lm. By

the power of electron gun regimes, range of 1-150 kW are considered. Pointed
out above error of simulation, corresponding to the obtained experimental results,
have been in the same range. The dependences of focal beam parameters on
geometry of electrodes’ system and technological tolerances have been analyzed
in the papers [22-24].

The scientific results, given in this article, have been obtained in the
Scientific Laboratory of Electron Beam Technological Devices of National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnical Institute”
customed by “Chervona Khvyla” Open Joint Stock Company.

These results are of interest to a wide range of specialists who are engaged
in the development and introduction into production of modern electron-beam
technological equipment.

ez

CONCLUSION

The paper considers various theoretical approaches to estimating the operating
temperature of the surface of the cold cathode of the HVGD electron gun, which
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forms a ribbon-like converging electron beam with a linear focus. Based on the
test calculations that have been performed, it is shown that the accuracy of esti-
mates using ratio (2), obtained as a solution of the system of heat balance equa-
tions (1), is quite high. For the considered models of HVGD electron guns, the
calculated surface temperature of the cathode, in the case of using Rvachev arith-
metic-logical relations and functions (8) to describe the geometry of the cathode
assembly, is about 5-10% and is close to the estimated results obtained using the
SolidWorks software complex. To carry out more accurate estimates, taking into
account edge effects and the influence of the temperature of the peripheral region
of the cathode on the emission of electrons from its surface, you can use either
estimates through functional series using relation (4) or the pdetool toolkit of the
MatLab scientific and technical calculations system. The method of using ratio
(4) to estimate the surface temperature of the cathode of the HVGD electron gun,
which forms a beam with a point focus, as well as the corresponding mathemati-
cal approaches for the use of special functions, were considered and analyzed in
work [28]. Such evaluations can be interesting and useful for developers of new
types of HVGD electron guns with improved emission characteristics. To carry
out such calculations, a sufficiently high qualification of development engineers
with appropriate knowledge of mathematical functions and corresponded software
is required. In the case of preliminary evaluations, without taking into account the
influence of the temperature of the peripheral region of the cathode surface on its
emission characteristics, calculations using arithmetic-logical relations and Rva-
chev functions similar to relations (8) are sufficient. To carry out such assess-
ments, it is also necessary to develop suitable mathematical approaches and ap-
propriate modifications of the software, since each design of the HVGD electron
guns for technological purposes has its own specific features [2; 3].

Main recommendations to engineers, who designed HVGD electron guns,
have been obtained as a results of scientific research, are as follows.

1. For electron guns with the power range of 1-5 kW using of cathode item
without cooling for simplifying the gun construction is possible.

2. For electron guns with the power range of 5-30 kW using of cooling cath-
ode through cooper base for simplifying the gun construction is possible.

3. For electron guns with the power, grater, then 30 kW, the direct cooling of
the cathode surface with coolant is necessary. The scheme of corresponded gun
construction is given in Fig. 2, and the geometrical parameters are noted at Fig. 3.
The temperature of cathode emission surface for the cathode from aluminum has
to be in range 150-200 "C [2; 28].

The theoretical assumptions presented in the article are of great practical im-
portance regarding the creation of new types of structures for HVGD electron
guns and their industrial application. The results presented in the article may be
interesting and useful for a wide range of specialists who are engaged in the de-
velopment of modern electron-beam equipment and its application in industry.
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OIIHIOBAHHS TEIUIOBOI'O PEXXHUMY POBOTHU KATOJA EJIEKTPOHHUX
TFAPMAT BUCOKOBOJIbTHOI'O TJIHOUYOIO PO3PALY, SIKI ®OPMYIOTh
CTPIYKOBHUI EJTEKTPOHHMI IMMYYOK / 1.B. Menbhuk, C.b. Tyraii, JI.B. KoBanbuyk,
M.C. Cypxuxos, I.C. IIsen, M.IO. Ckpunka, O.M. Kopanenko

AHoTauisi. Po3risiHyTO pi3Hi crIocOOH OL[HIOBaHHS TEMIIEPATYpH MOBEPXHi Karoga
€JIEKTPOHHOI TapMaTH BHCOKOBOJIETHOTO Tiitodoro pospsny (BTP), ska dopmye
CTPIYKOBHUI €NEKTPOHHHUHN ITy4YOK 3 JiHIHHEM (poxycoM. OIiHIOBaHHS BUKOHAHO IS
KOHCTPYKIIi{ KaTOJHOTO By3/1a rapMaTH IIPOMHUCIIOBOTO Npu3HadeHHs. [lokazano, mo
HAOUTBII eEKTUBHHUM JUTSl TPOBEICHHS HAOIIDKCHUX OLIHOK TEMIIepaTypH IOBEp-
XHi kKaroza B rapmatax BTP pi3HOro TeXHOJIOTYHOTO IIPU3HAYECHHS € BUKOPUCTAHHS
apU(pMETHKO-JIOTTYHUX CIIiBBIIHOIICHb ISl MOJEIIFOBAaHHS T€OMETPii KaTOIHOTO BY-
371a Ta JIOKYCIB [UIsl OLIHIOBAHHS PO3MOiTy TemiespaTypd. TOYHICTh OL[iHIOBaHHS,
HPOBEJCHOrO 3 BUKOPHCTAHHSIM PIBHSHHA TEIJIOBOro Oanaucy, ckiagana 5-10%,
IO € IOCTATHIM Ha [TOYaTKOBOMY €Talli IIPOEKTYBaHH eJICKTPOHHOI rapMaty. [Toka-
3aHO, 1110 BUKOPUCTAHHS JJIsl IPOEKTyBaHHs eleKTpoHHUX rapmar BTP nporpamuo-
ro xommutekcy CAD SolidWorks € epexTuBHMM yuimne Ui BHUpIIICHHS 3aBAaHb
KOMIIJIEKCHOT'O iHKEHEPHOr'o MpoeKkTyBaHHs rapmat BTP ta oopmiieHHs BiANoBia-
HOT TeXHI4YHOI HOKyMeHTalii. Pe3yIpTaTi TEOPETUYHHUX JOCIHIIHKEHb € LiKaBUMHU
IUIS IIUPOKOTrO Koya (haxiBIliB, fKi 3aiiMalOThCS PO3POOJICHHSIM EJICKTPOHHO-
HPOMEHEBOro 00J1aHaHHS Ta HOr0 BIPOBAIKEHHIM Y IPOMUCIOBE BUPOOHHIITBO.

Knro4doBi ciioBa: enexTpoHHa rapmMara, BUCOKOBOJIBTHUH TIIIIOUHH O3PS, aBTOMa-
THU30BaHE NMPOEKTYBAaHHS, PIBHSIHHS TEIUIONPOBIIHOCTI, PIBHSHHS TEIUIOBOro OGajaH-
cy, apu(MeTHKO-JIOT1YHe CIiBBiHOMEHHs, GpyHKLil PBauoBa.
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KOHCTPYKIIIi MEPEX IETPI I3 CHWJIBHOIO
AHTHUCHITIALIIEIO 3A MMO3UIIEIO TA 3A IEPEXO10M
Y BUIIAJIKY JIMCHUX ®YHKIII

B.M. CTATKEBNY

AHoTamisi. 3arIpONOHOBAHO PO3IIUPUTH KiacuuHi Mepexi [lerpi Ta BpaxyBatu
cuipHy anTtucunaiio B ceHci J[. {robya nBoma crnocobamu. [IpornoHyeTbes BBECTH
B MPABUIIO 3aMyCKy IEPEeX0y HOBHUil JONAHOK, SIKUH MICTUThH [IifiCHO3HAYHY (YHK-
{10 BiJl HOBOT KUTBKOCTI (hillIOK y JaHii MO3HLIT (CHIIbHA aHTHCUIIALIIS 32 TIO3HUIII€I0)
Ta BiJl HOBOi KUTBKOCTI (IIIOK Yy BXiAHIM Mo3umii s maHoro mepexoxy (TMpHKIan
cHibHOI aHTHMcHMmanii 3a mepexozxoM). Ha Bimminy Bin kimacmunmx Mepex Ilerpi
YMOBH LIOYHCIOBOCTI BaroBoi (GyHKIIT Ta MiJTOYNCIOBOCTI MapKyBaHHS He HaKIIa-
JIA€EMO aHaJIOTiYHO HemepepBHUM MepexaM [lerpi. Po3risiHyTo BHKOHAHHS TakuX
Mepex, YKa3aHO BaXKJIMBI BIACTUBOCTI, JUIs ACKUIBKOX NPHUKIaAiB M0OYA0BAaHO Ipa-
¢bu KocsHKHOCTI Ta cOPMYIIHOBAHO BIAMIHHOCTI HMOPIBHSHO 3 KIACHYHUMHU Mepe-
xamu [letpi. Takox IOCTIIKEHO yMOBH BHKOHAHHSI PiBHOCTI MapKyBaHb IJIsl I10-
CJTiTIOBHOCTEH 3aIyCKiB MEPEXO/IiB £ty i It -

KurouoBi cioBa: mepexa Ilerpi, cuiibHa aHTHCHIALLS, TPABUIIO 3aITyCKY IIEPEXOAY,
rpad) mocspkHOCTI, LitoynciioBa QYHKIisE, GyHKIIs HACTYIHOIO CTaHy, MOCIHIIOB-
HICTP 3aIyCKiB IIEPEXOiB, TPAaHUYHA TOCSHKHICTD.

BCTYII

Mepexi Iletpi, 3anporonoBani K.A. Iletpi B 1962 p., € 3py4HHM Ta MOTYKHUM
IHCTPYMEHTOM ISl TIPOCKTYBaHHS, aHANli3y Ta MOJCIIOBAHHS Pi3HUX MPOIIECIB,
Mepex Ta cucrteM [1-3]. Huni Bimomo Oararo pi3HuX Mojudikamid KIaCHYHHX
Mmepex llerpi, 30kpemMa, iHTiIOITOPHI, CTOXaCTHYHI, KOILOPOBi, HETIEPEPBHi, 4aCOB1
Ta 1HII Mepexi [2—5], y SKUX MPaBHIIO 3aIyCKy MEPEX0ay MOXKE BiIPI3HATUCH BiX
KJIACHYHOTO MPAaBUJIA 3aITyCKY MEPEXOmy.

VY nenepepBHux Mepex llerpi, 3anmponoHoBaHux y mpaui [4] (auB. geTas-
Hime MoHorpadito [3]), KOHCTPYKTHBHA BIAMIHHICTH BiJ KJIACHIHHX MEPEX II0-
Jsira€ B TOMY, IO KiJBKICTh (PIMIOK y MO3UIT Moxe OyTH OyIb-sIKMM JiHCHUM
HEBi’€MHUM YHWCIIOM, a MOIU(iIKOBaHE MPABWIO 3aIyCKy MEPEXOAy IO03BOJISIE
3aIyCKaTH MepexiJ Helily KUTbKICTh pa3iB, TOOTO BBOAMTHCS TOHSTTS CTYIICHS
3aIlyCKy NEPEXoy.

Bigomi Takox dacoBi HemepepBHI Mepexi Ta iHmI Thrmu Mepex [lerpi,
y SIKHX KUIBKICTh (PiIoK y mo3uuii Takok Moxe He OyTH winum duciom [3].
3a3HaunMOo, 10 JJIs1 CTOXaCTHYHUX Mepek [leTpi cepemHs KiNbKiCTh (ilIoK y mo-
3UIIT IPUPOJTHUM YHHOM MOJKE HE OyTH IIITUM YHCIIOM [2].

