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SECTION 1. ARCHITECTURE AND URBAN PLANNING

DOI: 10.46299/1SG.2025.MONO.TECH.3.1.1

1.1 Changes in the planning and form-making structure of a university academic
building

Introduction

The reconstruction of university buildings in Ukraine is one of the key directions
of modernizing educational space, especially in the context of post-war recovery. A
significant number of buildings constructed in the second half of the 20th century no
longer meet modern requirements of safety, comfort, energy -efficiency and
organization of the educational process. These issues became particularly relevant after
the extensive damage to the infrastructure of higher education institutions caused by
the full-scale war, which made reconstruction not only an instrument of development,
but also a necessary condition for the functioning of universities.

One example of such a case is an academic building that, before reconstruction,
showed signs of physical and moral deterioration and had also suffered significant
damage during hostilities. The original planning structure of the building was formed
according to a typical scheme of the 1970—80s: a linear three-storey volume with a
central corridor and classrooms around the perimeter. Such planning did not provide
possibilities for interactive work, open spaces, flexible learning zones and modern
interdisciplinary interaction.

In addition to building obsolescence, the building had a number of functional
disadvantages that limited its efficient use.

A military strike led to a partial collapse of structures in the southern part of the
building and the complete destruction of several rooms, which caused the loss of
structural integrity in certain fragments of the building. The damage was critical and
made it impossible to restore the building in its original geometry. Thus, reconstruction
became not only a means of rebuilding, but also of modernization, which made it
possible to rethink functional content, ensure compliance with current construction

standards and create a new, high-quality educational environment.
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The purpose of the study is to analyze the existing condition of the building
before reconstruction and to identify key factors that formed the need to change the
shape of the building.

Thus, consideration of the existing condition of the building before the start of
design is an important prerequisite for further architectural decisions discussed in the
following chapters of the study.

Analysis of the existing condition of the academic building before
reconstruction

Before reconstruction, the building was characterized by an architectural and
planning structure typical of its time and by a number of technical disadvantages that
significantly limited its functionality. A detailed analysis of the actual condition of the
building, carried out on the basis of measurement drawings and a site plan, makes it
possible to identify a complex of problems that made further operation of the building
in its original form impossible.

Planning features and disadvantages of the original scheme

The planning of the building was based on a two-storey corridor scheme with
predominantly rectilinear geometry. (Fig. 1). Despite its simplicity, this model had a
number of significant flaws:

* [rrational placement of rooms

* classrooms, laboratories, technical rooms and storage rooms were located
without a clear logical structure;

* lack of zoning complicated internal logistics;

 some educational rooms adjoined auxiliary ones, which created acoustic and
operational conflicts.

* Lack of necessary functional elements

* the building did not provide preparatory rooms — mandatory for laboratory
activities;

* lack of recreational zones made the space monotonous and unsuitable for a
modern educational process.

* Corridor scheme without possibilities for transformation

10
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* narrow corridors had only a transit function;

* lack of spaces for group work, student hubs or open zones led to congestion of
main passages.

Insufficient natural lighting

The building had a systemic problem with natural daylighting:

» significant depth of the building and its elongated shape limited the penetration
of light;

» the central corridor had no access to daylight;

« internal rooms (for example, rooms without exterior walls) were not lit
naturally at all;

* the sizes and configuration of window openings were insufficient to ensure the
normative level of illumination.

This made the environment in the building energy-consuming and
psychologically uncomfortable, which contradicts modern principles of organizing
educational spaces.

Condition of engineering infrastructure and sanitary facilities

« Sanitary facilities were too small and did not meet regulatory requirements in
terms of area;

* they had an insufficient number of cubicles;

» they did not ensure the required capacity.

* Lack of sanitary facilities for people with reduced mobility

* the dimensions of existing rooms did not allow organizing it by simple
replanning.

* lack of elevators or other vertical communications suitable for PRM;

« insufficient ventilation in sanitary facilities and technical rooms.

Destroyed rooms as a key factor in the impossibility of repair

The building received a close strike that caused the complete destruction of
several rooms.

The consequences included:

* loss of external and internal walls;

11
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» collapse of floor slabs;

* destruction of engineering networks in the damaged area;

» deformation of adjacent structures.

The existing condition of the building was characterized by a complex set of
problems:

» outdated and irrational planning;

» critical deficit of natural lighting;

» small sanitary facilities and complete absence of sanitary facilities for PRM;

» lack of elevators and accessibility means;

* shortage of specialized auxiliary rooms;

« significant war damage to part of the building.

T T T T T TrTw

=]

Fig. 1. Plans of the building before reconstruction [Author's development]

The combination of these factors created an objective impossibility of restoring
the building in its original form and determined the need for reconstruction with a
change of shape, which is discussed in the next chapters of the study.

Regulatory requirements for academic buildings and key criteria that
influenced the necessity of reconstruction

During the assessment of the condition of the academic building, an important
stage was the comparison of its actual characteristics with the requirements of current
regulatory documents in Ukraine. Non-compliance with the main provisions of
national construction standards regulating the design and operation of educational
institutions became an objective reason for reconstruction with a significant revision

of the functional and spatial structure of the building.

12
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An analysis of current construction standards compared with the real condition
of the building shows that the building:

* had systemic violations of daylighting standards;

* did not ensure inclusiveness;

* did not meet the requirements regarding sanitary facilities;

* had outdated logistics and non-functional planning;

» received critical structural damage during the war, which made repair
impossible;

* did not meet fire safety standards in the damaged area.

Thus, in accordance with regulatory requirements, the building could not be
restored 1n its original configuration.

Therefore, reconstruction with a change of shape was the only technically,
functionally and normatively justified solution, which became the basis of further
project development.

Analogues of academic building reconstruction

In contemporary practice of reconstruction of educational institutions, an
important role is played by projects that combine technical renewal, transformation of
spatial structure and formation of a new architectural image. To develop the concept
of the reconstruction of the building, several international projects were analyzed, in
which similar approaches were applied: working with the existing reinforced concrete
frame, introducing new steel structures, creating internal atriums and changing the
geometry of the fagade.

The Diamond at the University of Sheffield (United Kingdom)

One of the most relevant examples of contemporary university reconstruction is
The Diamond building at the University of Sheffield (United Kingdom). (Fig. 2). This
6-storey building for the Faculty of Engineering opened in 2015 and replaced an
outdated facility, enclosing a new space with laboratories, lecture halls and open
learning areas. Its facade is executed as a unique aluminum modular “shell” with a

rhombic pattern over a concrete frame and glazing.

13
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Fig. 2. Main fagade of The Diamond [https://www.ngbailey.com/case-
study/45/the-diamond,-university-of-sheffield]

The central atrium of the academic building (Fig. 3) serves as a distribution
space: it unites lecture theatres, workshops, open-space areas, a café¢ and places for
independent study. Such a planning scheme ensures a high level of natural lighting,

spatial flexibility and comfortable social interaction.

Fig. 3. Central atrium [ https://www.ngbailey.com/case-study/45/the-diamond,-
university-of-sheffield]

Daniels Building on the campus of the University of Toronto (Canada)

Daniels Building on the campus of the University of Toronto (Canada). (Fig. 4).
The 2017 project combined the restoration of a historic 19th-century neo-Gothic
building with a modern extension. The new part is created from steel, concrete and
glass — it contrasts with the historic part, creating a modern educational and creative
space. Inside the building, a spacious “interior main street” has been formed, which
unites studios, workshops, exhibition halls, a library and gathering areas, accumulating

educational, research and social functions.

14
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Fig. 4. General view of the historic building with modern extension

[https://www.archdaily.com/916301/daniels-building-at-university-of-toronto-nadaaaj

A hall with a 34-meter span and double height makes it possible to avoid

columns, which gives great freedom in planning spaces for lectures, workshops or

project activities. (Fig. 5).

Fig. 5. Hall with a 34-meter span [https://www.archdaily.com/916301/daniels-

building-at-university-of-toronto-nadaaa]

Both examples demonstrate important principles: preservation or adaptation of
the existing structural frame, integration of new volumes, creation of a large central
space inside the building, flexibility in planning. Such approaches make it possible to
modernize outdated or damaged buildings, preserving the frame, but at the same time

introducing modern standards of educational environment.

15
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Concept of reconstruction with a change of building shape

It was decided not simply to restore the existing structure of the building, but to
rethink it in a contemporary architectural context. The basis of the design solution is
the aspiration to create a volumetric structure that provides a transition between the
existing reinforced concrete frame and the new part of the building. The new volume
is made of metal structures, which makes it possible to create complex geometric forms
and ensures openness and flexibility of the internal space. Broken planes and a
fragmented silhouette reflect the dynamics and directions of spatial transformation,
emphasizing a distinctive architectural accent.

In the place of the destroyed part of the building, contrasting materials were
installed — metal panels and glass, which differ from the main part of the building,
making it possible to combine functionality and symbolic meaning. Such a solution
forms a space that is a kind of marker of change and renewal, and also emphasizes the

significance of the building within the structure of the campus. (Fig. 6).
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Fig. 6. Facades of building [Author's development]

Thus, reconstruction of the building with a change of shape ensures a complex

combination of contemporary architectural approaches, optimization of flows, natural
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lighting and functional transformation of interior spaces, giving the building a unique
contemporary image while integrating it into the overall structure of the university
campus.

New functional and spatial scheme of the building

It was decided to change the internal planning structure of the building in order
to ensure compliance with modern educational and communication needs. The key task
was to form learning spaces that combine flexibility, openness and functionality, as
well as to create areas for collaborative work, rest and cultural interaction.

In the area where the organization of large open spaces was previously
impossible, a multifunctional hall and exhibition space were designed. The hall is
designed for lectures, presentations, conferences and student events. The exhibition
part functions as a gallery where student works can be displayed, scientific and cultural
events can be held, as well as temporary exhibitions organized. Thus, the new space
combines the educational and public functions of the building, creating a contemporary

environment for learning and communication. (Fig. 7).

Fig. 7. Planes of building [ Author's

development]

Old long dark corridors were replaced with shorter and more logical routes,
which facilitate the movement of students and staff. Improved daylighting of internal

rooms was also ensured thanks to transparent fagade planes and two atriums, which fill
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the space with natural light. New spaces make it possible to create open learning zones
for collaborative work and rest, improving the quality of staying in the building.

The updated planning scheme ensures efficient use of every square meter, while
forming an environment that stimulates educational, social and cultural activity.
Learning zones cease to be isolated, and corridors become integrated elements of space,
ensuring interaction between students and staff. This approach makes it possible to
transform the building from a classical educational facility into a modern university
centre, where education, culture and social interaction are combined.

Master Plan and Landscape Design

The master plan of the reconstruction acts as a basic structural model that
transforms a previously inefficiently organized site into an orderly, functionally
coordinated, and modern educational space. It forms a new zoning system in which the
territory is divided into a group of clearly defined functional sectors that increase the
rationality of land use and ensure safe movement of users.

The recreational green zone, which occupies the largest part of the site, is formed
as a complex landscape space with terrace benches with greenery at different levels,
pathways, and expressive terrain geometry. It functions as an informal communication
environment, a place for rest and social interaction.

The transport zone (entrances, parking, and technical access) is assigned to the
periphery of the site. This localization minimizes the intersection of pedestrian routes
with transport routes, reduces the risk of conflict situations, and ensures safe movement
of students within the building area. Pedestrian connections with the possibility of fire
truck access in case of emergencies are provided.

The geometry of the landscape repeats the stylized broken lines of the
architectural facades, creating visual integrity between the outdoor environment and
the reconstructed building. Particular attention is paid to lighting and navigation,
ensuring convenient and safe use of the area in the evening. The combination of natural
materials with modern surface finishes creates a diverse tactile and visual structure.

Inclusiveness is a fundamental principle of the master plan. All main routes have

minimal height differences or are equipped with ramps in accordance with state
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standards. Tactile elements and visual markers are placed in key movement areas, and
site furnishings are arranged so as not to create obstacles. A high level of landscaping
emphasizes the priority of forming an environmentally sustainable and comfortable

public space in accordance with modern educational environment standards. (Fig. 8).
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Fig. 8. Master plan [Author's development]

Structural Solutions for Changing the Building Shape

The use of complex geometry determined the need to form a spatial metal frame,
executed as a polyhedral structure similar to a geodesic dome. Such a frame functions
as a spatial truss that provides high rigidity with minimal weight and allows large spans
to be covered without internal supports. The spatial system is the main load-bearing
element, later filled with glass units and corten steel panels.

The frame structure is built from rectangular steel tubes. The main elements have
differentiated cross-sections according to loads:

« vertical posts are made of 120x80%4 mm tube;
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* chords and main structural elements are made of 200x150x6 mm tube, capable
of carrying primary vertical and horizontal forces.

The system of joints provides a combination of welded and bolted elements,
allowing reliable load transfer in areas of complex geometry and ensuring the
possibility of installation onto existing columns. Steel plates in the joints reinforce the
structure and stabilize force flows.

A key stage was the connection of the new steel frame with the existing
reinforced concrete frame of the building. The metal structure rests on reinforced
concrete columns, which take part of the vertical and horizontal loads, including the
weight of enclosing structures and snow and wind pressure. Such interaction ensures
structural integrity of the new building shape and achieves a harmonious combination
of old and new parts of the building.

Interior Solutions and Educational Environment

The internal environment of the building, before reconstruction, was dark and
poorly adapted to inclusive needs, however, in the developed project it underwent
fundamental changes aimed at improving comfort, functionality, and efficiency of the
educational process. The implementation of two large atriums made it possible to
radically transform the nature of the internal space. Vertical light wells became the
main source of natural light in the central zones of the building. Thanks to this,
corridors ceased to be only transit areas and gained the functions of recreational and
working zones. Natural light stabilized students’ daily perception rhythms, created an
emotionally comfortable environment, and reduced the need for active artificial
lighting during daytime.

A significant element of the new space was live greenery in the atriums. The
inclusion of plants in the interior of university buildings is a common practice in
European educational complexes, since it has been proven that green zones act as
natural air filters, reduce CO: concentration, and regulate humidity. In the case of the
reconstructed building, the green corner plays an additional psycho-emotional role:
plants are integrated into rest zones where students spend time between classes, as well

as into group work areas, where greenery promotes concentration and reduces stress.
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The main hall space became a logical point of intersection between student and
staff flows. Its composition — open stairs, a lightweight metal elevator core, and semi-
transparent railings — enhances the sense of vertical unity of the building. Thus, the
hall performs not only a communication function, but also becomes a place for
meetings and informal interaction. The integrated coffee-break area has become a
social hub that influences the organization of student life. Furniture with soft forms has
been installed here, adapting to different usage scenarios: short rest, laptop work, group
discussions. Warm local lighting creates an intimate atmosphere, compensating for the
visual openness of the space.

A particularly important element of the reconstruction is the assembly hall in the
new annex to the building. It is a space where symbolic memory of wartime events is
combined with modern requirements for conference halls. Its interior is formed on the
principle of transformation, allowing changes in configuration depending on needs:
scientific conference, concert performance, plenary lecture, or exhibition. Mobile
chairs with 360° rotation and folding capability, acoustic panels with micro-
perforation, and window systems with multi-layer glass units create a space with high
acoustic qualities.

The laboratory suite also underwent significant changes. Trapezoidal tables were
designed for group work: the shape allows circular, wave-like, and linear
configurations that correspond to modern team-based learning methods. Materials for
laboratory furniture were selected considering chemical resistance and ease of
cleaning. Lecture classrooms are equipped with mobile modular desks and interactive
display panels that promote the integration of digital technologies into the learning
process.

Teachers’ offices were also rethought. Ergonomic desks with height adjustment,
local dimmed lighting, acoustic wall panels, and a small meeting area ensure a
productive working atmosphere. Offices are organized into blocks, where storage

places and lounge zones are provided.
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On the building roof, a passage between the blocks was created, significantly
shortening internal routes. This element increases logistical efficiency and makes
movement between academic departments more convenient, especially in winter.

10. Innovative Glazing Units, Artificial Lighting, and Energy Efficiency

One of the key technological solutions of the reconstruction was the use of
innovative glazing units with variable light transmittance. The window systems of the
building are equipped with multilayer glazing units with a special selective coating
capable of regulating the transmission of visible and infrared spectrum depending on
the angle of light incidence. In case of intense solar radiation, the coating reduces the
passage of infrared heat, which helps prevent overheating of the rooms in the summer
period. At the same time, in winter these glazing units are able to reflect thermal
radiation from internal sources back into the premises, increasing the building’s energy
efficiency by 25-30%.

A separate innovative solution was the use of dynamic glazing units installed in
the assembly hall. They contain photochromic layers that react to the intensity of
ultraviolet light: in strong sunny weather, the glass automatically darkens, reducing
glare and heat load, while on a cloudy day — on the contrary, it remains transparent.
This helps reduce the use of air conditioners in summer and decrease artificial lighting
costs in winter months.

Artificial lighting of the building is based on the principles of multi-level
adaptability. The main level consists of linear LED luminaires integrated into the
ceilings of corridors and laboratories. Their color temperature automatically adjusts
depending on the time of day: neutral daylight (40004500 K) ensures maximum
concentration, while warm evening light (2800-3200 K) helps reduce fatigue. Local
lighting is built into laboratory furniture, creating focal zones of maximum visibility
for working with equipment. Touch panels allow adjusting lighting intensity, and
presence sensors automatically reduce power in empty rooms.

A specific feature of the lighting system is that a significant part of its power
supply comes from solar panels installed on the roof. The panels made of

monocrystalline silicon have a high energy conversion efficiency — from 19% to 22%,
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which ensures stable electricity production throughout the year. The inverter system
allows accumulating excess electricity and directing it to power lighting in the evening.
Thus, a closed energy consumption cycle has been implemented, significantly reducing
the load on the central power grid.

Thanks to the combination of innovative light technologies, deep consideration
of natural insolation, and integration of solar panels, the building forms a balanced
energy regime. This not only reduces university expenses but also demonstrates

environmental responsibility and a focus on sustainable development.

Conclusion

The reconstruction of the academic building has become an example of how a
deep rethinking of an outdated structure can create a fundamentally new quality of
educational environment. Analysis of the initial conditions showed that the building,
erected in previous decades and additionally damaged by combat actions, had lost its
ability to perform its intended functions. Planning issues, imperfections of engineering
systems, lack of inclusivity, and significant structural damage indicated that simple
restoration could no longer ensure compliance with modern standards. Therefore, the
reconstruction became not so much a repair as the creation of a new architectural and
functional environment using the remains of the existing structure as a basis for further
transformation.

The proposed design solution demonstrates that the combination of the old frame
with new spatial forms can open opportunities that were impossible within the original
configuration. The use of a metal spatial structure made it possible to form a complex
geometry and give the building a new character, while stabilizing its structural scheme.
This transforms the damaged part of the building into an architecturally defining
element that not only covers the loss but creates a new identity. This approach
demonstrates the transition from an old model of educational space to a modern one.

An important result is the formation of a new internal environment that responds
to the current requirements of the educational process. Thanks to the creation of

atriums, transparent enclosure structures, and open spaces, the interior gained light,
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airiness, and flexibility. Premises that were previously dark and closed have been
transformed into adaptive universal zones suitable for both work and rest. The interior
was enriched with natural greenery, ergonomic furniture, and modern elements of
information infrastructure, which made it possible to create a psychologically
comfortable and productive environment.

A significant role in the renewal of the building was played by the
implementation of high-tech engineering solutions. Systems of controllable natural and
artificial lighting, dynamic glazing units, and the use of renewable energy made it
possible to raise the level of energy efficiency and comfort to standards necessary for
intensive use of educational infrastructure. The organized area around the building
complemented this transformation: the landscape became an extension of the
architecture, reinforcing its dynamics and at the same time ensuring barrier-free access
and functionality of the external space.

In summary, the reconstruction of the academic building was a process in which
technical, architectural, ecological, and educational factors were combined into a
holistic concept. The result is a building that not only restores its function but also
embodies a new model of university environment — open, bright, inclusive, and
flexible. The building is no longer just an infrastructure object; it has become a space
that supports modern formats of learning, promotes social interaction, and
demonstrates the ability of architecture to meet the challenges of time. In this project,
reconstruction became a tool not for reproducing the past, but for creating the future,

where space forms a new quality of educational experience.
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1.2 Features of the location of housing units for migrants in the structure of
settlement

The optimistic, but poorly regulated policy of multiculturalism, which emerged
in Europe in the second half of the twentieth century, raises too many questions
regarding the consequences of such a policy. Waves of riots, terrorist acts and illegal
migration show the shortcomings of this approach and the need for clear regulation of
migrant flows and the choice of location for their residence and integration into society.
The feasibility of introducing quotas or limits on the entry of migrants into the state is
quite debatable. The involvement of architectural means in this issue should be
assessed in a balanced understanding of all the negatives and positives.

The task arises - what number of migrants in society is maximally permissible
or desirable? We are talking about what percentage of migrants from the total number
of citizens can coexist in a housing unit without creating discomfort for others and with
the help of what architectural solutions such coexistence can be realized. An additional
cautionary factor is to prevent the situation from being allowed to run its course and
repeating the experience of creating national ghettos in European countries and the
USA.

Before comprehending and proposing any architectural solutions, it is
necessary to formulate a semantic chain: the quantitative component of migrants in
society - the attitude of the country's citizens towards migrants and migration in general
- the territorial nature of the settlement of migrants and the impact of migration on the
surrounding environment of cities and villages.

The territorial nature of migrant settlement and the impact of migration
on the environment of cities and villages.

When studying the segment of the migrant labor market in different countries,
we distinguish individual specifics in each case, as a result - statistical figures for each

individual country differ. The conducted research confirmed the demand in the
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construction industry, manufacturing, agriculture, trade and consumer services [10, 11,
12, 13]

78% of migrants in Europe are of working age from 15 to 64 years. The gender
structure of migrants is the same - 50% of migrants are male and 50% are female.

These statistics show how great the potential is for attracting migrants to the
country's economy (as labor reserves in a wide range of sectors of the economy) and
also that a significant proportion of migrants will live in close proximity to production
or agricultural facilities. From this it can be assumed that there are two groups of
migrants, which are characterized by different poles of attraction in choosing the
location of residence and employment. Migrants can be conditionally divided into the
following groups - a group of migrants associated with the urban environment
(specialists and workers involved in production, construction, trade and the service
sector) and a group of migrants associated with the agricultural environment (migrants
involved in the agricultural sector). We are talking about the characteristic relationships
between migrants and the territorial characteristics of working conditions (branches of
the economy). Knowing the realities of the housing stock in the agrarian regions of
Ukraine, namely in villages, the issue of resettlement of migrants does not pose great
difficulties. This assumption is based on the fact that the population of villages is
constantly decreasing, approximately by 0.7% per year, such phenomena as "dead" or
half-empty villages are created [14] - thereby creating favorable conditions for a "wave
of flooding" of villages by migrants. In this aspect, the recommended percentage of
migrants in the settlement structure should be maintained, in order to avoid closed
colonies of migrants or mass segregation relative to the indigenous population.

We should not forget about the uncertain final strategy for withdrawing villages
and small settlements focused on the agrarian sector of the economy from the
protracted social, demographic, and economic crisis. Under such conditions, it is
extremely difficult to solve this problem using purely architectural methods and
solutions in a complex.

m The architectural aspect of integrating a migrant (namely, his or her dwelling)

into the structure of villages requires a separate large-scale study and modeling of
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possible development options, which will be based on agrarian, demographic, social,
and economic research and possible development strategies for these territories.

The problem of resettlement of migrants in industrial areas (usually cities)
requires study and recommendations for implementation. The developed solutions
should be based on the aspect of harmonious integration of new housing, or adaptation
of existing housing, into the already formed urban environment, which is characterized
by:

- urban population growth as a result of internal migration

- high density of construction

- lack of housing stock to meet the needs of the population

- high market value of movable property

- prejudiced attitude towards possible neighborhood with migrants

m The architectural aspect of the integration of a migrant (namely his/her
dwelling) into the formed urban environment plays a key role in solving this problem.
This aspect is manifested in the need to solve this issue at the city, district and house
levels - in order to avoid enclaves, ghettos and creating discomfort for surrounding
residents.

The above-mentioned accents of the problem of migrant settlement in an urban
environment show the feasibility of a detailed consideration of urban and architectural-
spatial conditions of integration. The following scales of analysis and modeling should
be focused on in detail:

- the territory of the city and its districts

- residential buildings

- residential unit / apartment

Consideration of the problem of housing for migrants at the level of the city and
its districts. The principle of dispersed settlement is based on the dispersion of migrants
throughout the territory of the entire city, preventing the formation of areas of their
accumulation, which gives rise to the phenomenon of ghettoization and degradation of

the urban space or certain parts of it. If mistakes are made at this stage - with a
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deepening into smaller scales, the problems will only increase and their solution will
require significant resources.

The recommended indicator of the number of migrants in the space of Ukrainian
cities of 7% (based on the average indicator of migrants in the structure of European
society) should be implemented through the dispersed settlement of migrants. This type
of settlement should be implemented both in the peripheral areas of the city and in
areas located close to the city center (or to the centers - in polycentric city systems). It
is allowed to create small working dormitories directly on the territory of enterprises
where migrants are employed or in the territory where migrants carry out their work
[15]. At the same time, the processes of "acclimatization" of migrants to the new urban
environment and responsibility for its balance should take place, as described by
Doctor of Architecture L. B. Kogan [16]. Uniform dispersed settlement throughout the
territory of the entire city and neighborhoods allows for an even distribution of the load
on the sphere of public transport, services, medical (polyclinics and hospitals), and
education (kindergartens and schools). Of particular note is the effect of this method
of resettlement, which results in the integration of migrant children into the
environment of an already formed society, namely the formation of their identity with
the country of residence, in our case Ukraine. Thanks to such methods, full-fledged
citizens are raised, following the example of the "melting pot" of the countries of North
America [17].

Theoretical models of housing for migrants.

The solution to the housing problem has a number of specific features, one of
which is taking into account resettlement when justifying architectural solutions (we
are talking about the need to prevent the risks of segregation of the residential
environment or "ghettoization" of urban space, preventing the concentration of such
structures and dwellings in a certain territory, or their settlement only by immigrants).
The development of a typology of housing for immigrants can form the basis for the
development of a concept for regulating migration flows, taking into account the
interests of both urban planning and architectural design of buildings and structures. A

concept that would ensure balanced economic and demographic development of the
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country, national security, ensuring the needs of the economy in human resources, and
their conditionally rational distribution across the territory. A fairly traditional
approach in his works on this topic is shown by B. Fainoky. He sees housing for
migrants in the form of mobile housing, which a migrant can purchase for insignificant,
as for the housing market, money - mobile and with a sufficient level of comfort. Such
housing can migrate, depending on where the migrant found work, or be parked in a
systematic manner and form a kind of “trailer town”. This type of housing can be
attributed to the capsule type of housing, because the main unit on which such housing
1s based is a residential module.

The experience in this matter of the Qatar Science and Technology Park (QSTP),
which is engaged in scientific and applied research and the implementation of
commercial technologies, together with the Virginia Commonwealth University
(VCUQatar), is interesting. The project was only supposed to assess the feasibility of
converting containers into housing for migrants, but in the course of the work more
was done than was intended [19].

The result of this work was a project proposal with a implemented prototype of
housing for migrants. The basis was the authors' desire to implement a new concept of
a sustainable social model of specialized life. This planning solution is based on the
use of modules, which in combination create a residential formation that has quite
dynamic properties - if necessary, the area, structure, and configuration can be changed,
so everything is based on the use of portable modules [18,19].

The project to develop and implement housing for migrants and workers
provides for the use and provision of land for development both in urban environments
and outside the city to serve the growing market in Qatar. The designers of this type of
housing emphasize that they relied on a business model that demonstrates cost-
effectiveness by reducing operating costs. The proposed living conditions in such
housing meet and exceed international standards for living conditions for migrant
workers.

Surprisingly interesting and alternative is the work of a group of architects from

the South Carolina Institute of Architecture, USA (Caroline Dahl, Robert Cha, Hossein
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Lotfi Shemirani) [19]. The project shows the idea of combining elite-class housing with
housing for migrant workers and service personnel. The essence is that along the outer
perimeter of the high-rise building there are apartments of high comfort, with their own
network of vertical communications. The inner perimeter is occupied by apartments of
lower comfort, with their own vertical communications and a set of auxiliary premises.
Thus, there is no crossing of the flows of residents of comfortable apartments with
people, migrant workers, living nearby. This proposal can be attributed to housing for
small groups.

According to the designers, this system shows a symbolic connection between
the core of cheap modular housing and the shell with expensive real estate. It is clear
that the expensive outer shell will bring profits, and therefore it will be possible to
reduce the prices of housing for migrants. If cheap housing is “wrapped” from the
outside with expensive real estate, then the expensive, representative layer will be able
to mask the workers from the outside world, accordingly, such a building will easily
fit into any elegant environment.

One of the main tasks is the integration of migrants into our society. The problem
of affordable housing concerns not only immigrants, it is also relevant for a significant
part of Ukrainian citizens. This issue could be solved by providing small-sized housing
for long-term rent, perhaps even with a review of existing sanitary and hygienic and
construction and design norms and rules. Obviously, such housing should not serve as
permanent housing. When settling them, it is necessary for tenants to understand that
this project is aimed at long-term, but not permanent, rental of housing. Renting this
type of housing should be a transitional step for migrants: from "specialized housing
for migrants" to a full-fledged entry into the real estate market.

For a person who finds himself in difficult living conditions, obtaining housing
on preferential terms is a catalyst for his integration into society.

Housing with low comfort indicators (and sometimes with low technical,
economic and operational indicators) for short-term rental should be envisaged as a
"forced home" in crisis living conditions. This is relevant for both immigrants and our

own citizens [20].
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Today, according to current state building codes and rules for designing and
building housing, the implementation of such ideas and projects is impossible.
Therefore, outdated norms should be reviewed, clarified and adjusted in accordance
with the requirements of the new time.

Research on finding a solution to the problem of housing for migrants is being
conducted, although not as actively as for other underserved segments of society.
International experience in studying and experimentally designing housing for
migrants was highlighted. When reviewing literary sources and foreign experience, it
became necessary to study and compare the regulatory framework of our country,
which is used in housing design, with a view to implementing similar projects in
Ukraine.

In parallel with the research, interesting theoretical work of the Urban Land
Institute (ULI) was discovered. ULI, the Urban Land Institute, is a non-profit research
and educational organization supported by its members. Founded in 1936, we now have
over 40,000 members worldwide, representing the full spectrum of land use and real
estate development disciplines working in private enterprises and public services.

A multidisciplinary forum for real estate, ULI fosters an open exchange of ideas,
information, and expertise among industry leaders and policymakers dedicated to
creating better places. ULI has a particularly strong presence in the core European real
estate markets of the UK, Germany, France, and the Netherlands, but is also active in
emerging markets such as Turkey and Poland [21, 22].

That is, we see that this institution is interested in an interdisciplinary approach
to the study of new phenomena in urbanism. It is interesting to study this issue at the
intersection of the interests of humanism and economically justified exploitation of real
estate in the context of economics/finance. In 2017, this institution created certain
reservations of its own in resolving the issue of housing for migrants.

Before developing its own position on the topic of housing for migrants, it is
necessary to study theoretical developments on this topic and the experience of creating

and seeing housing for migrants. Among a large range of countries with their own
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history of creating housing for migrants, attention is focused on European countries.
This 1s due to common civilizational and cultural values with Ukraine.

The European Commission decided to distribute migrants among EU member
states as one of the solutions to the migrant crisis in the EU [23].

The main initiator in the rapid deployment of the network that will receive
migrants was Germany. As the practice of implementing this solution has shown,
migrants were resettled in groups in locations within the territory of settlements or
outside it. Resettlement takes place either in existing places of detention of illegal
migrants [24], or new ones are created or existing premises are adapted to these needs
[22]. The above-mentioned means indicate a strategy that dominates the issue of
migrants’ integration into a new environment (in this case, the EU society and some
other European countries). Such a strategy is the dispersed distribution of migrants
among European states. Instead, states implement concentrated resettlement of
migrants. Resettlement takes place in the territory of certain administrative units, which
is implemented according to the vision of state bodies.

A review of the experience of solving housing problems for migrants suggests
the need to single out the experience of individual countries for the sake of
systematicity. This clearly shows a not very wide range of means of implementing this
type of housing.

The experience of European countries in the issue of migrant resettlement has
shown a distribution of conceptual approaches to this issue. Three generalizing vectors
have been identified: resettlement of migrants in social housing; resettlement of
migrants in specialized housing; resettlement of migrants on the basis of the free
market. With the possible interaction of certain vectors with each other, one of them
remains a bright dominant vector. Typical examples are the experience of such
countries as France, Germany, Great Britain, and Spain.

The implementation of housing for migrants is an important problem that should
be resolved in the process of rebuilding Ukraine (in the post-war period) [25]. At the
same time, one should not forget the expressiveness of the architectural image of this

architecture[26].
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As a conclusion: most foreign models of housing for migrants are variations of
temporary mobile or modular housing, which can be implemented quickly and without
large capital investments. The placement of specialized residential buildings for
migrants in the existing urban environment occurs without taking into account the
prospects of negative social consequences. Such housing policy often leads to the
formation of emigrant enclaves, their ghettoization and the creation of discomfort for
indigenous citizens, which generates a biased attitude of the indigenous population
towards potential neighborhood with migrants.

In EU countries, three approaches are used to provide migrants with housing: in
social housing and on the real estate market (on a par with indigenous residents of the
country), as well as in specialized temporary dormitory-type housing to quickly solve
the mass need while ensuring minimally acceptable conditions. Specialized housing is
arranged mainly in large hall-type premises (hangars, gyms, pavilions, etc.), therefore
it 1s at least incorrect to consider it a full-fledged type of housing. For longer stays in
Germany, it is common practice to convert one or more large buildings from the
existing real estate stock into residential buildings for a large number (dozens or even
hundreds) of migrants exclusively.

It is important to avoid repeating mistakes previously made in various European
contexts. Alongside successful examples of integrating housing for migrants into
existing urban environments, there are also cases where such integration has been
carried out unsuccessfully. Problems usually arise when newly built accommodation
significantly contrasts with, or exceeds in scale and density, the established character
of the surrounding urban fabric.

One example often referenced in public discussions concerns a large temporary
housing complex constructed on the grounds of a former educational facility. Local
residents criticized the development, comparing it to institutional infrastructure and
expressing concerns about its proximity to existing homes. The project, consisting of
a sizable number of temporary housing units, was introduced under emergency
development provisions, which allowed the local authorities to proceed without

additional planning approvals.
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Some residents noted that the distance between the new structures and their
property lines was substantially smaller than what is typically recommended by
planning guidelines. The local authority responded by emphasizing that the buildings
were intended for short-term use, could be dismantled when no longer needed, and
that the project fell within the legally permitted timeframe for such developments.

Officials stated that once the exceptional development period expires, the status
of the site would need to be reviewed through standard planning procedures. They
also emphasized the importance of providing decision-makers with a complete
technical assessment, including community feedback, before determining how the
project should proceed in the long term [27].

Another scandalous example occurred due to the accommodation of migrants in
the United Kingdom, in an old, unsuitable building.

An oversight body reported that a government ministry made several poor
decisions under pressure to rapidly discontinue the use of temporary accommodation
facilities for migrants. One such decision involved purchasing a disused institutional
property that had previously been identified as having significant structural and
environmental hazards.