IMousTTs apTucHIanii, KOJIM HOBMH CTaH 00’€KTa 3aJIEKUTh HE TUIBKK Bij
NOTIEPEIHIX CTaHiB, a TAKOX BiJl OI[IHOK MalOyTHIX CTaHiB, OTPMMAaHUX 3a AOMO-
MOT'OI0 BHYTPIIIHBOI IPOTHO3HOT MOJETIi, po3Iisifaiock 6araTbMa aBTopaMu [6].

© B.M. Cmamxkesuu, 2024
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. dobya y 1992 p. 3anponoHyBaB MOHATTS CHJIBHOT aHTHUCHITAIlIi, KOJH 3aMiCTh
OIIIHOK MaHOYTHIX CTaHiB BUKOPHUCTOBYIOTLCS came MaitOyTHI ctanu [7; 8]. V mparrsix
[7-10; 12] mocnmimKyBauch CHCTEMH Pi3HOT IPUPOIH 13 CHITLHOIO aHTHCHIIALIIEIO.

Monudikamis kracnaaux Mepex [leTpi i3 CHIbHOI aHTHCHTIAIIEIO 32 TTO3H-
1iero Oyna 3anpornoHoBaHa B [11]: y mpaBuiio 3anmycky nepexojy BBOAMBCS HOBUI
JOJAaHOK, sIKUi MicTuB miouncioBy ¢yHkmiro f:NwW{0} > Nw{0} Big HOBOI
KiJIbKOCTI (imok y no3unii. s takoi ¢yHKuii KinbKicTh BilIOK y MO3ULiT 3a1u-
IIA€THCS IJTUM HEB1I €EMHHMM YHCIIOM, SIK 1 Y BUNAAKY KIACHUHUX Mepex [lerpi.

VY po6orTi ifiest BpaxyBaHHsI CHJIbHOI aHTHUCHUTIAILT B KiacuuHiid Mepexi [letpi
pealtizyeTbes y TBOX HampsiMkax. [IpomoHyeThcs BBECTH B MPaBUIIO 3aIyCKy IIe-
pexony HOBUH NOJAaHOK, KWK MICTHTh AilcHy ¢yHKmito f :[0;+c0) - R Bin HO-
BOI KUTBKOCTI (Dirrok

— y To3UIlii (aHTHCHIIAIIS 32 TIO3HIII€I0),

— Yy BXiZHIHA MO3UIIT A JaHOTO mepexoay (MPHUKIa] aHTHCUTAIT 3a Tepe-
XO0JIOM).

st Takoi QyHKIIT BBaXKaeThCcsi KOPUCHAM BIIIMOBHUTHCH Bijl YMOB HIJIOYHC-
JIOBOCTi BaroBoi (yHKLIl Ta LiJOYMCIOBOCTI MapKyBaHHS aHAJOTiYHO Hemepe-
pBHUM Mepexam [lerpi, ane q03BOMUTH 3aIlyCcKaTH MepexiJl JUIIe Ty KUTbKiCTh
pasiB, fK 1 y kimacuaHnX Mepexax [letpi. Hackinbku aBTOpy BiOMO, Taki Mepexi
[leTpi 3 aHTHCHTIAIIIE€IO HE PO3TIISAAIHCE.

ITOIMEPEJTHI BITIOMOCTI

Mepexa Ilerpi — 1e HaOip <P,T N/& u0>, ne P={p,...,p,,} — CKiHUEHHa
MHOXXMHA mnosunid; 7T ={t,...,t,} — CKIHUCHHAa MHOXWHA IIEPEXOJiB;
W=(TxP)yu(PxT)—>Nu{0} — Barosa ¢pyskuis; p,:P —> NU{0} — noua-
TKOBE MapKyBaHHS. Mepexy llerpi 300paXkatoTh y BUTIISAII TBOAOIBHOTO OPi€H-
toBaHoro Mmyneturpady [1-3]. [lepexin ¢ Ha3uBaIOTh JO3BOJCHHM, SIKIIO IS
KOXKHOT BXIZHOT MO3UIIT p BHUKOHYEThCSA HEpIiBHICTH W(p)=>W(p,t). Sxmo me-
pexin ¢ MO3BOJICHHMIA, TO BIH MOXe (ajJe He 000B’SI3KOBO Ma€) OyTH 3alyIIeHUM, a
KUIBKICTh (hiIIIOK y MO3UILT p 3MIHIOETHCS 3TIHO 3 IPABUJIOM 3aITyCKY MEPEXO0Ty

W (D) =1 (D) =W (p,0) + W (L, p). (1

OyHKIIiF0 HACTYTHOTO CTaHy Mo3HavaroTh o [1].

MEPEXI IETPI 3 AHTUCHITALIIEIO 3A MO3UIIIEIO TA NIACHUMHA
OYHKIIAMHA

PosrastHeMo po3mupenHs KracuaHoi Mepexi [etpi
(PTW 0,  pyeeos Fo ) )

Tyr W=(TxP)U(PxT)—[0;4+0) € gilicHolo BaroBolo (yHKIi€O, a
Ko : P —>[0;+00) — milficHUM NOYaTKOBMM MapKyBaHHSM, TOOTO Ha BiAMIHY Bix

KJIACHIHUX Mepex IleTpi yMOBH IiJIOUMCIOBOCTI BaroBoi (hyHKINIT Ta IMIIOYHCITO-
BOCTiI MapKyBaHHs He Hakianaemo. OyHkiis f b :[0;+0) —> R Bixgmosizae mosu-
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nii p;, 1<i<m (takox OyJeMo BHKOPHCTOBYBATH IO3HA4eHHS f;). PiBHSIHHA
3aMmycKy mepexojy ¢ (BBaXAEMO Mepexia ¢ JO3BOJICHUM):

Hpew(P) =1 (P) =W (p,0) + W (t, p) + [ (Lo (P)) 5 3)

I€ W, (p) — HOBA KUIbKICT (IIIOK y MO3ULII p , y3araJbHIOE IPaBHUIIO 3aILyC-
Ky nepexoay (1) kmacuunoi mepexi [lerpi. 3amponoHoBaHe po3mmpeHHs (2) Ha-
3BeMO Mepexero [leTpi 3 aHTHCHMAIi€I0 32 TIO3UIIEI0 Ta MIHCHUMH (YHKITISIMH.
3a3Ha4MMO, III0 BHITAJIOK IUIOYMCIIOBOI BaroBoi (yHKIIIi, MIIOYHCIOBUX MapKy-

BaHb Ta LIJIOYMCIOBUX QYHKLIN f; 3anmpornoHoBaHo y mpami [11].

Po3risineMo BUKOHaHHSI TAKUX MEPEK.
TBepmxkenns 1. Hexait y mepexi Ilerpi 3 anTu-
- ¢ CUNALI€I0 3a MO3ULIEI0 Ta IiCHOIO (yHKUiew, sKa
;’J.: W:"' :| 300paxkeHa Ha puc.l, pge[0;+0), w €[0;+0),

whe [0;+0) . Tlo3umii p BimmoBimae miHiliHA GYHKINSA
f(x)=—ax+b, a>0, beR . Toni:

Puc. 1

1) axmo py>w i b+w' >(1+a)w , TO MOCIIIOBHICTH 3aMycKiB TIEpPEXo-

B 5 e JIO3BOJICHOIO UIsl BCiX k € N, BiANOBiHA TOCHIIOBHICTH MapKyBaHb
Ko,y sHo,... MAE BUTTIT

e =1+ @) g+ (0 —w +w)A-(1+a) e, @)

1 30iraeTscs 1o u* =(b—-w + w+)a_1 > W , IPUYOMY IIBHIKICTh 301KHOCTI €
TiHIIHOTIO.

2) sxmo Py <w  abo b+w" <(1+a)w , 1o icuye Take K € NU {0}, mo

IIOCJII JOBHICTH 5 e JI03BOJIEHOIO 11 BCiX k < K , ajie MOC/IIOBHICTD K4 paxe
HE € JI03BOJICHOIO (TOOTO MAapKyBaHHA [lg € TYHHKOBUM).

JloBenenHs. PiBHAHHS 3aIlyCKy Nepexoay ! 3 MOTOYHOTO MAapKyBaHHS [l
Ma€ BUTIIAJ

Rt =R =W + W+ [ () =1 =W +w' —apy g +b; (%)

Wy =1+a) (- w +w" +b)=(1+a) 'u, +(1+a) ' (b-w +w"). (6)
JloBeneMo METOJOM MaTeMaTH4YHOl IHAYKIMIi, 0 [; =W , SKIIO yMOBHU

n. 1) BukoHaHi. ba3za iHxyKuii: BUKOHYETBCS HEPIBHICTh [Ly =W 1 mepexim ¢ €

no3posieHuM. Ilpunymenns inpyknii: Hexaih p, >w . Toxl mepexin ¢ € m03Bo-
JIEHWM, a 3 pIBHOCTEH (6) BUILITUBAE OIliHKA

W 2(A+a) ' (w —w +(+a)w ) =w,

sIKa JJOBOAMTH KPOK 1HIYKIlii. TOOTO MOCIIiJOBHICTh 3aIlyCKiB TIEPEXO/IiB t* e Jo-
3BOJICHOIO 17151 BCix kK € N.

JloBeieMo MeTOJOM MaTeMaTHUYHOI iHAYKLii piBHICTE (4). ba3a iHaykii Bu-
TUIMBAE 3 piBHOCTEH (6), KPOK 1HAYKLIi HA0OyBa€ BUTIIAAY

e =(+a) e +(1+ @) (b—w +wh) =

124 ISSN 1681-6048 System Research & Information Technologies, 2024, Ne 1
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=(1+a) ' [A+a)  ug+b-w +wHA-A+a) a1+ A+a)  (b-w +w") =
=(1+a) "+ b-w +wHl+a) ' =1+a) ¥V +(1+a) tala" =

=(1+a) "+ b-w +wHA=(1+a) FD)g ™,

3a3HaynMo, 10 PiBHOCTI (6) BU3HAYAIOTH apU(PMETHKO-TEOMETPHYHY IPO-
rpecito u, | =qu, +d , TOoMy PiBHICTb (4) TaKOX MOKHA OTPUMATH 13 3arajJbHUX
MipKyBaHb.