According to the report, the amount paid for the site substantially exceeded the
price for which it had been purchased only a year earlier. Despite assessments
identifying the property as high-risk and unsuitable for immediate occupation,
measures were undertaken to make it available as quickly as possible for migrant
housing.

The ministry stated that its findings concerned actions taken under a previous
administration and reiterated its ongoing commitment to reducing reliance on
temporary emergency facilities. The pressure to act quickly intensified after an official
public announcement pledged to phase out these arrangements within an accelerated
timeframe.

The report noted that the acquisition decision was made by a small, high-level

group of officials, even though no formal technical review or approval process had
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been completed. It emphasized that the lack of thorough evaluation, combined with
time pressure, contributed to the decision-making challenges that later emerged.

‘High risk’

In February 2023, an environmental review found a risk from “asbestos-
containing materials in existing buildings and contaminated land”, while a
comprehensive inspection report rated the conditions at the site as “high risk™.

An internal inspection report estimated that the renovation of the buildings on
the site would require a substantial investment, although this projected cost was not
included in the recommendations ultimately presented to senior decision-makers.
Shortly afterward, officials publicly stated that the development would create a
significant number of jobs, and the purchase was finalized later in the year.

The final acquisition price included an additional payment to the previous
owners, who had reportedly misjudged the time necessary to complete the transaction.
The property had been purchased by those owners the prior year for a considerably
lower amount, and independent assessments suggested that redevelopment costs
ranged widely, reflecting the site’s deteriorated condition.

The oversight authority concluded that the ministry’s attempt to secure the site
within a very short timeframe led to incomplete due diligence and several flawed
decisions. As a result, the government obtained a facility that was not suitable for its
initial intended function and paid more than what independent valuations suggested.

The site had been intended to increase overall accommodation capacity during a
period when the government was incurring high daily costs for temporary lodging and
experiencing a sharp rise in asylum applications. The original plan was for the location
to operate as an open, non-detained residential centre for a large number of
individuals, allowing freedom of movement. However, within a few months, it was
determined that the site could not adequately fulfill this role, and authorities
announced that it would instead be repurposed as a closed facility.

No work has been carried out so far to make the site suitable for living. A local

representative described the situation as unfair to residents of the surrounding area and
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expressed regret that the site had not been acquired in an optimal way, noting that
lessons had since been learned.

Another political group stated that the findings raised serious concerns about
recent appointment decisions within the national leadership. They also criticised what
they described as many years of inefficient public spending, saying the new report
highlights further examples of financial mismanagement.

In mid-year, the responsible government department stated that no final decision
had been made about how the site would be used and that it would review its broader
strategy and needs before determining future plans. In response to the audit, the
department emphasised that it had inherited an asylum system under extreme pressure,
with a significant backlog of unresolved cases, and reiterated its commitment to
ending the use of hotels and moving people to more appropriate and cost-effective
accommodation options.

The department added that it would continue working to ensure the system
operates more quickly, reliably, and fairly.

A parliamentary oversight committee announced that it would carry out an
additional inquiry. Its chair noted that once again, rushed and poorly considered
decision-making had led to overpayment for accommodation that ultimately proved
unsuitable for its intended purpose [28].

The above-mentioned histories of problems and conflicts must be avoided and

not repeated in the implementation of housing for migrants in Ukraine.
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1.3 The promise and pitfalls of ai in predicting sustainable urban growth

Urbanization is accelerating, with cities expected to host over 10 billion people
by 2080. This rapid growth intensifies challenges related to resource management,
energy demand, pollution, and social equity. As cities contribute around 70% of global
CO: emissions and consume 75% of energy, sustainable urban development has
become essential. It focuses on balancing economic, social, and environmental
priorities to build resilient and livable cities.

Artificial intelligence (Al), especially predictive modeling, offers powerful tools
to address urban complexity. Al can optimize infrastructure, forecast energy use,
manage traffic, and assess environmental risks. It also aids in climate resilience by
simulating future climate impacts on cities. However, Al adoption faces challenges,
including data quality, privacy concerns, and algorithmic bias.

This paper explores how Al, particularly predictive modeling, can support
sustainable urban development. It highlights opportunities, challenges, and real-world
applications, emphasizing the need for ethical and inclusive use of Al in future city
planning. Sustainable urban development has become a key strategy for addressing the
economic, environmental, and social challenges facing modern cities. It promotes a
balanced approach to urban growth, aiming for cities that are resilient, inclusive, and
environmentally responsible. Rooted in the United Nations' Sustainable Development
Goal 11, this framework emphasizes meeting present needs without compromising
future generations [29].

Economically, it supports adaptive, inclusive growth that aligns with ecological
preservation. Environmentally, it tackles the high resource consumption and emissions
of cities—despite covering only 2—3% of land, urban areas account for 75% of resource
use and 70% of global emissions. Socially, it stresses equity, community participation,
and inclusive urban policies to reduce inequality.

By integrating green infrastructure, renewable energy, and participatory

planning, sustainable urban development offers a holistic model for building cities that

37



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

are both livable and future-ready. Achieving sustainable urban development remains
challenging due to rapid urbanization, climate change, limited resources, and political
and financial constraints. With urban populations expected to grow by 2.5 billion by
2050, cities face increasing pressure on infrastructure, energy, and the environment.
This growth drives higher emissions, waste, and resource consumption.

Community participation and integrated planning—such as coordinated water,
energy, and material use—are essential for building resilience. To address these
complex issues, cities are turning to predictive tools powered by Al and big data.
Unlike traditional planning, these tools offer real-time insights and simulate future
scenarios, helping urban planners make informed, long-term decisions.

Machine learning models and citizen-generated data further enhance planning
by forecasting trends and incorporating community needs. As data quality and
computational power improve, predictive technologies are reshaping urban planning
into a proactive, inclusive, and future-ready practice. Urban development is being
reshaped by Al and predictive modeling, making cities smarter, more efficient, and
sustainable. Predictive modeling uses historical and real-time data to forecast trends
and support better decision-making in areas like traffic, energy use, and public safety.

This approach involves several key stages: collecting structured and
unstructured data (e.g., from sensors and social media), selecting relevant features,
choosing appropriate algorithms (e.g., regression, classification, time-series, or deep
learning), and training and validating models to ensure accuracy. Techniques like PCA,
ARIMA, and LSTM, along with tools like CNNs for image data, enhance the predictive
power of these models [30]. Once validated, models are integrated into real-time
systems, enabling applications such as dynamic traffic management or energy demand
forecasting. As a result, predictive modeling plays a vital role in tackling urban
challenges and advancing sustainable city planning.

Predictive modeling is central to smart city development, enabling proactive

planning, efficient resource use, and risk management. Key applications include:
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. Traffic Management: By analyzing real-time and historical traffic data,
predictive models help forecast congestion and optimize routes, as seen in Singapore’s
ITS and Google Maps.

. Energy Efficiency: Al forecasts peak energy demands using weather,
usage, and sensor data. Tools like Tesla’s Autobidder and Barcelona’s smart lighting
improve energy distribution and reduce waste.

. Public Safety: Predictive policing uses crime data and socio-economic
indicators to identify high-risk zones. Systems like Chicago’s SSL and PredPol aid in
crime prevention through better resource allocation.

. Disaster Management: Al models analyze satellite and climate data to
forecast natural disasters. Examples include IBM’s PAIRS Geoscope and Japan’s
earthquake alert system.

These applications show how predictive modeling enhances urban sustainability,
safety, and resilience. As technologies like edge Al 5G, and quantum computing
evolve, they will further strengthen the foundation for fully autonomous, data-driven
smart cities. AI Techniques in Predictive Modeling. Predictive modeling in urban
development relies on key Al methods—machine learning (ML), deep learning
(DL), and reinforcement learning (RL)—each suited to different tasks:

. Machine Learning: ML uses both supervised (e.g., regression for
housing price forecasts, classification for flood risk zones) and unsupervised methods
(e.g., clustering for crime hotspots, PCA for data simplification). Its flexibility and
scalability make it ideal for diverse urban datasets.

. Deep Learning: DL, a more advanced ML approach, handles complex,
unstructured data like images or sensor readings. CNNs support video surveillance and
traffic monitoring, while RNNs/LSTMs excel in time-series tasks like energy or
pollution forecasting. DL offers high accuracy but demands more data and computing
resources.

. Reinforcement Learning: RL learns through interaction, making it well-
suited for dynamic systems like adaptive traffic lights or smart grid energy distribution.

It’s highly adaptive but requires extensive training and is resource-intensive.
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These Al techniques collectively enhance predictive accuracy and
responsiveness in modern urban systems. Different Al techniques offer distinct
advantages in urban planning:

. Machine Learning (ML) excels in analyzing structured data for tasks like
real estate forecasting and urban zone classification. It is efficient and interpretable.

. Deep Learning (DL) handles unstructured data—images, video, sensor
inputs—making it ideal for smart surveillance and environmental monitoring.

. Reinforcement Learning (RL) supports real-time decision-making in
dynamic systems like traffic control but requires significant computational resources.

The optimal technique depends on the problem context, data type, and system
constraints. Hybrid models, combining ML for preprocessing and DL for complex data,
often enhance predictive performance in smart city projects [31].

LLMs are reshaping urban development by assisting in planning, policy design,
and public communication. They analyze extensive regulatory and planning
documents, summarize public feedback, and translate technical language for broader
accessibility—promoting inclusive and transparent governance. LLMs also process
vast unstructured data from IoT sensors, social media, and civic platforms, enabling
pattern detection in sentiment analysis, complaint categorization, and service
optimization. They help draft data-informed and multilingual policies, making public
administration more responsive and citizen-focused. However, ethical concerns
remain. LLMs can perpetuate biases embedded in training data, raise issues of
transparency and accountability, and pose risks to data privacy and consent, especially
when sensitive citizen data is involved. Their high computational demands may also
conflict with sustainability goals, and unmoderated content generation risks
information overload [32]. Supporting Al Technologies in Smart Cities:

. Internet of Things (IoT): IoT sensors provide real-time data on air
quality, traffic, energy use, and waste, enabling responsive infrastructure management

and sustainable urban growth.
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. Computer Vision: Used in traffic monitoring, crowd management, and
infrastructure inspection, it processes visual data from surveillance and drones to
automate safety and maintenance tasks.

. Natural Language Processing (NLP): NLP extracts insights from social
media, surveys, and reports. Sentiment analysis informs policy responsiveness, while
chatbots enhance public service access.

. Big Data Analytics: Core to smart city functions, it integrates diverse data
sources to forecast trends, optimize operations, and support disaster preparedness.

Under the Smart Nation Initiative, Singapore has integrated Al and IoT to
optimize traffic, energy, and public services. Its GLIDE system uses machine learning
to adjust traffic signals in real time, reducing congestion and wait times. Smart grids
forecast electricity demand using historical data and weather patterns, enhancing
energy efficiency and reducing costs through the Open Electricity Market initiative.
Additionally, Al-powered predictive maintenance in the MRT system helps detect
potential faults before they cause disruptions, ensuring reliable public transportation.
Barcelona has focused on sustainability through widespread IoT deployment and big
data analytics. Smart waste bins equipped with sensors send real-time data on fill
levels, enabling Al to optimize collection routes and cut emissions. The Sentilo
platform, an open-source IoT network, supports efficient water management by
monitoring consumption, detecting leaks, and adjusting irrigation schedules in public
parks. These innovations have led to significant reductions in both waste and water use
[33].

These examples highlight that predictive modeling is not universally applied,
but rather must be tailored to local priorities and infrastructure readiness. Singapore
demonstrates the effectiveness of Al for optimizing complex urban systems, while
Barcelona showcases how IoT can drive scalable, sustainable services.

Al Technique Suitability by Application

. Structured data: ML is preferred (e.g., real estate forecasting).

. Unstructured data: DL excels (e.g., image-based traffic monitoring).
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. Dynamic environments: RL is ideal (e.g., smart energy or traffic
systems), though training requires intensive simulations.

Together, these cases offer valuable models for other cities, showing that success
in Al-driven urban development lies in context-specific adaptation, not one-size-fits-
all deployment. A comparative framework summarizing these strategies can guide
future smart city initiatives toward efficient and sustainable growth.

Rapid urbanization has introduced challenges such as rising energy demand,
infrastructure stress, and environmental degradation. In response, sustainable urban
development aims to balance resource efficiency, equity, and environmental
responsibility. Al, particularly through predictive modeling, plays a pivotal role by
enabling data-driven planning, resource optimization, and climate resilience. Al
applications span traffic control, disaster mitigation, energy optimization, and waste
management. For instance, predictive models support infrastructure planning and
forecast environmental risks like floods and heatwaves, strengthening urban resilience.
Despite its promise, the integration of Al faces key challenges:

. Data Quality and Availability: Urban datasets often suffer from
incompleteness, fragmentation, and inconsistency, limiting model reliability.

. Ethical and Social Concerns: Issues such as algorithmic bias, lack of
interpretability, and data privacy are significant, especially when sensitive information
is involved.

. Adaptability and Transparency: Many Al models struggle to generalize
across novel scenarios and remain opaque to users, limiting public trust and adoption.

Emerging solutions reflect these advancements. Napisa et al. proposed XAl
methods for energy and traffic systems. Le et al. explored vision—language models like
Remote CLIP for urban monitoring via satellite imagery. Yao et al. applied Al and GIS
tools in Shanghai to optimize urban tourism logistics, despite challenges with privacy,
real-time data, and geographic complexity. Additionally, Al-powered traffic systems
are being developed to reduce congestion, emissions, and waiting times. Studies
address on-street parking’s impact on flow, propose adaptive traffic signaling using

stochastic ML, and explore region-based demand management strategies. Other
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innovations include real-time monitoring of noise and emissions, as well as Al-assisted
wildfire detection via satellite systems. These developments illustrate Al’s
transformative potential for smart, sustainable cities but also underscore the need for
responsible, transparent, and inclusive implementation [34].

Al-driven predictive modeling holds transformative potential for addressing the
multifaceted challenges of urbanization, including climate change, infrastructure
stress, and resource scarcity. This section explores strategic pathways for overcoming
key barriers to the effective deployment of Al solutions in sustainable urban planning.
While theoretically scalable, Al solutions often depend on local infrastructural
maturity, governance alignment, and resource availability. Practical scalability requires
a supportive ecosystem that includes strong data governance, flexible operational
frameworks, and skilled personnel. Implementation stages—from planning to
deployment must be supported by coordinated stakeholder engagement, adaptable
procurement mechanisms, and resilient digital infrastructure. Crucially, success is not
merely technical but also depends on delivering measurable public value. Cities with
limited digital capabilities often face difficulties deploying real-time, data-intensive Al
systems. For example, models such as Singapore’s Al-powered transport systems or
NEOM’s autonomous vehicles rely on advanced digital infrastructure features not
universally accessible. Beyond financial investments, successful deployment requires
a competent workforce, comprehensive data governance, and standardized,
interoperable technologies.

Governance structures also influence Al adaptability. Centralized models like
Singapore’s Smart Nation initiative may not be replicable in decentralized or
fragmented policy environments. High implementation costs remain a constraint,
especially for municipalities with limited budgets. In such contexts, phased or modular
Al adoption anchored in strategic planning and cost-effective applications can promote
feasible and scalable integration.

Public—private partnerships (PPPs) offer viable pathways to address contextual
challenges. Examples include Copenhagen Solutions Lab, a municipal innovation

incubator, and Barcelona’s Bicing system, which integrates digital infrastructure with
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public mobility services. However, many smart city projects are still developed as
peripheral “New Towns,” following modernist planning paradigms that risk promoting
sprawl, car dependence, and unsustainable land use. Moreover, current literature often
emphasizes off-the-shelf solutions for newly built cities, offering limited guidance on
retrofitting legacy infrastructure in established urban areas.

To unlock the full potential of Al in sustainable urban development, several
interrelated challenges must be addressed:

1. Data Quality and Availability. Reliable Al models require high-quality,
timely, and representative datasets. Cities should invest in modern data collection tools
such as IoT sensors and satellite monitoring. The adoption of standardized data
protocols and open data policies enhances interoperability and collaboration.
Institutionalized data cleaning and validation processes further ensure data integrity.

2. Ethics and Bias Mitigation. Unchecked, Al systems may reinforce societal
inequalities. Ethical guidelines such as the EU’s Trustworthy AI principles should
guide development and deployment. Inclusive datasets and multidisciplinary ethics
boards can help ensure fairness, transparency, and accountability.

3. Security and Privacy. Given the sensitivity of data on mobility, health, and
energy consumption, robust safeguards are essential. This includes encryption,
anonymization, and secure cloud infrastructure. Regulatory frameworks like GDPR
should serve as benchmarks, with transparent opt-in models to inform citizens about
data usage.

4. Algorithmic Fairness. Methodological bias can emerge from skewed or
incomplete training data. Fairness-aware ML techniques and regular audits can
mitigate this. Diverse development teams, along with explainable Al (XAI), support
holistic and transparent decision-making.

5. Integration with Legacy Infrastructure. Many urban systems operate on
outdated technologies. Gradual integration starting with pilot projects can modernize
infrastructure incrementally. APIs and middleware facilitate interoperability, while
public incentives and private-sector partnerships can support broader digital

transformation.
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6. Transparency and Stakeholder Engagement. Opaque Al models
undermine public trust. Interpretability should be a design priority. Tools such as public
dashboards and participatory review processes enhance transparency, understanding,
and civic accountability.

7. Addressing Resource Constraints. Cities in developing regions often face
shortages in funding and expertise. PPPs and international development organizations
can mobilize capital and technical assistance. Building local capacity through Al
literacy programs for urban planners and policymakers is crucial for sustainable
implementation.

As cities increasingly integrate artificial intelligence (Al) into decision-making
processes, ensuring accountability and transparency becomes paramount—especially
in applications that influence public welfare, urban planning, and resource allocation.
Effective Al governance demands robust frameworks that align with ethical, legal, and
operational standards to prevent issues such as algorithmic bias, misuse of data, or
opaque decision-making processes.

One widely adopted mechanism is the Algorithmic Impact Assessment (AIA), a
structured evaluation tool designed to assess potential risks, fairness, and societal
implications of Al systems prior to deployment. Cities such as Amsterdam and
Helsinki have institutionalized AIAs to publicly disclose key components of municipal
Al projects, including data sources, intended purposes, and decision-making logic.
These assessments promote transparency and accountability while enhancing public
understanding of Al applications in urban contexts.

Another essential safeguard is the implementation of Human-in-the-Loop
(HITL) oversight, which ensures that critical decisions—especially in sensitive
domains such as welfare distribution, law enforcement, or zoning regulations—remain
under human supervision. HITL frameworks help mitigate the risks associated with
full automation and reinforce human agency in ethically complex scenarios.

To further advance transparency, open data practices and model interpretability
have become key enablers of public scrutiny. The publication of non-sensitive datasets,

coupled with thorough documentation of algorithms and predictive logic, empowers
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stakeholders to interrogate and understand Al-driven decisions. Tools such as model
cards and dataset datasheets enhance the explainability and auditability of Al systems,
fostering trust among citizens and stakeholders.

Several cities have gone a step further by establishing Al ethics boards or
accountability commissions, such as in New York City, where independent bodies
assess the fairness and societal alignment of municipal algorithms. These institutions
serve as governance checkpoints, helping to ensure that urban Al applications uphold
public values and democratic principles.

Legal frameworks based on General Data Protection Regulation (GDPR)
principles also play a pivotal role in upholding individual rights. Initiatives such as
local data charters and urban data trusts embed privacy, consent, and data stewardship
into urban Al strategies. In parallel, audit trails and system logging provide traceable
records of Al actions, enabling post-deployment evaluation and facilitating redress in
case of errors or unintended consequences.

Furthermore, public engagement mechanisms, including civic consultations and
participatory design approaches, are increasingly recognized as critical for ensuring
that Al implementations reflect local needs and values. These inclusive strategies
enhance legitimacy, foster community trust, and ensure that Al solutions are not only
technologically sound but also socially responsive.

By adopting these multifaceted governance strategies—spanning ethical design,
policy innovation, technological transparency, and civic engagement—cities can
responsibly harness the power of Al. In doing so, they can improve model performance,
reduce systemic risks, and promote equitable outcomes that align with the broader
objectives of sustainable and inclusive urban development.

While artificial intelligence (AI) has demonstrated significant promise in
optimizing energy systems and reducing urban emissions, it is equally important to
critically assess the environmental footprint of Al technologies themselves. The
development and deployment of large-scale Al models often require extensive
computational resources, resulting in substantial energy consumption and associated

carbon emissions. To ensure that Al remains a net contributor to sustainability
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objectives, its design and implementation must incorporate environmentally
responsible practices.

The emerging paradigm of Green Al emphasizes the necessity of prioritizing
computational efficiency and minimizing environmental costs in Al research and
development. Under this framework, model evaluation extends beyond accuracy and
predictive performance to include metrics such as energy use and carbon footprint. This
holistic approach encourages the adoption of more sustainable Al design principles.

To reduce environmental impacts, public agencies and developers can
implement various efficiency-enhancing strategies. These include the adoption of
lightweight model architectures, the application of model pruning, transfer learning,
and quantization techniques, as well as the deployment of Al systems on energy-
efficient hardware or edge computing devices. Such methods can substantially
decrease dependency on energy-intensive data centers and reduce operational
emissions.

Furthermore, integrating carbon accounting tools—such as the Carbon Tracker
or frameworks developed by Hugging Face—into the Al development lifecycle can
enable carbon-aware decision-making throughout model training and deployment
phases. These tools provide transparency regarding the environmental costs of Al
systems and support efforts to align innovation with sustainability benchmarks.

Municipal governments can play a leading role by embedding sustainability
criteria into Al procurement and compliance frameworks. This includes requiring
vendors to disclose energy usage data, carbon intensity, and mitigation strategies as
part of project proposals and operational guidelines. Such measures ensure that public-
sector Al initiatives contribute to, rather than detract from, broader climate and
environmental targets.

In the long term, transitioning toward energy-conscious Al design, life-cycle
environmental monitoring, and sustainable digital infrastructure is essential to prevent
Al from becoming an inadvertent source of environmental harm. A commitment to

green Al principles enables cities to fully leverage the benefits of intelligent systems
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while upholding their climate responsibilities and advancing equitable, low-carbon
urban development.

Advancing Sustainable and Intelligent Urban Development Through Al:
Opportunities and Environmental Considerations. While artificial intelligence (Al)
presents transformative potential in optimizing energy systems, improving urban
services, and reducing greenhouse gas emissions, it is essential to critically examine
the environmental implications of Al itself. The training and deployment of large-scale
Al models demand vast computational resources, often resulting in significant energy
consumption and carbon emissions. For Al to be a net positive contributor to urban
sustainability goals, its development and implementation must be grounded in
environmentally responsible principles.

The Green Al paradigm highlights the importance of computational efficiency
and sustainability in Al research and development. This approach calls for the
evaluation of models not only based on traditional performance metrics—such as
accuracy and speed—but also on energy usage and carbon footprint. Emphasizing
ecological considerations encourages the use of lightweight architectures, energy-
saving algorithms, and low-impact deployment strategies.

Public agencies and Al developers can reduce environmental impact by adopting
practices such as model pruning, transfer learning, and quantization, as well as
deploying systems on energy-efficient hardware or edge devices rather than central
servers. These measures collectively minimize dependency on energy-intensive data
centers and promote sustainable deployment.

Tools like Carbon Tracker and frameworks developed by Hugging Face enable
the integration of carbon accounting into Al development cycles, facilitating more
informed, climate-conscious decision-making. Cities can lead by example by
embedding sustainability requirements in Al procurement policies, mandating
transparency regarding energy use, emissions, and mitigation efforts.

Ultimately, transitioning to energy-conscious Al design, ongoing lifecycle
impact monitoring, and the adoption of sustainable digital infrastructure is essential to

prevent Al technologies from becoming unintended contributors to environmental
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degradation. A firm commitment to these principles empowers cities to responsibly
leverage Al for sustainable urban growth.

Al systems can significantly enhance transportation efficiency by reducing
congestion, improving public transit performance, and optimizing traffic flow.
Integration with real-time data from GPS, traffic sensors, and surveillance
infrastructure enables dynamic, adaptive traffic control strategies. Al technologies
support long-term urban planning by improving land use efficiency, infrastructure
forecasting, and energy management:

. Urban growth modeling helps simulate sprawl, predict infrastructure
demand, and guide zoning policies to prevent inefficient expansion.

. Smart energy grids powered by Al can predict consumption patterns,
optimize energy distribution, and facilitate renewable energy integration.

. Smart building systems use Al to monitor energy usage, automate climate
control, and reduce operational carbon footprints.

Al enhances user experience by enabling personalized services for both residents
and visitors, increasing satisfaction, operational efficiency, and cultural accessibility.

. Smart tourism applications provide tailored travel experiences, real-time
crowd management, and interactive guides based on visitor preferences.

. Citizen engagement platforms leverage chatbots, sentiment analysis, and
recommendation engines to personalize services and improve government
responsiveness.

. Multilingual and inclusive design ensures accessibility for diverse
populations, fostering equity and public trust.

Disaster Risk Reduction and Crime Prevention. Predictive analytics can
significantly improve urban resilience by enabling early interventions in disaster and
crime management:

. Disaster preparedness systems utilize Al to forecast extreme weather
events like floods and heatwaves, enabling early warning systems and emergency

planning.
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. Predictive policing tools identify high-risk areas and support strategic
resource deployment, provided they are implemented with strong ethical oversight to
avoid bias.

. Al-enabled surveillance systems must be paired with privacy protection
measures and community consultation to ensure transparency and accountability.

Al is transforming healthcare delivery in urban settings by improving system
responsiveness, resource planning, and accessibility: predictive health analytics help
forecast disease outbreaks, track epidemiological trends, and guide public health
policy; smart hospital systems use Al for patient flow optimization, inventory
forecasting, and capacity management; telemedicine platforms powered by Al expand
access to care, especially in underserved communities and remote areas.

To unlock the full potential of Al in advancing sustainable and livable urban
environments, city governments must adopt strategic, ethical, and inclusive
implementation frameworks. This includes:

. Investing in robust data infrastructure that supports real-time integration,
model transparency, and secure data governance;

. Fostering cross-sector collaboration among technologists, urban planners,
policymakers, and community representatives;

. Engaging citizens in participatory design processes to ensure Al systems
reflect real needs, cultural contexts, and societal values;

. Implementing regulatory and ethical frameworks to safeguard against
algorithmic bias, data misuse, and environmental harm.

When thoughtfully designed and equitably deployed, Al-powered predictive
models can significantly improve urban sustainability, operational efficiency, public
service delivery, and climate resilience. By embedding Al into a broader vision of
inclusive and green urban transformation, cities can thrive amid the complex
challenges of the 21st century.

The accelerating pace of urbanization introduces complex challenges that
necessitate innovative, data-driven strategies for achieving sustainable development.

This paper has examined the pivotal role of artificial intelligence particularly predictive
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modeling as a transformative tool in addressing these urban issues. Al-powered models
contribute significantly by enabling accurate forecasting of infrastructure needs,
optimizing resource utilization, and enhancing urban resilience to environmental and
SOC10-economic Stressors.

Case studies from global urban contexts illustrate the practical impact of Al in
domains such as transportation management, environmental monitoring, energy
forecasting, and public service delivery. These applications affirm AI’s capacity to
strengthen urban governance and facilitate informed decision-making. Nonetheless, a
comprehensive review of the literature reveals persistent obstacles, including data
quality limitations, ethical dilemmas, algorithmic bias, privacy concerns, and the
absence of standardized regulatory frameworks [35].

Despite these barriers, Al presents considerable opportunities from intelligent
traffic control and disaster risk reduction to personalized services and adaptive
healthcare systems. Realizing these benefits requires more than technological
deployment; it calls for interdisciplinary collaboration, transparent governance, and
robust ethical frameworks.

To unlock AI’s full potential in sustainable urban planning, cities must adopt an
integrated and responsible implementation approach. This entails strategic investments
in data infrastructure, promotion of public—private partnerships, institutional capacity-
building, and mechanisms for meaningful civic engagement. When underpinned by
inclusive policymaking and ethically grounded innovation, Al can catalyze the
transition toward smarter, more equitable, and environmentally sustainable urban

futures.
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1.4 Architectural formation of a new volume within an existing campus:
reconstruction of university buildings

Introduction

The reconstruction of university buildings involves numerous challenges: the
need to bring facilities up to modern educational, technical, and safety standards while
preserving their architectural and historical value, minimizing costs, and reducing
environmental impact. Due to the large building areas and diverse functions (lecture
halls, laboratories, libraries, museums, dormitories), campus projects typically
combine measures ranging from local structural reinforcement to full-scale
reconstruction with partial replacement of building volumes. Research and practical
case studies show that retrofitting and adaptive reuse are often more technically and
financially efficient than demolition and new construction, especially when
considering life-cycle cost and carbon footprint.

Successful renovation of university facilities creates qualitatively new spaces
that enhance opportunities for learning, research, and interaction. As a result, the
campus receives an updated infrastructure that meets modern requirements and ensures
long-term functionality.

Possible approaches to restoration work:

- repair works - minimal interventions aimed at restoring cladding, windows,
and roofing while preserving historical authenticity;

- structural strengthening - works focused on increasing the load-bearing
capacity of the building or its specific structural elements;

- energy-efficient measures - comprehensive upgrades such as insulation of
the building envelope, replacement of engineering systems, and integration of
ventilation with heat recovery;

- adaptive reuse - transformation of the building’s function ;

- partial reconstruction (replacement, extensions) - preservation of the main

structures with the addition of contemporary volumes;
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Each type of reconstruction has its own technical requirements and risks:
conservation — risk of hidden defects; structural strengthening - interaction with aged
materials; energy-efficient measures - balancing between preserving authenticity and
improving thermal performance.

Each type of reconstruction has its own technical requirements and risks:
conservation - the risk of hidden defects; structural strengthening - interaction with
aged materials; energy-efficient measures - balancing between preserving authenticity
and improving thermal performance.

From the perspective of engineering modernization, universities are among the
most energy-intensive types of public buildings. High heating and ventilation demands
of laboratories, server rooms, computer clusters, and lecture halls with large occupancy
require the integration of modern, highly efficient systems. Reconstruction typically
includes zoning of ventilation units, local heat recovery devices, smart systems
controlling air exchange based on COs: levels and humidity, low-temperature radiator
networks, or fully air-based systems. Electrical network upgrades involve
implementing high-capacity channels for laboratory equipment, next-generation
distribution boards, uninterruptible power supply systems, and structured cabling
networks.

Key technical issues in the reconstruction of university buildings:

- incompatibility of materials (old masonry, lime mortars, modern cement-
based repairs).

- non-compliance with modern fire safety and evacuation standards (need for
additional exits, fire-resistant shafts, smoke extraction systems).

- seismic vulnerability - many historical buildings require major strengthening
measures (monolithic diaphragms, new transverse shear walls, reinforced belts).

- engineering networks - integration of modern heating/ventilation/air-
conditioning systems and IT infrastructure into limited spaces.

- architectural and historical preservation requirements — demand for
minimal intervention into original materials and elements.

Practical tools and technical solutions:
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- diagnostics of the technical condition: non-invasive methods (ultrasound,
infrared imaging), testing of masonry samples, on-site load testing.

- structural solutions: installation of external or internal steel frames,
strengthening of damaged elements, injection methods for masonry crack repair.

- facgade retrofits: ventilated facades, internal insulation with controlled dew
point, use of breathable materials for historical fagades.

- modular ventilation units, local energy nodes (heat pumps, cogeneration),
zoning of systems for phased implementation.

Modern university buildings function not only as educational institutions but as
extensive scientific-educational complexes. This requires adapting the spatial structure
to multifunctionality and changes in pedagogical strategies. The reconstruction of
buildings includes the creation of hybrid learning spaces, open-type laboratory clusters,
informal learning zones, makerspaces, prototyping workshops, and integrated research
platforms. Planning solutions must ensure the possibility of rapid spatial
transformation, modular furniture layouts, mobile IT stations, integration of
multimedia support systems, and adaptive lighting.

The role of acoustic design is increasing. Libraries, large lecture halls, and group
work environments require proper management of acoustic parameters -reverberation
time, sound absorption, and sound insulation between rooms. During reconstruction,
sound-absorbing panels, suspended acoustic modules, materials with variable acoustic
response, and multi-layered floor/ceiling systems are used. A particular challenge is
creating a comfortable acoustic environment in corridors and common areas, where
noise levels are often highest.

Inclusivity i1s an integral component of the reconstruction of educational
buildings. The need to create universal access includes reconfiguring entrances,
installing elevators in buildings that historically did not have them, widening corridors
and door openings, providing barrier-free sanitary facilities, reducing floor level
differences, and integrating tactile and visual wayfinding systems. In older buildings,

such measures often face spatial and structural constraints, requiring individual
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technical solutions - external elevator shafts, mobile platforms, or localized
reconfiguration of specific areas.

Reconstruction of universities is impossible without the modernization of
internal mobility and wayfinding. As the areas of educational and research complexes
increase, internal transport communications within and between buildings become
especially important. Integrated navigation systems are implemented using indoor
positioning sensors, QR-coded classrooms, multi-format signage, and digital
information panels. Managing large flows of students requires optimization of vertical
circulation: creation of new stairwells, widening of elevator lobbies, and redistribution
of movement routes to avoid narrow “bottlenecks.” This is critical in buildings where
historical layouts were not designed for modern usage intensity.

Architectural lighting plays an important role in identifying university spaces in
modern reconstructions. Buildings are equipped with dynamic LED lighting systems
that adapt to events - conferences, celebrations, presentations. Interiors use multi-zone,
scenario-based lighting for classrooms, laboratories, and coworking areas. This
enhances not only the aesthetic quality of the space but also the ergonomics of the
educational process: proper light temperature and illumination levels directly affect
user productivity and comfort.

University campuses form complex landscape-spatial systems, so reconstruction
also encompasses the adjacent territories. Important measures include relocation of
utilities, modernization of underground networks, installation of surface water drainage
systems, strengthening of the soil base for new pedestrian areas, and creation of barrier-
free routes. The role of landscaping and climate solutions is increasing: pergolas, green
roofs, local phytofilters, and water features to regulate the microclimate in courtyards.
Such interventions enhance campus resilience to overheating and create a comfortable
environment between buildings.

A comprehensive approach to the reconstruction of university buildings allows
the building to be considered not as an isolated system but as part of an integrated
campus. Planning takes into account external communications, landscaping,

accessibility, student flow mobility, and potential for future development. An
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important aspect is the formation of a phased strategy: dividing works into stages to
ensure uninterrupted educational processes, temporary repurposing of buildings, and
the possibility of modular implementation. This approach minimizes risks and ensures

adaptability at all stages of reconstruction.

Concept

In our concept, we combine preserved eclements of the past with new
contemporary solutions. Existing columns are retained as a material symbol of
resilience — they withstood impact but did not lose their support. In our project, these
columns become not just a structural element but a sign of memory and endurance —
a reminder that the university continues to stand on its solid foundations, even after
attempts to destroy it.

The new volume is made of light glass, symbolizing openness and the pursuit of
development. It is protected from above by a steel suspended fagade, reminiscent of
armor — a symbol of strength and safety. In this way, we combine the memory of
wartime events with a forward-looking vision, creating a space that reflects recovery
and resilience. All these solutions form a modern volume, dynamically integrated into
the campus space and highlighted by the steel suspended fagade. The architectural

composition of the new building is shown in Figure 1.