. . *
I3 piBHOCTI (4) rpaHUYHUM IEPEXOIOM 3a k —> 0O OTPUMYEMO L; —> WL , SIK-
* — . . *
mo kK —>00,aTakoxX L >w . 3a3Ha4UMO, IO 30DKHICTh [ —> [ TaKOX MOXKHA
JIOBECTH 3a JIOTIOMOTOIO TIPHHIIUITY CTHCKATBHUX BiOOPaKEHb, HE BUKOPUCTOBYIOUN
piBHicTh (4). CmpaBai, omepatop 7:R>3x+ (1+ a)f1 (x—-w +w"+b)eR €

CTHUCKOM

|Tx—Ty|=‘(1+ar)_1()c—w_erJr +b)—
—a+ar%y—wr+mﬁ+bﬂ=u+ayﬂx—ﬂ,

* .
a TOMy Ma€ €JUHY HEPYXOMY TOUKY X , IKY 3HaXOAWUMO 3 piBHAHHA (5):

*

* _ * * _ _
X =x —w +w —ax +b, x =(b—-w +w')a L

OuiHMMO MIBUAKICTH 3015KHOCTI MOCIIIOBHOCTI g, [y, o,... 1O [ :

‘pkﬂ —u*‘ =‘(1+a)_1pk +(1+a) ' b-w +w)—(b-w" +w+)a_1‘ =

*

=b+armk—w—wr+wﬂa4a+arﬂ=u+m4pk—u

o=(1+a) *D

K3
Ho —H
(3riHO 3 MPUHIMIIOM MaTEMATHYHOI iHAYKI1). TakuM YUHOM, IIBHIKICThH 301K-
HOCTI € JIiHIHO0, JOBeACHHS 1. 1) 3aBepIleHo.
JUnst noBeneHHs 1. 2) MIpKyBaHHS Taki. SIKmo [, <w , TO mepexiJ ¢ Bxke
HE € JI03BOJICHUM Yy IOYaTKOBOMY MapKyBaHHi, Tomy K =0. SIkmo x py=>w ,
ane b+w" <(I+a)w” (m1a 3pydYHOCTI JBi HaBeleHI HEPIBHOCTI MOMHA
00’€IHaTH B OJIHY MOJBiHHY HepiBHiCTh (b—w  +w" )a_1 <w =<ug), TO A Ie-

BHOr0O K BUKOHYETBHCS OIIIHKA [lx <w . CopaBai, piBHICTh (4) BUKOHYETHCS B
JlaHOMY pas3i s Beix k < K, Tomy

we =A+a)y Xpg+-w +wHl-1+a) ®)a <w,
(1+a)_K(u0 —-(b-w" +w+)a_1)< w —(b—-w" +w+)a_1,

w —(b-w + v1/+)a_1

(+a) X < =
o—(b-w +wha"
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po—(b—w + w+)cf1

K >log >
fra w —(b—-w + w+)a_1

apy—b+w —w'

K =|log,,, +1

aw —b+w —w'

(TyT [x] mo3Hawae 1idy WactuHy yucia x ). OTke, mepexin ¢ crae HEIO3BOJIE-
HUM, MapKyBaHHA |[ly CTa€ TYNHMKOBHM, a IIOCHIJOBHICTh MAapKyBaHb
WosMistos.--s g CTAE CKiHYEHHO. TBepIukeHHs 1 1oBeneHo.

I3 TBep/KEHHS | BUIIMBAIOTH TaKi HACIIIKH:

. . — *

1) icuyrots Taki W, w', a, b Ta moyaTKoBe MApKyBaHHS |l,, IO [ MO-
e JIOPIBHIOBATH JIOBUILHOMY Harepes 3aJaHOMy HEBiJl' €eMHOMY YHCITY;

2) sl CTPYKTYpH <P,T ,W> kiacuaHoi Mepexi Ilerpi moka3zanoro Ha puc. 1

BUTJISITY, TOOTO JUIS IOBiMbHKMX Bar w_ i w' icHye Taka gyHkiis f(x)=—ax+b

1 Take IIOYaTKOBE MAPKyBaHHS |[lj, 10 |L MOJKE JOPiBHIOBAaTH JOBUIBHOMY Ha-
nepe;] 3aIaHOMy HEBiI€MHOMY YHUCITY;

3) 3rigHO 3 IPUHOMIOM CTHCKAJIbHHUX BimoOpaxkeHbp (W = u*) =
= (VkeN:p =p));

4) piBHICTb (4) CBIIUUTH IO TE, IO TOYKA |, AUINTH BIAPI3OK [[Ly; u*] abo
[u*; Kol y 3amanomy BimHowmenHi: py =(1+ a)fk o +(1-(1+ a)fk )u* .

Haragaemo, mo y kimacnaaux mepekax [leTpi MOCTiIOBHICTh KiTbKOCTEH
¢imox y meBHi Mo3uLii Mae CKiHYEHHY TPaHULIO TOAI 1 TUIBKK TOIi, KOJMH LS
MTOCJTITIOBHICTE CTaOUTI3Y€ETHCS, TOYNHAIOUN 3 JESIKOTO HOMepa (TaKOXK IOCTiI0B-
HICTH KiBKOCTEW (IIIOK Yy MEBHIH MO3MWIII MOXXKE MaTH HECKiHYEHHY TPaHULIIO
® =400 ). Ale 3 BBeIEHHSIM aHTUCHIIAIII 32 TIO3HII€I0 3 AIMCHOIO (PYHKII€IO T0-

CIIAOBHICTh W, MOKE MaTH AOBUIbHY CKIHYCHHY I'paHUIIO | 1 IIPpHU ObOMY B

3araJbHOMY BUMAIKY [l # u* . Taka BIacTHBICTB € XapaKTEPHOIO caMe JUIs Herle-
pepBHUX Mepex Ilerpi 1 Ha3WBAaE€TbCs TPAHUIHOIO JOCSKHICTIO abo lim-
IOCsDKHICTIO [3, ¢. 135-136; 5].

3a3zHaummo, mo Bumamok a =0 BignmoBimae kmacwuHid Mepexi Ilerpi 6e3
aHTHCHNALLiT, SKIIO 3MiHUTH Bary ayru W(t,p)=b+w" (3a ymou b>-w"). V
Bunagky —l<a <0 omnepatop 7 He € CTHCKOM, piBHICTH (4) 30epiraerbcs, ane
[y —> ©, KO k — 00, 1 MOXKHA BBOAUTH CUMBOJI ® =+o0 . Bunagok a <—1 He

PO3IIIAAAa€EMO, OCKUIBKM 3HAYEHHS |, 3TiIAHO 3 DPIBHAHHAM (5) MOXe CTaTu
BiJ’eMHUM. Bunanok a =—1 po3riasHeMo okpeMo y npukiaii 1.

Hpuxnag 1. PosrngHemo mepexy IleTpi 3 aHTHCHTAIIEIO 32 TO3UIIEID Ta
nilicHoro dyHkmiero, 300paxeny Ha puc. 1, ne py=4, w =1, w' =0, a=-1,
b=-3. Toai piBHAHHA 3alyCKy NEPEXOJy ¢ 3 IOYATKOBOIO MApKyBaHHS [, Mae€
Burmsin Wy =4 —1+p; —3 3rigHo 3 piBHsAHHEAM (5), 3Biaku [y = 0. Takum 4uHOM,
OTPUMYEMO HOBE MapKyBaHHS [, =[0;+00), sike B3araji He € MapKyBaHHIM Yy
KJIACMYHOMY CCHCI Ta SIK€ HE € 3JIIYCHHOI MHOXXHHOI. 3BEpHEMO yBary, 1o 3a
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aHTHCHIIAIl 3a TMo3ulielo Ta wutouncnoBux ¢GyHKOin f:N W {0} > NuU {0}
MHOkHHA O(WL,¢) 37MiYeHHa 1 He3nmiyeHHow Oyt He Moxke [11, c. 106].

PiBHsHHS 3amycky mepexomy ¢ 3 MapKyBaHHS |[I; Ma€ BHUIIIIA
Hy, =p; —1+p, -3, BoHO Mae po3B’si3kM W, 20, sxkmo p; =4, i He Mae
pO3B’s13KiB, AKIO W, €[1;+00)\ {4} (mepexin € mo3BoneHuM, gkmo M, >1). Tomy
HOBE MapKyBaHHs, sike 30iraeTbcs 3 y)Ke OTPUMAHHUM paHille “MapKyBaHHSIM
[y =[0;+0), oTpuMaHe He KIaCHYHUM 3aIlyCKOM IEPEXOAy !, a YMOBHHUM 3a
yMOBH W, =4.

Otxe, Oymyemo rpad gocsokHOCTi (puc. 2). s nanoi mepexi rpad € ckiH-
YEHHUM, HE € JIePeBOM 1 MICTUTb €IUHE KJIACUYHE MapKyBaHHS |, Ta MapKyBaH-
HA |1y, AK€ He 3’SBISAEThCA Y KIAaCUUHMX Mepexax Ile- [y=(4)

t (Akwo h=4)
Tpi. ['pad) He MICTUTH TYNMKOBUX MapKyBaHb. Takox y

rpadi iCHYIOTh KITaCHUHMIA 3amycK mepexony ¢ Ta ymo- H1=([0;+00))
BHUM, IPUYOMY YMOBHI IIEPEXO/IM XapaKTepHi came Uil py. 2
HeriepepBHHUX Mepex [letpi [3, c. 116-119].

3ayBa:kenHns 1. Y moHorpadii [3, c. 115-116] 3a3Hauaerbcs, mo y Hemepe-
pBHEX Mepexkax [leTpi KUTbKICTh MapKyBaHb MOXe OYTH HECKiHUYEHHOIO, a TOMY
MIPOIIOHYETHCS OPUTIHATHHUN MEXaHi3M MaKpOMapKyBaHb, KUTBKICTh SKUX CKiH-
YeHHa.

Posrisaemo nmoBinpHY Mepexy IleTpi 3 aHTHCHTAIIEIO 32 TIO3UITIEI0, Y K
HO3MLIAM p; BIANOBIAAIOTH JNiHIAHI QyHKUIT f;(x)=—a;x+b;, 1<i<m . Hexaii
R(1) — MHOXWMHaA MapKyBaHb, JOCSHKHUX 3 MApKYBAHHS [L, ®f 1 {® — MHOXH-
HU BXiJHUX Ta BUXIJHHUX MMO3UIIN TIepexoay ¢ BiamoBigHo [2, 3].

Teepaxenns 2. Sxkmo a; >-1, 1<i<m, To 011 KOXXHOTO MapKyBaHHS
pne R(pg) Ta At KOXKHOTO Mepexony ¢ MHOXKuHa O(U,f) MICTUTH He Oinblie ox-
HOTO €JIeMEeHTa.

JloBeieHHsI BUTUIMBAE 3 TBEP/UKCHHS 1, OCKUIbKM PIBHSHHS BUDIIALY (5) HE
MOJKE MaTH ABOX 200 OLIbIe pO3B’SI3KiB.

Teopema 1. Hexaili BUKOHYIOTBCSI TaKi YMOBH:

)a;>-1,1<i<m;

2) nust neskux j 1 k oOWABI MOCTITOBHOCTI 3aITyCKiB TIEpEXOIiB Lty i It
€ JI03BOJICHUMH Yy IIOTOYHOMY MapKyBaHHI W€ R(U,), a OOMIBI MHOXHHU
S(Hot it ) = Ak} 2D 1 3(W, 15t ;) ={py;} # <D € HEMOPOKHIMH;

3) pjeet; abo p;€t; e, p; ot} abo p; €ty ®.

Tomi BUKOHY€ETHCS €KBIBaJICHTHICTh
(e () =i () = (a; =0 abo —W(p;,t;))+W(t;, p;) =
=W (p:ty)+W(t;,pr)) -

HNosenennst. [losnaunmo W(p;,t;,)=w;, W(t;,p;)= w;r , W(pity)=wy .