Figure 1: Exterior view of the academic buildings [made by the authors]

The master plan

The master plan envisions the formation of a coherent functional-spatial
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complex, within which the university buildings — 7(1) and 11(2) — are connected by
a two-storey passage (3). The location of the passage provides convenient pedestrian
links between the buildings and integrates them organically into the existing campus
structure.

The planned area has rationally organized zones with different functional
purposes. A separate area is provided for car parking (7), a specialized section for
technical vehicles (6) used in the university’s educational and research activities, as
well as technical facilities (5), which include a transformer substation, a boiler room,
and an electrical switchgear room, ensuring uninterrupted operation of the complex’s
engineering systems. Such zoning allows for optimization of traffic flows and
minimizes conflicts between pedestrian and vehicular routes.

An important component of the planning structure is landscaping, arranged
along the pedestrian connections. Green plantings serve recreational and ecological
functions, improve the microclimate, and create a comfortable environment for
students and staff.

Beneath the planned passage, a standard fire truck access route is provided (3).
The geometric parameters of the passage and the height levels comply with fire safety
requirements and ensure operational access for emergency vehicles to all parts of the
complex.

Together, these solutions provide effective interaction between functional zones,
safe use of the site, and harmonious integration of new elements into the overall spatial
structure of the campus. The master plan layout of the proposed site is shown in

Figure?2.
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Figure 2: project master plan [made by the authors]

Planning decisions of the project

Workshops

The seventh building includes two large-scale educational and production
workshops designed for laboratory work and practical exercises related to oil and gas
extraction technologies. The spaces are equipped with appropriate technical
installations, including pump units, drilling equipment simulators, and auxiliary
mechanisms.

To enable the movement of heavy components of experimental equipment, both
workshops are equipped with overhead cranes integrated into the load-bearing steel
structure system. Gates are also designed to allow the equipment to be brought inside.
This arrangement allows for installation, adjustment, and maintenance of equipment
without the use of external machinery. The workshop layout can be seen in Figure 3.

One of the workshops features an observation balcony on the second-floor level
(shown in Figure 4), providing visual supervision of the educational process and
allowing students to observe demonstration operations under safe conditions. This
spatial organization meets the requirements for visibility and openness in technical
university teaching.

The structural system includes a perforated beam that supports part of the floor
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slab. The use of a perforated profile reduces the beam’s self-weight and optimizes
load distribution without compromising its load-bearing capacity.

The exterior walls of the workshops are fully glazed. This scheme ensures
maximum natural lighting of the work areas and creates visual openness — processes
occurring inside can be observed by both students and visitors outside the campus. This
aligns with modern trends of demonstrating technological processes in educational
institutions. The workshop interior is shown in Figure 3, and the workshop floor plan

is shown in Figure 4.
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Figure 4: Floor plans of the workshops in Building 7 [made by the authors]
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Laboratory

The 11th building houses an educational laboratory with gates that allow access
for large-scale equipment. The space combines an area for experimental equipment and
zones for conducting classes. Three sides of the laboratory are fully glazed, providing
maximum natural lighting and comfortable conditions for educational and practical

work. The laboratory floor plan is shown in Figure 5.

Figure 5: Floor plan of the laboratory in Building 11 [made by the authors]

Educational and Administrative Areas

The 7th and 11th buildings include a complete complex of educational and
administrative spaces, ensuring an effective learning process and the organizational
activities of the university.

The project provides 12 classrooms of various functional purposes, located
exclusively in the 7th building and integrated into the volume of the passage between
the buildings.

These include:

- 3 lecture halls designed for large-group classes and equipped with
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modern visualization systems.

- 2 laboratory classrooms intended for practical research and work using
specialized equipment.

- the remaining rooms are classrooms for practical exercises, organized for
small- and medium-sized student groups.

All educational spaces are characterized by a high level of natural lighting,
ensured by rational placement within the facades and the use of large glazed surfaces.
Some classrooms are equipped with preparation rooms, allowing for efficient material
preparation, equipment storage, and demonstration of practical lessons.

One classroom 1is integrated into the passage space between the buildings,
facilitating efficient use of space and enhancing functional connectivity between
campus learning zones. The main portion of the classroom stock is concentrated in the
7th building, which houses technical education spaces.

In the 11th building, the second floor contains exclusively administrative offices
for departments, faculty, and management staff. The layout includes offices, meeting
rooms, and auxiliary zones that ensure organized work for personnel and effective
interaction with educational units.

Additionally, both buildings include a large assembly hall and a conference hall,
used for scientific events, presentations, student gatherings, and public lectures. These
spaces are equipped to meet modern multimedia and communication system
requirements.

The spatial organization of educational areas located in different buildings of the

complex is shown in Figures 6 and 7.
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Figure 6: plan of the ground (first) floor [made by the authors]
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Figure 7: plan of the second floor [made by the authors]

Student Space

The student space occupies the third floor of the 7th and 11th buildings, as well
as the passage between them, forming a single integrated zone for student life and
learning. The layout combines different functional areas: open spaces for socializing
and relaxation, individual workstations for independent study, and specially equipped
rooms for group work and collaborative projects.

Organizing the student space over such an area allows for effective integration

of educational and social functions, stimulating communication, idea exchange, and
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the development of creative and research skills. Thus, the space becomes not only a
place for learning but also an important element of student life, supporting interaction
among students and creating favorable conditions for completing educational and
project tasks.

The spatial solution of the student environment with multifunctional zones is

shown in Figure 8.

Figure 8: plan of the third floor [made by the authors]

Cafe

On the first floor, a compact café is provided, operating in a ready-meal service
format. Food is not prepared on-site — products are delivered fully prepared. The café
space is organized for quick service and short breaks, creating convenient conditions
for relaxation and informal interaction between classes. The layout of the café interior

with functional zoning is shown in Figure 9.
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Figure 9: Floor plan of the café in Building 7 [made by the authors]

Museum

The missile strike museum is located on the first floor and has a separate
entrance, providing open access for all visitors. Its space is organized around a quiet
zone and an exhibition area arranged along the perimeter. This structure allows for a
reflective experience of the event, combining an atmosphere of focus with an

informative presentation of materials. The museum layout is shown in Figure 10.

Figure 10: Floor plan of the museum in Building 7 [[made by the authors]]

As a result of the reconstruction, the campus receives a modern spatial identity
and increased operational efficiency: pedestrian connections are optimized, universal

accessibility is ensured, engineering systems are modernized, and the new architectural
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form is harmoniously integrated into the existing environment. The updated complex
not only restores the full functionality of the university after the destruction, but also
brings it to a qualitatively new level of educational infrastructure, forming a sustainable
and future-oriented academic center capable of meeting modern and promising
challenges.

Functionally updated workshops, laboratories, and administrative premises
significantly expand the university's capabilities in training specialists and conducting
research in the field of oil and gas technologies, while flexible classrooms and

multifunctional student space support modern pedagogical formats and teamwork.

Conclusion

The reconstruction of the complex not only restores the damaged spaces, but also
rethinks their architectural essence, transforming the damaged buildings into a new
integrated learning volume that symbolizes resilience and recovery. Preserved
structural elements — in particular the surviving columns — become visible markers of
continuity, while the new glass volume and steel suspended facade system reflect
openness, technological progress and enhanced security.

The coordinated spatial and functional design of all elements of the complex
forms a coherent architectural structure that supports the diverse needs of the university
community. Classrooms, administrative offices, student spaces, the food zone, and the
museum function as complementary components of a unified environment. They
provide comfortable conditions for educational, research, communication, and social
activities, creating a balanced space that combines learning, relaxation, and cultural
reflection.

Thanks to thoughtful architectural logic and clear zoning, the complex becomes
not only a place for acquiring knowledge but also an important element of the urban
and social context, strengthening the connection between the university and the wider

community.
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1.5 Formation of the modern educational environment of the technical university
during the development of the reconstruction project

Reconstruction of university buildings — is always more than a simple
renovation of outdated premises. It involves a holistic review of how the educational
space works, what functions it should perform today and what requirements it should
meet in the future. In the case of campuses that combine classrooms, laboratories,
science centers, libraries, museums and residential units, the modernization process
turns into a complex task that requires coordination of safety, technology and cultural
endurance.

One of the key challenges is the balance between current standards and the
preservation of the architectural identity of buildings. Today's educational spaces must
be inclusive, flexible, energy efficient and geared to digital technologies. However, the
intervention should not cancel out the historical or symbolic value of the object, which
today is increasingly becoming a separate component of the architectural concept.

Because of the scale and diversity of structures, university renovations typically
combine point reinforcement of structures, renewal of utility networks, modernization
of interior spaces, and partial volume replacement. An approach oriented towards
adaptive reuse is increasingly predominant in international practice. Research shows
that renovating existing buildings is often a more efficient and environmentally safer
alternative to complete dismantling: it reduces CO: emissions, reduces life-cycle costs,
and allows for faster campus reopening.

Successfully implemented projects create not just renovated premises, but a new
architectural ecosystem. The campus receives a modern infrastructure that improves
the quality of teaching and research, promotes interdisciplinary interaction and forms
a comfortable environment for students, teachers and scientists. Reconstruction in this
sense becomes an investment in the future of the university —, its competitiveness,

stability and ability to adapt to global challenges.
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University buildings today are considered not so much as separate objects of
architecture, but as parts of a complex educational infrastructure that must function in
the conditions of constant technological and social changes. Therefore, the
reconstruction of large — buildings such as the Ne7 of one of the educational
institutions — building turns into a review of their role in shaping the modern building
environment. If in the study [48] attention was paid to the smaller-scale building Nel 1,
where the main issue was the restoration of a compact historical volume, then in the
case of the building No7, the problem is expanding: it is no longer about local
intervention, but about the complete modernization of a complex construction and
technical system.

Large educational buildings combine different types of premises — from
classroom areas to laboratory modules, server, library blocks and workshops.
Therefore, each solution not only concerns a specific design or engineering network,
but also the interaction between all functional elements. In such buildings, any updates
inevitably affect the thermal regime, ventilation schemes, evacuation routes, static
operation of ceilings and opportunities for adapting space in the future.

That is why the reconstruction of the No7 building does not involve the division
of works into separate categories, but the integration of various technical approaches
into a single modernization model. The issue of preserving authentic fragments is
combined with the need to implement new engineering solutions that ensure energy
efficiency and stability of operation in conditions of high load. Renewal of ventilation
and heating systems, implementation of reasonable microclimate control,
modernization of power supply for equipment that requires continuous operation, and
optimization of internal communication routes are becoming critical for such
buildings.

Large university buildings, unlike compact ones, often show accumulated
structural problems that cannot be solved by point interventions alone. This may apply
to weakened areas of the frame, loss of bearing capacity of old materials or non-

compliance with modern safety standards. In such cases, the reconstruction involves
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the creation of a new internal support system adapted to modern loads, or a partial
redesign of the spatial structure of the building.

To accurately determine the required volume of interventions, a wide range of
diagnostic methods — are used, from scanning with infrared cameras to testing
individual fragments of masonry and analyzing the behavior of structures under load.
The results of these studies form the technical basis for making project decisions and
make it possible to predict the operation of the building after reconstruction.

As a result, the reconstruction of the building Ne7 becomes not only a process of
restoration or repair, but a complex transformation that covers structural stability,
engineering efficiency, energy optimization and preservation of architectural identity.
Unlike the building Nell described in source [48], this facility operates as a large-
scale infrastructure platform, and that is why it requires a different level of design: not
local, but systemic, capable of transforming an existing building into an adaptive and
modern part of the university environment.

The reconstruction of large university buildings today is not based on a set of
separate technical solutions, but on a rethinking of the model of the educational space
itself. Large buildings, like the Ne7 building, were created in the logic of the last
century, when the educational process was rigidly structured, and the functions of the
— premises were static. Modern campuses work differently: they form an
environment that must respond to constant changes in the organization of education,
the expansion of research programs and the growing role of teamwork. That is why
renovation projects do not start with technical parameters, but with an analysis of how
people, information, light and sound circulate in the building.

The most difficult aspect of updating large buildings is the flexibility of space.
The building must withstand rapid changes in work scenarios: today — lecture,
tomorrow — workshop, the day after tomorrow — experimental session. This requires
a new approach to the structure of premises: walls should not dictate function, and
engineering systems — limit the use of space. Modern classrooms and laboratory

areas are designed so that they can be transformed without complex construction and
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installation interventions — using mobile stations, quick-assembly partitions,
replaceable furniture schemes and digital work modules.

Particular attention is paid to the acoustic environment, which is often a weak
point in large buildings. The building Ne7 has a spacious central part and numerous
corridors, which significantly increases the noise load. Solving this issue today is not
limited to installing sound-absorbing materials; it covers the formation of a clear
«acoustic topography», where each space has its own acoustic profile depending on
how students and teachers use it. Thus, acoustics ceases to be a decorative detail and
passes into the category of strategic characteristics of the building.

In old educational buildings, the question of accessibility is becoming more and
more acute. Historical planning rarely took into account the needs of different groups
of users, so inclusion in reconstruction projects becomes not only a technical, but also
a spatial problem. It is not about adding ramps or technical platforms, but about
forming a route that allows a person with any physical characteristics to use the
building as naturally as everyone else. It depends on the geometry of the entrances,
the width of the corridors, the logic of vertical movement and intuitive navigation. In
the building Ne7, such questions become key due to its significant size and complex
internal structure.

Modern universities are also increasingly relying on dynamic lighting, which
determines the nature of space no less than planning. In large-area buildings, where
natural light penetrates unevenly, it is important to create light scenarios that not only
enhance architectural expressiveness, but also adapt to the type of activity. Classes,
teamwork, experiment, presentation — each format requires a different level of
brightness and temperature of light. In reconstructions, this becomes not an aesthetic
option, but part of a pedagogical strategy.

The problem of reconstruction of large university buildings (such as the Building
Ne7) requires not just engineering intervention, but a deep architectural and
pedagogical synthesis. The old buildings were designed according to a pedagogical
model, where learning was mainly frontal (teacher — audience) and disciplinedly

isolated. Modern education requires interdisciplinary interaction, teamwork and
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flexible, project-oriented learning. Architecture should become a tool for the
realization of this new educational philosophy.

The transition from «Audience» to «Knowledge Lab must be made. The
traditional relationship between lecture halls occupying a large volume and small
offices should be revised. Reconstruction should maximise the scope for active
learning and experimental activities.

Modular Learning Spaces are integrated areas that combine classroom,
workshop and collaborative work areas. They must be equipped with mobile furniture
that is easy to move and accessible network connection and power points. This
organization of space destroys the rigid boundaries between theory and practice.

Cooperation studios are specially designed rooms that facilitate group work,
equipped with interactive whiteboards, technologies for video conferences and
acoustic solutions that ensure comfortable communication even in a large group.

The redevelopment should transform corridors, halls and disused corners into
informal learning and recreation areas. These places, located between home and study,
stimulate chance encounters, the exchange of ideas and social integration, which is
critical for shaping an innovative environment.

The implementation of architectural and engineering solutions aimed at energy
saving is the central axis of reconstruction. Building Envelope: The greatest impact is
the insulation of external walls and roofs, as well as the complete replacement of old
windows with high-quality energy-saving double-glazed windows. This minimizes
heat loss and reduces the necessary load on heating and air conditioning systems.

The reconstruction of large roofs opens up opportunities for the installation of
photovoltaic panels to partially meet the building's electricity needs. While this may
be difficult from an engineering perspective, such a move increases the university's
energy independence and underscores its commitment to sustainability principles.

Reconstruction — 1s not only about designs and engineering; it is about the
quality of life of users. Architectural solutions directly affect the level of stress,

productivity and creativity of students and teachers.
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The visitor must understand the logic of the building without having to
constantly refer to the maps. The renovation should create unique architectural
elements or public spaces (atriums, galleries, terraces) that will become symbols of
the campus, meeting places and emotional connection with the university. It enhances
the sense of community and belonging.

The reconstruction of the Ne7 building is seen as an element of the wider
university system, and the renewal takes place in stages and without interruptions in
studies. This approach allows modern solutions to be implemented gradually,
preserving the functionality of the building and creating the basis for further

transformation of the entire campus.

Concept

The combination of metal planes and transparent elements that form the modern
material language of the building plays a key role in the facade solution. The main
volume is lined with vertical steel panels with a stable protective coating, which set a
strict thythm of the facade and ensure the durability of the structure.

A significant part of the plane is occupied by panoramic glass inserts made of
energy-efficient double-glazed windows. They enhance natural light and create a visual
connection between the interior and the space of the campus.

The main accent of the facade is a block lined with natural copper. Due to its
physical properties, copper creates a deep multi-tone texture that changes under the
influence of light and time. This material gives the building warmth, character and
exquisite expressiveness, and also emphasizes its material quality and durability. The
contrast between cold steel and living copper volume enhances the plasticity of the

composition and makes the facade recognizable in the campus structure. (Figure 1)
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Figure 1. Exterior view of the academic buildings [made by the authors]

The master plan

The master plan demonstrates the integral spatial organization of the territory,
formed in accordance with the functional requirements of the educational complex and
the principles of modern improvement. The main volume of the academic building is
located in the central part of the site and is oriented parallel to the internal transport
highway, which ensures ease of access and optimal interaction with the existing
infrastructure of the campus. Adjacent to the main building is a laboratory block, which
has a separate access area and a self-contained pedestrian approach, allowing the flow
of visitors and students to be demarcated.

A system of walking routes is organized around the buildings, which provide
barrier-free access to all entrances and form a consistent transition between the interior
and exterior spaces. Next to the main facade, there is an access road with the possibility
of a short-term traffic stop, and nearby there is a parking area with designated places
for groups with reduced mobility. This organization of transport infrastructure allows
for safe movement and separation of transit and local traffic flows.

The southern part of the territory is designed as a public space with a

predominance of landscape improvement. The landscaping system is based on a
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combination of decorative trees and group plantings of bushes, which form a
comfortable environment for stay and short-term rest. Smooth curvilinear landscaping
lines create a soft geometry for the space, enhancing its pedestrian character and
contributing to the visual relief of the building.

The northern part of the territory retains a mostly natural character and acts as a
green buffer between the university buildings. In this area there is a memorial or
exhibition element that serves as a local compositional accent and diversifies the spatial

structure of the master plan. (Figure 2)

s
1

Y
o)
l"\
~
)
&2

&
ﬂ = . ] . &)
3 27
B g
» ®
/ &
/ @
| \ g
| ¥ ) e
—
.. A A
H OOOOCOO0 &
S0S
- e p o ® eo...® ® ® (.:
3 ol o 4 G LIPS f C ©
p e¥9s0 ® 9 O © 6 00. o® :
Sg® _.®
& oy
C L LY ®
28 ¢53 ®
: r®
) ~ ® A0 - &€ ®
r p -~ e \\I \" 6 ®
@
oy 14 ~C &

Figure 2. Project master plan [made by the authors]

Planning decisions of the project

The Ne7 building is formed as a complex of educational spaces that combine large
workshops, lecture halls and areas for collective work of students. The two main

workshop halls — are designed for practical classes, laboratory demonstrations and
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project work. Their large open areas make it possible to place specialized training
stands, assemblies, layouts and modules for technical experiments.

The halls are equipped to ensure the free transformation of space: mobile work
surfaces, the possibility of zoning and conducting several types of classes at the same
time. Due to the considerable height of the premises and the open layout, the workshops

are suitable for both team classes and individual work of students. (Figure 3)
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Figure 3. Plan of the ground floor [made by the authors]

The hall at the entrance to the building Ne7 (Figure 4) forms an atmosphere of
openness and comfort from the first seconds of being in the building.

The central accent of the space is a green island composition with living plants,
which creates a feeling of naturalness and serves as a place of rest and informal
interaction. Surrounding it are padded ottomans and seats supporting the idea of a
flexible and user-friendly space.

Wooden wall panels and warm light form a cozy atmosphere, while contrasting
red columns add expressiveness and emphasize the architectural character of the

interior.
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With a combination of natural light, neutral materials and landscaping, the hall
works as a modern public space where students can meet, wait for classes or simply
relax between couples.

The hall also plays an important role in navigation inside the building, as the open
two-level space visually combines the first and second floors, providing intuitive
orientation and enhancing the feeling of spatial integrity. Glass fences and perforated
ceiling panels contribute to maintaining the lightness of the interior and optimal light
distribution.

The placement of vegetation in the central part of the hall not only improves the
microclimate, but also acts as a natural «anchor, around which internal
communications are organized. This approach corresponds to modern principles of
biophilic design aimed at increasing the psychological comfort and productivity of
users.

In general, the hall of the building No7 forms a multifunctional space that combines
aesthetics, functionality and technology, demonstrating the holistic concept of building
reconstruction as an open, flexible and needs-oriented environment for students and

teachers.

Figure 4. Interior view of the academic buildings [made by the authors]
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On the second and third (Figures 5, 6) floors of the building, there is space for
review participation in the educational processes of the — anthrisol, which allows
teachers or student groups to observe the work in the halls without interfering with the
educational process. Such an organization meets modern requirements for openness
and supervision in technical education.

The functional structure of the building is complemented by lecture halls, offices,
technical premises and student space, which forms an environment for informal
learning and teamwork. This makes building Ne7 not only a place for classes, but also
a communication center for students.

The structural solution of the building uses steel beams and monolithic ceilings,
which allows the formation of large columnless spans —, these are the structures that
ensure the openness of the workshops and their ability to adapt to different types of
educational activities. Facade systems of vertical metal panels and panoramic glazing
provide natural lighting in the workshop premises, creating comfortable working

conditions and emphasizing the innovative function of the building in the campus
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Figure 5. Plan of the second floor [made by the authors]
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Figure 6. Plan of the third floor [made by the authors]

Cafe
In the structure of the first floor of the building, the Ne7 cafe (Picture 7) plays the

role of an important social space that combines an educational environment with a
comfortable recreation area. It is located next to the main hall, thanks to which the cafe
becomes a natural crossing point of student flows and a convenient area for short breaks
between classes.

The space is organized as an open and bright area with panoramic glazing that
provides sufficient natural light and visual contact with the external environment of the
campus. Mobile furniture allows you to easily adapt the space to different scenarios:
from a quick snack to informal teamwork or meetings.

Functional zoning involves a separate part for cooking and dispensing dishes,
logically separated from the seating area. This ensures ease of movement and comfort
for visitors. The atmosphere of the cafe supports the general architectural language of
the building — restrained materials, clean lines and light modern surfaces create a

feeling of organization and technology.
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Due to its location and openness, the cafe becomes not only a service element of
the building, but also a place of interaction where students can work, communicate and

relax, forming a living and flexible environment of the No7 building.
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Figure 7. Cafe [made by the authors]

Conclusion

The reconstruction of the Ne7 enclosure demonstrates the effectiveness of a
comprehensive approach to the renovation of educational buildings, when spatial,
structural and engineering solutions are formed as an interconnected system.
Established workshops, open study areas, a renovated hall and integrated seating areas
ensure flexibility in the use of space and meet modern technical education
requirements.

The proposed architectural and planning solutions contribute to improving the
conditions of the educational process, optimizing the movement of users, increasing
the comfort of interiors and integrating the building into the general structure of the
campus. Renewal of facades, use of modern materials and strengthening of natural

lighting form a complete image of the case, which reflects its new functional model.
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Thus, the modernization of the No7 building not only ensures compliance with
regulatory, operational and educational requirements, but also creates prerequisites for
the further development of the university's infrastructure, increasing the quality of the

educational environment and the competitiveness of the institution.
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SECTION 2. AUTOMATION, COMPUTER-INTEGRATED TECHNOLOGIES AND
ROBOTICS

DOI: 10.46299/1SG.2025.MONO.TECH.3.2.1

2.1 Po3podka Meroay AMCTAHUIHHOrO0 KePyYBAaHHS MOOUIBHUM po0oTOM 3a
JI0IIOMOT' 010 5KeCTiB

B nanumii yac 3acTocyBaHHA MOOUIPHHUX Ha3eMHHUX POOOTIB OXOIUTIOE I
CHEeKTp 00JacTeil BiJ CIIOCTEPEKEHHs, TOIIYKY Ta MOPSITYHKY, PO3BIIKH, CLTECHKOTO
rocrojapcTBa, BIACHKOBOiI CHpaBM Ta 1H. Y HECTPYKTYpOBaHMX 1 HEOE3MEUHHUX
CEpelIOBHUIIAX, TAKUX SK MICIIe KaTacTpodu, BIHCHKOBI 1MOJs a00 XIMIUHUN cIpeil Ha
CLITIBCBKOTOCTIOJIAPCHKUX (epMax, JOCBiA 1 IHTEJIEKT omepaTopa HEOOXIAHI IS
MPUIHATTS CKJIaJHUX PIllIeHb, 110 BUXOATH 32 pAMKHA aBTOHOMHOCTI po00Ta. Y TaKux
BUITAJIKaX JAMCTaHIIIITHA poOOTa JO3BOJISIE OIIEPATOPY KEPYBATH POOOTOM Y JOCATHEHHI
CKJIQJIHOTO 3aBAaHHs 3 Oe3nedHoro micis. EdekTuBHICTD, 3 KOO OmepaTop Kepye
po0OOTOM, 3aJeXKHUTh, CEPEJl 1HIIOTO, BiJ O0I3HAHOCTI OlepaTopa MPO HABKOJUIITHE
cepeaoBuIIEe poO0Ta, IKOCTI KaHaTy 3B'SI3KY, HAJIIMHOCTI CUCTEMH KEpyBaHHs poOOTOM
Ta JIOCBIy JIOAUHU-onepaTopa. HazemMHi MoOUIbHI poOOTH CKIIaIal0Th OCHOBY IT€l
po0OOTH, OCKUJIBKM BOHHM 3aCTOCOBHI B 0aratbox cdepax i B OCHOBHOMY MpPaLIOIOTh Yy
JUHAMIYHUX CEpeJOBUIIAX, 5Kl MOTPEOYIOTh JO0JaTKOBOTO KEPIBHUIITBA 3 OOKY
JIIOJTMHU-0TIEpATOPA.

3acToCyBaHHS aBTOHOMHHMX MOO1TLHUX po00TiB (AMP) — iHHOBaLIHUN crIOCiO
MiIBUIIEHHS €(heKTUBHOCTI TPAHCIIOPTHUX orepaliiid. Ha BUpOOHUIITBI BUKOPUCTAHHS
AMP 00yMOBIIIO€ TIABUINEHHS TTPOIYKTUBHICTH IMpalli 3a paXyHOK CKOPOUYEHHS 4acy
MPOCTO0 OO0JIaIHAHHSA Ta  YCYHEHHIO TMOMUJIOK IIO3UIlIIOBaHHS 00’ €KTiB. [s
CLILCHKOTOCTIONIAPCHKUX MIAMPUEMCTB MOOUIBHI POOOTH MOKHA BHUKOPHUCTOBYBATU
JUTS THCTIEKIIT MOJIiB (aHATI3 XapaKTEPUCTHUK IPYHTY, HASIBHOCTI MIKITHUKIB, KIJTBKOCTI
Ta SIKOCTI CXO/JIIB Ta BPOXKAIO 1 T. 1.) Ta 00CITyTOBYBAHHSI MTAIIMHUX ¥ TBAPUHHUI[BKUX
koMmruiekciB. [llupoko 3acTtocoByroThcsi AMP nisi pi3HOMaHITHUX TIPOEKTIB IS
MaJIOMOOUTBHUX JIIOJICH: «pOOOT-MOMIYHHUKY», OE3MiJIOTHAa Kyp €pchKa JIOCTaBKa,

IHTEJIEKTyalbH1 1HBAJIAHI Bi3KH, poOOTa y MEIUYHMX 3aKjajax MiJl Yac MaHIeMii.
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Po3BuTOK TexHoONOTIH m03BoNsie 3ampoBaautd AMP  ans 3pificHeHHS Miciii B
EeKCTpeMaJbHUX YyMOBax (TaciHHS TIOXKEX, pPOOOTM B 30HAX XIMIYHOIO Ta
PaTIOAKTUBHOTO 3a0pyIHEHHS, 1HCTEKIlS TOIIKO/DKEHUX CIIOPYM, JIOTICTUKA B
0OMOBUX yMOBax, calepHl Ta 1H)XXKEHEpHI poOOTH, €BaKyallis NMOpaHEHWX, BOTHEBA
MiATPUMKA 1 T. T1.).

Pozmmpennss obnacti 3actrocyBanHs AMP o00ymMOBIIO€ HasBHICTH Yy CKJIai
KOHCTPYKIII HaBiCHOro oOJiafHaHHS (MaHIMyIATOp, KiBII, Oyp, Toilo). BukoHaHHS
TEXHOJIOTIYHUX OTepaliii BUMarae y3ro/HKeHHsS PyXy MOOUIBHOTO poOOTa B3IOBXK
TPAEKTOPIi 3 TEPEMIIICHHSIM HaBICHOro oOJajHaHHS BigHOCHO MmiaTtdopmu. [Ipu
BUKOPUCTaHHI MPUCTPOIB KEPYyBaHHA Y BUTJISI HKOMCTUKA a00 MyJbTa BUHUKAIOTh
CKJIaJIHOIIl B OTHOYACHOMY (hOpMYBaHH1 KOMaH/I JJisl 11aci Ta HABICHOTO 00JIaTHAHHS.
VY cydacHux po3poOkax KepyBaHHsA 0araTo3B’sI3HUMH CHCTEMaMU 3A1MCHIOETHCS IO
cemapaTHUM KaHajaM 3 BHKOPHUCTAaHHSIM KOPETyBaJIbHHUX MPHUCTPOIB IS
BIIOKpeMJIeHHs1 KaHamiB. [[ns koHctpykuii AMP 3 HaBicHUM 00saJHaHHAM
MepexXpecHui  HeCTalllOHApHUN 3B’SI30K  KaHaMB OOYMOBJIEHO JIMHAMIYHUMU
0CcOONMMBOCTSIMU  00’€KTy KepyBaHHs. HecramioHapHICTh 3B’S3KYy  YCKIIAHIOE
BHU3HAUEHHS TOTOYHOTO KOPErYBAJBHOTO MPUCTPOIO, YCKIAJHIOE KOHCTPYKIIIO Ta
MPU3BOUTH JI0 3aIi3HEHHS KOMaHI.

JUist 3A1CHEHHST MICIM B E€KCTpEMalIbHUX yMOBaxX 3a3BHYail 3aCTOCOBYIOTHCS
Ha3eMH1 MOOUTbHI pOOOTH T IUCTAHIIIMHUM KEPYBaHHSIM OMEpaTopa B PEKUMI «OH—
naiiny. [Ipy 1pomMy JOLIIBHO 3aCTOCYBaTHM NPHUCTPIA KEPYBaHHA y BUIIIANL JBOX
PYKaBUYOK: JIiBa JUIsi KEpyBaHHA Iaci, a TMpaBa HJisi KEPyBaHHS HaBICHUM
oOnagHaHHsAM. [[7151 BOpOBaKEHHS TAKUX MPUCTPOT KEPYBAHHS MOTPIOHO pO3poOUTH
CUCTEMY KOMaHJl KepyBaHHA Y BUTJIsA1 *kecTiB. OIHAK, CydyacHI MPOTrpaMHi Ta anapaTHi
3acOo0M JTO3BOJISIIOTH TEPEepo3noAT (YHKIIA MIXK ONEepaTopoM Ta CHUCTEMOIO
KepyBaHHs 31 30UIBIICHHSIM aBTOHOMHOCTI MOOUIBHMX pPoOOoTiB. st peamizamii
METOAY KepyBaHHS MOTPIOHO pPO3POOUTH: MPUCTPIA KepyBaHHs, 1HGOpPMALITHY
CUCTEMY, CUCTEMY KOMaHJI, MpOorpaMHe 3a0e3NEeUeHHs, KaHaJlu 3B 53Ky Ta 3aco0u
3axucTy iHpopmarlii.

Pe3ynabpTat Takoro AOCHIIKEHHS MOXYTb OyTH BOPOBAKEHI y PI3HOMaHITHI
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chepu SKUTTA: MEIUIMHA, BUPOOHUITBO, CLILCbKE TOCHOJAPCTBO, JOTICTUKA,
MOJIOJIAHHS HACIIKIB MPUPOJHUX Ta TEXHOTEHHUX KartacTpod. Tomy NOCHIIKEHHS,
MIPUCBSIYEHI PO3POOIIl METOIB KepyBaHHS MOOLIILHIM pOOOTOM 32 JOIIOMOTOIO KECTIB,
€ aKTyaJIbHUMH.

IMocTanoBka nmpodaeMu. Y CBITI 3 MIBUJIKO 3pOCTAIOUMM PiBHEM aBTOMAaTH3AIlil
pOOOTOTEXHIKA BIIrpae Bce OUIBII BAXKIUBY POJIb Y KOKHOMY AaCIMEKTi JIIOJICHKOI
TisSIbHOCTI. Bigomi mpuKiagyd MOBHICTIO aBTOHOMHHUX MOOIIBHUX POOOTH30BAHUX
m1aThopM, SKi MOKYTh BUKOHYBATH CKJIAJHI 3aBJaHHS 0€3 MPSIMOTO KEPIBHUIITBA 3
0oky moguHu-oneparopa. Hanpukian, B po6oTi [62] HaBeJIEHO METOIM YIIPaBIiHHS
MOOUTIBHUM pOOOTOM, SKUH CKIAAAETHCS 3 MOOUTBLHOT TIaTGopMu Ta poOOTHU30BAHOT
pyKU. MaHINyJIATOp HA PyXJIMBil OCHOBI CHIBIPALIOE€ 3 POOITHUKOM IPHU CHUIBHOMY
BHKOHAHHI TEXHOJIOTTYHHX orepaliiii. Ha oCHOB1 KiIHEMaTHYHOI'O aHAIII3y PO3POOICHO
ANTOPUTMHM JJIA 3a0€3ME€UEHHSI B peaIbHOMY Yacl HeOe3leyHoi B3aeMo/Ili podoTa Ta
npaniBHuka. Ha 0CHOB1 B3a€MHOT MpOEKIIli BIIHOCHOT IIBUAKOCTI JIFOJUHU 1 poOOTa Ta
iX CHIIBHOTO HOPMAJIbHOTO BEKTOPY OOUYMCIIIOETHCS 3arpo3JIMBUN 1HJIEKC JIJIsl BUOOPY
HaOUTbIIl Bpa3JIMBUX YacTUH Tijna JroauHu. Lled iHAEKC po3paxoBYyeEThCS IS
JEKUTBKOX MOJKJIMBUX TPUPOCTIB IMIBUJKOCTEH Ta MPUCKOPEHb. 3a JOMOMOTOIO
CUCTEeMH INTYYHOTO IHTEIEKTY CHCTEMa MOXXE aJanTyBaTHCA A0 KIHEMaTUYHUX
napameTpiB MpaliBHUKA 1 «mepeadayaTuy MOJaIblll KOOPJIMHATH, LIBUIKOCTI Ta
MPUCKOPEHHS YaCTUH Moro Tina. 3a3Ha4yeHo, 110 3alpONOHOBaHI METOIU KEpyBaHHs
Ha OCHOBI 3arpo3JIUBOTO 1HJEKCY TMOKpAaIlylOTh €(GEeKTUBHICTh OE3MEeUYHOro
CIIBICHYBaHHSI JIIOJJMHU Ta MOOUIBHOTO poOOTa JJIs 3MOJIEIHLOBAHOTO CIIeHapito. Aie
3QJIMIIUIIOCH HE BUBHAYCHUM MTUTAHHS HACKUIBKU €PEKTUBHUM Oy/1€ 3apONOHOBAHMIMA
METOA MpU JUCTAHLUIMHOMY KEepyBaHHI MOOUIBHUM pOOOTOM. SKMUM 4YHMHOM
3IMCHIOETHCS OJTHOYACHE KePYBaHHS IIacl Ta MAHIMYJISATOPOM MOOUTHRHOTO poboTa?
Uwu 3a0e31medeHo 3aXUCT KaHaly 3B’ sI3Ky MpH nepeaadi komana? Skuii yac aBTOHOMHO1
po0oTu MOOLIBHOTO poboTa? BU3HAUueH] aNropuTMu Uil 3a0€3MEUYEeHHS B peabHOMY
yaci HeOe3meuHoi B3aeMojiii poOOTa Ta MpaliBHUKA JIOIUIBHO 3aCTOCOBYBAaTH, ale
dbopMyBaHHS Ta Mepenada KOMaH ] TOTPeOyIOTh JOOMPAIIOBAHH.

3acToCyBaHHS IUTYYHOTO IHTENEKTY Il KepyBaHHS MOOUIBHUM pOOOTOM B
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anpiopHO HE BU3HAYEHOMY pOOOUOMY MPOCTOPi, 400 B €KCTPEMATBHUX YMOBAX TaKOK
€ nauckyciiHuM. Crij 3a3Ha4UTH, [0 B PEAJbHOCTI TEPEKOHIIMBI pPE3yJIbTaTU
3aCTOCYBAaHHS IITYYHOTO IHTENEKTy Ta MAIIMHHOTO HAaBYaHHSI B POOOTOTEXHIIl
JOCSTHYTO JIJIs MICIH B CTPYKTYPOBAHOMY CEPEIOBHIII, O€3 anpiopHOi HEBU3HAYEHOCTI
Ta 3 By3bKO oOMexeHUMH KOoHTekcTamu. [Ipu Bukopucrani AMP B excTpemanbHuX
yMOBax oIepaTop MpuilMae ydacTb B KOHTYpl KepyBaHHS Ipu peanizamii QpyHKIiH
«BITUYBaTH», «IUTAHYBaTH» Ta «IIATW». AJle TOCTOBIPHICTH iH(OpMAIIil 3 TaTUUKIB,
3axXUCT 1H(oOpMaIi Ta MBHUAKICTh Mepenadyl KOMaH] BIUIUBAIOTh HA NPUUHATTA
pimieHHs onepaTopoM. TakuMm unHOM, e(eKTUBHICTh 3acTocyBaHHI AMP 3anexuTh He
JuIie Bij kBasiikarii oneparopa ajie i BiJ TEXHIYHOI peatizallii mporecy KepyBaHHSI.
MoxnuBocTi BUKOpUCTaHHSI AMP 3Ha4HO pO3MIUPIOIOTHCS 3aBASKH O€37pOTOBOMY
JAUCTAHLIHHOMY KEpyBaHHIO.

B poGoti [63] HaBegeHO pe3yabTaT AOCIIKEHb 0€3IpOTOBOTO AUCTAHIIMHOTO
KepyBaHHA Oy/1IBEJIBHOIO po00Ta, IKUI MpaLIOe B HEOE3MEUHUX JIJIS JIFOAUHH YMOBaX.
Cucrema IUCTaHLIMHOIO KEpyBaHHS CKJIAJAEThCS 3 IIEHTPY KEpyBaHHs, OO0 €KTY
KepyBaHHs — MOOLIBHOTO po0oTa 1 1HTepdelicy — aucmieiiHoro Tepminainy. [lokazano,
110 3aMpONOHOBAaHA CUCTEMA HA/IA€ BIJICO Y PEKUMI «peabHOTO Yacy» Ta 3a0e3neuye
TOYHICTh KEpyBaHHS poOOTOM. AJie 3aJUIIMINCS HEBUPIIIEH] MUTaHHS, OB’ sA3aHl 3
OJIHOYACHUM KEpyBaHHSAM IIacl Ta MaHINyJATOpoM. SIKuM 4YuHOM (HOpPMYIOTHCA
KOMaHJIM Ha 11aci ta Manimyistop? Yu mepeabaueHo 3aXMCT KaHATy 3B S3KY Bijl
30BHIIIHIX 30ypeHb? 3a SKHM HPHUHIMIIOM CTBOPEHO 3BOPOTHUM 3B’SI30K BIJ
MaHIIyJIsITOpa 10 Oomeparopa Mpu B3aeMOJIl 3 HaBKOJHUIIHIM cepenoBuiiieM? [lpu
KOHTaKTI poOOYOr0 OpraHy MaHIMyJIaTopa 3 eJeMeHTaMu poO0YOoro MpoCTOPy
oriepaTop Mae€ He JuIle 3a(ikCyBaTH MOMEHT B3a€MO/I1i, ajie i «BIUYTH» TPUBAIICTD,
CHIIy, HalpsIMOK Ta IUIOILy KOHTakTy. [IpMUMHOI0 KOHTAaKTy MOKE€ CTaTW HE JIMILE
HECTAOUIBHICTh POOOYOro MPOCTOPY aje ¥ MOXUOKH B MPUBOJIAX Ta KIHEMATUUHUX
napax Masimynstopa. Jljis momonaHHS TaKUX TPYAHOLIIB CIiJiI 3aCTOCOBYBAaTH
OurarepaibHe KEpyBaHHS. 3almpoONOHOBAaHA CHUCTEMa JUCTAHIIWHOTO KepyBaHHS
notpedye  MOOMpaIfoBaHHS 3aXUCTy KaHaTB 3B’S3Ky Ta  BIPOBAKCHHS

OlmarepaabHOTO KEPYBaHHS.
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B po6orti [64] HaBeneHO pe3yJbTaTH JTOCHIIKEHb 3aCTOCYBaHHS PYKaBUUKH JIsI
JTUCTaHIITHOTO  OlIaTepajJbHOrO0  KEPyBaHHS  MaHINyJSITOpoM.  Alsle A
¢byukiionyBanus AMP 3 maHinmysTOpOM B p0O0YOMY CEpeIOBHIII 3 EKCTPEMATbHUMU
yMOBaMHU HEOOXIJIHO TepeAdayuTH 3aXHMCT BiJ CIIOTBOPEHHS KOMAaH] KEpyBaHHS.
Po3moBCIO/)KEHHA 3aIIPOMOHOBAHOTO METOY KEpyBaHHA IJsl Iaci, JT03BOJHTH
3aCTOCYBaTH MPUCTPIN KepyBaHHSA Y BUTJISAI BOX PYKaBUYOK: JIiBa JIJIi KEPYyBaHHS
11aci, a nmpasa Jyisi KEpyBaHHS HAaBICHUM O0JIaTHAHHSM.

B po6oti [65] cunoBuii 3BOpOTHIN 3B’SI30K BUKOPUCTOBYETHCS HE JIUINIE IS
iH(QOpMYBaHHS PO KOHTAKT MAHIMYJATOpA 13 30BHIIIHIM CEpPEAOBUINEM, alie W s
MIATPUMKU PIIIEHb omeparopa. AJle aBTOPH 3a3HA4yar0Th, 110 CHJIAa B3a€EMOIi Ta
BipTyajibHa CHJIa HABEJICHHS HE MOXYyTh OyTH po3’eaHaHi. Lle ycknagHioe poboTty
oreparopa Ta 00yMOBIIIO€ TOXWOKH MO3UIIIFOBAHHS CXBATY.

B po6oti [66] npoBeneHo aHami3 AEKUIBKOX 1HTEp(EHCIB JUIsl TeJeKepyBaHHS
MOOUIBHUM pOOOTOM. 3BOPOTHHI 3B A30K MO CHJII PEali30BaHO Ha OCHOBI 1HQOpMaIii
PO JaNbHICTh MEPelIKoJ] Ta IOTOYHUN CTaH poboTa. Alle 3aTUIIUWINCST HE
BU3HAYCHUMH MMHUTAHHS, IOJI0 BpAaxXyBaHHS XapaKTEPUCTHK 00’ €KTYy MAHIMYJIAIINA Y
3alpONOHOBAHUX MeToAax KepyBaHHs. [Ipu poboTax B eKCTpeMalbHUX YyMOBax
MaHIMyJISTOp TOBHHEH 3M1MCHIOBATH TEXHOJIOTIYHI Omepaiii 3 KpUXKUMH abo
BUOYXOHE0E3MEeYHUMHU 00’ €KTaMH.

B [67] naBeneHo oriysam poOIT B raimy3i TeJeonepaliifHuX CUCTEM MOOUTHBHUX
poOOTIB 3 aKIEHTOM Ha apXiTeKTypy, KaHaJiM 3B'A3Ky Ta 3acO00M CTBOPECHHS
0013HAHOCTI oIepaTopa IIpo CUTYaIlito y poOoyiii 30Hi. 3a3HAYEHO, 110 BUKOPUCTAHHS
AKICHOT Mepexi Ta 3aco0iB Bi3yaJIbHOTO Ta CHUJIOBOTO 3BOPOTHOTO 3B'SI3KY 3HAYHO
M1JIBUIYIOTh €()eKTUBHICTh HaBIrallli Ta BAKOHAHHS 3aBJIaHh MOO1JTbHUMH Ha3€MHUMHU
poOoTamu. Ajie HaBiITh MPU CTBOPEHHI BIAYYTTS IPUCYTHOCTI ONIepaTopa B CEPEIOBUIII
po0O0Ta 3aTUIIMIINCS HEBUPIIICH] TUTAHHS, TTOB’s13aH1 3 HAAIWHICTIO TAKO1 CUCTEMHU 32
yMOB 30ypeHb Ta CHOTBOpPEHHs cHTHaly. [IpHYMHOI0 TOXHOOK MOXYTh OyTH SIK
30BHIIIHI 30ypEeHHS TaK 1 MEPEXPECHHUI BIUTMB MK KaHAJIaMH KepyBaHHs. Bapiantom
MOJI0JIaHHS BIJMOBIAHUX TPYJIHOIIIB MOXe OyTH 3axuCT iHdopMallii, cenaparis

KaHaJIiB KepyBaHHs a00 qyOJII0BaHHS IPU Neperadi KOMaH/I.
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[Ipu cemapaiii kaHamiB KepyBaHHS MOKHA OKPEMO PO3MVIIHYTH 3aBJAaHHS
KepyBaHHS MOOUTHHOIO TIATGOPMOIO Ta KEPyBaHHS MAaHIIMYJIATOPOM Ha PYXJIUBIM
ocHOBI. B poOorti [68] aHani3yl0ThCs, KIaCH(PIKyIOThCS Ta y3arajibHIOIOTHCS ICHYIOU1
METOJY JHUCTAHIIIHHOTO KepyBaHHS MOOUIBHMX pPOOOTIB. 3a3HA4e€HO, IO CydYacHi
poOOTHU30BaHI TPAHCHOPTHI 3acO0M MPAIIOIOTh B CTPYKTYPOBAHOMY CEPEAOBHUIII 3
BHCOKHM pIBHEM aBTOHOMHOCTI. SIKIIO Micisi Ma€ BHKOHYBATHCh B Harepes He
BU3HAUYCHHUX YU €KCTPEMaJIbHUX YMOBax, ad0 CKJIAQJHICTh 3aBJIaHHS 3aHAATO BEJIHMKA
JOLITFHO 3aCTOCOBYBAaTH JHUCTAHIIMHI METOAM KepyBaHHS. AJie 3alHIIaloThCs
MUTaHHI [OB’s3aH1 3 BUOOPOM MPUCTPOIO KEPYBaHHs Ta KaHAJIOM 3B’s13Ky. BapianTom
MIPUCTPOIO KEPYBAHHS MOXKE OYTH 3BUYAHUI cMapTQOH.

Y [69] nocmimkeHO [OHCTaHLIMHE KEpyBaHHS MOOLIBHUM pPOOOTOM 13
3aCTOCYBaHHSAM PI3HUX MPUCTPOIB: CMAPT(HOH, TAPHITYpa BIPTYaJbHOI PEAIbHOCTI Ta
KOMIT'FOTEp. AHAJII3 SKOCTI TUCTAHLUIMHOTO KEpPYBaHHS 3/1MCHIOBABCS 32 YOTUPbOMA
MOKa3HUKAMM: CKJIQJIHICTh 3aBJIaHHS, 4YaCc BUKOHAHHS, YCIHIIIHICTh 1 KIJIBKICTh
nmoMuJiok. Bei mi mapamerpu Oyio o0'etHaHO B €MHY METPUKY KopuctyBada (SUM).
Pesynbratn SUM 17151 mpucTpOiB CTaHOBIATH: Ha cMapThoHax — 54,9%, Ha IpUCTPOSIX
BIpTyasIbHOI peanbHOCTI — 79,5% 1 Ha komm'iotepax — 90,4%. Takum umHOM, Ha
epexkTuBHICTh AMP BmnuBae iHTEep@eic Ta KOHCTPYKIIS MPUCTPOIO KEpyBaHHS.
OnHak, He 3’5COBaHO BIUIMB 3aXUCTY 1HPOpMAIlii Ta KaHATIIB 3B’ SI3KY.

B po6oti [70] HaBemeHo pe3ysbTaTh BIPOBAHKCHHS KEPyBaHHS MOOUIHHOIO
maTgopmoro. 3B’SI30K  MIKPOKOHTpoJsiepa, JaTyukiB Ta cmaprdona (Android)
3MIMCHIOETRCS 3a gomnomororo Bluetooth. Takum uYwHOM, 3 BHUKOPHUCTAHHAM
CHEIIaJbHOTO MPOTPAMHOTO 3aCTOCYHKY CMAapT(hOH MEPEeTBOPIOETHCA HA MPUCTPIM
KepyBaHHS MOOUIBHUM pOOOTOM. AJle 3aJUIIMIMCh TUTaHHS, OB’ A3aH1 3 JaJIbHICTIO
nokputts Bluetooth, 110 BriinBae Ha MeXy TOCSKHOCTI MOOLIBHOTO poOOTa.

B cratTax [71,72] onucytoTbcsi MOO1IBHI pOOOTH, SIKUMH JUCTAHILINHO KEPYIOTh
31 cMmaptdoHa 3a gomomoror 3actocyHky st Android. Ilepemaua maHux
3MIUCHIOETRCS 3a tonomororo Wi—Fi 3'eqnanus mMixk cMapTdoHOM 1 poOoTOM. 3B’ SI30K
yepe3 Wi—Fi 10o3BoJisie 3011bIIUTH AaTBHICTD 1 MOOLTBHOTO poOOTa, ajie HalIMHICTh

KaHajy 3B’s13Ky Oy/ie 3aj1eKaTu BiJl 30HU MOKPUTTS Ta HAIBHOCTI 30BHILIHIX 30ypEHb.
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Jlist poOIT B eKCTpeMalbHUX yMOBaX HaAIMHICTh TaKOTO KaHATy 3B’SI3Ky BUKIIMKAE
CYMHIBH.

AHami3  mitepaTypu  JOBOAUTh  HEJOCKOHANICTh  ICHYIOUHMX  METOJIB
nucTaHiiiHoro kepyBanus AMP. IIpoGiema nosisirae B ToMy, 10 Ha €(EKTUBHICTD
AMP BrumBaroTh 3ac00M CTBOPEHHS 0013HAHOCTI OTIepaTopa MPo CUTYAIII0 y poOoUiid
30HI1, IHTEep(ENC Ta KOHCTPYKILiA MpUcTporo kepyBaHHs. Bluetooth Ta Wi—Fi 3pyuno
BUKOPUCTOBYBATH, aJlé BUHUKAIOTh MUTAHHA IIOJI0 MEX TOCSHKHOCTI, 30BHIIIHBOTO
BTpy4YaHHs Ta 30ypeHb MpH Mepefadi KOMaHJ JUCTAHIIMHOTO KepyBaHHS. 3acoOu
BI3yaJIbHOTO Ta CHJIOBOTO 3BOPOTHOTO 3B'A3KY 3HAYHO MiJIBUIIYIOTh €()EKTUBHICTbH
Hapiramii Ta BUKOHaHHs 3aBaHb AMP 3 HaBicHuM oOnagHaHHAM. JIJIs1 pO3MIMPEHHS
3actocyBaHHd AMP 3 mpuctpoeM KepyBaHHS y BHIJISAl PYKaBUUKU MOTPIOHO
pO3poOUTH cHUCTEMY KOMaHJ, MNporpamMHe 3a0e3leyeHHs Ta KaHal 3B’SI3Ky UL
MIEPETBOPEHHS JKECTIB OlepaTopa B MAHEBPH IIIACI.

Mera ¥ 3amauvi gociigzkeHHsl. MeToro JOCHIDKEHHS € po3poO0Ka METOoy
JOUCTAaHLIKHOTO KepyBaHHA AMP 3a 1onomMororo npucTporo KepyBaHHS «pyKaBUUKa».
dopMyBaHHS KOMaH/ 3A1HCHIOEThCS CHEIlaIbHUMHU XKecTaMu oreparopa. [lepenauy
KOMaHJl peaii30BaHO 13 3a0€3MEUYEHHSM 3aXHCTy BiJ MOXHOOK Ta CIOTBOPEHHS
koMaHa. lle macTb MOXKJIMBICTD MIJBHUILMTA MPOAYKTUBHICTH Ta  SIKICTh
TEXHOJIOT1YHOTO Mpolecy 3a yuacTio AMP, 3a0e3neuntu 6e3neKy JroAuHI—oIepaTopa
B €KCTPEMAJIbHUX YMOBaX.

Jlns nocsirHeHHsT MeTH OyJI10 IMTOCTaBJICHO TaKl 3aBIaHHS:

— pO3poOUTH METOA AUCTAHI[IHHOTO KEpyBaHHS MOOUIBHOTO poOoTa 3a
JIOTIOMOT OO «PYKaBUUKI;

— pO3pOoOHUTH CHCTEeMY KOMaHJ JJsi JUCTaHIIHHOTO KepyBanHs AMP 3a
JIOTIOMOT OO «PYKaBUUKH.

Marepiaau Ta meroau aociaixkeHHsi. OO0’€KTOM JOCTIDKEHHS € METOJ
JTUCTAHIIIHHOTO KEpyBaHHS AaBTOHOMHHM MOOITRHUM POOOTOM  3MiHIOBAHOI
KOH(piryparii.

Cucrema KomaHa Mae OyTH TPOCTOI0 Ta 3pPO3YMIJIOK I OMNEpaTopiB 3
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MI1HIMAJIbHOIO HIITOTOBKOIO.

[Ipuctpiii KepyBaHHS MMOBUHEH: MaTH OOMEXKEHY Macy, JOCTaTHIH pecypc s
aBTOHOMHOI POOOTH, JEKUIbKa KaHaTIB 3B 3Ky Ta 3a0e3MedyBaTH I1HTEPIIPETAIlitO
KepYIOUHX BIUIMBIB OMEpaTopa.

Kanan 3B’13Kky 711 MUCTaHIIMHOTO KepyBaHHS TOBUHEH OyTH 3aXHUIICHUM Bij
30BHIIIHIX 30ypeHb Ta CIIOTBOPEHHS CUTHAMTIB.

O06’exTOM KEepyBaHHS € MOBHOIPUBIIHUNA YOTUPHOXKOJIICHUNA MOOUTBHUNA pOOOT
3 eJeMEeHTaMU KOHCTPYKIlli, pyXoMUMH BigHOCHO tuiatdopmu. Ilpu ekcrmyarartii
AMP 111 eneMeHTH pyXarThCs BIAHOCHO IUIAT(HOPMH, 3MIHIOIOUM T€OMETPII0 Mac
cuctemd [73]. [l BUKOHAHHS TEXHOJIOTTYHUX OTepaliii Moo IbHUN pOOOT OCHAIIIEHO

HaBICHUM OOJaJIHAHHSIM: MaHIIyJISITOP, KiBII, Oyp, aHTeHa Tomo (puc. 1).

Pucynok 1. CxeMa KOHCTPYKIIii aBBTOHOMHOTO MOOIJTLHOTO po0OTa 3 HABICHUM

obOmagHaHHIM [73]

Konctpykuis AMP 3MiHIOBaHOI KOHirypaiii mnoOyjoBaHa 3a arperarHo—
MOJyJIbHUM TIPUHIIUIIOM, B 3aJIe’KHOCTI BiJl 3aBJIaHHS HaBiCHE OOJIa[HAaHHS MOXKHA
3aMiHUTH. HasBHICTh €1€MEHTIB KOHCTPYKIIii, pyXJIMBUX BIJTHOCHO MOBHOMPUBIIHOI

maT@opMu, OOYMOBIIIOE HECTAI[IOHAPHICTh Ta HEAIarOHAJIBHICTh TEH30pY IHEpIIil
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BITHOCHO CHCTEMHU KOOPIMHAT 3B’s3aHOI 3 IEeHTpoM Mmac tuiardopmu. JmHamiuHi
0COOJIMBOCTI KOHCTPYKIIT OOYMOBIIOIOTh HECTAI[IOHAPHUN TMEepPEeXpeCcHU 3B’SI30K
KaHaiB KepyBaHHsA. Cemapairisi KaHaJIIB Ta PO3pOOKa KOPErYIOUHMX MPUCTPOIB IS
KOXKHOT'O BapiaHTy HaBICHOTO OOJIaJHAHHS YCKJIAIHIOE TEXHIUHY peaTi3allilo CHCTEMHU
KEepyBaHHSI.

Peanizaris qucranmiiinoro kepyBanas AMP 3miHioBaHoi KoHbITyparlii Mae nBa
PIBHI: K€pyBaHHS MaHIMYJATOPOM Ha PYXJIUBIM OCHOBI Ta KepyBaHHS IUIaT(HOPMOIO
miaci. KepyBaHHS MaHIMyJIATOpOM Ha PYXJUBIA OCHOBI pO3MiIiHyTO B [74], TOX
PO3IVITHEMO METOJ] JUCTAHIIHHOTO OE3pOTOBOIO KEPYBaHHS MOBHOMPUBIIHOO
m1aThOpPMOI0.

J5is po3poOKu METOAYy KepyBaHHS PO3TIITHEMO PO3PaXyHKOBY MOJENb 00’ €KTy
KepyBaHHS — TMOBHOINPUBIJIHY YOTUPHOXKOJICHY Tuiargopmy AMP 6e3 HaBiCHOTrO

obsiagHaHHs (puc. 2).
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PucyHok. 2. Po3paxyHkoBa Mojieb mi1aTGopMu aBTOHOMHOT'O MOOLIBHOTO poOoTa

[75]

BBaxkaemo, 1110 kepyroui MOMEHTH HapaBJICHI B3I0BXK OCEH CUCTEMH KOOPIMHAT,
3B’s13aHO1 3 1iatgopmoro AMP [75]. Ilnatdhopma mae dopmy mnapanenemineny 3
PIBHOMIpHUM PO3MOJAUTIOM Mac. MoTop - Kojieca MaloTh OJHAKOBI KiHEMaTHYHI Ta

JUHAMIYHI XapaKTepUCTUKU. MOHTaX MOTOP-KOJIEC BUKOHAHWM CHIBBICHO, 0e€3
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MOXMOOK.

06’exm KepyeanHs — TIOBHONPHUBIIHE YOTUPHOXKOJICHE Iaci MOOUIBHOTO
poGoTa. /{151 onpairoBaHHs METOTy TUCTAHIIMHOTO KEPYyBaHHS 32 JOTIOMOTOFO JKECTIB
B Mexax 1HkuHipuHrooi mkoiu 'O «Hoocdepa» Oyna cTBopeHa ekciepuMeHTallbHa

MOJIENIb MOO1TBPHOTO poboTa 3 JoBXHHOIO iatdopmu 30 cm. (puc. 3).

Pucynoxk. 3. KoHCTpyKIIisi eKCIIEpUMEHTAIBLHOT MO/JIEJ1 TOBHOIIPUBIIHOTO

MOO1TEHOTO poO0Ta [ABTOpPCHKA PO3pOOKa|

Cucremy KepyBaHHS MOJEINI MOBHOMPUBIAHOTO MOOIBHOTO poboTta (puc.4)
cTBOpeHO Ha 0a3i MikpokoHTpoJiepa ESP 32 Devkit vl [76]. IIpu ckiaganHi cucteMu
KEepyBaHHS OBHOIMPHBITHOTO YOTUPHOXKOJIICHOTO MIACI BUKOPUCTAHO YOTUPU MOTOP
— penyktopu 3 kosiecamu [77]. 11 MOTOpr MaroTh BUCOKUN KOE(ILIEHT KOPUCHOT i,

110 T03BOJISIE EKOHOMHO BUKOPUCTOBYBATH 3apsij aKyMyJIATOpA.
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PucyHnok 4. Cxema cucteMu KepyBaHHS TIOBHOIIPUBIHOTO YOTUPHOXKOIICHOTO
mact: 1 — mikpokontponep ESP 32 Devkit vl; 2.1, 2.2 — apaiisep L298N; 3.1, 3.2,
3.3, 3.4 — mMoTop — peaykrop; 4 —akymyssatop «Kpona 9V (6F22); 5 — crabinizaTop
Hanpyru L7805; 6 — kounencarop Capacitor Ceramic 100nF; 7 — konnencarop

Electrolytic Capacitor - 1uF/50V [ABTopchbka po3poOKal]

HpaiiBep aBuryHiB Ha 6a3i uumy L298N [78] Mae aBa He3aNeKHUX KaHATU IS
KEepyBaHHS JIBUTYHAMHU, 1110 3a0e31euye He3aJaeKHe KepyBaHHs JBOMA KOJIECaMH I1aci
3 4oTUpbOX. Lle 103BOIsIE KOHTPOIIOBATH PYXU IIAacl BOEpel, Ha3a]l Ta HOBOPOTH.

Jyist 3a0e3neueHHs XapaKTepUCTHK €EKTPUYHUX JIAHIIOTIB JO CXEMU CHUCTEMH
KepyBaHHA J10JaHo ctadimi3arop Hanpyru L7805 [79] ta konneHncatopu. XKuBneHHs
CHUCTEMHM KepyBaHHs 11aci 3a0e3nedeHo akymyiastopoM «Kpona 9Vy (6F22).

Ipucmpiu xepyeannsa — pykaBU4Ka JjIsl AUCTAHIIIITHOTO KePyBaHHS aBTOHOMHUM
MOOLTEHUM poOoToM. PykaBuuka s JUCTaHLIMHOTO KepyBaHHS 3abe3reuye

B3a€EMO/Ii10 Mixk oniepatropoMm Ta AMP (puc. 5).
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1.2 1.3

1.1

Pucynok 5. Cxema npuctporo kepyBaHHA «pykaBunka»: 1.1, 1.2, 1.3 — matuuk
Buruny (flex sensor 2.2"); 2 — npykoBana miata; 3 — mikpokoHnTposiep ESP32 Devkit
vl, 4 — akymynsarop «Kpona 9V (6F22); 5 — npoBiaHuK; 6 — pe3ucropu; 7 —

KOHJIEHCaTOpu [ ABTOpChKa po3po0OKa|

KoHcTpykuis pykaBuuky nependavyae HassBHICTh BOyJOBaHUX JATUUKIB pyXy. Y
JaHIi KOHCTPYKINi 3amisiHl Tpu natuuku BUTHHY (flex sensor) posmipom 2.2", ski
pO3TalloBaHi Ha BKa31BHOMY, CEpPEHROMY Ta BEJTMKOMY HaNbISX PyKaBUUKH (pUC. 5).
JlaT4uK BUTHHY II€ PE3UCTOP, Y SIKOTO BEIMYMHA OMOPY MPSMO MPOTOPIiHHA KYTY
Buruny [80].

MeToa AMCTAHUINHOIO KepPyBaHHS MOOIIBLHOrO0 podora 3a J0MOMOIOI0
«pyKaBHUYKM». [IucTaHuiHe KepyBaHHA AMP 34iMCHIOETLCA NpU  B3aeEMoAii
MiKPOKOHTpONepiB 06’eKTy KepyBaHHA (LIaci) Ta NPUCTPOIO KepyBaHHA (PyKaBUYKN).

MikpokoHTpoJiep pykaBuuku 3 (puc. 5) BHCTymae B pojii TpaHcmiTepa. Bin
OTPUMYE CUTHAJM Bij 1aTuukiB BUuruny 1.1, 1.2 ta 1.3 (puc. 5). MikpokoHTpoJiep miaci
1 (puc. 4) BUKOHYE POJIb peCHBEpa 1 OTPUMYE CUTHAII BiJ] MIKPOKOHTpOJIEpA PYKaBUIKU
3 (puc. 5). be3aporoBa mnepengadya CUTHAIy MOXKE 3A1MCHIOBATUCH 3a TphOMa

HE3AJIC)KHUMHU KaHaJIaMH OAHOYAaCHO.
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[Ticnst oTpuMaHHsI KOMaHAM MIKPOKOHTPOJIEP IIaci Mepeaae KON KepyBaHHS Ha
npaiiBepu 2.1 a6o 2.2 (puc. 5). [HpaiiBep 2.1 MICTUTDH J1Ba HE3aJCKHUX KaHAIH JJISI
yHOpaBIiHHSA MOTOp-peaykTopamu A 1 B. [IpaiiBep 2.2 MicTUTB J1Ba HE3aJIEKHUX KaHAJIH
Uit ynpasiiHHS MoTop-peaykropamu C 1 D. KepoBaHa 3MiHa MIBUAKOCTI Ta HAPSAMKY
o0epTaHHs KOJIiC J03BOJIA€ 3a0e3MeunT MaHeBpeHicTb AMP.

AKTHUBI3aIlisl KEpYBaHHS HACTYyMA€ MPU BUTHUHI TPHOX JATYMKIB OJHOYACHO. [[ist
KepyBaHHs HampsiMKoM pyxy AMP 3agaHo BIAMOBIIHI JKE€CTH, YTBOPEHI BUTHMHOM
TPHOX MAJIBIIIB:

— BIEpE]] — BUTMH BKa31BHOTO NaNbls (3MiHA ONOPY JaTUYMKY BUTHHY 1.2),

— Ha3aJl — BUTUH CEPEIHBOrO MaJbld (3MiHA ONOPY JaTYMKy BUTHHY 1.3),

— BJIIBO — BUTMH BKa3IBHOTO 1 BEJMKOIO Maliblisl (OJHOYAcCHA 3MiHA OMOpY
naTuukiB Buruny 1.2 ta 1.1),

— BIIPaBO — BUTMH BKAa31BHOTO 1 CEPEIHBOT0O Maibllsl (OAHOYACHA 3MIHA ONOPY
naT4yukiB BUruHy 1.3 ta 1.2).

3a yMOBH, 1110 JKOJEH JIaTYUK HE 3IrHyTHI, a00 KOMOIHaIlisl BUKOHAHA HEBIPHO,
AMP 3ynunsetscs. [lnargopma He Oyne pyxaTUCh Hi B IKOMY HalpsSMKY, YEKAIOUH
KOPEKTHOI KOMaHIU PyXY.

Cucrema KOMaHJA AJ1s1 JMCTAHIIHHOIO KEPYBAHHSI ABTOHOMHHUM MOOiJIbHUM
PO00TOM 32 10IIOMOI0K0 «KPYKABHYKH.

Pyx enepeo. Jlns 3mificHeHHs pyxy BIIepea 3aiisiHl: JaTYMK BUTUHY 1.2 Ha
pyKaBHULll, MIKPOKOHTPOJIEPU T€pe/laBaya Ta MpuiiMaya, apaisep | mis KepyBaHHS
neuryHamu A 1 B Ta npaiiBep 2 mis kepyBanus aurynamu C i D.

ANTOPUTM IS HANPAMKY «PyX BIEpeI»: NP 3rUHAHHI JATYUKY BUTHHY 1.2
3HAYEHHS MOro onopy 3HaXOAUThCs B MPOMDKKY 0—255. Curnan BiJ JaTYMKy BUTHHY
1.2 momaerbcsi Ha gpiol3 MIKpOKOHTpoOJiepa TMepeaaBaya, pO3TAllOBAaHOTO Ha
pykaBuulll. MiKpoKOHTpoOJIep niepeaBad Ha OCHOBI LIbOIO CUTHAITY (POPMY€E KO/, SIKHIA
MepeIAEThCS HA MIKPOKOHTPOJIEP MpuiiMay 3a AOMOMOTOI0 00paHOro KaHally 3B’ SI3KY
Wi-Fi, Bluetoth a6o pagio. MikpokoHTposep npuiiMad, po3TanioBaHuil Ha TIaTGopmi
AMP, 3m1iicHIOE TIEpETBOPEHHSI MPUMHATOTO KOIYy y KOMaHIu JapaiiBepa 1 mis

KepyBaHHs ABUTYHaMmu A 1 B ta apaiiBepa 2 ayis kepyBanus aAsurynamu C 1 D. [Tig gac
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eKCIIEPUMEHTAJIbHUX JOCHIDKeHh MNpU Pycl BIEpe] KOMaHAW BiJa JpaiiBepiB
nepenaBaliucs Ha MOTOp-KoJieca:

— g geuryHa A int motor1Pinl = 22; int motor1Pin2 = 12; int enable1Pin = 23;

— st ieuryHa B int motor1Pinl = 26; int motor1Pin2 = 27; int enable1Pin = 14;

— i peuryHa C int motor1Pinl = 25; int motor1 Pin2 = 33; int enable1Pin = 32;

— misa qeuryHa D int motor1Pinl = 18; int motor1Pin2 = 19; int enable1Pin = 5.

[Tpu nepemimenni AMP Briepen natuvku Buruny 1.1 ta 1.3 He 3irHyTi, 3HaYEHHS
iXHIX BUXIIHUX OMOpPIB 3HaxoAATbca B Mexax 700-900. VYV BiAmoBiAHMX TijKax
CJICKTPUYHOIO JIAHIIOTa 3MIHM OMOpy He BUHUKae. lle o3Havae, 1mo CUTHAN BiX
naTuukiB BUTMHY 1.1 Ta 1.3 He BUKJIMKa€e IEpEMUKAHHS MIKPOKOHTpOJIepa MpuitMmaya.

Pyx masao. Jlns 3piiicHeHHs pyxXy Has3aj 3ajidHi: JaT4dK BUTHMHY 1.3 Ha
pyKaBHUIll, MIKPOKOHTPOJIEPH TIepe/iaBaya Ta MpuitmMada, apaiBep | miis KepyBaHHS
neuryHamu A 1 B Ta npaiiBep 2 ny1s kepyBanHs auryHamu C i D.

ANTOpUTM [JI1 HANpsIMKY «pyX Has3aa»: MpU 3TMHAHHI JAaT4UKy BUTUHY 1.3
3HAYEHHS MOro OMopy 3HAXOAUTHCA B TPOMDKKY 0—255. Curnan BiJ JaTYMKy BUTHHY
1.3 monmaerbcsi Ha gpiol4 MIKpOKOHTpoJiepa IepeaBavya, pO3TAIlIOBAaHOTO Ha
pykaBuuill. MiKpoKOHTpOJIEp TiepeaBad Ha OCHOBI IIbOTO CUTHAITY (POPMY€E KOJI, SIKHIA
nepeaeThesl Ha MIKPOKOHTPOJIEp pUiiMay 3a I0MOMOI0K0 00paHOr0 KaHATy 3B’ SI3KY.
MikpokoHTpoJiep TmpuiiMay, po3TamoBaHuii Ha tuargopmi AMP, 3niiicHIoE
MEePETBOPEHHS MPUIHATOTO KOy Y KOMaHIU ApaiiBepa | Ay KepyBaHHS IBUTYHAMU
A 1B ta gpaiiBepa 2 ansa kepyBanns nsuryHamu C 1 D.