W(t,,p;) =wy . JlBidi 3acTOCOBYy€MO PiBHOCTI (6) i OTpUMYEMO:
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O, 2ty ) = (1+ai)_1((l+ai)_l(“_wy_‘ +W; +b) = wy +wy +b);

3G tpt ) =(+a) (1 +a) " (W—wy +wj +b)—wj +wjj +b).
Toni

(1 (p) =1y (py)) < ((1+ai)72(_Wi;' +Wz;r')+(1+ai)7l(_wi7c + W) =
=(1+a) 7 (~wy +wi) + (1 +a) " (-w; +w))) &
< (—wy +w;T + (1 +a)(—wy +wi ) =—wy +wy, + (1 +a;)(=wy; +wl;7))<:>

& (a;(-wy +wy)=a; (—wy + Wz; ))-

PiBHICTE — W) + Wy =—Ww; +Wj; O3Hayae PiBHICTh i-X €IEMEHTIB k -ro Ta

J -TO psIIKiB MaTpulli 4 y KIaCHYHOMY DPiBHsIHHI cTaHy Mepexi [leTpi ATx=Ap
(Haramgaemo, 110 3TigHO 3 [2] pAakaM MaTpuilli A BiANOBIZAIOTH MEPEXOIH, CTOB-
MM — TIO3UIIi{, BEKTOP X € JIYMIFHUKOM 3aIyCKiB MepexoiB). Y KIacH4Hii
mepexi Ilerpi Ge3 anTucHnanii piBHICTE [ 5 (p;) = Hy; (p;) BUKOHYETBCS 3aBXKIM,
SIKILO OOWMBI IOCIIAOBHOCTI 3aIlyCKIB NIEPEXOMIB [ ;1) 1 [;1; € JO3BOICHUMH; LE
CIiBBITHOCUTBCS 3 piBHOCTAMU @; =b; =0 juis Beix 1<i<m. 3 yBeleHHAM aH-
TUCHIALIT 32 IO3ULIEX0 MHOKUHA 3(k, 7,1, ) 1 8(W,1;t;), e R(1)) y 3aransHOMy
BUTIAJIKY CTalOTh PI3HUMH, OUTBII TOTO KOJHA 3 I[MX MHOXXUH HE 000B’SI3KOBO Y
3araJlLHOMY BHIAJKy Mae OyTH miaMHOxuHO®O iHIIOT [11]. Teopema 1 BakiuBa
TUM, L0 HAJa€ 10CTaTHI YMOBHU PIBHOCTI 8(W,7;1; ) =8(W, 0l ;) y BUNAAKY IiHIA-
HUX (QYHKITIH.

Bunanox a; =—1 mis gedaxkoro i po3risiHEMO OKPEMO B IIPUKIAL] 2.

Hpuxnag 2. PosrngsHemo mepexy IleTpi 3 aHTHCHMAIIEIO 32 MO3UIIEID Ta
noifichumu  QyHKUOisiMU, 300paxkeHy Ha puc. 3, ne wy; €[0;+0), wfrl €[0;+00),
Wiy €[0;400), Wy €[0;+0), wy €[max(wy;,wp,);+0), a=-1, beR . Bukopuc-

TaeEMO MipKyBaHHS MPHUKIATy 1.

; D W11 ] @Lwl‘z Dt PiBHsIHHS 3amycKy mepexomy #; 3 modart-
T 0 wT 2 KOBOTrO MapKyBaHHS |, Ma€ BHIVISI [ = [ —
11 p Vi2

— Wy + W+ +b, 3Btk W, >0, KO BH-
Puc. 3 . — +

KOHY€ETBCSI PIBHICTB [y =Wy —wW| —b . Takum
YUHOM OTPUMYEMO HOBE MapKyBaHHs || =[0;+c0). PiBHSHHSA 3amycKy mepexony
{, 3 MapKyBaHHS |, Ma€ BUIJISL [, =l — W, + W5+, +b, BOHO Mae
pO3B’SI3KH [, 20, AKIO [y =w —W,—b, i He Mae pO3B’S3KiB, AKIIO
W # Wi, —wjy —b (lepexi € 103BOIEHUM 3a L, > Wy, ). ToMy HOBe MapKyBaHHs,
siKe 30Ira€Tbes 3 y’Ke OTPUMAHHUM paHillle MapKyBaHHAM [, =[0;+00), oTpuMaHe

He KJIaCHYHHUM 3aITyCKOM IEPEXOTY £, , @ YMOBHHMM 33 YMOBH [ = Wi, — W, —b .
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AHAJIOTIYHUM YWHOM, PO3IJIAJAI0YM TOCHIJOBHICTH 3aIllyCKiB MEpexXofiB
15t , OTPUMYEMO:

1) AKIO  BUKOHYIOTHCS OOMIBI PIiBHOCTI [y =w; —wj;—b 1 o=

- + . .
=Wy —wip —b, 10 3(W,1115) = (1, 151) =[0s400) ;

2) AKUI0 HE BUKOHYETHCS Teplua (BiINOBIOHO, Ipyra) piBHICTb, TO Mepexin
t, (BimmomimHO, ?,) (OpPMaNbHO € JIO03BOJICHUM Y KIACHYHOMY CEHCi, aie
d(w,t)) =< (BigmoBimHO, d(,t,)=).

3ayBaxkenns 2. Curyanito, konu y mepexi [letpi 3 anTucumnariero 3a no3u-
€0 TICBHUM mepexify ¢ Moxe OyTH TO3BOJICHHH Y KIACUYHOMY CEHCI, ajie piB-
HSHHS HOT0 3amycKy He Ma€e po3B’sa3kiB i O(u,t) =, BusasiaeHo y npari [11].

MNPUKJIAJIU MEPEX ITIETPI 3 AHTUCHITALIEIO 3A IEPEXOJAO0OM TA
JIACHAMM ®YHKIIAMHA

Posrnsiremo kinacuuny mepexy Iletpi <P,T ,W,u0>, KOXKEH Iepexill SKOoi Ma€e He

OunbIre omHi€T BXiqHOT MO3HIIil | of [<1, 1 BBeIeMO iHIIIEe PO3MIMPEHHS:

(PTW o,y S 1) (7)

Sk 1 panime, W =(Tx P)U(PxT)—[0;+0) — niiicHa BaroBa (yHKLIS,
Ko : P —[0;+00) — milicHe moyaTKoBe MapKyBaHHS, TOOTO YMOBH L1JIOUYHCIIOBOC-
Ti TaKOXK HE Hakiamaemo. [Ipore Ha BimMiHY BiJ MONEpeqHHOrO pO3MHUPEHHS (2)
dynkuis f; :[0;+0) > R Bignosigae mepexony f;, 1<i<n, a He nosuuii p;
(Takox OyaeMO BUKOPHUCTOBYBATH IO3HAYEHHS f;, SKIIO Lie He Oy/e MPpU3BOJUTH

0 KOH(QIIIKTY MMO3HA4YeHb). SIKIIo mepexix ¢ € JO3BOJEHHM, TO HOBa KUTBKIiCTh
¢bimok p,,, (p) y nosuii p € ef 3a10BOJbHSE PIBHAHHSA 3allyCKy EPEXOTY

e (P) =1 () =W (P, ) + W (L, p) + [ (Mper(P)) 5 ®)

a KUTBKICTh (DIITOK Y TIO3MINI p € ¢ ® 3MIHIOETHCS 3TiTHO 3 KJIACHIHUM IIPaBUIIOM
3amycky nepexoay (1). Skmio  mo3uiiss p € 0JHOYACHO i BXiJHOIO, 1 BUXiTHOIO
MO3UINE IS TIepeXoay ¢, TO TaKOK BHKOPHCTOBYEMO piBHAHHS (8). PiBHAHHS

(8) yzaranapHIOE KITacCHUHE TIPaBUIIO 3aITyCcKy Tepexony (1), ajie BiApi3HAETHCS Bij
piBHsiHHSA (3) — TOMy postmpenHs (7) Biapi3HsaeTbes Bia posmupenns (2). Ctpy-
KTypa Mepexi <P,T , W> € CyTTeBOIO — (akT |of |<1 ypaxoBYeThCA y piBHSHHI
(8). 3anpomonoBane posmmpenHs (7) imocTpye NpUKIan aHTHCUTALIL 3a mepexo-
JIOM Ta TIACHUMU (HYHKITISIMH.

Mpukaan 3. Po3rmssaemo mMepexy [leTpi 3 aHTHCHTIAIIIEIO 32 TTEPEXOOM Ta

JificHO3HaYHMMHU (QYHKIISIMH, 300pakeHy Ha M

puc. 4. Hexaii nepexonaMm f i t, BiANOBIAAKOTH 3 Ut O
nimifni  gymatii £ :[0q+0) >R (i=12), P13 1 )
fix)=x, fo(x)=2x-7. Sxmo nepexia t; € tz

JI03BOJIEHMM, TO HOBA KUIBKICTh GIOK W, (P1)  Pyc. 4
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y BX1IHIM mo3uiii p; 3a70BOJbHSE PIBHSIHHA 3aIlycKy nepexony (8), okpiM Toro,
3aIlycK MEepexoay f; AojAae oAHy (iKY Y BUXiAHY MO3ULII0 p, .

[Tix wac 3amycky AO3BOJICHOTO HEpPEXOAy f#; 3 MOYATKOBOTO MapKyBaHHS
Ko =(3,0) piBasHHSA (8) HaOyBae BUTTLILY W, (P1)=3—3+ fi(K,0n (1)) , 3BiL-
KA Mo (P1) =Ryew(P1) 5 Wpew(P1) 20 . Takum 4nHOM, OTPUMYEMO HOBE MapKy-
BaHHA W, = ([0;+),1), siKe, sk 1 y npukiani 1, He € KIACHYHUM MapKyBaHHSM 1
SKE HE € 3TIYEHHOI0 MHOXXMHOIO. [3 3aIyCKOM J03BOJICHOTO MEpEeXony f, 3 MapKy-
BaHHS [y MAEMO [, (p1)=3-3+ f1(Lye(p1)), 3BUOKH ., (p)) =
=2, (1) — 7 . Takum 4MHOM, OTPUMYEMO HOBE MapKyBaHH [, = (7,0).

[lin yac 3amycky mepexoxy ¢ 3 MapKyBaHHS |; MaeMo W,..(p))=
=W (p;) =3+ U, (py). Jane piBHIHHA Mae po3B’s3ku H,,,.(p;)=0 3a ymoBu
K (p;) =3 iHe Mae po3B’s3KiB, AKIMO W;(p;) >3 (¢ HE € T03BOJCHUM y BUIAJKY
w;(py) <3). Takum 4nHOM, HOBE MapKyBaHH: |3 = ([0;4+00),2) oTpuMaHO He KJla-
CHYHHMM 3aIlyCKOM IIepexoly #;, a yMOBHHMM 3a yMOBHU L(p;)=3. 3a 3amycky
nepexomy ¢, 3 MapKyBaHHS |[l; MaeMO PIBHSIHHA W, (p;) =1 (p) -3+
+ 20,0 (P) =7, 3BimKH W, (p))=10—p,(p;). VYpaxoByroun oOMeKeHHs
W,ew(P1) 20, oTpuMyeMo HOBe MapkyBaHHA 4 =([0;7],]) ymoBHHM 3amyckom
nepexony t, 3a yMmoBU 3 <,(p;) <10 (¢, He € 103BONEHUM, SKIIO L;(p;) <3).

[lix wac 3amycky 3 MapKyBaHHS |, HEpPEXONy ¢, SIKUH € JO3BOJICHUM,
OTPUMY€EMO PIiBHSHHA W, (p;)=7—-3+W,..(p), sIKe HE Mae po3B’s3KiB. AHa-

JIOT1YHO 3ayBaKCHHIO 2 3Ha/IEHa CHUTYyallisl, KOIU nepexis GopManbHO € J03BO-
aeHuM, ane O(W,,t;) = . 3a 3amycKy 3 MapKyBaHHS [L, IE€PeXoay f,, sIKHi Ta-

KOX € JO3BOJICHUM, MaeMO W, (p)) =7—-3+2u,,,.(p;)—7, 3Bioku W, (p;)=3.
TakuM 4yuHOM, OTpuMyeMo MapkyBaHs (3,0), sike 30ira€Tbcsi 3 MOYATKOBUM.
3a3HaunMo, IO Ui KIACHYHHX Mepex [leTpi mocnifoBHICTE MapKyBaHb
o =(3,0), py, =3(Kg,t,)=(7,0), d(u,,t,)=py =(3,0) orpumMaTi HEe MOXHa: y
TaKoMy BHIAAKy O(lL,,#,) Mae nopiBHioBaTtH (11,0).

Hapenrri, micis 3amycky 3 MapKyBaHHS |, NEPEXOIy f; MAaeMO PIBHSHHS
Wy (P1) =a(P1) =3+ Wy, (p1) , 3BLOKH OTPUMYEMO MapKyBaHHS |3 YMOBHHM
3aIlyCKOM 3a YMOBH M4 (p;) =3, a micnd 3ammycKy 3 MapKyBaHHs |4 NEPEXOdy I,
MACMO  PIBHAHHSA b, (1) = Hg(P1) =3+ 2o (p) =7 1 AT By (p)) =
=10—-p4(p;), 3BIOKH OTPUMYEMO HOBE MapKyBaHHA |5 =([3;7],]) ymoBHUM 3a-
IIyCKOM 32 YMOBH 4(p;) =3 . I3 MapKyBaHHS |15 OTPUMYEMO BXKE iCHyIOUE Map-
KyBaHHA |13 YMOBHMM 3aIlyCKOM IIEPEXONY #; 3a YMOBH Ws(p;) =3, OTpUMYy€EMO Te
caMe MapKyBaHHs [ls KJIaCHYHHM 3aIlyCKOM IEPEXOny 1, .

OTxe, MOkeMO o0y ayBaTH rpad JOCSHKHOCTI, 300pakeHuit Ha puc. 5. s
CIIPOILEHHS 3alMCy YMOBHHUX IEPEXOJiB Ha PHC. 5 BHKOPHCTAEMO MO3HAYCHHS

u}( =y, (pp), u/z( =n,(py) mna keN. dua nanoi mepexi rpad) HECKiHUCHHHN
(m3p = ([0s40),k +1), payy =([0;71,k), n3pyo =([37],k) ana keN), e € ne-
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PEBOM 1 HE MICTHTB KOJHOTO TYIIMKOBOT'O MapKyBaHHS, X04a 0e3 yBeJIeHHs aHTH-
cumalii 3a mepexomoM KiacuaHa Mepexa lleTpi Ha puc. 4 mana 6 1Ba TYIHUKOBI
mapkyBaHHs (0,0) 1 (0,1). IcHYIOTb TUIBKH JBa KJIaCU4YHI MAapKyBaHHS [l 1 [i,,
1HIII MapKyBaHHS B KJIacHUHUX Mepexax [letpi He 3’saBnstoThes. Takox y rpadi
ICHYIOTb SIK KJIACH4HI 3aIlyCKH NEPEeXOiB ¢, ¢, , TAK 1 yMOBHI.

TBepmkenns 1 ais Mepeki Ha puc. 1 B TOUHOCTI IEPEHOCUTHCS TSI BUITAIKY
3 QaHTUCHIIALIEIO 33 MEPEX0A0M Ta AIMCHUMH (QYHKIISIMH, OCKUIBKH ! Ma€ B TOY-
HOCTI OHY BXiZHYy mo3uiiro. HaBenemo ananor teopemu | i 4acTKOBOTO BHIIa-
JIKy Mepexi, 300paxeHoi Ha puc. 3.

t
Ho=(3,0) M,=(7,0)
)
f1 t, (AKWo t5(sKwWwo t2
3<ul<10) H3=3)
M1=([0;+00),1) M4=([0;7],1) Ms=([3;7],1)

Puc. 5

Teepmxenns 3. Hexali BUKOHYIOTBCS TaKi yMOBH:

1) py €[0;4+0), wi; €[0;+0), wi| €[0;+0), wy, €[0;+0), W €[0;+0);

2) mepexoziaM t; BiamoBinawTh GyHKUil f;(x)=-a;x+b;, a;>-1, b;eR
(i=12);

3) o0uzBi MOCTIIOBHOCTI 3aIlyCKiB NMEPEXOMIB i, 1 ft; € NO3BOJCHUMH Y
HOTOYHOMY MapKyBaHHI W€ R(W,), a oOuaBl MHOXKHHU O(W,ff)) ={p} =L 1
d(W,t5t) =1{ly} # € HEMOPOKHIMHU.

To/i BUKOHYETHCSI €KBIBAJICHTHICTb

— +
a;  —wtwth

(M2 =Hyp) & =0

- +
a, —wp+wh+b,

JoBenennsi. 3a 3amycKy nepexony f; 3 MOTOYHOTO MapKyBaHHS LI MaeMO
PiBHSIHHS

W =p—wi +w + () =p—wy A w —agpy + by )
-1 -
o =1+a)” (W—w+w+b).

[Ticnst 3amycKy mepexony ¢, 3 MapKyBaHHS |; MAeMO PiBHSHHS
Mo =Wy — Wi + W + fo () =y — Wi + W —agyy +by s (10)
-1 -1 _ _
iy = +ay) (A +a) (L—wy + Wy +b) —wp +wy +by).
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AHaJ'IOFI/I‘{HI/IM YUHOM OTpI/IMyeMO
Mo = (L4 a) (U ay) ™ (= wip +wih +by) = wiy +wi +8y).
Toni
My =up) &

& ((+a) " (+ay) ™ (—wiy +wiy +b) + 1+ ay) ™ (—wy + wh +by) =
=(1+a) " (1+ay) " (=wip +wy +by) + 1+ @) (—wiy +wiy + b)) &
< (—wy i+ b+ (L +a)(~wp + Wi +by) =
=—wiy + W + by +(1+ay)(—wy +w| + b)) &

ay —w +w+b

S (ay(~wp +wih +by) = a,(—wy +w + b)) & =0

a, —wp+wh+b,

3a3HaunMo, 110 B KiIacuuHii Mepexi [leTpi 6e3 aHTHCHMALIT, sika 300pakeHa
Ha puC. 3, pIBHICTH |, =|l,; BUKOHYETHCS 3aBXKIH, AKIIO OOUABI MOCIiTOBHOCTI
3aIlyCKiB MEPEXOMIB ¢, 1 t,f; € JO3BOJICHUMH, LI€ CHIBBIAHOCUTHCA 3 PIBHOCTSIMHU
a; =b; =0 nna Bcix 1<i<n. TBep/keHHs 3 BayJIMBE THM, L0 HAJAE JOCTATHI
YMOBH piBHOCTI O(W,#t,) =0(W,1,¢;) y BUNIAAKY JTiHIMHUX QYHKLIH.

Takox BiACTIIKYEMO YMOBH, 3a SKMX OOM/IBI ITOCIIITOBHOCTI 3aITyCKIB mepe-
XOIB fit, 1 tht] € JO3BOJICHUMH y TBEP/KEHHI 3:

1) sIKImo W = wy;, mepexif f; € J03BOJIEHUM (IUB. piBHICTS (9));

2) sxmo py =(1+ al)f1 (W —wy; +w[| +b) > wy,, TIOCTIIOBHICTH TEPEXO/IiB
tt, € 103BONIeHOIO (uB. piBHICTH (10));
3) oTxe, 3 ypaxyBaHHSIM JJBOX aHAJIOTYHUX HEPIBHOCTEH OCTATHBO BIMAraTH

T T 1 — T 1w — i -
K= max (W wips Wi+ Wip = Wi —bp +agwipswyp + wip —wip —by +apwy)

BUCHOBKHU

3amponoHoBaHO 1Bi Moan(ikawii knacuuyHux Mepex [leTpi: i3 cHIbHOIO aHTHCH-
MAIf€r0 33 MO3UINE Ta MIHCHUMH (DYHKIISIMHA Ta i3 CHJILHOIO aHTHUCHUIIAIIE 3a
NepexoIoM Ta AIMCHUMHU (DYHKIISIMU. PO3IIISTHYTO BUKOHAHHS TAKMX MEPEXK, yKa-
3aHO Ba)KJIMBI BJIACTUBOCTI, & TAKOX JOCIIPKEHO YMOBH BUKOHAHHS PIBHOCTI Ma-
PKyBaHb [UIsl TIOCII TIOBHOCTEH 3aIlyCKIB [IEPEXOMIB ;1) 1 ;1 .
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DESIGNING PETRI NETS WITH STRONG PLACE AND TRANSITION
ANTICIPATION FOR REAL-VALUED FUNCTIONS / V.M. Statkevych

Abstract. We propose extending the classic Petri nets and considering D. Dubois’s
strong anticipation in two ways. We propose to add a new term into a transition rule
that contains a real-valued function of a new marking in a certain place (strong place
anticipation) or of a new marking in the input place of a certain transition (an exam-
ple of strong transition anticipation). Any integer constraints are not applied either to
the weight function or to the marking in contrast to the classic Petri nets (as in con-
tinuous Petri nets). The execution of the mentioned nets is investigated, and impor-
tant properties are stated. Several examples of reachability graphs are given, and dif-
ferences from classic Petri nets are formulated. We also investigate the conditions of
the equality of the markings, which are obtained by firing the sequences of transi-
tions 1ity and Ul ;-

Keywords: Petri net, strong anticipation, transition rule, reachability graph, real-
valued function, next-state function, sequence of transition firings, limit reachability.
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INTELLIGENT OPTIMAL CONTROL OF NONLINEAR
DIABETIC POPULATION DYNAMICS SYSTEM USING
A GENETIC ALGORITHM
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Abstract. Diabetes is a chronic disease affecting millions of people worldwide.
Several studies have been carried out to control the diabetes problem, involving both
linear and non-linear models. However, the complexity of linear models makes it
impossible to describe the diabetic population dynamic in depth. To capture more
detail about this dynamic, non-linear terms were introduced into the mathematical
models, resulting in more complicated models strongly consistent with reality
(capable of re-producing observable data). The most commonly used methods for
control estimation are Pantryagain’s maximum principle and Gumel’s numerical
method. However, these methods lead to a costly strategy regarding material and
human resources; in addition, diabetologists cannot use the formulas implemented
by the proposed controls. In this paper, the authors propose a straightforward and
well-performing strategy based on non-linear models and genetic algorithms (GA)
that consists of three steps: 1) discretization of the considered non-linear model
using classical numerical methods (trapezoidal rule and Euler—Cauchy algorithm);
2) estimation of the optimal control, in several points, based on GA with appropriate
fitness function and suitable genetic operators (mutation, crossover, and selection);
3) construction of the optimal control using an interpolation model (splines). The
results show that the use of the GA for non-linear models was successfully solved,
resulting in a control approach that shows a significant decrease in the number of
diabetes cases and diabetics with complications. Remarkably, this result is achieved
using less than 70% of available resources.

Keywords: optimal control, differential equation, diabetes, genetic algorithms,
artificial intelligence, intelligent local search.

INTRODUCTION

Diabetes is a major public health problem. Diabetes is a major public health
problem and one of the most dangerous common diseases and is characterized by
high blood sugar [2]. Diabetes is the root of many diseases and costs many lives.
It is a serious chronic disease that occurs when the body does not properly use the
insulin it produces or when the pancreas does not produce enough insulin. There
are three types of diabetes: Type 1 diabetes, Type 2 diabetes and Gestational
Diabetes Mellitus (GDM) [3].

The number of people with diabetes has increased exponentially in recent
times. According to the World Health Organization (WHO) and the Interna- tional
Diabetes Federation (IDF) [1; 4], 463 million people had diabetes in 2019 and this
number is expected to reach 578 million in 2030 and 700 million in 2045 [11; 9].

The mathematical modeling of the phenomenon of diabetes is the subject of
several researchers in different mathematical fields. These include ordinary differ-
ential equations (ODE) that study, for example, the diabetic population as found
in [5-8], there are also research works that study the phenomenon of diabetes by
modeling has partial differential equations (PDE). Likewise, studies on this
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phenomenon are carried out using delay differential equations (DDE), and oth-
ers, for example stochastic differential equations (SDE) and integro-differential
equations (IDE), Fredholm integral equations (FIE) [15-18].