Ilimx 4ac ekcnmepuMEHTaIbHUX JOCHIIKEHb MPU pyCl Ha3ag KOMaHIU Bij
JpaiiBepiB MepeiaBaiucs Ha MOTOp—KoJIeca:

— st iBuryHa A int motor1Pinl = 22; int motor1Pin2 = 12; int enable1Pin = 23;

— i qeuryHa B int motor1Pinl = 25; int motor1Pin2 = 33; int enable1Pin = 32;

— st iuryHa C int motor1Pinl = 26; int motor1Pin2 = 27; int enable1Pin = 14;

— st iuryHa D int motor1Pinl = 18; int motor1Pin2 = 19; int enable1Pin = 5.

[Tpu nepemimenni AMP Briepen natunku BuruHy 1.1 ta 1.2 He 3irHyTi, 3HAYCHHS
iXHIX BUXIJHUX OIOpIB 3HaxonuaThcss B Mmexax 700-900. Y BiAMOBIAHUX TiIKax

EJIEKTPUYHOTO JIAHIIOTAa 3MIHU OMOpy He BUHUKae. lle o3Hawae, mo CUTHAN BiX
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naTuukiB BUTMHY 1.1 Ta 1.2 He BUKJIMKae IEpeMUKaHH MIKPOKOHTpOJIepa puiimMaya.

Pyx enpaso. \ns 3a1icHEHHS pyXy BHepe 3ajlisiHI: JaT4uky BuruHy 1.1. ta 1.3
Ha pyKaBHU4lli, MIKPOKOHTPOJIEPH TIepeiaBaya Ta puitMaua, apaisep 1 1ig kepyBaHHs
neuryHamu A 1 B Ta npaiiBep 2 mis kepyBanHs asurynamu C i D.

AJTOpUTM JUIS HampsIMKY «pyX BIIPaBO»: IpPU 3TUHAHHI AATYUKy BUTHHY 1.3
3HaYEHHS HOTo OMopy 3HAXOAUTHCS B poMiKKY 0—-255. Curnan BiJl JaTYMKy BUTHHY
1.3 mnomaerbcst Ha gpiol4 MIKpOKOHTpoOJiepa TMepegaBaya, pO3TAlIOBAaHOTO Ha
pykaBuuii. [Ipy mpoMy OfHOYacHO 3rUHAEThCs AaTuuk BuruHy 1.1. Curnan Bin
natuuky BuruHy 1.1 momaerbcs Ha gpiol2 MIKpOKOHTpoJsiepa IepeaaBaya.
MikpoKOHTpoOJIep MepeaBaya Ha OCHOBI JBOX BXIJTHUX CHUTHAJIB (OpMY€E KO, SIKUN
nepeaeThes Ha MIKPOKOHTPOJIEP ITpUiiMaya 3a I01OMOI0r0 00paHOro KaHally 3B’ SI3KY.
MikpoKOoHTpoJIep puitMada, IEPeTBOPIOE MPUMHATHI KOJT Y KOMaHIu ApaiiBepa 1 as
KepyBaHHA ABUTYHaMH A 1 B ta apaiiBepa 2 aiig kepyBanua AsuryHamu C 1 D. [1ig gac
€KCIIEpUMEHTAJIbHUX JOCIIDKEHb MpPU pyCl BIPaBO KOMAHIMU BIJ JIpailBepiB
IepeIaBaIics Ha MOTOpP-KoJIeca:

— it iBuryHa A int motor1Pinl = 22; int motor1Pin2 = 12; int enable1Pin = 23;

— mist neuryHa B int motor1Pinl = 25; int motor1Pin2 = 33; int enable1Pin = 32;

— st neuryHa C int motor1Pinl = 18; int motor1Pin2 = 19; int enable1Pin = 5;

— st iBuryHa D int motor1Pinl = 26; int motor1 Pin2 = 27; int enable1Pin = 14.

[Tpu nepemimenni AMP BnpaBo gaTuuk BUTHHY 1.2 HE 3ITHYTHH, 3HAYEHHS HOTO
BUXIJTHOTO omnopy 3HaxoauThcsi B Mexax 700-900 1 He BUKIMKAE MEPEMUKAHHS
MIKpOKOHTpOJIEpa MpHiimMaya.

Pyx 6nigo. JIns 3niiicHeHHs pyXy BHepes 3a/lisHi: natyuku Buruay 1.1. ta 1.2 Ha
pyKaBHUIll, MIKPOKOHTPOJIEPH Tepe/iaBaya Ta MpuiiMaya, apaisep | mis KepyBaHHS
asuryHamu A i B ta apaiisep 2 ans kepyBanss nsurynamu C 1 D.

ANTOpUTM AJI1 HaNpsIMKY «pyX BJIIBO»: MpPU 3TWHAHHI JATYUMKy BUTHHY 1.1
3HAYEHHS MOro onopy 3HaXOAUThCA B MPOMDKKY 0—255. Curnan BiJ JaTYMKy BUTHHY
1.1 momaerbcsi Ha gpiol2 MIKpPOKOHTpOJEpa TMepeaaBaya, pO3TAlIOBAHOTO Ha
pykaBuulll. [Ipy 1pOMy OJHOYACHO 3TMHAETHCA JNATYMK BUrMHY 1.2. Curnan Bifg

naTyuky BUrMHy 1.2 momaetbcs Ha gpiol3  MIKpOKOHTpoJsiepa TmepeaaBayva.
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MikpokoHTpoJIep TepeaBaya Ha OCHOBI JBOX BXIJHUX CUTHAIIB (HOpMye KO, KU
nepenaeTbes Ha MIKPOKOHTPOJIEp MpuiiMaya 3a JOIOMOT0l0 00paHOTo KaHaly 3B’ SI3KY.
MikpoxoHTpoJiep npuiiMada, IepeTBOPIOE MPUUHATUH KO y KOMaHAM ApaiBepa 1 ais
KepyBaHHs ABUTYHaMu A 1 B Ta apaiiBepa 2 anig kepyBanus aAsurynamu C 1 D. [1ig gac
eKCIIEPUMEHTAJIbHUX JIOCHIKeHb NpHU pycl BIpaBO KOMaHAM BiJ JApaiBepiB
MepeaaBaIrcs Ha MOTOp-KoJeca:

— st iBuryHa A int motor1Pinl = 22; int motor1Pin2 = 12; int enable1Pin = 23;

— g qeuryHa B int motor1Pinl = 25; int motor1 Pin2 = 33; int enable1Pin = 32;

— mrst niuryHa C int motor1Pinl = 18; int motor1Pin2 = 19; int enable1Pin = 5;

— st ieuryHa D int motor1Pinl = 26; int motor1 Pin2 = 27; int enable1Pin = 14.

[Ipu nepemimienni AMP BnpaBo gaTuuk BUTHHY 1.3 He 31rHYTHI, 3HAYEHHS 0r0
BUXIJTHOTO OmNopy 3HaxoAauThcsi B Mexax 700-900 1 He BUKIMKAE MEpPEeMUKAHHS
MIKpPOKOHTpOJIEpa NpuiimMaya.

[Tix yac ekcriepuMeHTAIBHUX JOCHIKEHB MPOoBOAUI0CH 100 cripod 11s1 KOKHOTO
BHJIy TpaekTopii Mojeini. Pe3ynbratu HOCTIKEHHS CEPeIHbOI MIBHUAKOAIT MOJIETI

AMP HaBezneHo y taom. 1.

Tadoauua 1. Cepeans MBUIKOISI MOJI€NII aBTOHOMHOTO MOO1IBHOTO POOOTY

TpaexTopist [Tporpamue JucraniiiiHe KepyBaHHS 3 BUKOPUCTAHHIM
KEPYBaHHs Kanan 1 Kanan 2 Kanan 3

Jliniiina 3M 4,6 ¢ 43¢ 5,8 ¢ 4,8 ¢

6M 9,1c 8,8 ¢ 10,4 ¢ 9,6 ¢

KyrtoBuii 90° 1,2¢ 1,0c 1,6 c 1,2¢

MaHEBp 180° 1,8 ¢ 1,6 ¢ 20c 1,8 ¢

AHani3 eKCHepUMEHTAIbHUX JaHUX JOBOJUTb, WO PO3pPOOJIECHUNH METOI
JMCTaHIIIITHOTO KepyBaHHs 3a6e3mneuye pyxu AMP 13 3a1aHO10 IBUIKOTIETO.

Po3pobka MeToAy NMCTaHLIMHOTO KEpyBaHHS MOBHONMPHUBIIHOIO MIAT(HOPMOIO
MOOUTEHOTO poboTa (puc. 4) 6a3yeTbcs Ha 3aCTOCYBaHHI MPUCTPOIO KEPYBAHHA Y
BUIISAI pykaBuuku (puc. 5). Ha Tppbox manblsix pyKaBUYKH 3aKPIIUICHO TAaTYUKU
BuruHy. L{i 1aTuvku pearyroTh Ha pyXH pyK 1 )KE€CTH, 3MIHIOIOYHM OIip BiAMOBIIHOI

TUJIKA ~ €JeKTPUYHOIO JIaHIlora. 3a MporpaMor0 3MiHa OIOpY Ha  BXO.i
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MmikpokoHTpoJiepa ESP32 nepenaBaua (pykaBUUKH ) IEPETBOPIOETHCS Y KOJ, SIKUN 32
nornomororo  Wi—Fi abo Bluetooth mnepemaerbcsi m0 MikpokoHTposiepa ESP32
npuiimaya (maci). [lpuiimay po3ramoBanuii Ha atrgopmi AMP 1y BiAIOBIIHOCTI 0
OTPUMAHOT0 KOoAy (opMy€e KOMaHAM HA BUKOHABYI NPUBOJAU. TakuM YUHOM, >KecTaM
MO’KHA TIOCTABUTH Y BIMOBIHICTH, KOMaHIU Ha TIPUBOINA MOTOP-KOJIEC.

Enextpuuna cxema cucteMu kepyBaHHS (puc. 4) MICTUTh CTa011i3aTOpP HAMIPYTH
Ta KOHICHCATOPH JUIsl 3a0€3MeUeHHs KepOBAaHOCTI Ta 3MEHILIEHHs MOXUOOK. J[kepenom
KUBJIEHHS € akymyJisaTop «Kpona 9Vy» (6F22).

[IpencraBiaeHuii MeTol KepyBaHHs J103BOJISIE 3/11IMCHUTH MPOCTE Ta IHTYITHBHE
nuctaHiiibe ynpasiniaas AMP. CrneniansHo po3po6iieHa cucTeMa KepyrUHX KeCTiB
JUTSL peani3alli 4oTupboX HanpsMKiB pyxy AMP. IIpuctpiii kepyBaHHS «pyKaBUUKay»
Jla€ MOXJIMBICTD IIBUKO IMPOBECTH HABUYAHHS ONEPATOPa, 3A1MCHIOBATH JUCTAHIIIIHE
kepyBaHHs AMP 11t po60oTH y HeOe3neuHuX AJis JIF0JMHU yMOBax a0o /171l BAKOHAHHS
COLIIAJIBHUX MPO€EKTIB. P0o3po0neHuii MeTo JUCTAaHUIMHOTO KepyBaHHA 3a0e3nedye
pyxu AMP 13 3a1aHO010 HIBUAKO/I€10, TPOTYKTUBHICTIO Ta TOYHICTIO MO3UITIOHY BAHHSI.

[lepeBaramu 3anpOIIOHOBAHOTO METOAY IUCTAHLIMHOTO KEPYBAHHS € BIJCYTHICTb
3aMi3HEeHHS MiX KECTaMu orepaTopa Ta (OpMyBaHHIM KOMaH]I, HassBHICTh MPOCTOTO
iHTepdeiicy Ta 3a0e3nedyeHHs 3aXucTy 1HdOopMallii, 32 paxyHOK JyOJIFOBaHHS CUTHATY
3a TphOMa KaHaJlaMU 3B s13Ky. Lle JocsraeThest 3a paxyHOK CIieliadibHO PO3pOOIECHOTO
MPUCTPOIO KEPYBAHHS Ta MPOrPaMHOro 3a0€3MeYeHHs.

[Ipu poGoTI B eKkcTpeMaJbHUX YMOBAaX Ha KaHAJIM JUCTAHLIMHOTO KEpyBaHHS
MOXYTh JISATU 3acO0M pajiio-eJIeKTPOHHOI OOpOTHOM, JKEpena MPHPOTHOTO abo
MITYYHOTO €JIEKTPOMArHiTHOTO BHUIIPOMiHIOBaHHS 1 T. 1. Jlus 3a0e3nedeHHs
edeKTUBHOT POOOTH MPEACTABIECHOTO METOAY KEepyBaHHS MepeadadeHo mepenaqy
KOMaHJ 1O TPbOM HE3aJNeKHUM KaHalaM 3B’si3Kky. Bubip poOodoro kanamy
3MIIMCHIOETHCS MIKPOKOHTPOJIEPOM IIaci 3a CHEllaJbHO PO3pPOOJIECHUM aIrOPUTMOM 3
METOIO 3MEHIIICHHS MOXUOOK Ta CIIOTBOPEHHS CUTHAIIIB.

Henomnikom 3amponoHOBaHOTO METOAY € Te, [0 ONTUMAJIbHICTh CHHTE30BaHOI
TPAEKTOPIi pyXy IUIATPOPMHU 3aJEKUTH Bl 0030py poOouoi 30HU. i KepyBaHHS

JisSiMUA po0OTa Y PEKUMI PEATbHOTO Yacy onepaTtopy NoTpiOeH Bi3yanbHUI KOHTPOJIb
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HasIBHUX Mepemko abo KapTa MICIIEBOCTI.

Jiist 3011bIIeHHsST €PEKTUBHOCTI 3alPOMOHOBAHOTO METOIy CHUCTEMY KEpyBaHHS
NOTPIOHO JOMOBHUTH JaTYMKAMHU Ta CHUCTEMOIO TEXHIYHOro 3o0py. Ilpm Takmx
JOOMPAIIOBAHHSAX ONEpaTop OTPUMYy€E IMOBHY iHGOpMaIlilo mpo poldody 30HY,
HAsBHICTh TMEPEIIKOJ] Ta 30BHIIIHI BIUIMBU. JIOTIOBHEHHS CHCTEMH KEpyBaHHS
eIeMEHTaMHU BiJICOCTIOCTEPEIKCHHSI PO3IIUPIOE 0o0macti 3actocyBanHs AMP Ta
0OyMOBJIIOE JOILIbHICTh BUKOPUCTAHHS 3alPOIIOHOBAHOTO METOAY JMCTaHILIMHOTO
KEepyBaHHS sl poOOTIB, SIKi MPAITIOIOTh Y MIKIJIMBUX YM HEOE3MEUHUX IS JIFOIMHA
yMOBax.

Bucnosxku

1. Po3pobieHo MeToJ AMCTaHIIMHOTO KEpyBaHHSI MOOUIBHHUM pOOOTOM 3a
JOTIOMOTOI0 «PYKaBUUKW». 3alIPONIOHOBAHUI METO/1 peajli3ye TPU KaHAJIU YIPABIIIHHS
AMP nns 3a0e3neueHHs 3aXUCTy Bl 30BHIIIHBOTO BIUIMBY, IOXUOOK Ta CIIOTBOPEHHS
KoMaHJ. Bubip poboyoro kaHaily 311MCHIOETHCS MIKPOKOHTPOJIEPOM 3a CIELIaIbHO
po3po0iaeHuM anroputMoM. [Ipu 30BHIIIHIX BIUIMBaX a00 BUSBIEHHI NMEPEHIKOM Y
po00YOMYy IIPOCTOPI ONIEPATOP MUTTEBO peArye Ta NpUiiMae yIpaBIiHChKE PIILICHHS.

2. Pos3pobnena cuctemMa KOMaHA JAUCTaHIiHOrO ympaBiinHa AMP 3a
JOTIOMOT'OI0 «PYKAaBUYKU» € PO3BUTKOM HOBOTO 1HTEP(ENCY Ta TEXHOJOT1i B3aEMO/IIi
MDK JIIOJUHOI0 Ta MOOUIBHMM poOoToM. Lle 103BOJsie BUKOHYBAaTHU CKJIAJIHI
TEXHOJIOT1UHI omeparii Ta 30epertd (QyHKIIOHATBHICT, pOOO0Ta, HE3BAKAIOYM HA
anpiopHy HEBU3HAYEHICTh Ta EKCTPEMaJIbHI YMOBH poOoydoro mpoctopy. DopmyBaHHs
CUTHAJIIB JUIsl TIPUBOMAIB poOOTa MPOBOAUTHCS HA OCHOBI BH3HAUCHHS KYTIB BUTHHY
najbliB orneparopa. Maca 1 rabapuTy MPUCTPOIO HE OOMEXKYIOTh PYXJIUBICTh KHCTI
oriepaTopa, 10 J03BOJUTh 3aMPOBAIUTH 1K METO JyUIs peadiiTallii Ta mOKpaleHHs
SIKOCT1 JKUTTS JIFOJIEH 3 1HBAITITHICTIO.

HenomnikoM 3ampornoHOBaHOT0 METOJY € 3aJI€KHICTh TOYHOCTI MO3UITIOHYBaHHSI,
MaHEBpPEHOCTI Ta BUOOPY ONTHUMAJIBHOI TPAEKTOPIi podoTa Bia anpiopHOi iHopMmarllii
po poOody 30HY. Y MOAANBIINX JOCTIIKEHHIX HEOOX1THO TOMOBHUTH KOHCTPYKITIIO
AMP cucremamu TEXHIYHOTO 30Dy ISl 3a0e3medeH s e(heKTy MPUCYTHOCTI OnepaTopa

B poOouiii 30HI. [ns edextuBHOrO AucranimiitHoro kepyBaHHs AMP HeoOximgHO
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PO3pOOHUTH aNrOpUTM OOy 10BH IMGPOBOT MOJIEII pOOOUOiT 30HH.

Moasiku

[IpencrapiieHi y cTaTTi pe3yJbTaTH OTPUMaH1 aBTOPaMH ITiJ1 4ac JIOCTiHKEHb 3a
temamu 0119U101151 «lIpuknamai MOCHIKEHHS B MEXaHIIl Ta MEXaTPOHII»,
01210108950 «Po3pobka BUMIpIOBaIbHUX MEPETBOPIOBAUIB 3 U(PPOBUM BHXOIOMY,
01220001287 «MaTeMaThu4Hi METOJIX Ta aJrOPUTMH OOpPOOKH JaHUX B CHCTEMax

aBTOMATH30BAHOTO YIIPAaBIIHHS Ta 3aXUCTY 1HPOpMAILii».
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SECTION 3. CHEMICAL TECHNOLOGIES AND ENGINEERING

DOI: 10.46299/1SG.2025.MONO.TECH.3.3.1

3.1 Purification of aqueous media from Rhodamine B dye using a Fenton-like
process

According to the Industry ARC (industry research council) report, the global
production of Rhodamine B dyes during the period of 2022-2027 is estimated at $232.5
million [81]. Rhodamine B is a chemically stable, well-soluble in water xanthene dye
(its solubility is 50 g/L at 25 °C), which is widely used in the chemical, pulp and paper,
paint and textile (for dyeing leather, silk, wool, cotton, etc.) industries. Its long-term
effect on the human body may be accompanied by potential carcinogenic and
mutagenic effects [82]. The chemical stability of the structure of rhodamine B (Fig. 1)

results in its low ability to degradation by biological methods.

H,C

Figure 1. Chemical structure of Rhodamine B [made by the authors]

A feature of the development of modern water purification technologies is the
use of advanced oxidation processes for the removal of harmful organic pollutants from
aqueous media. Advanced oxidation processes belong to innovative and
environmentally friendly methods of water purification from various harmful
substances [83], including dyes. The essence of advanced oxidation processes lies in
the generation of highly reactive intermediates, known as secondary oxidants (most
commonly, reactive oxygen species), as a result of the activation (catalytic or in

physical fields) of primary oxidants (hydrogen peroxide, ozone, persulfates, etc.). The
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most common reactive oxygen species formed during the realization of advanced
oxidation processes are hydroxyl radicals with an oxidation potential of 2.7 eV. It is
these hydroxyl radicals that often play a key role in the degradation of organic
pollutants in aqueous media.

The most well-known advanced oxidation process today is the Fenton process.
For the degradation of Rhodamine B in aqueous media, both the traditional Fenton
process and its various modifications, known as Fenton-like processes, are used.

So, the aim of this work was to review the applications of the Fenton process
and Fenton-like processes for aqueous media purification from the Rhodamine B
xanthene dye, as well as to conduct experimental investigation of the efficiency and
intensity of oxidative degradation of this dye using the developed Fenton-like advanced
oxidation process “ultrasonic cavitation/MgMn,0, (nanoparticles)/Na,COs3-1.5H,0,”.

The Fenton reaction was discovered by H.J.H. Fenton in 1894. He used hydrogen
peroxide activated by Fe** ions (iron(II) salts) to oxidize tartaric acid [84]. Usually, the
mechanism of the Fenton process is described by the following reactions (Eqgs. (1)-(9))

(83, 84]:

Fe*" +H,0, » Fe’" + OH + *OH, (1)
Fe’" +H,0, » Fe’ + HO; + H', 2)
Fe* + *OH — Fe’ + OH’, 3)
Fe*" + HO, — Fe’" + HO;, (4)
Fe'" + HO, — Fe*" +0,+ H', (5)
2'0H—-H,0,, (6)

*OH +H,0, - HO;, + H,0, (7)
2HO, - H,0, +0,, (8)
‘OH+HO; - H,0+0,. 9)

Eq. (1) 1s considered the core of the Fenton process. According to this equation,

hydrogen peroxide decomposes to form hydroxyl radicals (*OH) and oxidizes Fe**
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ions to Fe**. The formed hydroxyl radicals actively attack molecules of organic
pollutants, leading to their mineralization into CO,, H,O, and inorganic salts. The
regeneration of Fe** ions by a cyclic mechanism is called a Fenton-like reaction (Eq.

2). In this case, Fe*" ions are reduced to Fe?" ions in an excess of hydrogen peroxide.

This is accompanied by the formation of hydroperoxyl radicals ( HO ), which are less

reactive compared to hydroxyl radicals. Iron (in the form of Fe*" and Fe*" ions) acts as
a catalyst for the decomposition of hydrogen peroxide.

Egs. (2)-(5) are limiting, that is, they determine the overall rate of the Fenton
process. Egs. (6)-(9) correspond to termination reactions.

Both the traditional Fenton process [85-87] and its various modifications, known
as Fenton-like processes [88-105], are used for the degradation of Rhodamine B in
aqueous media.

Ollo et al. [85] reported that using the Fenton process for oxidative degradation
of Rhodamine B (with a concentration of 5 mg/L in an aqueous medium) for 30 min
led to achieving a degree of dye degradation of 99.4%. The experimental conditions
were as follows: reaction temperature — 25 °C; pH = 2; initial concentration of Fe?"
ions — 8.4x10™* mg/L; initial concentration of H,O, — 3x10 M. It was found that the

rate of Rhodamine B degradation decreased with an increase in the concentration of

inorganic anions in the following order: CI' <NO; < SOi’ < POE{.

Ghribi and Bagane [86] also reported about the high efficiency of Rhodamine B
degradation in an acidic medium using the homogeneous Fenton process. Thus, at the
reaction temperature of 25 °C, pH = 3, Co(Fe**) = 1.04 mM, Cy(H,0,) = 12.1 mM,
during 120 min of purification, it was possible to achieve a degree of Rhodamine B
decolorization of 97.6% (the initial dye concentration in the reaction medium was
30 mg/L).

In the case of applying the homogeneous Fenton reaction for the simultaneous
degradation of Rhodamine B (initial concentration — 3.6 mg/L) and Acid Red 14 (initial
concentration — 25 mg/L) binary solution for 30 min, the degradation degrees of

Rhodamine B and Acid Red 14 of 81.6% and 80.2% were achieved, respectively [87].
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The conditions of the experimental studies were as follows: temperature of the reaction
medium — 25 °C; pH = 3.7; initial concentration of Fe*" ions — 143.9 mg/L; initial
concentration of H,O, — 126.9 mg/L.

Gayathri et al. reported that solar Fenton and solar photocatalytic Fenton
processes are effective for the complete removal of dye pollutants, and the presence of
ZnO as the catalyst enhanced the Fenton-assisted mineralization of Rhodamine B under
solar irradiation [88]. The mechanism of the solar photocatalytic Fenton process is

shown in Fig. 2.

H'+0, o 20 Fe? H,0,
N
HO," & s Fe?s *OH+ HO
vo’// \ Organic compound s CO, + H,0

Figure 2. The proposed mechanism of the solar photocatalytic Fenton process [88]

under the terms of the Creative Commons CC BY license.

A perspective technique for the mineralization of organic pollutants is the Fe-
based Fenton process [89, 90]. Compared to the traditional Fenton process based on
Fe?* and H,0,, the Fe’’H,0O, process has advantages such as low corrosion of Fe’
powder, low hydrogen peroxide consumption, and a wide operating range of pH values.
Hou et al. [89] reported that complete decolorization of an aqueous solution of

Rhodamine B (initial dye concentration — 0.1 mM) and a 69% reduction in total organic
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carbon (TOC) were achieved using the Fe’/H,O, process for 30 min. The experimental
conditions were as follows: temperature of the reaction medium — 25 °C; pH = 4.0;
initial content of Fe® powder — 1.0 g/L; initial H,O, concentration — 2.0 mM. During
purification, the total concentration of iron cations did not exceed 0.3 mg/L. Liang et
al. [90] proposed two competitive pathways (Fig. 3) to degrade Rhodamine B using the
Fe%/H,0, process: one is an N-de-ethylation process, and the other is cleavage of the

chromophore.
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Figure 3. Degradation pathway of Rhodamine B by Fenton-like system [90]

under the terms of the Creative Commons CC BY license.

In Fenton-like processes, the following are used as catalysts for hydrogen
peroxide decomposition: Co-N co-doped carbon nanotubes [91], zeolite-supported Co
and Cu oxides (Co/Cu/zeolite) [92], Zn-Cr layered double hydroxide catalysts [93],
natural minerals (iron-bearing attapulgite granular catalyst [94], thermally activated
natural chalcopyrite [95]), Fe-based metal-organic frameworks (for example, MIL-
88B-Fe as Fe;O [CcH4(CO»):]3X-nH,0, where X = CI' or OH"), photocatalytically
active materials (Fe-Mo-O doping g-CsNy4 exfoliated composite [97], iron molybdate
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Fex(MoOy4); nanopowders [98], iron(II) doped copper ferrite Cu&)Feg_x)FegﬂO4
nanoparticles [99], quasicrystals AlgsCuyoFe;s [100]).

Based on studies of the influence of anions (CH,COO’, SOZ', Cr, CO?, and
HCO)) in the reaction medium on the oxidative capacity of the heterogeneous Fenton

process, Zhang et al. found that HCO; (Fig. 4) had the best promotion effect, which

could degrade Rhodamine B, achieving a 7 times increase in the degradation efficiency
of Rhodamine B compared with the traditional heterogeneous Fenton system (from

13.7% to 95.3%) [92].
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Figure 4. The proposed reaction mechanisms of bicarbonate ions enhanced
Co/Cu/zeolite catalyzed heterogeneous Fenton process [92] under the terms of the

Creative Commons CC BY license

The rate constant for the oxidative degradation of Rhodamine B using the HCO;

enhanced Co/Cu/zeolite/H,O, process (3.181 h'') was approximately 20 times higher
than that of the Co/Cu/zeolite/H,O; process (0.158 h!). The radical quenching and EPR

experiment results (Fig. 4) indicated that singlet oxygen ('0,) was the main oxidative

species, followed by superoxide anion radicals (O}") and hydroxyl radicals (*OH).
The catalyst based on Zn-Cr layered double hydroxide [93] demonstrated good

activity during the decomposition of hydrogen peroxide to generate hydroxyl radicals,
which participated in the oxidation of Rhodamine B. Over a period of 90 min a degree

of Rhodamine B decolorization of 99.8% was achieved under the following conditions:
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an initial Rhodamine B concentration in its aqueous solution of 20 mg/L, a volume of
the solution of 100 mL, a molar ratio of Zn:Cr = 2:1 in the layered double hydroxide,
a catalyst content in the reaction medium of 3.0 g/L, an H,O, concentration of 9 g/L,
and a pH=6.5.

Yang et al. [95] used thermally activated natural chalcopyrite (CuFeS,) for the
Fenton-like degradation of Rhodamine B. It was found that the use of the thermally
activated chalcopyrite/H,O; system for 50 min under optimal conditions (the reaction
temperature — 25 °C; the initial pH 5.1; the initial concentration of Rhodamine B in the
aqueous solution — 10 mg/L; the catalyst dosage — 0.75 g/L; the initial H,0,
concentration — 43.0 mM) resulted in a degree of Rhodamine B degradation of 96.7%.
The calculated activation energy value of the Rhodamine B degradation was 9 kJ/mol.
The dominant reactive oxygen species in the thermally activated chalcopyrite/H,O,

system were hydroxyl radicals (Fig. 5).
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Figure 5. The proposed mechanism of Rhodamine B degradation in thermally
activated chalcopyrite/H,O; system [95] under the terms of the Creative Commons

CC BY license

For the photo-Fenton-like degradation of Rhodamine B under visible light
irradiation, Fe-Mo-O doping g-CsN4 exfoliated composite [97], iron molybdate

Fe;(MoO4); nanopowders [98], and iron(Il) doped copper ferrite Cu,, Fe Fe, O,

nanoparticles [99] were used, and under UV irradiation — AlegsCuyoFe s quasicrystals

[100] were used.
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As a result of applying a new photocatalytic process (UV/quasicrystals
AlgsCuyoFes/Na,CO;5-1.5H,0,), in which sodium percarbonate (Na,COj;-1.5H,0;;
SPC) was an alternative source of H>O,, a 95% degree of Rhodamine B degradation
(the initial dye concentration in the aqueous solution — 5 mg/L) was possible to achieve
over 60 min of purification [100]. At the same time, the rate constant of Rhodamine B
degradation was 0.048 s'. The experimental conditions were as follows: the UV
irradiation power — 36 W; the UV irradiation wavelength — 365 nm; the initial SPC
concentration in the reaction medium — 33.3 g/L; the quasicrystal concentration — 8.3
g/L.

Wang et al. [101] proposed a new system (Ce(IV)/H,O,/hydroxylamine) to

accelerate the formation of aminoxyl radical (NH,0") by the addition of cerium Ce(IV)

to induce the continuous production of hydroxyl radicals (Fig. 6) through reaction with

hydrogen peroxide.
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Figure 6. The proposed mechanism of organic contaminant degradation in
Ce(I1V)/H,0,/hydroxylamine system [101] under the terms of the Creative Commons
CC BY license

The usage of such a triple system for 12 h to mineralize Rhodamine B made it
possible to reduce the total organic carbon content (which is used to assess the degree
of mineralization) by 85.6%. The experimental conditions were as follows: the initial

concentration of Rhodamine B in its aqueous solution — 10 mg/L; the volume of
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solution — 100 mL; the pH of the initial solution — 4.0; [H,O:]o — 2 mM,;
[hydroxylamine]o — 2 mM; [Ce**]o — 0.1 mM.

The efficiency and intensity of Fenton-like processes can be significantly
increased by inducing cavitation (acoustic or hydrodynamic) in aqueous media [102-
105]. Combinations of ultrasound or cavitation impinging stream (CIS) with the Fenton
process provide enhanced generation of hydroxyl radicals, resulting in increased
degradation rates of organic pollutants.

For the degradation of Rhodamine B, we developed a Fenton-like advanced
oxidation process “ultrasonic cavitation/MgMn,O4(nanoparticles)/Na,COs-1.5H,0,”.
This process involves the combined activation (in an ultrasonic field and with spinel
nanoparticles) of the oxidizing agent (sodium percarbonate), which was as the “source
of solid hydrogen peroxide”. Spinel nanoparticles of MgMn,O4 were synthesized using
the co-precipitation method in an ultrasonic field (the specific power of ultrasonic
treatment of the reaction medium — 200 W/L; frequency of ultrasonic oscillations — 20
kHz). The precursors were magnesium nitrate hexahydrate and manganese(II) nitrate
hexahydrate in a molar ratio of 1:2, and the precipitating agent was a water solution of
sodium hydroxide with a molar concentration of 2 M. As a result of the synthesis, a
suspension containing dispersed particles of light brown color was obtained. The
removal of impurities was carried out by sequentially washing the synthesized product
three times with deionized water and ethanol, respectively. Solid particles were
separated from the liquid phase by centrifugation (frequency — 5000 rpm). The solid
phase was dried at a temperature of 60 °C for 12 h, and then calcined in an air
atmosphere at a temperature of 200 °C for 5 h. X-ray phase studies of the synthesis
product was performed using an XRD diffractometer AERIS Research with CuKa-
radiation. The average crystallite size was calculated using the Debye-Scherrer
equation. The shape of MgMn,0, spinel particles and their size assessment were
determined based on the results of scanning electron microscopy.

During the experimental studies of the oxidative degradation of Rhodamine B
(CysH31CIN,O3) xanthene dye in an ultrasonic field, the temperature of the reaction

medium in the glass reactor maintained at a constant value of 25 °C. The initial
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concentration of Rhodamine B in the solution obtained by mixing two aqueous
solutions (Rhodamine B and sodium percarbonate) was equal to 100 mg/L (209 uM).
The concentration of the aqueous solution of the primary oxidant (Na,COs-1.5H,0,)
was varied from 1 to 5 mM, and the constant pH value of the reaction medium (which
was equal to 3) was adjusted by adding an aqueous solution of HCI. The catalytic
decomposition of Na,COs3-1.5H,0; was initiated by introducing nanoscale MgMn,04
spinel particles into the reaction medium (catalyst content — 1.0 g/L). Acoustic
vibrations in the ultrasonic range with a frequency of 22 kHz were generated by a
magnetostrictive emitter “Ultrasonic Disintegrator UD-20".