In [18] the authors have given a thorough review of the delay differential
equation models and they are presented with some computational results and brief
summaries of the theoretical results for the cases of the insulin ultradian
oscillation models and the models for the diagnostic tests.

The modeling of natural phenomena is a very successive task to deal with
any phenomenon [40]. In the first modeling of the phenomenon of diabetes, two
types of population were considered, pre-diabetic and diabetic. The authors of [5]
modeled this natural phenomenon as a system of linear ordinary differential
equations of the first degree. Then, in 2007 [10], a modification was made to the
above system. This time, another type of population was considered, namely
diabetic patients with complications.

Several studies were performed for this model, they show that the system is
well defined, also the stability and determination of equilibrium points was done.
Then in the year 2014 [6], the authors is thought to try to reduce the neg- ative
effect of the phenomenon of diabetes, for this they proposed an approach of
optimal control that help to minimize as much as possible the spread of the
phenomenon, focusing on the study of the diabetic population. Three types of
diabetic patients are considered, patients who become diabetic for different rea-
sons, which may be genetic or related to a negative lifestyle. The other two types
are diabetic patients without complications and diabetic patients with complica-
tions. The modeling of the mathematical model is well explained in [6], and the
existence and uniqueness of solution is well shown, also the existence of control.
In the ten years, the studies carried out with this control have shown their ef-
fectiveness in reducing the number of diabetic patients, which shows the success
of this strategy of searching for an optimal control to control this phenomenon. A
dynamic 6-compartment control system was proposed for the study of the
diabetes phenomenon in [11], they divided the population in general as follows:
healthy people H, pre-diabetic patients due to genetics which is denoted by P, pre-
diabetic patients due to lifestyle denoted by E. The other three types are di- abetic
patients without complications and diabetic patients with complications, which
are denoted by D and C respectively. In [11], they paid attention to the fact that
there are several types of consciousness that are directly related to diabetes, there
are genetic influences and bad lifestyle, on the other hand there is the psychology
of the person. For this reason, they proposed optimal controls that take these
influences into account.

In [12], another reformulation of dynamic model of diabetic population was
proposed. They resulted that the factors most related to diabetes or to the fact that
a person becomes diabetic are the genetic factors and a bad lifestyle. To protect
diabetic patients, an awareness program was proposed using media and education;
psychological follow-up was also considered and medical treatment, this time
they grouped patients according to their age through a continuous dynamic
system. They divided the general population into 4 different compartments given
in the following form: pre-diabetic patients due to genetics, pre-diabetic patients
due to lifestyle, diabetic patients with complication and without complication.

In this work we propose a very sample and performance strategy based on
non-linear models and genetic algorithm (GA)s that processes into three steps: 1)
discretization of the considered non-linear model using classical numerical
methods (trapezoidal rule and Euler—Cauchy algorithm); 2) estimation of the
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optimal control, in several points, based on GA with appropriate fitness function
and suitable genetic operators (mutation, crossover, and selection); 3) construc-
tion of the optimal control using interpolation model.

This paper is organized as follows: The second section provides an intro-
duction on the importance of using genetic algorithms to solve optimal control
problems. The third section presents two dynamic control systems, one is the
kernel linear system and the other is the nonlinear system proposed in recent
years, we have given the theoretical summary that has been done on both models.
The fourth section presents the minimization of the objective functions of each
control system of the diabetic population by the genetic algorithm and we
compare the results found by the results of the classical method. Finally, we end
the paper with a general conclusion.

GENETIC ALGORITHM

In [9] Boutayeb et al., in recent years artificial intelligence is invading all fields, it
has also become an essential part of human life. For example, in this work, we
will use the artificial intelligence methods to treat the optimal control problems
associated with a diabetic population [29; 14].

In this article, we deal with a very complicated phenomenon, because several
effects come into play, for example genetic influence, age, lifestyle and others.

Genetic algorithms are artificial intelligence methods and are heuristic
search techniques that are very simple to handle [30; 31]. Genetic algorithms
(GAs) are search optimization algorithms based on three essential operators,
selection, crossover and mutation [21]. In general, GAs were first developed by
Holland and are derived from Darwin’s theory of evolution [20]. In the first step,
a population of initial solutions, called chromosomes, is randomly selected, then
these solutions are evaluated by the objective function or fitness function, if the
solution has a very high performance then this is the solution we are looking for,
otherwise, we move to the crossover and mutation step which generates a new
solution from the initial solution, likewise this solution generated and evaluated by the
objective function, and so on until we find the best solution. Genetic algorithms are
very effective in complex optimization problems more than simple methods,
which sometimes fail to achieve a certain problem due to its complexity [32].

They are used in many research areas and are very useful in real world
applications, because they are very simple and give the best solutions. Classical
optimization methods, which are purely computational methods, start with a
single initial solution and then search for the optimal solution, but the genetic
algorithm starts with an initial population of candidates and then searches for the
best optimal solution in the search space [28].

Optimal control problems are also among the optimization problems that
have been solved by the GA. The real beginning of the use of GA for dynamic
control systems is in the years 1992 by Krishnakumar and Goldberg [22] who
gave a start to GA in a very important discipline of applied mathematics [23; 26; 27].
The main objective of our work is to achieve a significant reduction in the number
of diabetics without complications and with treatable complications, which
involves the search for optimal control to achieve this goal. The dynamic PEDC
model is a non-linear mathematical model representing the evolution of the
diabetic population and the influence of uncomplicated diabetic patients on pre-
diabetics. The advantage of using the GA to solve this type of optimal control
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problem is that we do not need to determine the adjoint values or characterize the
control in any specific way. We only need to treat the problem well and specify
the objective function we need to minimize and its various constraints.

THE MODELS

In this section, we will focus on different dynamic and controlled systems for di-
abetic patients found in the literature that minimize the negative impact of this
phenomenon. First, we will start with the dynamically controlled Kernel system,
which allows the study of diabetic patients without entering their bodies.

The EDC model

In [13] Boutayeb et al. have proposed an optimal control approach modeling the
progression from pre-diabetes to diabetes with and without complications. Three
types of diabetic patients are considered, patients who become diabetic for
different reasons, which may be genetic or related to a negative lifestyle, this type
is noted by E. The other two types are diabetic patients without complications and
diabetic patients with complications, which are denoted by D and C respectively.
We conclude that the diabetic population N is divided into three types such that
N=N@)=E(@t)+C(@)+ D(t) attime ¢:

d’zgt) =1—-(n+B3+BPE®);
dl;t(‘) = BLE(t) - (+B,)D(E) + YC(0);
dfiit) =B3E(0) + B, D) = (n+7+Vv+8)C().

The modeling of the model is explained in [13], the model contains eight
parameters: 7, W, B, Bo, B3, ¥, v and &, which were estimated in [10]. The
control of this phenomenon is the subject of several research works, due to the
fact that this phenomenon has social burdens that should be reduced. For this
purpose the authors proposed to control the transition rate from diabetes with
complications to diabetes without complications.

The controlled model is given by the following system:

@ﬂ—(w(sg+Bl)(l—u(r)))E(r);
e
20— By 1= u()E@) - 4+ Bl ~u@)DO) +1C0) (1)
dC(t)

= B3 (L= u()E@) + B, (1= u()D() = (n+7+v+8)C(),

dt

where u is a control. The objective function we are trying to minimize is given by:
T
J(u)= I(D(t) +C(0) + Au* (t))dt ,
0

where A is a positive weight that balances the size of the terms. U is the control
set defined by:

U ={u/uismeasurable, 0<u(t)<1, ¢t<[0,T]}.
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The goal is to find a control u* in U that minimizes the objective function:
JW*)=minJ(u).
uelU

The system (1) is well defined, moreover theorems 3.2, 3.3, 3.4 and 3.5 in
[13] have shown respectively the existence and uniqueness and the positivity of
the solution, the existence of an optimal control and the characterization of this
control for this system (1).

Characterisation of the control optimal. The principle of maximum
Pontryagin and Hamiltonian has been used to characterize the optimal control,
and the adjoint variables. After mathematical calculations and demonstrations that
can be found in [13], we find that the adjoint variables are defined by:

A= =)A= u")By + (A —A3) B3 +pdy;
) = =1+ Oy = 2)(1 =By + s
Ay =—1+A3 =AYy +2A3(L+Vv+9)

or A;,A, and A; are the adjoint variables With conditions: A,(T)=A,(T)=

=A3(T)=0 and E " D" and C" are the solutions of system (1) and the control is
defined as :

u = min(l,max[O,i[E*Bl(Xz A +E B3y =)+ D By(Ry —xz)]D .

This study, which was conducted over a period of ten years, summarizes that
the optimal control approach is very effective in reducing the effect of this
phenomenon, which is demonstrated in the experimental results found.

The HP EDCCt model

An improvement of the EDC model was proposed in 2020 by Kouidere et al. [11]
noted HPEDC;Cyg. This time by a nonlinear controlled dynamic system. Six

types of populations are considered, people who are healthy H, pre-diabetic
patients due to genetics which is denoted by P , pre-diabetic patients due to
lifestyle denoted by E. The other three types are diabetic patients without com-
plications and diabetic patients with complications, which are denoted by D and C
respectively. We conclude that the diabetic population N is divided into six types
such that N =N (£)=H(t)+P (t)+E(t)+D(¢t)+Cq(¢t)+Cp(¢) at time ¢ :

dH (?)

dt
% =0,H (1)~ (u+P, +B3)P(1):;

=1—(u+6,+6,)H(1);

EW _ 6, 11~ (u+ ) E): o
DO o) + 10 - 0y 20X By 40D
dCy (1) DWEW _ CrDED)

" =B3P(1) +B,D(1) + oy N A
dCs (1)

dt

—(+m)Cr (D)

= 1,D(0) + 1, Cr (1) + s @ — (1 +8,)Cs (1)
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with H(0)>0, P(0)>0, E(0)>0, D(0)=0, C;(0)=20, and Cs(0)=0.

The modeling of the model is explained in [11], the model contains twelve
parameters: 1, 1,0,0,,M,M7,,0, 0y, B1,B5,B3,y,vand &  which  were
estimated in [11]. The objective remains to control the transition rate from
prediabetes to diabetes with complications and transition from diabetes with
complications to diabetes without complications.

The controlled model is given by the following system:

% I~ (u+ 6, +0,)H():
PO _ o, 1) (u+ By +Ps)P(1):
B 6,110~ 4+ (- OWEW:
DO, Pae) + 1 =y (WD - (1 -0y, 2O -
—(L+By +M2)D() +u (H)Cr (2);

LD pay+ 000+ 1 -y 0 2OEO -

—(u+n +u (@), % —(u+n; +u (0)Cr(2);
dC;f” = 1aD(0) + 1 Cp (1) + (- 115 (D)ct % (1 +8)Cs ().

where the controls u,(¢), u,(¢),u5(¢), and C are the proposed controls.
The objective function we are trying to minimize is given by :

J(uyuy,uz,uy) = Cr(Ty)—D(Ty) — E(Ty) +

Ty
+ | [CT (1) — D(r) — E(¢) +§u12(t) +§u§(r) +§u32(t) +%uf(t)}dt :
0

where 4>0, B>0, F>0,and G>0.