The peaks on the diffractogram (Fig. 7) of the synthesized product matched well
with the standard model of MgMn,0O, spinel (JCPDS No. 01-072-1336) with a
tetragonal structure [106]. Using the Debye-Scherrer equation, the average crystallite

size of MgMn,O4 was calculated to be equal to 24 nm based on the diffraction
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Figure 7. XRD pattern of MgMn,Oj4 spinel particles synthesized

by co-precipitation in an ultrasonic field [made by the authors]
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The formation of agglomerates from nanosized (size — 20...50 nm) quasi-
spherical particles of MgMn,0O4 spinel was confirmed by scanning electron microscopy
(Fig. 8). The phenomenon of agglomeration was caused by the paramagnetic properties

of the spinel particles.
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Figure 8. SEM image of MgMn,Oj spinel particles [made by the authors]

It was found that as a result of using the developed Fenton-like advanced
oxidation process “ultrasonic cavitation/MgMn,O4(nanoparticles)/Na,COs-1.5H,0,”
for the degradation of Rhodamine B for 3600 s, the change in dye concentration in the
reaction medium depended on the initial dose of oxidant (Na,COs-1.5H,0,). Thus, at
the initial dose of Na,CO;-1.5H,0; in the reaction medium of 1 mM, the concentration
of Rhodamine B decreased from 209 to 38 uM for 3600 s, 3 mM — from 209 to 18 uM,
5 mM — from 209 to 4 uM (Fig. 9). Accordingly, the degree of oxidative degradation
of Rhodamine B at the initial dose of Na,COs-1.5H,0; in the reaction medium of 1
mM was 81.9%, 3 mM — 91.5%, 5 mM — 98.0%. The rate constant of oxidative
degradation of Rhodamine B increased by 3 times with the increase in the initial dose
of Na,CO;°1.5H,0; in the reaction medium from 1 to 5 mM, rising from 1.35x107 to
4.13x103 s,
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Figure 9. Influence of the initial dose of sodium percarbonate (in mM) in the reaction
medium on the kinetics of oxidative degradation of Rhodamine B
(conditions: V =200 mL; Cy(C,sH31CIN,O3) =209 uM; catalyst content
(MgMn,0y spinel nanoparticles) — 1.0 g/L; pH = 3; T =298 K;

specific power of ultrasonic treatment — 51 W/L) [made by the authors]
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SECTION 4. CHEMISTRY

DOI: 10.46299/1SG.2025.MONO.TECH.3 4.1

4.1 The feasibility of holding chemistry tournaments for high school students

The conditions of modern scientific and technological progress and increased
competition in the global labor market are placing new demands on the education
system in Ukraine. One of the priority tasks is the timely identification, development,
and support of gifted children, as they will form the basis of Ukraine's scientific
potential in the coming decades. Holding various extracurricular events involving
schoolchildren, such as academic competitions, intellectual contests, and
,HACKATONS”, are promising and effective mechanisms for achieving this goal.
Today, chemistry competitions are of considerable importance in Ukraine, especially
for students in grades 10—11, as this age is critical for professional determination and
the formation of scientific interests. Therefore, holding intellectual competitions and
,HACKATHONS” can have an additional positive impact on the desire of future
applicants to choose chemistry-related professions.

The purpose of this document is to justify the need for the systematic holding of
chemistry Olympiads, intellectual chemistry competitions, and ,,HACKATHONS”
among high school students, to predict and describe educational, upbringing, and socio-
political factors, to identify problems that hinder the development of the Olympiad
movement and the possibility of holding intellectual competitions and
"HACKATHONS," and to offer practical recommendations for improving the
organization and accessibility of such competitions. Therefore, the following factors
can be identified that have a certain impact on the possibility of holding such events
[107]:

1. Historical and international aspects of chemistry Olympiads.

2. Structure and formats of chemistry competitions for Ukrainian
schoolchildren.

3. Educational benefits of holding chemistry competitions.
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4. Development of research skills of Ukrainian schoolchildren through
experimentation.

5. The motivational and psychological impact of scientific chemistry
competitions on schoolchildren in Ukraine.

6. Career guidance and social mobility of Ukrainian schoolchildren in their
final years of school.

7. The role of subject teachers (chemists) and the main methods of preparing
for student competitions.

8. Main existing problems of the modern chemistry competition movement in
Ukraine.

9. The influence of digital technologies as a tool for expanding access to
participation in student competitions.

10. Socio-economic benefits for the state in supporting student chemistry
competitions.

11. The impact of such measures on the socialization of school youth and their
awareness of their role in the future of Ukraine.

The history of physical competitions between people has its roots in ancient
times. However, the history of international subject Olympiads began only in the mid-
20th century, and the first International Chemistry Olympiad (IChO) was held in 1968
in Prague [108]. Since then, it has become one of the most prestigious school science
events, attended by students who see chemistry not only as their favorite subject, but
also as a fascinating tool for learning about the world, an opportunity for creative
thinking, and a significant first step toward choosing a future career in science or
engineering, which are closely related to chemistry.

Participation in various scientific chemistry tournaments allows students to
familiarize themselves with the international scientific environment, compare their
level of preparation with their peers in Ukraine and other countries, and gain experience

working on complex theoretical, practical, and experimental chemistry tasks [107-

116].
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An analysis of the existing Olympiad and tournament movement in chemistry
around the world shows that countries that systematically invest in their development
achieve stable results in training highly qualified chemists.

If we consider the structure and format of various chemistry competitions for
schoolchildren, it is worth noting that Olympiads usually take place at the school,
district (city), regional, national, and international levels. They mainly include
theoretical and practical (laboratory) rounds. Theoretical tasks usually involve solving
complex problems in inorganic, organic, and physical chemistry, as well as problems
in thermodynamics, chemical kinetics, chemical equilibrium, etc. The practical round
involves laboratory experiments, analytical measurements, etc., and always takes place
in the relevant chemical laboratories of higher education institutions [107-116].

Given the realities of today, the format of chemistry competitions can be in the
form of traditional tests, written problems with detailed answers, as well as using
modern digital formats — online tests, simulations of laboratory experiments. The
latter partially compensate for the lack of equipment in schools, but they cannot
completely replace practical work with real substances.

The main educational value of chemistry competitions lies in creating and
arguing for certain educational benefits, which consist in promoting in-depth study of
the subject of chemistry. Chemistry competitions encourage students to go beyond the
school curriculum and introduce them to scientific methodology: posing scientific
chemistry problems, constructing relevant hypotheses, conducting chemical
experiments, analyzing research results, and formulating scientific conclusions [107-
116].

In addition to chemical knowledge, participation in the preparation for chemistry
competitions develops certain key competencies in schoolchildren: critical thinking,
mathematical literacy, information literacy, and the ability to conduct scientific
chemical dialogue. Such important skills will contribute not only to the further
successful education of Ukrainian youth in higher educational institutions of Ukraine,

but also to their professional choices [115].
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Chemistry competitions also contribute to the development of research skills in
schoolchildren through experimentation. It is the experimental component of chemistry
that makes chemistry competitions unique, as students have the opportunity to practice
various methods of chemical analysis. The skills that schoolchildren acquire in
conducting and interpreting experiments are an integral part of chemical scientific
culture. Participation in laboratory rounds develops laboratory ethics in students, the
ability to work competently with instruments, and adherence to safety procedures.
Therefore, the practice of laboratory research contributes to the development of interest
in chemistry among schoolchildren and the choice of professions related to chemistry
[108-111].

It should be noted that participation in chemistry competitions motivates
students to work purposefully. Achievements in the form of diplomas, awards, and
opportunities to participate in specialized scientific schools and training courses
increase students' self-esteem and develop their internal motivation to study chemistry.
The process of competition in a healthy format, which is supported by the organizers
of chemistry competitions, develops stress resistance, self-control, and time
management skills in students. Therefore, for students who have not won high awards
in chemistry competitions, support and feedback from mentors and organizers are
important.

Holding various chemistry events and the participation of students in them has a
significant impact on their choice of future profession. Students who have had a
positive experience in scientific chemistry activities are more likely to choose natural
science specialties in higher education institutions. This contributes to the growth of
the contingent of young specialists in various chemical and technological fields in
Ukraine.

Chemistry competitions in Ukraine also promote the social mobility of today's
youth: talented children from low-income or remote regions, having received support
and scholarships, have the opportunity to obtain higher education and pursue scientific

careers [107-116].
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The key factor in successfully preparing schoolchildren for chemistry
competitions and winning them is the chemistry teacher. Effective methods of
preparing students include extracurricular activities, individual consultations,
participation in science clubs, and cooperation with universities. Teachers impart not
only knowledge to students, but also skills in conducting scientific research, modeling,
testing hypotheses, etc.

Given the rapid development of technology, teaching methods should be
constantly diversified: problem-based lessons, case studies, laboratory research, and
the integration of information technology (chemical reaction simulators, databases,
remote lectures by specialists) should be used. This will ensure the development of a
wider range of skills in students while studying chemistry [114].

It is also worth noting certain problems in the modern chemistry competition
movement that are relevant to chemistry teachers. These include unequal opportunities
in preparing students from different regions for chemistry competitions, lack of
funding, insufficient laboratory facilities in rural and small schools, and the absence of
a regular mentoring system [107-116]. In addition, there is a certain risk of excessive
specialization in the current environment, as some students prepare only for chemistry
competitions, which may cause them to fall behind in other subjects.

Another problem is of a moral and ethical nature, namely that competition
between students sometimes exceeds acceptable limits, with the emergence of practices
such as the "commercialization" of preparation (paid courses, tutoring) for chemistry
competitions, which limits access for the most talented but financially vulnerable
students.

To successfully motivate high school students to study chemistry, the
development of online platforms with educational materials, video lectures, interactive
laboratories, and test banks can significantly expand access to quality training.
Webinars from leading teachers, distance training, and online competitions make it
possible to attract students from remote regions. It should be noted that digital
resources should complement the educational process, not replace practical or

laboratory work. Therefore, the ideal format for chemistry lessons is a hybrid one,
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where theoretical training in an online environment is combined with face-to-face
practical training [109-116].

Current problems in Ukrainian education can significantly affect the
development of chemistry competitions among schoolchildren. Therefore, investing in
this area is an investment in the development of future human capital in Ukraine.
Supporting gifted young people has long-term prospects and returns: growth in
innovative activity, development of applied research, and increased competitiveness of
Ukraine's national economy. Continuous encouragement of participation in various
chemistry competitions for students from different regions of Ukraine, the creation of
grant programs and scholarships for winners are modern and effective tools for
implementing our country's state policy in the field of education and science.

Given the existing problems in the desire of high school students to study
chemistry-related subjects, certain practical recommendations can be offered to expand
and 1improve student interest through intellectual tournament games and
"HACKATHONS" [107-116]:

v develop a permanent state-level program to support gifted students,
including funding for practical tours, the purchase of laboratory equipment for schools,
and decent scholarships;

v create a single centralized online platform with open materials: video
lectures, databases of past years' tasks, interactive simulators;

v' develop a network of regional science schools and training centers that
can provide face-to-face laboratory courses for talented students from neighboring
schools;

v' introduce mentoring programs: cooperation between schools and
universities and scientific institutions (joint projects, supervision by scientists);

v' ensure a transparent selection system for national teams, minimizing
corruption risks and increasing trust;

v' create mechanisms to reimburse expenses for students from low-income

families (travel, accommodation, reagents).
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v’ promote chemistry through the mass media, science festivals,
demonstration experiment competitions, and social networks.

With some experience in organizing chemistry-related intellectual competitions,
the authors have discussed the following plan of recommendations to encourage
students to participate in them:

- propose that chemistry teachers assess the basic level of senior students and
jointly develop an individual program for each student for further participation in
chemistry training;

- combining regular optional chemistry classes (at least twice a week) both at
school and in the laboratories of higher education institutions with work on basic
chemistry problems and laboratory research;

- conducting intensive courses on theoretical sections of chemistry:
thermodynamics, chemical kinetics and equilibrium, etc.

- conducting practical training sessions for schoolchildren by a chemistry teacher
to prepare them for school, city, regional, and national chemistry tournaments,
intellectual chemistry competitions, and ,,HACKATHONS”.

- participation in regional chemistry tournaments.

- participation of senior school students in specialized summer science schools
in chemistry, which can be organized both at the school and at a higher education
institution.

In order to interest students in long-term and frequent participation in organized
school tournaments, it is important for organizers to ensure the quality and fairness of
their assessment. The proposed criteria should be clear and understandable, first and
foremost, to the participants: the correctness of the calculations of the tasks, the logical
presentation of ideas, the correctness of the experimental results and their
interpretation, etc. The authors recommend creating appropriate open criteria scales for
all rounds so that participants clearly understand them and can systematically prepare
for subsequent tasks.

The organizers should also take into account the ethical principles of holding

various tournaments, with regard to inclusion: equal access for all interested students
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studying chemistry to participate in competitions, tournaments, etc.; prohibition of
corrupt practices; and correct feedback to participants. Organizers should pay special
attention to students with special needs: creating conditions for the participation of
students with special educational needs, providing adapted tasks, and mandatory
technical support.

Today, many regions in Ukraine demonstrate positive practices in conducting
school tournaments, Olympiads, and other competitions with a focus on chemistry:
centralized training centers with basic laboratory infrastructure, internship programs
for teachers, and active cooperation with universities. In Ukraine, examples of
educational institutions that systematically prepare Olympiad participants confirm the
effectiveness of combining face-to-face training and distance learning resources. It is
worth noting the successful practice of holding a "HACKATHON" at the National
University "Lviv Polytechnic."[116] The intellectual competition was organized by the
director of the ICCT, Volodymyr Skorokhoda, the head of the ICCT Department of
Organic Chemistry, Volodymyr Donchak, and the head of the ICCT Department of
Physical, Analytical and General Chemistry, Pavlo Shapoval. The coordinators of the
competition were ICCT lecturers Roksoliana Bukliv, associate professor of the
Department of Chemistry and Technology of Inorganic Substances, and Olha
Budishevska, professor of the Department of Organic Chemistry, associate professors
of the Department of Physical, Analytical and General Chemistry Lilianna Oliynyk and
Zoryana Komarenska, did their utmost during the event to encourage students to study
chemistry and demonstrate their quick wits and intellect.

Student volunteers Vladyslava Novosad and Vladyslava Zhuk provided great
assistance in preparing and organizing the competition, while Oleksandra Bondar and
Olga Burets also took part in conducting the competition. Together with the teachers
of Lviv Polytechnic National University, the leaders of the Lviv Regional Small
Academy of Sciences for Schoolchildren, Svitlana Kernichna and Maria Ostapiuk,
worked on compiling the competition tasks.

The following competitions were offered to tournament participants:

1. Rules for working in a chemical laboratory (1 point each, 12 points, 5 minutes).
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2. Laboratory equipment (1 point each, 12 points, 5 minutes).
3. Chemical erudition (1 point each, 10 points, 10 minutes).
4. Chemistry crossword puzzle (1 point each, 9 points, 5 minutes).
5. Chemical rebuses (2 points each, 12 points, 10 min).
6. Pictures of substances (1 point each, 12 points, 5 minutes).

In the first contest, the participants of the "HACKATHON" had to answer
YES/NO to the following questions:

v" When preparing an acid solution, water should be added to the acid in
small portions.

Answer: NO.

v' After conducting experiments, the remaining reagents should be poured
down the sink.

Answer: NO.

v" You should not eat while conducting experiments.

Answer: YES.

v" Do not stir solutions with your finger.

Answer: YES.

v" When heating, do not point the opening of the test tube at yourself; point
it at your neighbor.

Answer: NO.

v" Dry substances are collected with a spatula, and wet substances are
scooped up with a beaker.

Answer: NO.

v" When stirring a solution, do not cover the opening of the flask with your
finger.

Answer: YES.

v" Do not look at the substances in the test tube opening during heating.

Answer: YES.
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v' When heating substances in a test tube, only the area where the substance
is located should be heated.
Answer: NO.
v' Do not work with volatile substances near open flames.
Answer: YES.
v" To determine the smell of a substance, bring the container with the
substance close to your nose and inhale deeply.
Answer: NO.
v' After conducting experiments, wash your hands.
Answer: YES.
The second contest involved correctly identifying the names of laboratory
equipment:
v' Test tubes.
Measuring cylinder.
Conical flask.
Mortar and pestle.
Test tube holder.
Tripod foot.
Tripod.
Round-bottom flask.
Gas burner.

Burette.

DN N N N Y N N N N

Measuring cup.

<

Alcohol lamp.
In the "Chemical erudition" competition, teams of schoolchildren had to give
the correct answers to the following questions:
v' What is the name of the spontaneous process of metal oxidation in air?
Answer: corrosion.
v' What is the smallest particle of a substance that carries the properties of

that substance?
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Answer: molecule.

v" What is "black gold"?

Answer: petroleum.

v" What substance is called "dry ice"?

Answer: carbon(IV) oxide.

v" What color does litmus indicator turn in an acidic environment?

Answer: red.

v' What is the formula of the main substance in chalk?

Answer: CaCOs.

v' What is the name of the layer in the atmosphere that plays a significant
role in preserving life on planet Earth?

Answer: ozone layer.

v What acid is used as a flavoring agent for preserving and pickling
vegetables?

Answer: acetate (acetic, ethanoic) acid.

v" What acid is found in gastric juice?

Answer: hydrochloric acid.

v" What substance did Leonardo da Vinci call the "juice of life"?

Answer: water.

In the "Chemical Crossword puzzle" task, students had to fill in the horizontal
rows with the names of nine elements, whose symbols are depicted in circles around
the crossword (one letter per cell). Then, they had to write their names horizontally in
the " " so that the surname of the scientist who created the symbols for the chemical
elements could be read vertically in the cells highlighted in red.

The "Chemical rebuses" contest involved guessing the chemical name from a
picture. To do this, in the cells under each rebus, it was necessary to guess and write
the name of a chemical element or simple substance: write the names of objects and
animals in a row, a comma above the image meant to cross out one letter.

The "Pictures of substances" task included 12 slides with corresponding images

and questions, which are listed below:
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v' This metal is in a liquid state at room temperature.

Answer: mercury.

v A product made from this bloodiest metal in history could have cost
Archimedes his head.

Answer: gold.

v' The only substance that has a purely salty taste.

Answer: sodium chloride.

v" This gas is responsible for the smell of rotten eggs.

Answer: hydrogen sulfide.

v" Dihydrogen monoxide is the official name of this substance. According to
a popular saying, you can drown in a spoonful of this substance.

Answer: water.

v' The absence of this simple substance would lead to the destruction of life
on Earth from ultraviolet rays.

Answer: ozone.

v" The name of this gas translates as "sunny".

Answer: helium.

v" In ancient times, this metal was called "heavenly copper." Until people
learned how to extract it, they had to wait for it to fall from the sky.

Answer: iron.

v" One drop of this substance kills a horse.

Answer: nicotine.

v This metal shortened the lives of the inhabitants of Ancient Rome.

Answer: Pb.

v' This substance does not burn, but it can be extinguished with acid.

Answer: baking soda.

v" Insects use this substance to kill their victims.

Answer: formic acid.

The competition took place in a creative and friendly atmosphere. The teams of

students actively discussed the answers to the competition questions.
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At the end of the intellectual competition, the participating teams were awarded
diplomas in various categories and souvenirs.

Considering the above, it should be noted that holding chemistry tournaments,
in particular intellectual competitions and "HACKATHONS" for students in grades
10-11, is a very significant contribution to the development of education in Ukraine,
which will contribute to improving the quality of chemical knowledge and the
development of scientific chemical thinking, and thus to the formation of human
resources and the enhancement of Ukraine's international prestige. To achieve the
greatest effect, it is advisable to systematically support the chemical tournament
movement in various formats and invest in the chemical laboratory infrastructure of
educational institutions, develop existing online resources, and create real support
programs for talented chemistry students and their mentors. According to the authors,
the implementation of the proposed recommendations will ensure the accessibility and
quality of preparation for chemistry competitions, promote the wider involvement of
students from different regions and social groups in such events, and strengthen the
role of chemistry as a key element of science education in the future development of

Ukraine.
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SECTION 5. COMPUTER ENGINEERING

DOI: 10.46299/1SG.2025.MONO.TECH.3.5.1

5.1 Meroan CTBOpeHHSI BIIMOBOCTIMKOCTI Ta [JOCTYNHOCTI cepBepiB
JileH3YBaHHS

5.1.1 Cy4acHi cucreMu JIilEH3YBAaHHSI 3 BHMKOPHCTAHHAM aNapaTHUX

3ac00iB 3aXHCTy

VY cyuacHOMy CBITI porpaMHe 3a0€3MEeUEHHs CTajI0 OJTHUM 13 HAaWBaXKJIMBIIIUX
pecypciB, 1O BHU3HAYAIOTH PO3BUTOK TEXHOJOTIH, Gi3HECY, HAyKH Ta OCBiTH. Moro
CTBOPEHHsI MOTPeOy€e 3HAYHUX 1HTEJIEKTYaJIbHUX 1 (PIHAHCOBUX BUTPAT, TOMY 3aXUCT
pe3yibTaTIB MPOTPAMHOI JIISNIBHOCTI € OJIHUM 13 KIIFOUOBUX 3aBjaHb PO3POOHUKIB 1
KOMITaHiM, skl moctavyaroTh [I3 Ha puHOK. Y 1bOMY KOHTEKCTI JIIIEH3yBaHHS
IpOrpaMHOTO 3a0€3MEUYEeHHS BHCTYyNA€ HE JHIIe OPUANYHUM 1HCTPYMEHTOM
pPEryJIIOBaHHS BIAHOCHH MIX pO3pOOHUKOM 1 KOPHCTyBaueM, a W TEXHIYHUM
MeXaHi3MOM, 110 3a0e3meuy€e KOHTPOJIb 33 BUKOPUCTAHHSIM MPOTPAMHOTO TIPOAYKTY.

[ToHSTTS «JTiTIeH315» B KOHTEKCTI TPOrpaMHOTo 3a0e3MeYeHHs 0O3HavYa€ HaJaHHs
KOPUCTYBA4€B1 IEBHUX MIPAB Ha BCTAHOBJICHHS, BUKOPUCTAHHS 200 PO3MOBCIOIKEHHS
MIpOrpamu 3riIHO 3 YMOBaMHU pO3pOOHHMKA UM BJIACHUKA aBTOPCHKUX MpaB. Jlinen3iiina
yroja BU3HA4Ya€ KUIbKICTH JO3BOJICHMX I1HCTAJSIIN, TUI AOCTymNy (TMEepCOHATbHUM,
KOPIOPAaTUBHMM, MEPEXKEBUI), TEPMIH Jlii, @ TAKOXK (PYHKIIOHATBHI MOMXJIUBOCTI, 110
3ajieXxaTh BIJ PIBHSA NIAOUCKH abo KymieHoi penakiii. Came dyepe3 MexaHi3MU
JIEH3YBaHHS BUPOOHUK Ma€ 3MOTY KOHTpOJIIOBaTH o00Ocsar BukopucTtaHHs [13,
3aXMINATH CBIMA MPOJIYKT BiJ HECAHKI[IOHOBAHOTO KOIIIOBaHHS, a TAKOX OTPUMYBATH
JI0X111, HEOOX1THH JIJIs1 TO1abIoro po3BuTky|[117].

3HadeHHs JIIIEH3YBaHHA OCOOJMBO 3pOCTaE€ y raiy3siX, Je NporpamHe
3a0€3IMEeUCHHS € HE MPOCTO THCTPYMEHTOM, a KPUTUYHOI CKJIAJOBOK BHUPOOHUYUX
nporieciB. Ile cucremn aromarmzoBaHoro mpoektyBanHs (CAD/CAM/CAE),
1HKEHEPH1 KOMILJIEKCH, Te0oiH(pOopMalliifHi cucTeMHu, (P1IHAaHCOBI 3aCTOCYHKH, MEIUYHE

ta HaykoBe [13. Taki mpoayKTH, K MpaBUIO, MalOTh BUCOKY BAapTICTh 1 MOTPEOYIOTH
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CIIELIJIbHOTO KOHTPOJIIO 3a JOCTYNOM 10 (pyHKIIOHaNy. BiacyTHICTH HaJIeKHOTO
3aXUCTY MPU3BOJIUTH /10 3HAYHUX €KOHOMIUYHUX BTpAT PO3POOHHUKIB Uepe3 MmipaTCTBO
Ta HeJleralbHe BUKOPUCTAHHS JIIICH31H.

IcTopyuHo mepini  cUCTeMH JIIEH3YBaHHS PEali30BYBAIMCS Y  BUIJISIII
MPOTPaMHUX KITFOUIB — YHIKQJIBHUX KO/IiB, III0 aKTUBYBAJI MPOTPaMy Ha KOHKPETHOMY
koM toTepi. [IpoTe 3 momupeHHsIM r1006anbHUX MEpeX Ta BIpTyamizauii el miaxina
BUSBUBCS HEJOCTATHHO OE3MEYHUM: KJIFOU1 MOXHA OyJI0 KOTIIOBaTH a0o 31aMyBatu. Y
BIJIMOBIAb HA Il BUKJIMKH OYJIM CTBOPEHI anapaTHi 3aco0u JilleH3yBaHHsI, a00 anapartHi
kol (puc. 1). Bonu 3a0e3mneuyioTh amapatHuii piBEeHb 3aXHUCTy, 0 POOUTH
HECaHKI[IOHOBAHE KOMIIOBaHHS MPOTrpaMHOT0 3a0€3MeUYEeHHs 3HAYHO CKIIAIHIIINM a00

MMPAaKTUIHO HCMOKIIMBHUM.

Cryptoraphic Module

(Crypto module)
\
’ ’ ‘ \ Device
AES/RSA/ECC authenication
/ EEPROM Unique Microcctoller Unique ¥
(operations) Identifier] — >|  (MCU) » (ip) 4— Secure storage
|

-

Tamper-
Protection Chip

Pucynok 1. Cxema anapaTHOTo KJr04a [aBTOpchKa po3poOKa]

ArmapaTHUW KIIIO4 BHUKOHYE pOJib (PI3UYHOTO HOCIS JiIEeH31i — BIH MICTUTH
3amr@poBany iH(GOpMAaIlil0 PO MpaBa KOPHUCTyBauya, YHIKAJIbHUU 1AEHTH(IKATOD,
KpunrorpadiuHi K04l Ta aJITOPUTMU TEPEBIPKH aBTEHTUYHOCTI. Takuil mpUCTpin
3a3BUYal MiJIKIIOYAEThCs A0 KoM toTepa uepe3 USB-inTepdeiic abo iHTErpyeThes y
JIOKaJIbHY MEpexy sK JileH31iHuil cepBep. IIporpama 3BepTaeThest 10 Kitoya MpH
3amycKy a00 BUKOHAHHI TEBHHMX (YHKIIHM, MEepeBIpSIOYM HASBHICTh 1 JIHWCHICTD
Jinensii. Y pasi BiICYTHOCTI KJtoua a00 HEBIAMOBIAHOCTI JAHUX BUKOHAHHS MPOTpaMu

OJIOKYEThCHI.
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[3 TexHIYHOro MOrJsAay, CydYacHI CHCTEMH JIIEH3YBaHHS 3 amnapaTHUMH
KJIFOYaMHU BUKOHYIOTH K1JIbKa Ba)KJIUBUX (DYHKITIN:

- imeHTH(]iKaIisA KOpHcTyBadya a00 poOOYoro MicCis KOXKEH KII0Y Mae
yHIKaJIbHUH 11eHTUdIKaTOP,

- KOHTPOJb KUIBKOCTI AKTHBHHMX JIIEH3IM [JIs1 MEpexeBUX MPOIYKTIB
00OMEXKYETHCS KUTBKICTh OJTHOYACHHX TT1IKITI0OYEHb,

- 3aXUCT B MApOOJeHHS abo eMyJsIii 3a paxyHOK KpunrTorpadidHux
MIPOTOKOJIIB Ta anmapaTHOTO MU(ppPyBaHHA,

- aBTOMATHUYHE BIIKJIIIOYECHHS MPU MOPYIIECHHSIX, HAMPUKIAJ, M1 4ac CIpoou
MepeHECeHHs KIltoua 0e3 aBTopu3allii.

TakuM YMHOM, JIIIIEH3YBaHHS BUKOHYE MOABIMHY (PYHKI1}0 EKOHOMIYHY (3aXUCT
KOMEpIIMHUX 1HTEpPECiB po3poOHMKA) Ta TEXHIUHY (3a0e3meueHHs Oe3MneKku
IIPOrPaMHOTO NPOAYKTY). MOro poib CTae Ie BaKIMBINIOW y KOPIOPATUBHUX
cepeloBUIIAX, A€ BiJ O€3MepepBHOCTI POOOTH JIIEH3IMHUX CEPBEPIB 3aJICKUTh
(GyHKIIIOHYBaHHA 0araTbox O13HEC-MPOIIECIB.

B ymoBax rio0anbHOI HM(pOBi3alli Ta MNOMIMPEHHS KOHTEHHEPHU30BAHUX
1H(pacTPYKTYp BHUHHKAE MOTpeda y HOBUX MIAXOJaxX JO OpraHizailii JIIeH3yBaHHS.
CyyacH1 KOMIIaHii IParHyTh IHTEPYBATU alapaTHI KJIIOYl Y BIpTyajbHI CEpEAOBUILA,
pPO3MOAUIEHI KJIacTepu Ta XxMmapHi miardopmu. Lle BiakpuBae HOBI MOXKIIMBOCTI, aje
BOJIHOYAC CTBOPIOE HHM3Ky TpoOjieM, TIOB’S3aHUX 13  BIIMOBOCTIMKICTIO,
MaciTabOBaHICTIO Ta 0€3MEKOI0 A0CTYIY A0 (Pi3uuHuX npuctpoiB[118].

OTxe, JIIEH3YBaHHS y Cy4aCHUX MIPOTrPaAMHUX MPOIYKTaX € GyHIaMEHTAIbHUM
MEXaHI3MOM HE€ JIUIIE 3aXHCTy aBTOPCHKUX TpaB, a ¥ 3a0e3reuyeHHs CTaOUIBHOI,
KOHTPOJIbOBAHO1 Ta O€3MeYHO01 eKCIulyaTalli MPOTPaMHUX CHUCTEM. Horo PO3BUTOK
0e3rmocepelHb0  BIUIMBAE HA  €KOHOMIUHY  €(QEKTHBHICTh, HAMIMHICTH 1
KOHKYPEHTOCTIPOMOYKHICTh MPOTPAMHUX pIllIeHb, & TOMY JOCTIPKEHHS METO/IIB
YAOCKOHAJICHHSI JIIICH3YBaHHS, 30KpeMa B KOHTCHHEPU30BAaHUX CEPEIOBUINAX, €
aKTyaJbHUM 3aBJIaHHSM Cy4acHOI iH(GOpMAIIitHOT 1HXKEHepi.

Cucremu JIEH3YBAHHS 3 BAKOPUCTAHHSIM allapaTHUX 3aC001B 3aXUCTY € OJTHUM

13 HalleeKTUBHIMNUX THCTPYMEHTIB MPOTHUAIl HECAHKIIIOHOBAHOMY BUKOPHUCTAHHIO
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IIPOrpaMHOro 3a0e3MeyeHHs. IXHs mosBa cTaja JOTiYHAM eTaroM eBOJIOLIT 3ac00iB
3aXHMCTYy aBTOPCHKUX IIPaB — BiJI IPOCTUX MPOTPAMHUX KJTIOUIB 1 CEPIHHUX HOMEPIB JI0
amapaTHUX MPUCTPOIB, L0 peali3yloTh CKJIaaHiI Kpunrorpadiudi anroputmu. Taxi
pIIIEHHS! BAKOPUCTOBYIOTHCS B 0araThb0X KOMEPIINHUX, THKEHEPHUX Ta TPOMUCIOBUX
MPOIyKTax, J€ BTPAaTH B MpPaTCTBAa MOXKYTh TIEPEBUIYBATH BUTPATH HAa
BIPOBAKCHHS 3aXUCHUX TEXHOJIOTIH.

OcHOBHA 1/iesl amapaTHOTO 3aXHUCTy MOJIATa€ B TOMY, LIO JUIsl 3alycKy a0o
poOoTu mporpamMHOro 3abe3nedeHHs HeoOxigHa (i3WYHa HASBHICTH CHEIiaIbHOTO
MPUCTPOI0 — amapartHoro kiroda. Lled ko4, SK MpaBUIio, MIAKIIOYAETHCS 4Yepes
iHTepdeiic USB abo BUKOPHCTOBYETHCS SIK MEpPEXKEBUM MOAIYJb, sKUMl 30epirae
3amudpoBaHy 1H(OpMaIli0 MPO JiIEH310, KpuntorpadiuHi K04l Ta aarOpuTMHU
MepeBIpKU aBTeHTUYHOCTI. [Iporpama B3aemo/iie 3 HUM 3a JI0MOMOTOI0 CHEI1aIbHOTO
API abo npaiiBepa, BAKOHYIOUYH MEPEBIPKY MEPE]] MOYATKOM POOOTH.

[lepeBaru cuctem milieH3yBaHHS 3 allapaTHUMH 3aCO0aMH 3aXUCTY:

- BHUCOKHI piBeHb Oe3rneku. Ha BiiMiHY Bijl MPOTPAMHUX KITFOUIB, SIKI MOXYTh
OyTH cKoriiioBaHi a00 3J1aMaHi, amapaTHUI KJII0Y MICTUTh KPUIITOTPAPIuHO 3aXUIICHY
iHpopMarito, 10 SKOI HEMOXJIMBO OTPUMATH JOCTYN 0e3 (Hi3UYHOTO MPHUCTPOIO.
butbliicTh CyyacHUX KIIIOUIB MIATPUMYIOTh IHUGPYBaHHS 3 BUKOPUCTAHHAM
anroputmiB AES, RSA, ECC, a Takox peani3yioTh MEXaHi3MU 3aXUCTy Bl peBepcC-
IHKUHIPUHTY Ta anmapaTHOro 3j70My (amapar BUSBJICHHS, CAMO3HUINEHHS JaHUX MpU
cripo0i 371aMy TOIIIO);

- HamiiHa igeHTHdikamis kopuctyBada. KokeH K04 Mae€ YHIKaJIbHUN
imeHTudikaTop, IO 03BOJIIE TOYHO BHU3HAYaTH BJACHUKA JIIEH31, KIUIBKICTh
aKTUBHUX KOITIM TporpaMu Ta TmpaBa jgoctymy. lle 0co0aMBO BakKIMBO JIA
KOPIIOPaTUBHHUX 1 MEPEKECBUX CEPEIOBHII, J¢ KOHTPOJb 32 KIIBKICTIO OJHOYACHUX
KOPHCTYBauiB € 000B’SI3KOBUM;

- 3aXHMCT BiA MiAPOOJIEHHS Ta eMyJslii. AmapaTHi K04l BUKOPUCTOBYIOTb
yHIKaJIbHI KpunTorpadiuHi oOumcieHHs (Hampukian, challenge—response), 110
YHEMOJKJIUBIIIOE CTBOPEHHS TporpaMHoro anayora. HaBiTh y pa3i KomitoBaHHS

MIPOTPAMHOTO KONy, BIICYTHICTh CIPABKHBOTO KiIF04a 0J10Ky€e podoTty I13;
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- HE3aJIeXKHICTh BIJT MeEpeKeBUX 300iB ab0 cepBepiB aBropuzaii. Y
JIOKaJIBbHOMY PEXKHMI pOOOTH amapaTHUM KItou 3a0e3leuye aBTOHOMHY MEepeBIPKY
Jinens3ii 0e3 moTpeOu MOCTIIHOTO 3’ €THAHHS 3 CEPBEPOM, 1110 3HIKYE PU3HKHU 3YTTUHKU
IPOrpPaMHOTO MPOAYKTY Yepe3 MpoOJIeMU 3 MEPEKEL0;

- JIOBrOTpHBaja eKCIulyaTalis. bBimpIIicTh cy4acHMX amapaTHUX KIIOYiB
MaloTh TepMiH ciryk0u nmoHaa 10 pokiB, He MOTPEOYIOTh CKIAJHOTO 0OCITYTOBYBaHHS
1 CyMICHI 3 PI3HMMHU ONEpaIliiHUMH CUCTEMaMHU.

Henomniku cucTteMm JineH3yBaHHS 3 allapaTHUMU 3aC00aMU 3aXUCTY:

- 3aleXHICTh B (i3uyHOro mnpuctporo. OCHOBHOW MPOOJIEMOI0 €
HEOOXITHICTh (PI3UYHOTO MITKIIOUEHHS KiIo4a. Y pas3i HOro MOIIKOIKEHHS, BTPaTU
ab0 BUXOMy 3 Jaay KOPUCTYBau MOKE TOBHICTIO BTPATUTH JOCTYH JI0 MPOTPAMHOTO
3a0e3neyeHHs, TOKM He OyJe OTpuMaHO 3aMiHy. Lle cTBOpro€ pU3HMKH MPOCTORO,
0COOJIMBO y BUIAJIKY BIJJIaJICHUX 200 KPUTUYHO BAXKJIUBUX CHUCTEM;

- CKIAJHICTh IHTErpamii y KOHTEHHEpH30BaHI Ta XMapHl CepelOBUIIA.
ArmapaTHi KITI041 po3poO0sUTUCS ISl TPAIUIIHHUX (PI3UYHUX CEPBEPiB a00 JTOKATBHUX
poOounx cTaHiiid. Y KOHTeiiHepax al0o BIpTyaJbHUX MAalIMHAX iX MIJKIIOYECHHS
noTpelye crerianbHIX MeXaHi3MiB, Takux sk USB-over-IP a6o emymsiiis npucTpois,
110 YacCTO MPHU3BOJUTH 0 MPOOJIEM 3 MPOAYKTHUBHICTIO, O€3MEKOI0 UM CYMICHICTIO;

- oOmexxeHa macmTaOoBaHicTh. Ha BiIMIHY BiJ NpOrpaMHMX JILEH31H, SKi
MOKHA JIETKO MaclTadyBaTH MIJISXOM aKTUBAIlli TOJATKOBUX KJIIOYIB y 0a3l JaHUX,
anapartHi pIIIEHHS BUMararmoTh HasBHOCTI (izmyHux npuctpoiB. Lle yckiagHioe
IIBUJIKE PO3IIMPEHHS IHPPACTPYKTYypH ab0 MITpallito Ha iHIIl IaThOopMH;

- BHCOKa BapTICTh BINPOBAKEHHs. BapTicTh amapaTHUX KIIIOUiIB, ApaBepiB i
CepBepiB JiLEeH31H € CyTTeBOIO. JJI1 BEMMKHUX OpraHizailiil 13 COTHIMH KOPUCTYBayiB
1Ie MOXe Mpu3BecTy 10 3HauHux nodarkoBux Butpatr (CAPEX), a Takoxx BUTpaT Ha
niarpumky (OPEX). HeoOxinHicTh pe3epByBaHHs Ta yIpaBiIiHHS.

Jns 3a0e3nedyeHHs BiAMOBOCTIMKOCTI MOTpiOHE AyOJIfOBaHHS KIIIOYIB a0bo
nmoOy/oBa  KJIACTEPHUX  JIIEH3IMHUX  CepBepiB, [0 BHUMarae J0JaTKOBOI

1H(PaACTPYKTYpH, MOHITOPUHTY Ta aJMIHICTPYBAaHHS.
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Takum 4YMHOM, CCTEMHU JIIIeH3YBaHHS 3 alapaTHUMHU 3aC00aMU 3aXUCTy MAalOTh
BHUCOKHUH piBEHb O€3MeKH, CTa0lIbHICTh Ta HAAIMHICTD, 10 POOUTH 1X ONTUMAILHUMHU
JUI KPUTUYHO BAXKJIMBHUX 3aCTOCYHKIB 1 KOMEPIIITHOTO MPOTrpaMHOro 3a0e3neueHHs 3
BUCOKOIO BapTicTio. [IpoTe 1X OCHOBHUMU HEIOJIIKaMU 3aJIUIIAIOTHCS 3aI€KHICTD Bij
G13MYHOTO MPUCTPOIO, CKIATHICTH 1HTErpalii y CydacHI KOHTEHHEpU30BaH1
1HGPACTPYKTYPH Ta BUCOKA BapTICTh BOJIOAIHHSL.

[li dakropu 3yMOBIIOIOTH aKTYaIbHICTh TMOJAIBIIMX  JOCIIKEHb 1
pO3pOOJIEHHST METOJIB TMiJABHUIIEHHS BIJMOBOCTIMKOCTI Ta JOCTYIHOCTI CEpBEpIB
JIIEH3yBaHHs, $KI TO€AHYBaJlM O IepeBaru amapaTHOTO 3aXHUCTy 3 THYYKICTIO

CYyYaCHUX XMApHUX 1 KOHTCHHEPHUX TEXHOJIOTIH.

5.1.2 igxoam 10 moOyA0BH BIAMOBOCTIKHX CepBICiB i3 BUKOPHCTAHHAM
alapaTHUX KJIKYiB

I3 po3BuTkOM 1HGOpPMALITHUX  TEXHOJOTM, XMapHHUX MiIargopm 1
KOHTeWHepu3allii O0cCOoOJMBOI  aKTyalbHOCTI HaOyldM NHUTaHHS 3a0e3NeyueHHs
B1JIMOBOCTIMKOCTI Ta BHMCOKOI JIOCTYIHOCTI CEpBEPHUX CHCTeM. Jlns JineH31MHuX
CEepBEPIB, III0 BUKOPUCTOBYIOTH arapaTH1 KJIFOUi sIK 3aci0 aBTeHTH (DiKaIlii Ta KOHTPOIIO
JOCTYIY J0 MIPOTPAMHOT0 3a0€3MEeUEHHS, 111 3aBJJaHHS MalOTh CrieliuIUYHUN XapaKTep,
OCKIJTBKM TakKl K04l € (I3UYHUMU MPUCTPOSMH, SKI MalOTh OOMEXEHHS Yy
MaciTabyBaHHI, TIepeMillleHH] i ayOmtoBaHHI. 3a0e3nedeHHst 6e3mnepepBHOi podoTH
MOAIOHUX CUCTEM MOTPEOy€e KOMIUIEKCHOTO MIAXOAY, SIKM BpaxoBY€ SIK MPOTPaMHYy,
TakK 1 armapaTHy CKJIa/I0BI.

TpaguiiiHO HAWUMPOCTIIIUM CIIOCOOOM TMMOOYAOBH JIIICH3IMHOTO CcepBepa €
JIOKaJbHE MIAKIIOYEHHS arapaTHOro Kitoya A0 (PI3UYHOro By3ja, /1€ BUKOHYETHCS
mporpama-cepep. Taka apxiTeKTypa Ma€ MiHIMalbHI 3aTPUMKH, HE TMOTpelye
CKJIQJIHUX MEPEKEBUX HANAIITYBaHb 1 € e(EKTUBHOIO IS HEBEIUKHUX IiJIPUEMCTB
a60 madopatopiii. [IpoTe ii rOJIOBHUM HEJIOJIIKOM € HASIBHICTh €IMHOI TOYKH BiJIMOBU:
y pasi BUXOAy 3 Jaay cepBepa ado caMmoro Kioya BCS CUCTEMa CTa€ HEJOCTYITHOIO.
J1is BeTMKUX KOPTIOPATUBHUX CEPEOBHIIL 1€ HEMTPHUITYCTUMO, TOMY BHHHKJIA TOTpeda

Y PO3MOIIICHUX apXITEeKTypHUX pimeHHsx [119].
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OmHuM 13 MIAXOAIB € BUKOPUCTAHHS MEPEKEBUX alapaTHUX KIIOYIB, SKI
(YHKIIIOHYIOTD SIK OKPEMi CEpPBEPH JIILIEH31H. Y I[bOMY BUMNAJKY KiJIbKa KOPUCTYBayiB
a00 3aCTOCYHKIB MOXYTh OJHOYACHO IIJIKJIFOYATUCS O CIUJILHOTO KIIF0OYa Yepes
JOKaldbHy Mepexy. Taka apxiTekTypa JO03BOJISIE IEHTPaIi30BAaHO KepyBaTH
JIIEH31IMHU, BIJCHIJKOBYBAaTH IXHE BUKOPHCTAaHHS Ta 3a0e3medyBaTd KOHTPOJIb
JOCTYITy Ha piBHI KOpUCTyBadiB. BogHOYac BOHA TakOXk CTBOPIOE PU3HKUA — Y pasi
BIIMOBHU By371a 3 KJIt04eM ab0 MepekeBoro iHTepdeicy cucrema BTpadyae JOCTYI 10
JIIEH31d, M0 MOXKe MPU3BECTU JI0 3YMUHKUA KPUTUYHHUX mporieciB. s miHiMizarii
TaKUX PU3UKIB 3aCTOCOBYIOTHCSI MEXaHI3MH PE3€pPBYBaHHS, JTyOJIOBaHHS CEpBEPIB 1
BUKOPUCTaHHS 0aJaHCYBaJIbHUKIB HABAaHTAXKCHHS.

CyuacHi apxiTekTypu 3 BuUcOkor joctynHicTio (High Availability)
peani3yloThbes 3a cxemaMmu active-passive abo active-active (puc. 2). Y mnepuiomy
BUIIAJIKy OCHOBHUI CEpBEP Ma€ EKCKIIO3UBHUMN TOCTYII 10 allapaTHOTO KJII0Ya, TO/I 5K
pe3epBHUl NepedyBae y pekuMi OYiKyBaHHA. Y pasi 30010 CUCTEMa aBTOMATUYHO
nepeMHUKaeTbcss Ha pe3epBHUM By3os. Takuil miaxin 3adesmeuye nependavyBaHy
MOBEJIHKY CUCTEMH, OJTHAK MOTPeOy€e KOPEKTHOI CHHXPOHI3allli CTaHIB 1 MEXaHI3MIB
“fencing”, MO0 YHUKHYTH CHUTYalllif, KOJM JIBa CEPBEPH OJHOYACHO HAMAraroThCs

3BEPTATUCA 10 OAHOT'O KIKOYa.
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Load Balancer /
License
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Server A: Server B: Failover
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MacwwTaboBaHIiCTb
LLIBnaKke BigHOBNEHHSA

Bucokuin yac BigHOBNEHHSA
MpocTin pecypcy Server B

PucyHok 2. ApXITeKTypH 3 BUCOKOIO JIOCTYMHICTIO Ha CXeMaxX B3aeMOIi active-

active, active-passive [aBTOpCbKa po3po0Ka]

VY cxemi active-active JIeKUIbKa cepBepiB a00 KOHTEMHEPIB MOXKYTh OJJHOUYACHO
00CITyroByBaTH KJIIEHTIB, aje 3BEPHEHHS JI0 arapaTHOTO KJIo4a BiJOYBAEThCS uepes
creniajJbHui MporpaMHUi HUTI03 abo0 cepsic-nocepeaHuK. Lleil nuio3 BUKOHYE
cepiaizallito 3amnuTiB, 3a0e3Meuye KOHTPOJIb YePTH, a TAKOXK BEJE KypHAJl ornepariii
BUJIayl ¥ TOBepHEHHs JineH3id. Taka monens OUIBII THYYKa, BOHA JO3BOJISIE
MacimTaOyBaTH KJIIE€HTCbKE HaBaHTAXEHHS, OJHAK BUMarae OcCOOJMBOI yBaru o0
HAJIIHOCTI CaMOro LT3y, SKUH CTA€ KPUTHYHUM €JIEMEHTOM CHUCTEMHU.

B ymMoBax KoHTeWHepHu3aIlii, KOJIM CEPBICH PO3TOPTAOTLCSA y CEPEAOBHINAX Ha
3pa3ok  Kubernetes, 3’SBASIOTbCS  JOAATKOBI  1HCTPYMEHTH Ui peani3anii
B1IMOBOCTIWKOCTI. J[7Is1 MiAKIIOYEHHsS arapaTHUX KIIIOUIB y TaKUX CEpeIOBHUIAX
BUKOPUCTOBYIO0TH Device Plugin (puc. 3) — cnieriaibHuil KOMIIOHEHT, SIKUi 1H(popMye

OPKECTPATOp MPO HASIBHICTH JOCTYITHOTO arlapaTHOTO PECYPCy.
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LOCAL (IN-NODE) HARDWARE KEY ACCESS

Kubernetes Node

License Server

Pod Hardware Key
(USB Dongle)

Direct Access
(Minimum Latency)

DISADVANTAGE:
Single Point of Failure

Pucynok 3. Cxema nigkmtouentst Device Plugin y knactep Kubernetes [aBTOopchka

po3poOKa]

3aBISKH [IBOMY MOJKHA 3a0e3medyuTH, 100 KOHTEHHEpH, sKI IMOTPeOYIOTh
JOCTYIy 1O KJI04Ya, PO3MIILYBAJIMCS BHUKJIIOYHO HA BY3Jax, J€ TaKUH KIIOY
miaknoueHo. JlomatkoBi mexaHizmu, sik-oT PodDisruptionBudget, nomomararots
OOMEXHUTH KIJTBKICTh OJIHOYACHO HEJAOCTYNMHUX KOHTEHWHEpIB Mij] YaC OHOBJIEHb a00
nepe3anyckiB, a Topology Spread Constraints 3a0e3me4ytOTh pIBHOMIPHUNM PO3MOALT
PEIUIK MO By3J1aX KJIacTepa, 10 3HUKY€E HUMOBIPHICTh OJHOYACHOTO 30010.

Oco06mmByY poJib y MOOYI0B1 BIZIMOBOCTIMKHMX cHCTEM Bigirparots health-checks
ta watchdog-cepBicu, siKi MOCTIMHO NIEPEBIPSAIOTH CTaH amapaTHOro KIro4va, ApaiiBepa
Ta JNIEH3IHHOTO JeMOoHa. Y pa3l BTpaTH 3B’s3Ky a00 3001B BOHM IHIIIIOIOTH
aBTOMATUYHE Mepe3ayCKaHHs KOHTEeHepa a00 IepeMUKaHHS Ha pe3epPBHUN BY3011. Y
nmoeaHaHHl 3 MexaHismMaMu leader election e 03BOJII€ HOCITTH aBTOMATUYHOI'O
BIJIHOBJICHHSI TIpaIie3jaTHOCTI 0e3 BTpy4aHHs aamiHicTparopa [121].

BaxxnmuBuM actiekToM Takox € 6e3neka. OCKIIbKH arapaTHUH KITI0Y € HKEPEIIOM
ICTUHM JJIs JIIIEH31MHOI CUCTeMHU, JOCTYI 10 HbOTO Ma€ OyTH 3axXUIIEHUN Ha BCIX

PIBHSIX — BiJl (DI3UYHOTO 70 MEPEXKeBOro. st IbOTr0 BUKOPUCTOBYIOTHCS MTPOTOKOIH
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B3aeMHOiI aBTeHTU(ikamii (mTLS), poneBa moxaens nocrymy (RBAC), i301b0BaHi
mepexeni mpocropu (NetworkPolicy), a Takoxk cekpeT-MeHeKepH, SIK1 BIAMOBIIAI0Th
3a Oe3meuHe 30epiraHHs  KpunTorpapiuHUx mapameTpiB. Takum  YUHOM,
3a0€3MeuyeThCs K IUTICHICTh MPOIIECY JIIEH3yBaHHS, TaK 1 3aXUCT BiJl BHYTPIIIHIX 1
30BHIIIHIX 3arpo3.

Y posmoauieHuX 1HPPACTPYKTypax, A€ TOCTYIl IO arapaTHUX KIIOYiB
3MIMCHIOETBCS Yepe3 MEPEKy, BAXKIMBUM 3aBJIaHHIM € MiHIMI3AIllsd 3aTPUMOK 1
3a0e3nedeHHs CTablIbHOTO KaHay 3B’sI3Ky. JIJIsl IIbOTO 3aCTOCOBYIOTBHCSI TEXHOJIOTI]
VPN, Zero-Trust Network Access, a TakoX CUCTEMH MOHITOPUHTY, IO BIJCTEKYIOThH
MIPOTYKTUBHICTD JIICH31MHUX 3aIMTIB, PIBEHb OMUJIOK Ta 4yac BiAryky (latency). 3a
JOTIOMOI0K0 METpUK TUIy p95 abo p99 agmiHIiCTpaTOpU MOKYTh BUACHO BUSBIISITH
JIerpajaIio NpoayKTUBHOCTI Ta 3aM00IraTH aBapisiM.

Takox OJHHUM 13 KIIFOUOBHMX AaCIEKTIB MOOYJIOBU BIJIMOBOCTIMKHX CEpBICIB €
3a0€e31e4eHHs BUCOKOI IOCTYIHOCTI CUCTEMHU 30epiranHs JaHuX. OCKUIbKY anapaTHHUMA
KJIIOY € JIMIIEe OJHUM 13 KOMIIOHEHTIB KOMIUJIEKCHOI 1H(QPACTPYKTypH 3aXHUCTY,
CTaOUIBHICT POOOTH MPOTPAMHOTO CEPBICY 3HAYHOIO MIPOI0 3aJIEKUTh BIJ
JOCTYITHOCTI 0a3u JaHuX, y sIKiil 30epiraloTbcs MeTajaHi JIEH31H, )KypHalu ayJIuTy
Ta KoH(Iryparliiiai mapameTpu. Y pas3i HeIOCTYITHOCTI 0a3u BTPAYaEThCs MOKIIUBICTh
¢ikcauii omnepailiii, BUKOHaHHS MEPEBIPOK JIEH31H abo 0OpoOKHM TpaH3aKIii, 10
MO3K€e MPU3BECTH 10 OJIOKYBaHHS CEPBICY HABITh 32 HASIBHOCTI CITPABHOTO alapaTHOTO
Kkirova. ToMy apxiTeKTypa CHUCTEMH MOBHHHA BPaxOBYBAaTH MEXaHI3MH peruTiKailii,
aBTOMATUYHOTO IMEPEMUKAHHS MK By3JaMU Ta pO3MOAUICHHS HaBaHTaxeHHs [120].

3ajie)kHO  BIT BHUMOT JIO Y3TO/DKEHOCTI JaHUX, TMPOJAYKTHBHOCTI Ta
MacITaboBaHOCTI MOXKYTh 3aCTOCOBYBATUCS PI3HI TUMH 0a3 TaHUX.

Tpanuiiitai pensmiiHi cucTeMu KepyBanHsa Oazamu manux (PostgreSQL,
MySQL, SQL Server) 3a0e3neuytoTb BUCOKY IIJTICHICTh 1 TPaH3aKIIHHICTh, IO €
KPUTUYHUM IS JIIUEH31MHUX oneparlii, ie HepunycThumi 1y0nikaTu ab0 HEKOPEKTHI
cranu. J{ns 3abe3nedyeHHs AOCTYMHOCTI 1I CHCTEMHU MiITPUMYIOTh CHHXPOHHY Ta
ACUHXPOHHY peIuIiKallio, pexxuMm primary—standby, a Takox KBOPYMHI KJacTepu Ha

OCHOBI IPYIIOBOI peruTiKaIiii.
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Hepensamiitni 6a3u nanux (MongoDB, Cassandra, Redis), HaToMicTh, Kparie
HIIXOASITh JII1 BHUCOKOHABAHTAKEHUX 1 TreorpadidyHO pPO3MOAUICHHUX CHCTEM, €
BKJIMBO MiHIMI3yBaTH JIATEHTHICTH 1 3a0€3MEYNTH TOPU30HTAIEHE MacIITaOyBaHHS.

VY kiactepHuX cepeoBHUIIaX 13 BUKOPUCTAHHSM alapaTHUX KIIOYIB JOIIBHO
KOMOIHYBaTH KUTbKa THUIIB CXOBHIL 3alieHO Bix 3amaui: pemsmdiiiai CYBJ]
BUKOPHUCTOBYIOTHCS JIJIs 30€piraHHs KpUTHUHUX [TapaMeTpiB JILEH3YBaHHS Ta ayIUTY,
TOAl AK HEpEJAlIAHI CXOBMILA MOXYTh 3aCTOCOBYBATHCH ISl KEIIYBaHHS 4YaCTUX
3aMWTIB, 3HWKCHHS HABAaHTAKEHHS HAa OCHOBHY 0a3y Ta TPHUCKOPEHHS OOpOOKH
omepalliidi. 3a0e3neueHHs BUCOKO1 IOCTYIMHOCTI peai3y€eThCs MIJITXOM BUKOPUCTAHHS
oneparopiB Kubernetes (manpuxinazn, Patroni mns PostgreSQL a6o MongoDB
Operator), mexaHi3MiB aBTOMaTu4HOro BijnHOBIECHHS (self-healing), po3nominenux
TpaH3aKI[ii Ta OallaHCyBaHHA HaBaHTAXEHHS. TaKUM YHUHOM CHCTEMa OTPUMYE
3/1aTHICTb MPOJIOBKYBAaTH POOOTY HABITH 3a YMOB BIJIMOBH OKPEMHUX BY3J1B 200 LIJIUX
CEerMEHTIB  1HQPACTPYKTypH, 10 € GyHIAMEHTAIBHUM IS [POEKTYBAHHS
B1JIMOBOCTIMKHX CEPBICIB 13 arlapaTHUMU KITIOYaMHU.

OTxe, apXITeKTypa BIAMOBOCTIMKMX CEPBICIB 13 BHUKOPHCTAHHSM arapaTHUX
KJIFOUIB Ma€ MOEIHYBATH KUIbKa B3a€EMOIOB’ I3aHUX PIBHIB — (DI3UYHMM, TPOTPAMHHUIA
Ta opkecTpaiiiauii. EQEeKTUBHICTh TaKUX CHUCTEM BU3HAYAETHCS HE JIUIIEC HASIBHICTIO
PE3EpBHUX BY3JIIB UM JyOJIOBaHHSM OOJagHAHHS, a W Y3ro[KEHOK pPOOOTOIO
MEXaHI3MIB MOHITOPUHTY, OajaHCyBaHHS HaBaHTaXEHHS, cepiaiizaiii JOCTymy 10
KJII0Ya Ta KOHTpOJo Oesneku. Apxitekpyra Active-Active (puc 1.3) moBHICTIO
BI/IMIOBIZITa€ BUMOTaM JI0 JOCTYITHOCTI Ta ONTHMI3y€ BUKOPUCTAHHS OOUUCITIOBATBHUX
pecypciB (cepBepiB). KimbKiCTh cepBepiB MOXKHA 30UIbIIYBATH BIAMOBIAHO [0
HABaHTA)XCHHS 1110 3a0€3MEeYUTh BUCOKY TOCTYMHICTH. OTKE TSI TOJJOBH IPOTPAMHOTO

NPOAYKTY Oyzie OLIbHO 00paTu came ii.

5.1.3 Bumoru 10 BiAMOBOCTIHKOCTI cucTEM
BiaMOBOCTIHKICTB — 11€ 3aTHICTh CUCTEMU 30€piraTh CBOIO (PYHKITIOHATBHICTh
y pa3l BUHUKHEHHS 300iB OKpEMHX KOMIIOHEHTIB, 3a0e3neuyroun Oe3NepepBHICTD

BUKOHAHHS OCHOBHUX TMpoIieciB. J[7si cepBepiB JilleH3yBaHHs, SKI B3a€EMOIIIOTH 3
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anapaTHUMHU KJIOYaMH, BUMOTH J0O BIJIMOBOCTIMKOCTI € KPUTHUYHO BaXJIMBUMH,
OCKUIbKM Oyab-siKa BTpaTa JOCTYNy A0 KIIo4Ya MNPU3BOIUTH 10 3YNUHKH POOOTH
MIPOrPaMHOTO 3a0€3MEUYCHHS, [0 MOXKE CIIPUYMHUTH 3Ha4YH1 ()IHAHCOBI Ta OMNepalliiiHi
BTpatu [122].

3aranpHi BUMOTH /IO BiJIMOBOCTIMKHX CHCTEM BH3HAYAIOTHCS Ha OCHOBI TPHOX
KIIOYOBUX KpUTEpiiB: goctynmHocTi (availability), wnaniiinocTi (reliability) Ta

BIJIHOBJIFOBAHOCTI (recoverability) (puc. 4).

AVAILABILITY

Cuctema NoBUHHA 3anuwaTmcs
L g [OCTYMHOIO HaBITb y pa3i
99.9% BiAMOB OKPEMUX KOMMOHEHTIB

¢ High Availtability Cluster

¢ | oad Balancing

¢ Failover Mechanisms

RELIABILITY RECOVERABILITY
[apaHTOBaHa CTabinbHICTb MoXnuBiCTb WBUAKO
poboTn 6e3 NOMUNoK S BigHOBUTY NMpawue3naTHiCTb
y TPUBANOMY MPOMIiXKY Yacy nicns 36010
e Error- Free License Operations ¢ Leader Election
* Consistent Challenge-Response ¢ Automatic Restart
e USB/SDK Stability e MTTR s 3 seconds

Pucynoxk 4. CxiaioBi BIIMOBOCTIMKOCTI CUCTEMH JIIIEH3YBaHHS 3 anlapaTHUMHU

KJIFOYaMu [aBTOPChKa po3po0Ka |

JlocTynHICTh XapaKTepU3y€e BIICOTOK 4acy, MPOTATOM SIKOTO CHCTEMa Mpaltoe
0e3nepediitHo. JIJI1 KpUTUYHUX CEPBICIB, TAKUX SK JILIEH31HHI CEpPBEPH, TUITOBUMU
OpieHTHpaMHU € NoKa3HuKH 99.9% (Tak 3BaHa “Tpu 1eB’sTKH) abo Buie. L{e o3Havae,
10 CYMapHHI yac MpPOCTOI0 HE MOBUHEH MEPEBUIIYBATH KIJIbKOX XBHJIMH HAa MICALb
Ha Tabm. 1. [123]

HaniiiHicTh BU3HAYA€THCS 3[aTHICTIO CHUCTEMHU BHKOHYBAaTH CBOi (PYHKIII 0e3
3001B MPOTSATOM MEBHOTO MEPIOY Yacy, a BIIIHOBJIIOBAHICTh — 4aCOM, HEOOX1THUM JIJIsI

MMOBEPHEHHS CUCTEMU JI0 POOOYOTO CTaHy ITICJIS BIJIMOBH.
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Tabauus 1. PiBHI 10CTyImTHOCTI CE€pBICY Ta BIAMOBIAHUN Yac IPOCTOIO

Bincotox  6e3BimmoBHOI1 | IloMicsuHuit ipocTiit [lopiunuii mpocTi
poboTu

99.5% 3,6 ToquHU 43,8 romuHu
99,9% 43 XBUJIMHU 8,76 TOTMHU
99,99% 4,3 XBUJIMHHA 52,6 XBUINHU
99,999% 26,3 ceKkyHIH 5,256 XBUIUHU

Jlst 3a0e3meueHHsT TaKuX XapaKTEPUCTHK y CHCTEMaX 13 armapaTHUMH KITF0YaMHu
MaroTh OyTH peasii30BaH1 MEBHI TEXHIYHI i OpraHi3amiiHi BUMOTH.

[To-nepiie, HeoOXigHO TIepenOayuTH (i3uYHE pe3epBYBAHHS KOMIIOHEHTIB —
BUKOPUCTAaHHA JEKUJIBKOX BY3JIIB a00 CepBEpIB, SIKI MOXYTb TyOJtoBaTH (PyHKIII
OCHOBHOTO Yy pa3i Horo BUXOy 3 Jaay. SKIO K04 € eAMHUM (P13UUHUM MPUCTPOEM,
TO CJiJ MepeadauyuTd HAsBHICTh PE3EPBHOTO KIOYA 3 1IGHTUYHUMHU IpaBaMu ado
BUKOPUCTAaHHA CXeMU “‘primary-secondary” 13 MOKJIMBICTIO IIBUJKOTO MEPEMUKAHHS
JOCTYIY.

[To-mpyre, cucTtemMa TOBMHHA MaTH MEXaHI3MH aBTOMATHYHOTO BHSIBJICHHS
BiMOB 1 niepemukanns (failover). Ile nepenbavae Ge3nepepBHUI MOHITOPUHT CTaHY
amapaTHOro KJII04a, JIIEH31IMHOro IeMOHA, MEPEKEBOT0 3’ €THAHHS Ta KOHTEHHEPIB, Y
AKUX BOHU TIpaitoroTh. [Ipu BTpati 3B’s13Ky a00 BUSBJICHHI MOMUJIKA CUCTEMA MA€
CaMOCTIMHO 1HIIIIOBATH TEpe3amyck a0o MEepeKITIOYeHHS Ha pe3epBHUIM By307 0e3
BTPYYaHHs orepaTopa.

[To-TpeTe, BaxJMBUM € 3a0e3MEUYeHHs IUIICHOCTI JaHUX Ta CUHXPOHI3allii
CTaHIB MK aKTUBHUMH ¥ pe3epBHUMH KOMITOHCHTaMH. Y C1 3MIHHM JIIICH31MHUX JaHUX,
JTYWIBHUKIB 200 KYpHAJIIB JOCTYITYy IOBUHHI 30€piraTucs y TpaH3aKI1iiHOMY BUTJISII
Ta TepeaBaTUCS B PE3EPBHY KOTIIO JJIsl YHUKHEHHS BTpaTH iHGOpMaIlii mpu BiJIMOBI.

[Ile omHi€r0 BUMOTOIO € 130JSIliS BIAMOB, TOOTO 3armoOiraHHS KacKaJHOMY
BIUTMBY 300iB. Buxiz 3 nagy ogHoro Bysna abo KOHTeWHEpa He MOBUHEH BIUIMBATH Ha
CTaOUIBHICTh yChOTO KiacTepa. [l 1bOro BUKOPUCTOBYIOTHCS MEXaHI3MU

opkectparii, Taki sk PodDisruptionBudget, anti-affinity, node taints Ta topology
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spread constraints, siki 0OMEXYIOTbh KIJIbKICTh OJTHOYACHO HEJOCTYITHUX KOMITOHEHTIB
1 320€3MeuyIoTh X PO3IMOILI MO Pi3HUX (I3UIHUX a00 BIpTyaJbHUX XOCTaX.

Baxn1Bo TakoX BU3HAYUTH BUMOTH JI0 MOHITOPUHTY Ta CHOCTEPEKYBaHOCTI.
Cucrema mae 30MpaTv MOKA3HUKU Yacy BIATYKY, KITBKOCTI YCHIIIHUX Ta HEYCHIITHUX
3alUTIB, CTAHy KJIIOYa, MPOIYKTHUBHOCTI MEPEXi, BUKOPUCTAHHSA PECYpCIB Ta 1HIINX
napaMmeTpiB, 10 XapaKTepU3yIOTh 11 cTa0IbHICT. HasBHICTh TAKUX METPHK JT03BOJISIE
NPOAKTUBHO BUSBIISITH TPOOJEMH Ta BXKMBATH 3aXOIB JI0 HACTAHHSA KPUTHYHHUX
BiJIMOB.

He wmenm 3HauynmmMm € mnuTaHHS O€3MeKd, sKe TICHO TIOB’s3aHe 3
B1JIMOBOCTIHKICTIO. Bynb-sike BTpyuaHHs B poOOTYy amapaTHOTO KIIOYa, CIpoou
HECAHKI[IOHOBAHOTO MiJAKIIOYEHHSI a00 MiJAMIHU MPUCTPOIO MOXKYTh MPU3BECTH 0
3YMUHKH CHUCTEMH, TOMY BaXJIMBO pealli3yBaTH KOHTPOJIb ABTEHTUYHOCTI
KoMroHeHTiB (mTLS).

[Mogo excrulyaTtamiifHMX BUMOT, CUCTEMA MOBHUHHA IMIATPUMYBAaTH OHOBIICHHS
6e3 npoctoiB (rolling updates) 1 Matu mexaHi3mu rollback y pasi HeB1aIoro OHOBIICHHS
nporpamMHoro 3a0esmnedeHHs. [le 0coO0MMBO akTyalbHO ISl CEPEAOBHI, Y SKUX
oOCIyroByBaHHs JIIEH3IMHOTO cepBepa BiAOyBaeTbcsi 0€3 3YNMUHKH KPUTHYHHUX
O13HeC-IPOIIECIB.

Kpim TOro, BaxiauBo 3abe3neyuTd reorpadiyHy BIJIMOBOCTIHMKICT —
MOKJIUBICTh POOOTH CHUCTEMH Yy pa3i BTpaTH IIUIOTO JaTa-IEHTPY abo MepekeBOro
cerMeHTa. JlJisi HbOTro 3aCTOCOBYETHCA pEIUTIKALlisl KIOUiB a00 JIILEH31MHUX CepBEPIB
y pi3HMX 30HaX 0oCcTymHOCTI (Availability Zones), cHHXpOHI3aIlisl CTaHIB Ta I100aTbHE
OaJlaHCyBaHHS HABAaHTA)XKCHHS 3 aBTOMATUYHUM MapiipyTusaitieto tpadiky [124].

Takox OHIEIO 3 KIIFOYOBUX BHUMOT JIO BIJIMOBOCTIMKOCTI armapaTHOro KiKo4a €
HOTO 3/aTHICTh MPOJOBXKYBATH POOOTY Yy BHUMAAKYy YaCTKOBOI BTpPATH JOCTYIY IO
OKpeMHUX KOMITOHEHTIB ab0 1HPPACTPyKTypHHX cepBiciB. OCKIJIbKH anapaTHUM KIIOY
€ (piI3MYHUM HOCIEM JIOTIKH JIIIIEH3YBaHHS, MOro BiAMOBa Oe3MocepeiHbO BIUIMBAE Ha
JOCTYIIHICTh TIPOTpaMHOro 3a0e3neyeHHs. ToMmy TpHUCTpiId Mae MiATPUMYBATU
ABTOHOMHMI pexuM (YyHKIIIOHYBaHHsI, 30epiraTu npane3fgaTHICTh IpU TUMYacOBIN

BTpaTi MEPEKEBOro 3’€JHaHHS, 3a0e3leuyBaTH 3axulleHy OOpoOKy 3amuTiB Ta
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rapaHTyBaTH IIJTICHICTh KpUNTOTpadiyHUX onepaliiid He3aJIeKHO BiJl CTaHy 30BHIIIHIX
pecypciB. Jlo 0a30BUX BHUMOI BXOSATh TAaKOXK 3aXUCT BiJ (PI3MYHOrO JOCTYILY,
CTIMKICTB 10 epeOO0iB KUBJICHHS Ta 3aTHICTh 10 aBTOMAaTUYHOTO BiTHOBJICHHS MiCIIs
nepe3arycky.

OxpemMHM acneKTOM BIIMOBOCTIHKOCTI amapaTHOro Kitouda € HasBHICTH GPS-
MOJYJIS, KU 3a0e3medye KOHTPOJIb MICIE3HAXO/KEHHsI MPUCTPOI0 Ta BUCTYIAE
J0JTAaTKOBUM MEXaHI3MOM BHSIBJICHHSI aHOMaiil. Y BUNAAKY BTpaTH CYIyTHHUKOBOIO
CUTHaJy, TIOSBH HAJMIPHUX MOXMOOK KOOpAMHAT abo moBHOI HemocTymHocTi GPS,
KJIIOY TTOBUHEH TMEPEXOIUTH B O€3MEeYHUI pekuM poOOTH, Y SKOMY KpuITorpadiuHi
oreparii BUKOHYIOTbCS 3 BHUKOPUCTaHHSIM PE3EPBHUX MapaMeTpiB ab0 OOMEXEHOT
¢ynkuioHansHOCTI. Lle 3anmobirae cutyarisiM, KOJIM THMYACOBI OPYIIEHHS Y TPUHOMI
GPS-curnany MoXyTbh IPHU3BECTU A0 30010 JIIEH31HHOI cUCTEMHU a00 MOMHIKOBOIO
OJIOKyBaHHS KOPHCTYBadiB. Ba)KIMBOIO BUMOTOIO € TaKOK HASBHICTH JOIMYCTHMOTO
Jiana3oHy MOXUOKH, SIKUH TO3BOJISIE€ YHUKHYTH TOMUIIKOBUX CIIPAIIOBaHb 3aXUCTY ITiJT
qyac NpUpPOJIHUX (QIYKTyaIllil CyIyTHUKOBUX JaHUX.