The system (4) is well defined, moreover theorems 1, 2, 3, 4, and 5 in [11]
have shown respectively the existence and uniqueness and the positivity of the
solution, the existence of an optimal control and the characterization of this
control for this system (4):

(uy,uy,u3,uy)
0 < Uimin

0 <uppiy Suy(t) Supge <15 (3)
0< U3 min < u3(t) < U3 max < 1,
0< Usmin < l/l4(t) < Usmax <1 /te [O,Tf]

Su () Suppae <1

Characterisation of the control optimal. The principle of maximum
Pontryagin and Hamiltonian has been used to characterize the optimal control,
and the adjoint variables. After mathematical calculations and demonstrations that
can be found in [11], we find that the adjoint variables are defined by:
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M =R +6;+0,) =10, =130,
Ay =Ry (u+PBy +PB3) = AyBy —AsBs,

=1 A+ (1 - (1) - 7~4[v(1 ug(1)) — 0y (1 - u(t))D(”}

—x{al(l s (1) ](v” (1 - At))cﬂﬂ [2(1— 3(t))CT(t)}

®)

4 =1—7L4K(11(1 uz(f))E +(u+B, +n2)ﬂ_

E(t)}

[Bz +oy(1—uy(?) AeNas 4)

5= _1_7“4”1(f)+7bs[_ 0‘2(1—”3(1))%—(#”7]1 +”1(1))} -

2 {m oy (-5 (1)) E(’)}

6 =Ag(L+3).
With the transversality conditions at time T, A(T;)=0, A,(T,)=0,
M(Tp) =1, h(Ty)=1, As(Ty)=—1 and Ag(T;)=0.

Furthermore, for # €[0,7,], the optimal controls uy’, u3, u3 and uj are given by:

uy = mln(l max( (A 5A}b4)C (t)n

hs=hy D(t)E(t)j
B 9

u, =min| 1, max (O, oy X
N

F N
u4—m1n£1 max( (4G ) E(t)D

EXPERIMENTAL RESULTS

W= min(l, max(O, o, x e —As N CT(I)E(I)D ’

In this section, we represent a comparison between the classical numerical
method used to solve the mathematical models proposed in the literature and the
intelligent genetic algorithm method. In the first part we will start with the kernel
model (1) and in the second part we will make the comparison in the nonlinear
model (4).
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In this research paper, we used the genetic algorithm to adjust the different
controls and the different parameters of the system, knowing that it is a powerful
evolutionary algorithm.

The advantage of using the genetic algorithm to solve this type of optimal
control problem is that we do not need to determine the adjoint values or charac-
terize the control in any specific way. We only need to treat the problem well and
specify the objective function we need to minimize and its various constraints.
We present the results obtained by solving numerically the optimality systems (1)
and (4) using the genetic algorithm method. In this control problems, we used the
(GA) to find the most accurate initial conditions for the state variables.

In both models, which we will study, the quality of the controls of each of them,
we have used the same values of the parameters that were used in the work [11; 13].
MatLab was used to write and compile the code, and the following data was used:

Genetic algorithm configuration:

Crossover : multiple;

Crossover : 0.8;

Initialization : random;

Number of iteration: 100 x dim ;

Mutation : gaussian;

Population size : 200;

Selection function : stochastic(uniform).

The choice of the parameters of the genetic algorithm operators (selection,
crossover, mutation) is a difficult task. In our work, our configuration is based on
the following information:

a) Crossover: this step allows the production of new solutions, from the
previous individuals. Each bit is chosen from either parent with the same
probability [35; 36].

b) Mutation: it is sometimes found that all solutions are weak, which means
the crossover operator does not lead to a new gene. The mutation causes random
changes of rate pm in the genes, but this rate should not be larger, to avoid loss of
the principle of selection and evolution [37].

c¢) Population size: the size of the population has a direct influence on the
optimal control capability of our problem. Our choice of this parameter is based
on [38; 39].

Linear EDC model

Let’s start with the linear model (1). The use of single-objective optimization
methods is not obvious on all this type of problem, first of all the understanding
of the phenomenon is essential to put the pseudo-code simple to execute. Sec-
ondly, for a very good choice of the initial population that an important step in the
method of genetic algorithm.

The Boutayeb model (1) parameters: /=2000000; 4=0.02; y=0.08; v=0.05;
8=0.05;B,=0.5;B, =0.1;35=0.5; dim=0 :.1:10; 4=3550000.

The Boutayeb model (2) compartiments initialization: E(0)=66.6x105;
D(0)=102x105; C(0)=55x105.

As the linear case [33; 34], we used least square linear method to estimate
the values of the parameters of the dynamic system of population diabetic and we

found values close to those of the research paper [13; 34], which was based on the
values of the World Diabetes Federation [1; 4].

Cucmemni docnioxcenna ma ingpopmayiiini mexuonoeii, 2024, Ne 1 141



El Ouissari Abdellatif, El Moutaouakil Karim

i 1 The optin r:onltrol PP 1 ‘be genetic algorithm
f P bad f [ 1.1
09F 1 09h 1y |
|
0.8 1 o8f
07F 107 ' I I 1p
0.6 1 0Bf It !
I | |
=] | 1
05+ 1 Eosf | | 1
(%]
0.4 {04
I
| |
0.3 1 03 | :1
0z 1 ozt
01 0.1 i
|
o . . ] 0 : N
0 2 4 6 8 10 0 2 4 6 8 T 10
a b Time ¢

Fig. 1. The comparison between the control given by the GA and Gumel methods: a — the control
u given by system (1) using Gumel method; b — the control # using GA

From the Fig. 1, a, we can notice that the use of the Gauss—Seidel type
implicit finite difference method developed by Gumel [19] is give an estimate and
does not give an optimal control u * .

For that we propose to solve this problem with the genitic algorithm (GA),
we can see in the Fig. 2, a, b, ¢ and Fig. 1, b that GA gives an optimal control but
does not give a good effect.
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Fig. 2. The compartment £, D and C with and without control: ¢ — the com-
partment D with and without control using GA; b — the compartment £ with
and without control using GA; ¢ — the compartment C with complications
withand without control using GA
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It can be noticed from Fig. 1, a that the control given by Gumel’s method
takes almost a fixed value which is exactly 1. Of course, this allows a com- plete
control of the dynamics of the phenomenon, throughout the five years, but
consumes the totality of human and material resources. The proposed solution,
based on a nonlinear model and a genetic algorithm, produces reasonable con-
trols with very low cost (in fact, we never need all the resources in a given period
to achieve our goal) (see Fig. 2). Furthermore, the genetic algorithm shows a great
ability to produce controls in only a few iterations.

A nonlinear HP EDC¢C; model

We now turn to the non-linear model (4) which contains 6 compartments. We
have seen that four compartments have been controlled by four different controls.
Our objective is to learn about the controls given by the intillegent method and
their quality.

The model 4 shows that the number of pre-diabetic population by the nega-
tive effect of behavioral factors on diabetic patients and other diabetics £ and D
without complications are those who control blood glucose by diet and exercise
before it is too late, Cr diabetics with treatable complication and Cy diabetics with
severe complications is decreased by the use of controls wuj,u,,u; and uy

respectively. This can be seen clearly in the Figs. 3, a, b, 4, a, b, 5, a, b.
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Fig. 3. The controls of non-linear system: a — objective function of GA; b — the
controls of non-linear system

In genetic algorithm, there exist several types of convergences: a) the con-
structed control sequence becomes very close to the optimal control sought; b) the
constructed control sequence becomes stagnant; c¢) the cost sequence of the
constructed control sequence becomes stagnant; d) the maximum number of
iterations, set by the user, is exhausted. It is impossible to refer to the optimal
control sought because it is not known; therefore the first type of convergence
remains impractical. The second and third type of convergence is directly
influenced by the size of the population, the crossover rate, and the mutation rate;
indeed, a bad choice of these can lead the genetic search to very bad local
minima. The fourth type of convergence is called artificial convergence because
the user is satisfied with a reasonable improvement of the quality of the initial
population especially when the studied phenome is very complex and calls for
several algorithmic components. We opted for the artificial convergence because
the studied system is very complex and the control estimation is part of a very
large research project involving several components. Moreover, we can notice
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that a few iterations were able to achieve a very good estimation; of course, we
can increase the number of iterations to improve the obtained control even if the
one obtained is very satisfactory (see Fig. 3, ).

72 107 i €S with and without contrl i 452 10° CT with and without contrl
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Fig. 4. The compartment (¢) Cr and (b) Cs with and without control given by
system (7) and (10) using GA

In this work, we present two types of models. A linear dynamic model and a
non-linear model. In the first model, we considered a single control on both
behaviors, which does not correspond to human nature, because each diabetic
patient has his own needs. But the second non-linear model takes into account 6
different behaviors, that is, the most possible cases of diabetes, moreover four
controls were considered, which helps us to treat each behavior with its needs. In
conclusion, the dynamic controlled model HPEDC;Cg gives us more infor- mation

because of the diversity of diabetes types, and the control strategy for each type.
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Fig. 5. The compartment £ (a) and D (b) with and without control given by sys-
tems (2) and (3) using GA

In general, we introduced a comparison between the following systems: a)
Gumel and linear model; b) Gumel and non-linear model; and c¢) Genetic Al-
gorithm and non-linear model.

Solved by Gumel method, the linear and non-linear models, the produced
control recommends always the implementation of all disponible resources be-
cause of the formula of the control that implements the operators max-min which
leads to the value 1. Solved by genetic algorithm, the linear and non-linear mod-
els, the produced control is capable to reduce significantly the number of diabetic
and diabetics with complications using less than 70% (mean) of resources (see
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Figs. 1 and 3). In addition, the non-linear system is more suitable to understand
and control the phenomenon under study.

The estimated control are in the hand of diabetologists and it will be
traduced in terms of medication, exercise, and diet.
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CONCLUSION

In this paper we have elaborated a state of the art on the different dynamic
systems with economic function proposed in the literature controlling diabetes in
order to alleviate the socio-economic damage caused by it. Then, we have used of
the best performing local search artificial intelligence methods (metaheuristics) to
solve the kernel model dealing with the common compartments between all these
models. Controlling diabetes is a major challenge, and studies have highlighted
the lim- itations of linear models in describing the complexity of this chronic
disease. Non-linear models, by introducing more realistic terms, have enabled a
better understanding of the dynamics of the diabetic population. However, tradi-
tional methods of order estimation, such as Pantryagain’s maximum principle and
Gumel’s numerical method, have proved costly and difficult for diabetologist
professionals to implement. In this paper, we have proposed an innovative strat-
egy based on nonlinear models and the use of GAs. This three-step approach
discretizes the nonlinear model, estimates the optimal control using GAs, and
constructs the final control using an interpolation model. The results obtained
demonstrated the success of this approach, with a significant reduction in the
number of cases of diabetes and complications in diabetic patients, while using
less than 70% of available resources. Despite the success of GAs in diabetes
control, there are a number of limitations to consider. Firstly, model resolution
time can be a challenge, not least due to the complexity of the non-linear models
used. In addition, the use of integer derivatives may restrict access to certain
relevant information. In future work, it is proposed to explore two avenues to
overcome these limitations, 1) the use of parallelism techniques could speed up
model solution time; 2) the use of fractional equations rather than ordinary
differential equations could be considered.
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IHTEJEKTYAJBHE ONTUMAJIbHE KEPYBAHHSI HEJIIHIHHOIO
CAUCTEMOIO MNONYJSINIMHOI JUHAMIKA XBOPUX HA JIABET I3
BUKOPUCTAHHSAM I'EHETUYHOI'O AJITOPUTMY / A6nemnarud Ens Yiccapi,
Kapim Enp Myrayakins

Amnoranis. [{ykpoBuii n1iabetT € XpOHIYHUM 3aXBOPIOBAHHSM, SIKMM CTPaXKIAIOTh Milb-
HoHHM JTI0Iel y BCchbOMY CBiTi. BUKOHAHO KijbKa JOCIiIKEHb, CIIPIMOBAaHUX Ha KOHT-
poub mpobiemu aiabeTy, i3 BUKOPUCTAHHAM SK JIIHIHHUX, Tak 1 HeMiHIHHUX Moje-
neit. OfHaK CKJIQAHICTD JIHIHHUX MOAeIel He B 3MO031 TIIMOMHHO OMKCATH AUHAMIKY
niabetmynoro HaceneHHs. 11006 oTpumaru Oinmblne Aeraneil mpo L0 JUHAMIKY, 10
MaTeMaTHYHUX MOJICJICH YBEICHO HEINiHIIHI TePMIiHH, IO MPU3BENO IO OUTBII CKIa-
JTHUX MOJIEJEH, sIKi TIOBHICTIO BIAMOBINAIOTH PEaTbHOCTI (34aTHI BiITBOPIOBATH CIIO-
cTepexxyBaHi nani). HalOimbIl 4acTo BUKOPUCTOBYBAHUMH METOJAMH ISl OLIIHIO-
BaHHS KOHTPONIO € NPHHIMN MakcuMyMy [lanTpsireifHa Ta 4YHCIOBHIT MeTOX
T'ymens. OfHak i METOAM MPU3BOAATH O IyXE NOPOroi CTpaTerii 3 TOYKU 30py
MarepiaabHUX 1 JIIOACBKUX PECYpPCiB; KpiM TOro, 1iabeTosord He B 3MO03i BUKOPHUC-
TOBYBaTH (OPMYJIH, peaji3oBaHi 3alpOINIOHOBAHUMH €JIEMEHTaMH KOHTPONIO. 3a-
MIPOTIOHOBAHO BHOIPKOBY CTPATETIiIO Ta MPOAYKTHUBHICT, 3aCHOBaHY HA HENTIHIHHHUX
MoziesIX i reHeTHYHuX anroputMax (GA), sika BUKOHYETHCSl B TpH eramu: 1) auc-
KpeTH3allisl po3MITHyTOI HENiHIIfHOI Mojelni 3a JONOMOIo0 KJIACHYHHX UYHCIIOBHX
MeTtoJiB (npaBwio Tparenii ta anroput™m Eitnepa—Komi); 2) omiHioBaHHS onTHMa-
JIBHOT'O KOHTPOJIIO B KUJIBKOX TOYKaxX Ha ocHOBI GA 3 BiJIOBIJHOIO (QYHKIIEIO MPU-
CTOCOBAHOCTI Ta BiJOBIJHMMH I'€HETHUYHUMH OIepaTopaMu (MyTauist, CXpelry-
BaHHS Ta BiAOip); 3) mnoOymoBa ONTHMAIBHOTO KEPYBaHHS 3a JOINOMOIOIO
iHTepnosLiitHol Moaeni (crutaiiHiB). OTpuMaHi pe3yIbTaTH IMOKa3aly, M0 BUKOPU-
cranHs GA a8 HETmiHIKHEX Mopenei Oyno yCHiIIHO BHPIMIEHO, IO MPU3BENIO 0
KOHTPOJIBHOTO MIiAXO/Y, SIKHil IEMOHCTPYE 3Ha4YHE 3MCHILCHHS KiTbKOCTI BHIAKiB
niabery Ta niabeTHKIB 3 yckinamgHeHHsMH. [IpuMiTHO, IO 1€l pe3ynbTaT JoCATa€eTh-
sl 3 BUKOPUCTaHHAM MeHIue Hik 70% NOCTYITHHUX pecypciB.

KiouoBi cioBa: ontumanbHe KepyBaHHs, Au(epeHIianbHe PiBHIHHA, Aia0eT, Tre-
HETHYHI QITOPUTMH, IITYYHUH IHTEJIEKT, IHTENEKTYaIbHH JTOKAIBHUMH MOIIYK.
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ba6enko Biradiii Ojieropuy,
acnipaHT Kadeapu OiomenHoi kibepHeruxu KIII im. Iropst Cikoperkoro, Ykpaina, Kuis

Bimtok Ilerpo IBanoBuY,
npodecop, JOKTOp TEXHIUHMX HayK, mpodecop kadeapu MareMaTHYHHX METOAIB CHCTEMHOIO
anani3y IIICA KIII im. Iropst Cikopcebkoro, Ykpaina, Kuis

Boasincskuii €Brewiii Borogumuposuy,
npodecop, JOKTOp TEXHIYHHX Hayk, mpodecop Kadeapu MITYyYHOrO iHTEIEKTy XapKiBChKOro
HAI[IOHATILHOTO YHIBEPCHUTETY Palioe/IeKTPOHIKH, YKpaiHa, XapKiB

JaBunoBuy Liuis BikropoBuy,
acucteHT Kadenpu Oiomenmunoi kibepuetuxu KIII im. Iropst Cikopebkoro, Ykpaina, Kuis

JynaeBa Tamapa Ann0OiHiBHA,
KaHAMIaT (i3UKO-MaTeMaTHYHHX HAyK, JOIEHT Kadeapu TEXHIYHMX Ta MPOrpaMHUX 3aco0iB
apromaru3auii KIII im. Iropst Cikopcebkoro, Ykpaina, Kuis

€peuixo i OsekcanapiBHa,
JIOKTOp EKOHOMIYHHX HaykK, npodecop kadeapu ekoHomiuHoi kibepHeruku KIII im. Irops
Cikopcbkoro, Ykpaina, KuiB, HaykoBuii criBpoOiTHUK TexHiuHOro yHiBepcurery MIOHXEHa,
Himewyunna

3aiiuenko OJsiena FOpiiBHa,
npodecop, JOKTOp TEXHIYHMX HayK, mpodecop kadeapu MareMaTHYHHX METOAIB CHCTEMHOIO
ananizy ITICA KIII im. Iropst Cikopcbkoro, Ykpaina, Kuis

3aiiyenxo IOpiii [leTpoBuy,
npodecop, JOKTOp TEXHIYHMX HaykK, mpodecop kadeapud MaTeMaTUYHUX METOIIB CHCTEMHOIO
anani3y IIICA KIII im. Iropst Cikopcebkoro, Ykpaina, Kuis

Kosanenko Osiexcanap MuxkoJsiaiiopuny,
acripanT KadeIpH eIeKTPOHHUX MPHUCTPOIB Ta cucteM (akyibTery enekrpoHiku KIII im. Irops
Cixopcbkoro, Ykpaina, Kuis

KoBanabuyk Imutpo BikTopoBuy,
JPEKTOp mianpuemMcTBa «Binkpute akiioneprae ToapuctBo «HBO «UepBoHa XBUIsh»», YKpai-
Ha, Kui

Ky3bpmenko Oaexciii BitaniioBuy,
acnipant ITICA KIII im. Iropst Cikopcbkoro, Ykpaina, Kuis

Kyccynas Haranis MuxosaiBHa,
npodecop, TOKTOp TEXHIYHHX HayK, 3aBiTyBadka KadeIpH MaTeMaTHYHOTO MOJCTIOBAHHS Ta
aHani3y nanux HaBuanbHo-HaykoBoro ¢izuxo-texnignoro iHcruryty KIII im. Iropst Cikopebkoro,
Vkpaina, Kuis

JlaBpeHiok Ajiia MukonaiBHa,
JIOLICHT, KaH/IMJAT TEXHIYHNX HAyK, JOLEHT Kadeapy MaTeMaTHYHOTO MOJIEIIOBAHHS Ta aHATI3Y
nanux HauaneHo-HaykoBoro ¢izuko-texiunoro incrutyty KIII im. Irops Cikopcbkoro,
VYkpaina, Kuis

JlazopumuHeus Bacuabs BacunboBuy,
wieH-kopecrionneHT HAH Vkpainu, akanemik HAMH Vkpainu, npodecop, JOKTOp MeIUYHUX
HayK, aupekrop HarioHanbHOro iHCTHTYTY cepleBo-CyAMHHOI Xipyprii iM. M.M. Amocosa
HAMH Vxkpainn, Kuis

Jleenuyk JIronmuiia Bopucisua,
JokTop (inocodii, crapumii BUKIazad Kadenpu MaTeMaTHUYHUX METOIB CUCTEMHOIO aHaJli3y
ITICA KIII im. Iropst Cikopcbkoro, Ykpaina, Kuis

Meabnuk Irop BirauiiioBuy,
npodecop, TOKTOp TEXHIYHHX HayK, Tpodecop KadeapH eIeKTPOHHHX IPUCTPOIB Ta CHCTEM
(axyibrery enexrponiku KIII im. Irops Cikopebkoro, Ykpaina, Kuis

Hacrtenko €Bren ApHOJIBI0BHY,
npodecop, AOKTOp OiosoriuHux Hayk, mpodecop kadempu OiomeamuHoi kiGeprerrku KITI
im. Iropst Cikopebkoro, Ykpaina, Kuis
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Ilepenexka €Bren OJiekcaHaApPOBUY,
acIipaHT, JiKap-Xipypr BiJUICHHS CKJIAAHMX apuTMii 3 peHrreHonepauiinowo Y «HICCX
im. M.M. Amocosa HAMH VYkpainny, Kuis

Cauriii €Breniii BanepiiioBuy,
cryneHt HapuanbHo-HaykoBoro ¢isuxo-texniunoro incturyry KIII im. Irops Cikopcbkoro,
VYkpaina, Kuis

Cxpunka Muxaiino IOpiitioBuy,
acripaHT kadeapu eIeKTpOHHUX HNPUCTPOiB Ta cucteM (axyipreTy enekrpoHiku KIII im. Irops
Cixopcbkoro, Yxpaina, Kuis

CrarkeBu4 Biragiiit MuxaiijioBuy,
KaHmuaar (Gi3uKo-MaTeMaTMYHMX HAyK, HAyKOBMIl CHIBPOOITHUK BiIJUTy IPHKIAIHOTO
HeniniiHoro ananisy IIICA KIII im. Iropst Cikopebkoro, Ykpaina, Kuis

Cyp:xukoB MuxkoJa CepriiioBuy,
Marictpant ka)e[py eIEeKTPOHHHX TPUCTPOIB Ta ciucTeM (akyibrery enekrpoHik KIII im. Iropst
Cixopcbkoro, Ykpaina, Kuis

Tumomyk Oxcana JleoniniBua,
JIOLIEHT, KaHNMAT TeXHIYHUX HayK, 3aBilyBadka KadeIpy MaTeMaTHYHHX METOJIB CHCTEMHOTO
anani3y IIICA KIII im. Iropst Cikopcebkoro, Ykpaina, Kuis

Tyraii Cepriii BopucoBuu,
JIOLIEHT, KaHIWIAT TEXHIYHWX HAyK, NONEHT KadeIph eNeKTPOHHHX IIPHCTPOiB Ta CHUCTEM
(akynerery enekrponik KIII im. Tropst Cikopcebkoro, Ykpaina, Kuis

HecaiB Ouexcanap CtenaHoBuy,
Marictp KuiBcbkoro HatioHasIbHOTO yHiBepcuTeTy iMeHi Tapaca IlleBuenka, Ykpaina, Kuis

HecaiB Oubra BonoaumupiBHa,
KaHIUAaT TEXHIYHUX HAyK, OOUEHT Kadenpu exoHomiuHoi kibepHetuxu KIII im. Irops
Cixopcbkoro, Yxpaina, Kuis

IIBen Ipuna CepriiBua,
MaricTpaHT Ka(eapy elNeKTpOHHHX NPUCTPOiB Ta cucteM (axynbrery enexrponiku KIII im. Iropst
Cixopcbkoro, Yxpaina, Kuis
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