GPS-monynbs BUKOHy€e TakoX (YHKIIO CEeHcopa O€3MeKH, IO JI03BOJISIE
BUSIBJISITH CIIpOOU (PiI3MUHOTO TepeMillieHHs abo BUKpaJeHHS Kiroda. BinmosigHo,
BUMOTH JI0 BIJIMOBOCTIMKOCTI BKJIFOUAIOTh MEXaHI3M MOBEIIHKH MPUCTPOIO y pasi
PI3KOi 3MiHU KOOPJMHAT a00 BUXO/y 3a MEXI1 JI03BOJICHOTO T'€ONEePUMETPY. 3a TaKUX
CUTyaIliil amapaTHU KJIIOY TOBMHEH HErailHO aKTHUBYBAaTHU 3aXHMCHI MPOIETYpH:
MEpPEeTH y PEXKUM YacTKOBOro ab0 MOBHOTO OJOKYBaHHS, 3MIHUTH TapameTpu
mudpyBaHHs, cHopMyBaTH TOAII0 O€3MeKW JIsi cepBepHOi 1H(pacTpyKTypu Ta
repeaTd  BIAMOBIAHI CIHOBIMICHHS JO CHCTeMH MOHITOpuHTY. Ile 3abesmeuye
MO>KJIMBICTh ONEPATUBHOTO pearyBaHHs Ta MIHIMI3y€ PU3UK KOMIIpOMETallii, HaBITh
K0 (DI3UYHUIN TOCTYT 10 MPUCTPOIO OYB OTPUMAHUI 3TOBMUCHUKOM.

Otxe, y3arajipbHIOIOYM, OCHOBHUMU BHMOTaMH JI0 BIJIMOBOCTIMKHUX CHCTEM
JIIIEH3yBaHHS 3 alapaTHUMU KITFOYaMU €:

- HasBHICTB pe3epByBaHHs (DI3UYHUX 1 TPOTPAMHUX KOMIIOHEHTIB,
- ABTOMAaTHYHE BUSBJICHHS BiJIMOB 1 IEpEMUKAHHS Ha PE3EPB,

- 3a0e3neyeHHs HUTICHOCTI i y3rOKEHOCT1 JaHUX,
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- 130511115 3001B Ta 0OMEKEHHS IXHBOT'O BILJIUBY,

- Oe3nepepBHUM MOHITOPUHT, ayAUT 1 3BITHICTb,

- TapaHTii 6e3MeKu JAOCTYITy JI0 KJIIOUiB,

- MATPUMKA OHOBJIEHb 0€3 3yIHUHKHU POOOTH,

- MOJKJIMBICTB TeorpadiyHOrO BiTHOBIICHHS MICIsI KaTacTPO(PIUHUX BIIMOB.

BukoHaHHS 3a3HaU€HUX BUMOT € TIEPEIyMOBOIO MOOYAOBU HAINHOI cHUCTEMU

JUEH3YBaHHs, 3[aTHOI ()YHKIIIOHYBaTH B yMOBaX Cy4aCHUX KOHTEHHEPH30BaHUX
CepeoBHUIl, 3a0€3MeYyI0Yr BHCOKY JOCTYHHICTh, MiHIMAJIbHUN Yac MPOCTOIO Ta

cTabUIbHY POOOTY KPUTUYHUX CEPBICIB.

5.1.4 Metoa 3a0e3neyeHHs BIAMOBOCTIHKOCTI Ta JOCTYIHOCTI cepBepiB
JileH3YBAHHA 3 allaPATHUMH KJIIOYAMH B KOHTEHHEPU30BAHOMY cepeI0BHUIILi

Meton 3a0e3nedeHHs BiIMOBOCTIMKOCTI CEPBEPIB JILIEH3YBAHHS IPYHTYETHCS
Ha HEOOX1THOCTI aJianTauii TpaJuliMHUX MiIX0A1B 10 pOOOTH 3 anapaTHUMH KITF0UaMu
B YMOBaX Cy4aCHHUX KOHTEHHEpPU30BAaHUX 1 XMapHUX cepenoBull. ['onoBHa npobiiema
MoJIsirae 'y TOMy, 110 (I3UYHHUNA anapaTHUM K04, OyAydd MareplaJbHUM HOCIEM
JineH3ii, He Moxke OyTu Oe3mocepeHbO MaciiTaboBaHUil abo AyOIbOBaHUMN SIK
nporpamuuii pecypc. Tomy Takuii mMeToa Mae 3a0€3MEUUTH JIOTIYHE PO3IIUPEHHS
JOCTYITHOCTI TaKOTO KJI0Ya 3a PaxyHOK PO3MOJLTY OOYMCIIOBAIIbBHUX HABAHTAKEHb,
oprasizaiii KepOBaHOTO JOCTYyNy JI0 HBOTO Ta BHUKOPUCTAaHHS MEXaHI3MIB
aBTOMATHYHOTO BITHOBJICHHS Y pa3i 3001B.

CytHicTh MeTOmy 3a0€3medyeHHs BIIMOBOCTIMKOCTI CEpBEpIB JIICH3YBaHHS
MOJISITa€ Y TIOE€THAHHI TPOrPaMHO-aIapaTHOTO Pe3epBYBaHHS 13 3aC00aMU OpKeCTparlii
KoHTelHepiB. [Ipu boMy, OCHOBHA 17151 — 11€ BIIOKPEMUTH anapaTHUil pecypc (KIToy)
B1JI IPOTPaMHUX KOMIIOHEHTIB, sIKI HOTO BUKOPUCTOBYIOTh, 1 HAAATH JI0 HHOTO JIOCTYTI
yepes crelianizoBaHui ceppic-1utio3. Llel cepric mpariroe sk €uHa TOYKa B3aEMOIIT
MDK KOHTEMHEepaMu, 10 NOTPeOYIOTh JIIEH31i, Ta (I3MYHUM KITFoYeM, 3a0e3neuyroun
KOHTPOJIb YEPTH 3alHTiB, aBTEHTU(DIKAI[II0 KITIEHTIB, IEPEBIPKY CTaHy MPUCTPOIO Ta

aBTOMATHYHE MEPEMUKAHHS y pa3i 30010.
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Ha puc. 5 mnpenacraBneHo peami3aiil0 BHILE OMNHUCAHOTO METOAY 13

BUKOPUCTAHHSM TPUPIBHEBOI apXITEKTYPH.

PIEEHE Kubernetes
opkecTpauii |

CepBiCHUA | |]1n103 niLieH3yBaHHS

piBEHb
. .| Byson Byson
Pi3NUHUA|  ArenT AreHT
piBEHb MOHITOPUHTY MOHITOPUHIY
AnapaTHui AnapaTHum
Kntoy KoY

PucyHnok 5. Metoty 10oCTymy 710 arapaTHOTO Kiito4ya Ha 6a31 TpUpiBHEBOI

apXITEKTYpH [aBTOPChbKa po3poOKa|

[lepmmii piBeHb — HI3UYHUH, 10 CKJIAY SKOTO BXOJSATH BY3JIH 3 IiJ1" € THAHUMU
anapatTHUMH Ki1rodamu. Ha npoMy piBHI peanizyroTbesl PyHKIIi anapaTHOr0O MOHITO-
PUHTY, BUSBIICHHS HECIIpaBHOCTEHN Ta BigHOBIEeHHS poOoTu USB-moptiB. s 11010
BUKOPUCTOBYETBCSI ar€HT CIIOCTEPEKEHHS, SIKU KOHTPOJIIOE CTaH KJIOYIB, BUKOHYE
MeploIMYHE ONMUTYBaHHA, (IKCY€ MIAKIIOYEHHS Ta BIAKJIIOYEHHS, a TaKOX Iepeaae
METPUKH Y CUCTEMY MOHITOPHUHTY.

Hpyruii piBeHb — CEpBICHUH, SKHIl peali3ye MpOrpaMHy JOTIKY B3aeMOZIT
KOHTEWHEPIB 3 amapaTHUM KIFoUeM. Y MeEXax I[bOTO PIBHS CTBOPIOETHCS OKPEMHIA
koHTerHep-nutto3 (License Gateway), sikuii mpaioe y pexumi active-active abo
active-passive. [1Imro3 B3aemoie 3 Hi3UUHUM KJTFOUEM 3a JOTIOMOTOI0 JpaiiBepa ado
SDK Bix nocrauansHuka (Hampukiaan, CodeMeter, Sentinel a6o FlexNet) 1 Hamae
inTepdeiic REST/gRPC st iHmmx mMikpocepBiciB. Y pasi BIIMOBU OCHOBHOT'O By3Jia
CHUCTEMa aBTOMAaTUYHO OOMpAa€ HOBUW aKTHUBHUW MPOTpamMHUil By30J 3a JOIMOMOTOIO

Mexani3my leader election, 1110 MiHIMI3y€ Yac MPOCTOIO.
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TpeTiit piBeHb — OpKeCTpalliiHUH, SIKUI 3a0e31euy€e KepyBaHHsI KOHTCHHEpaMH,
MOHITOPUHT CTaHy CHUCTEMHM, aBTOMAaTH4YHE MaclTabyBaHHS Ta OallaHCyBaHHS
HaBaHTakeHHA. g peamizanii nporo piBHs BukopuctoByeThesi [13 Kubernetes, 1o
JI03BOJISIE PO3MOJISTH CEPBICH MK By3JIaMU, MPOBOJAUTH OHOBIIEHHSI 0€3 MPOCTOIB
(rolling updates), a Takok peasri3oByBaTH MOJITUKHU JOCTYITHOCTI 32 JJOTIOMOTOX0 TAKHX
iHCTpYMEHTIB, sik PodDisruptionBudget, node affinity/anti-affinity ta topology spread
constraints.

KitouoBuM e1eMEeHTOM METOAy € BIPOBAPKCHHS MEXaHI3My JIUHAMIYHOTO
BUSIBJICHHS Ta MEPEMiIKII0OUEHHS KIIIOUiB, SKUH y pa3i (Pi3UYHOro B’ €THAHHS ITPUCT-
poto ab0 BTpaTH 3B’SI3KY 1HII[IIO€ TOBTOPHE MMiJIKJIIFOUEHHS 0€3 TOTpeOur 3yMUHKHU KOH-
TeitHepiB. [e gqocsaraeThes 3aBASKH CHEIaIbHOMY JpailBepy-MOCEPEIHUKY, SIKUM B3a-
€MOJII€ 13 CHCTEeMHUMHU CIIyKOaMH orepaiiiinoi cuctemMu Ta nepexorunoe nojii USB.

[Ile omMHUM BaKJIMBUM KOMITOHEHTOM € CHCTEMa MOHITOPHHTY Ta BHUSBJICHHS
MIOMUWJIOK y CUCTeMI, 1o 1HTerpyeTrhes 3 Prometheus abo Grafana. Bona Bincrexye
METPUKH JIOCTYITHOCTI KJIIOYa, 3aTPUMKY 3allMTiB, KUIbKICTh aKTUBHHX JIIEH3IH,
4acTOTy 3001B 1 TPUBAIICTh iXHBOT'O YCYHEHHsI. 310paHi AaH1 I03BOJISIIOTH OI[IHIOBATH
dakTHuHMi piBeHb NOCTyMHOCTI cepBicy (SLA, SLO) Ta cBoe4acHO pearyBaTtu Ha
MOTEHITIHHI BiaMoBH [125].

VY meTtonl IOCTymy A0 amapaTHOro Kiro4a Ha 0a3l TpUPIBHEBOI apXITEKTypH
TaKOX peaji3y€eThCs MEXaHi3M pe3epBHOrO JOCTYIy A0 Hhoro. Lle crae MoxinBUM
3aBASIKA CTBOPEHHIO IBOX BY3JI1B — OCHOBHOTO 1 P€3€PBHOI0, MK SIKUMH HAJIAIITOBAHO
peruTiKaIio MeTagaHuX JIIEH31M 1 CHHXPOHI3allio CTaHiB. Y pa3i BIZIMOBH OCHOBHOTO
By3Jla CHCTEMa aBTOMATUYHO TEepeBe/Ie HaBaHTAKEHHS Ha PE3EPBHUI 3a JOIOMOTOIO
nporokoniB Keepalived a6o VRRP, mo po3Bossie 30epertu Oe3nepepBHICTDH
00CITyrOBYBaHHS KJII€HTIB.

Jns migBuileHHs Oe3neku MeToJ mepeadadae BUKOPUCTAHHS B3a€EMHOI
aBreHTHdIKaIi (MTLS) Mixk KOHTeMHEpamMu Ta UTF030M, KOHTpOJTI0 1ocTyny (RBAC)
Ha PiBHI KJIACTepy Ta KepyBaHHS ceKkpeTamu uepe3 cuctemu Vault abo KMS. Takum
YUHOM 3a0€3MeUy€eThCsl 3aXUCT SIK MepelaHuX JaHUX, TaK 1 amapaTHUX PECYPCIB BiA

HECaHKI[IOHOBAHOTO JIOCTYITY (puc. 6).

141



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

mTLS re ~

[Kﬂi€HTCbKI/1I71 cepsic ﬂg pyrocTherame NiuensinHuii reteei

mTLS m

\ PYKOCTUACKaHHS [MOﬂ,yﬂb ayTeHde)lKau,H) DK - —
KnieHTcbKuin cepeic B —
) apanTtep

RBAC KouTponnep j

[3EBEHT6)KyBEN cerET@

AnapaTHWiA KoY

O6mexeHHA
npae pocTyny
B Kubernetes

[ API| - [HTepdeiic ]
A

J
KnieHTCbKWMIiA cepBic a smTLS Vault ‘
( P ) U 3axuvuieHe
iH'ekpyBaHHSA
3axuueHe cekpeTis/ poTauia knovis

iH'ekpyBaHHA
CeKpeTiB
PucyHok 6. 3anporoHoBaHa cxema 3aXUIleHOI KOMYHIKaIlii

MDK KOHTEHHEpaMH Ta CEpBICOM-IIUTIO30M [aBTOPChKa pO3pooOKa]

Meton poctymy 10 amapaTHOrO Kiroda Ha 0a3l TPUPIBHEBOI apXITEKTypHU
MOETHY€ TIEPEBArd arapaTHOTO 3aXKUCTY 3 MOXKJIMBOCTIMU KOHTEWHEPHOI OpKeCTpalrlii,
0 JO3BOJISIE  JIOCSATTH BHCOKOTO PIBHS  BIIMOBOCTIMKOCTI, THYYKOCTI W
MAacIITaGOBAaHOCTI CHCTEM JilleH3yBaHHs. Moro BIpOBaIKEHHS Ja€ 3MOTY 3MEHIIUTH
yac MPOCTOI0 JILEH3IMHUX CEpBEPIB, MIHIMI3yBaTH PU3UKHA BTPATU JAOCTYNy [0
anmapaTHUX KJIIOYIB 1 TIABUIIMTH ©()EKTUBHICTh YNPaABIiHHA JIIEH31HHOIO

1H(PACTPYKTYPOIO Y CYHaCHUX KOPIOPATUBHUX CEPETOBUILAX.

5.1.5 AnapaTtHa 4acTHMHA KJII0YA B KOHTeiHEPU30BAHOMY Cepel0BH I

[TpoexTyBaHHS amapaTHOI YACTHHH amapaTHOTO KIII0Ya € OJHUM i3 KIFOYOBHX
eTariB CTBOPEHHS HAAIMHOT CUCTEMHM JIIEH3yBaHHS, OCKUIbKM CaMe Ha I[bOMY PiBHI
dbopmyeThes piznuHMit HOCIH KpunTorpadiuaoi iHGopmarlrii Ta MexaHi3M ii 6e3nedHol
00poOKHM. AmnapaTHUIl KJItOY BUKOHYE (PYHKLII 30€piraHHs CEKpEeTHUX MapameTpiB,
BUKOHAHHS KpunTorpagiyHUX oneparliii i 3a0e3meueHHs1 aBTeHTUYHOCTI, BUCTYIIAI0UU
[IEHTPATIHHOIO JIAHKOIO MiXk MPOrpaMHUM 3a0e3MeueHHIM Ta 3aXUIIECHOO JIIIEH31HO0

JIOT1KO¥O.
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AmnapaTHOI OCHOBOIO KJItOUa JOLUIBHO 00paTu Mikpokomi totep Raspberry Pi
5 (puc. 7), ikuii OENHYE BUCOKY OOUMCIIOBAIIbBHY MPOJYKTUBHICTD, JOCTYITHICTh Ta
mHUpoKui Hallp iHTepdeiciB, HEoOXimHMX i peamizauii kactromHoro USB-

HPUCTPOIO.

M

Raspberry Pi {
’ ’

® " HOMIO 06 -
ISLE mining L -

Pucynox 7. Mikpokomi totep Raspberry Pi 5 [126]

[Tpuctpiit ocuamenuit mopramu USB Ta Ethernet, mo po3mupioe MOKIUBOCTI
fioro iHTerparii B iHppacTpykTypy. [Topt USB BUKOPHCTOBYETHCS IS T AKITIOUCHHS
GPS-Mmonyns, saxuil 3a0e3nevye BU3HAUYEHHS KOOPJMHAT Y IMpoleci poOOTH, TOAL SIK
inTepdeiric Ethernet ciyrye s migkiIOUeHHs amapaTHOrO KJIO4Ya JI0 CEPBEPHOI
Mepexi. Lle mo3Bolisge mporpaMHOMY 3a0€3MEUEeHHIO, BCTAHOBJICHOMY Ha MIKPOKOHT-
poiiepi, orpuMmyBatu BiacHy IP-ampecy Ta 3a0esneuyBaTu CTaOUTBHY B3a€EMOJIIO 3

IHITUMHM KOMITOHECHTaMH CUCTEMH.
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JInst po3MmilieHHs arapaTHOro Kiiro4ya Ha ocHOBI Raspberry Pi 5 13 miakmtoueHuM
GPS-monynem NEO-8M Tta inTepdeiicom Ethernet BukopucToByeThes criemiani3oBa-

Huit npomucioBuit kopmyc GEEKOM IT 13 Mini PC (puc 8).

= Sp— T

I

e

Pucynoxk 8. ITpomucnosuii kopnyc GEEKOM IT 13 Mini PC ns 0o00noHKH

araparHoro kiroua [127]

Takuii kopryc 3a0e3mnedye 3axuUCT MNPUCTPOIO BiJI MEXaHIYHUX BIUIMBIB,
€JIEKTPOMATHITHUX 3aBaJl Ta HECAHKI[IOHOBAHOTO (DI3UYHOTO JTOCTYITY, 110 € KPUTUIHO
BAKJIMBUM y KOHTEKCTI PO3pOOKH 3ac001B amapartHoi Oe3neku. AJIFOMIHIEBI MOJENI
KOPIYCIB TaKOX BHUKOHYIOTH (DYHKIIIIO IMACUBHOTO pajiaTopa, BIABOASYM TEIUIO Bij
BHCOKOIIPOJIYKTHUBHOTO mpoliecopa Raspberry Pi 5 Ta 3a0e3nedyroun cTaOiIbHICT
1oro po0OTH MiJl YaC BUKOHAHHS KpUNITOTpadiuHUX OMeparii.

Kopnyc noBuHeH MaTH AOCTaTHIM BHYTPIIIHIN MPOCTIP SISl PO3MIIIEHHS caMoi
mnatu Raspberry Pi 5, GPS-moayns NEO-8M Ta HeoOXigHUX KOMYHIKaI[IHHUX
iHTepdeiiciB. HasBHicTh 30BHINIHIX 0TBOPIB MiJ po3’emu Ethernet 1 USB 3abe3neuye
MO>KJIUBICTB TIPSAMOT 1HTErpallii anapaTHOro KJIto4a 0 CEPBEPHOI IHPPACTPYKTYpHU Ta
miakiroyeHuss GPS-anrenn.

3 ormsgy Ha Te, mo pobora GPS-monymns morpebye sikicHOTO mpuiioMy
CYMyTHHKOBOTO CHUTHaTy, KOHCTPYKI[iSI KOpIyCy Tmepeadadyae BUKOPUCTAHHS

30BHIITHBOT SMA-aHTeHr a00 BCTAaHOBJIEHHS BHYTPIIIHLOT KEPaMI4HOI aHTEHHU Y pasi
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3aCTOCYBaHHS MJIACTUKOBOTO KOPITYCY 3 HU3bKUM PIBHEM €KpaHyBaHHs. Po3mipu Taki:
mpuHa — 12cm, noxuHa — 1 1cM ta Bucora — Scm, ta Bara 0,652 Kr.

OcobnuBy yBary mpHAUICHO TEIUIOTEXHIYHUM Ta 1H)XKCHEPHHM XapaKTEpHC-
TUKaM Kopirycy. Raspberry Pi 5 mae BUCOKMI TETUIOBHI MakeT, TOMY KOPIYC Mae
3a0e3meuyBaT MOXJIUBICTh MACHBHOTO a00 KOMOIHOBaHOTO (ITACHBHO-aKTHUBHOTO)
OXOJIO/IKeHHS. AnoMiHieB1 mpomMuciosi kopmycH, Taki sk GEEKOM IT 13 Mini PC,
J03BOJISIIOTH 3HU3UTH TeMIiepaTypy npouecopa Ha 10-20 °C, miiBUIIYyIOUN HAIIHHICTD
poOOTH IPUCTPOIO. Y KOMILJIEKC] TaKi KOPITyCH 3a0€3MedyI0Th ONTUMAaJIbHI YMOBH IS
ctabuibHoi poOotu  Ethernet-intepdeiicy, GPS-momyns Ta xpunrtorpadiyHux
ANITOPUTMIB, 30€piralouu MpH IIbOMY KOMIAKTHICTb 1 3aXUIIEHICTh alapaTHOrO KIIIoua
B YMOBax peajbHOi ekcruryarauii [128].

Jlst miaBUIEHHS piBHS O€3MEKU J0 CTPYKTYpPH amapaTHOro KIIoYa IHTErpy-
etbcsi GPS-Monyne (puc. 9), Axkuil 3abe3neyye NOCTIMHUI KOHTPOJIb (haKTUYHOIO

MICII€3HAXO/[KEHHS PUCTPOIO.

Pucynok 9. GPS monyns NEO-8M [129]

Sk HaBiramitHUN KOMITIOHEHT AOLUIFHO BUKOpUCTaTH Moayiab NEO-8M, mio
XapaKTepU3yeThCsS BHUCOKOIO TOYHICTIO BH3HAYCHHS KOOPAWHAT Ta IIBUIKAM
OTPUMAaHHIM CUTHAY BiJ CYITyTHUKOBHUX CHCTEM.

3actocyBanns GPS-Momynst njae 3MOry peaizyBaTu MeXaHi3Mu reorpadigyHoro
MPUB’ I3yBAHHS KpUINITOrpadiuHUX Onepalliid, BUSBISATA HECAHKI[IOHOBaHE NEepeMiIeH-

HS KJIFOYa Ta aBTOMAaTUYHO aKTUBYBATH 3aXUCHI PEXXUMHU Y pa3l BUXOy 32 BU3HAUCHU
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reonepuMeTp, 10 CyTTEBO MIJABUIINYE CTIUKICTh CHUCTEMHU 10 (PI3MYHUX aTak. Xoua
TOYHICTh BU3HAYEHHSI KOOPAMHAT MOAYJISl CTAHOBUTH JO ABOX METPIB, 3 MPAKTUUHUX
MIpKyBaHb IpPOrpaMHOi peaiizailii JOUUIFHO 30UIBIIUTH MPHUITYCTUMY MOXHOKY 0
I’ ATAeCATH MeTpiB. Takui miaxia 3amo0irae MOMUIKOBUM CIPAIFOBAHHSAM 3aXHCHHUX
MEXaHi3MIB y pa3l THMYacoBUX 300iB CYNyTHHKOBOTO CHTHaly Ta TapaHTye
Oe3mepebiitHy pobOTy TpOrpaMHOro 3a0e3MeUeHHs HaBiTh 32 YMOB HECTaOUIBHOTO
GPS-nokputrs.

CrpykrypHa mojaenb amapatHoro kitoda (puc. 10) sBise coboro amapaTHO-
MIPOrpaMHUI KOMILIEKC, IO MOEAHYE KIJTbKA (DYHKIIOHATLHUX MOAYJIIB, IHTETPOBAaHUX
y equHuit npuctpiil. OcHoBoro KoHCTpyKIii € MiHi-komI toTep GEEKOM IT13 Mini
PC, kopnyc sikoro 3a0e3nedye JOCTaTHIN BHYTPILIHII MPOCTIp AJIs1 pO3MIILIEHHS IJ1aTH
Raspberry Pi 5, GPS-monyns NEO-8M, nomaTkoBUX CEHCOPIB Ta JOMOMIKHHUX
KOMYHIKaIliHuX 1HTep¢enciB. 3aBASKH KOMIIAKTHOCTI Ta MPOAYMAaHIM KOHCTPYKIIIi
KOPITYC I03BOJISIE PO3MICTUTH anapaTHI KOMIIOHEHTH TAKUM YUHOM, 11100 3a0€31eYnTH
3aXHUCT B (PI3UYHOTO JTOCTYIY, CTa0lJIbHE OXOJIOMKEHHS T4 MOKJIMBICTh BUBEJICHHS

30BHIIIHIX IHTEP(ENCIB.

30BHILUHSA
SMA-aHTeHa

Raspberry _| J

_}
Pi 5 (]
o o
GPS-mopynb
NEO-8M T | GPS-moaynb
NEO-8M
N y

Ethernet _C @ ‘_E_\ ® /
(O

USB Mopt
XXUBNEHHA

Pucynok 10. CTpykTypHa MOJIeb aniapaTHOTO KJr04a [aBTOPChKa po3podKa |

Posrnssnemo OynoBy OKpeMHU MOJYJIiB allapaTHOTO KIII0Ya.
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Y KOHCTPYKIIiIO arapaTHOro KJIro4a BXOJUTh MiHi-Komm totep Raspberry Pi 5,
SKUA BHKOHYE OCHOBHY OOYHCIIOBaJbHY JIOTIKY: OOpOOKY KpHuITOrpadiyHux
oreparliif, BUKOHAHHS JNIECH3IWHUX QJITOPUTMIB, B3aEMOII0 3 CEPBEPOM Uepe3
Ethernet Ta kepyBanHs mnepudepiiHuMu MoayiasMu. Ilmara mig’ eaHyeThCsS 10
BHYTPILIHBOTO J>KUBJICHHS KOPIYCy Ta Ma€ MpPSAMUNA JOCTYN J0 MEPEKEBOIrO
iHTepdeicy, Mo 103BOJIsE€ MIKPOKOMIT IOTEPY OTPUMYBATH CTaTUYHY ab0 JTUHAMIYHY
[P-agpecy Ta npairoBaT B KJIIEHTChKO-CEPBEPHIN 1HOPACTPYKTYPI.

Hpyrum  xmodoBuM enemeHToM wmoneni € GPS-momyns NEO-8M,  sxwuii
BI/IMOBIIa€ 32 BU3HAUCHHS reorpadiyHuX KOOPAUMHAT 1 KOHTPOJIb MiCII€3HAX O IKESHHS
anapatHoro kioua. Bin 3 eanyerbes 3 Raspberry Pi 5 wepe3 USB a6o UART Tta moxke
BUKOPUCTOBYBATH SIK BHYTPIIIHIO KEpaMIUYHY aHTEHY, TaK 1 30BHIIIHIO SMA-aHTeHY,
BUKOPHCTaHHSA SIKOi 3a0e3reuye cTablIbHUIM MPUIOM CUTHAITY BCEpEIUH] MPUMIIIEHb
ab0 B yMoOBax 3Ha4yHOro ekpanHyBaHHs. GPS-Moaynp BUKOHYe (QyHKIII 3aXHUCTy,
BKJIIOYHO 3 BHM3HAYCHHSIM aHOMAJILHOIO TMEPEMIICHHS, 1HIIIIOBAHHSIM 3aXHCHOTO
pEXKUMY MPHU 3MiHI KOOPJMHAT Ta BUSBIECHHSM BTPATH CYMYTHUKOBOTO CUTHAITY.

Kopnyc GEEKOM IT13 Mini PC BUKOPUCTOBY€TBHCA SIK 30BHIIIHIN 3aXHCHUMA
KOHTEWHEp, SKUM TMO€JHYE KOMIAKTHICTh, MIIHICTh 1 JOCTAaTHIM MPOCTIp s
BCTAHOBJICHHs 00JagHaHHsA. BIiH OCHamleHWil BEHTWISLIAHUMU  OpOpi3amH,
MOHTQ)XHUMH OTBOpaMU Ta MOXJIMBICTIO (pikcaili JAOJATKOBUX KOMIOHEHTIB. Ha
KOPITyC BUBOJSITHCS KITIOUOBI iHTEepderncu:

— Ethernet — 11t miaAKIIOYEHHS anapaTHOIO KIII0Ya IO CEPBEPHOT MEPEKI;

— USB — nnsa imterpamii GPS-Momynsi Ta MOMXKIMBOTO OOCITyrOBYBaHHS
IPUCTPOIO;

— SMA-po3’eM — 1151 30BHIIIHLOT GPS-anTenu;

— MOPT KUBJICHHA — JIJIs1 CTa0IbHOI POOOTH yCiX BHYTPILIHIX MOJTYJIIB.

CTpykTypHa MOJENb TaKOX Tepeadavyac HasBHICTh BHYTPIMIHBOI CXEMH
MOHITOPUHTY, sika 3a0e3Medy€e KOHTPOJIb TEMIIEpaTypH, >KUBIICHHS, Mpale3aaTHOCTI
monymiB Ta ctany GPS-curnany.

VYci monii mepenaroThes 10 cepBEpHOi 1HPPACTPYKTYpH, IO TO3BOJISIE CUCTEMI

JUEH3YBaHHs pearyBaTi Ha Oyb-sKi BIAXUJIEHHS y poOOTI anapaTHOro KJroya.
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3axycT anmapaTHOi YaCTUHM Pealli3ye€ThCsl NUISIXOM BUKOPUCTAHHS KOMIUIEKCY
1H)KEHEPHO-TEXHIYHUX Ta MporpaMHO-KpuITorpadiuyaux 3axo/iB. Kopmyc amapatHoro
KJII0Ya BUTOTOBIISIETECS 3 AHTHUBAHAAIBHUX MaTepiaiiB, a KPUCTATl MIKPOCXEMHU
JI0JIaTKOBO T€PMETU3YETHCA KOMIIAYHIO0M, 1110 YHEMOKJIUBIIIOE JOCTYII 10 BHYTPIIITHIX
€JIEMEHTIB Ta CYTTEBO YCKJIAAHIOE (DI3UUHUN peBepC-1HKUHIPUHT.

OxpiM GI3UYHOTO 3aXHCTy, KPUTUYHO BAXKIMBOIO € Oe3meka MpOIIUBKU
MIKpOKOHTpoJiepa. [{ist iboro 3acTOCOBYIOThCS TaKl MEXaH13MHU:

- onoxyBanHs iHTepdeiiciB Bimmaromkeras (SWD/JITAG) micas BCTAaHOBJICHHS
MPOUIMBKY, 1110 YHEMOXKJIUBIIIOE 11 MpsIME 3YMTYBAHHS;

- wn(pyBaHHs MPOIIMBKYU MEpe]] 3allUCOM y IaM’siTh MIKPOKOHTpOJepa, 0
pOOUTH HEJOCTYITHUM ii aHaJI13 HABITh Y pa3i PI3UYHOT0 AOCTYIY 10 IMaM'sTi;

- BUKOPUCTaHHSI KOHTPOJBHUX CYM Ta HMU(PPOBUX MIJAMHUCIB, sIKI 3a0€3MEUyIOTh
BepHU(DIKaLIIO IIICHOCTI MPOIIMBKY i/ 4ac 3aIlyCKy.

JInst 3ano0iraHHsl BATOKY KPUTUYHUX JAaHUX 1 KJIFOYOBOI JIOTIKH, Y MIKpPOCXEMI
peanizoBaHO MEXaHI3M CaMO3HUIIEHHS 1HQopMallii Ipu crpodi HECAaHKI[IOHOBAHOTO
noctymy. Takuil MexaHi3M aKTUBYETHCS Y BUIIAAKAX:

- BUSBJIEHHS Aoctyny uepes 3abnokoBanuit SWD/JITAG intepdeiic;

- crnpoOu 3UUTYBaHHS IaM’STi 3a JOMOMOTr0K CTOPOHHIX MPOrpaMaTopis;

- aHOMAaJbHOI ITOBEIIHKH JKUBJICHHS a00 TAKTOBOI YaCTOTH, 1110 MOXKE CBITUUTH
PO BUKOPUCTAHHS atak Tumy fault-injection;

- 0araTopa3oBOro BBEJICHHS HEKOPEKTHOTO aJIMiHICTPATUBHOTO MAPOJISL.

V pasi akTuBallii MexaH13My 3aXHUCTy MIKPOKOHTPOJIEP 3/1HCHIOE O€3MTOBOPOTHE
OUMIIEHHS TIaM’SITi, BKJIIOYHO 3 KpUOTOrpadiyHUMHU KIIOYaMH, YaCTHHOKO JIOTIKU
oOuucieHb Ta Ciayx00BUMU pAaHuUMU. [le poOUTH HEMOXIMBUM BIATBOPEHHS
ANITOPUTMIB, IO 30€epirajucsi Ha armapaTHOMY KJIIOYi, Ta MOBHICTIO HIBEIIOE CIPOOH
peBepC-IHXUHIPUHTY 200 (PI3UMYHOTO KOMIIOBAHHS MPUCTPOI0. BUKOpUCTaHHS Takux
0aratopiBHEBUX 3aXO/[[IB 3aXUCTy 3a0e3Mevyye BUCOKUN PiBEHb CTIHKOCTI anmapaTHOIo
KIfoya 10 (I3MYHOTO 3JI0MY, aHaji3y MPOLIMBKUA Ta KPAADKKH 1HTEJNEKTYyalbHOI

BJIACHOCTI.

148



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

Jns 3amoOiranHs (i3uYHIA MiAMIHI anmapaTHOTO KJIKYa 3aCTOCOBYIOTHCS
NpOrpaMHi MEXaHi3MHU 3aXUCTy. Y BHUIAJKY, KOJIM KIIOY BUKOHYE JMIlIEe OiHapHE
MOBEpPHEHHST pe3yabTaTy (true/false), Mo 1HTEPNIPETYEThCS K aBTOPU30BAHHMA a00
HEaBTOPHU30BAaHUU CTaH, HOro (YHKIIOHAJBHICTh MOXE OYTH BIJHOCHO JIETKO
eMyJIbOBaHa CTOPOHHIMHU 3acobamu. HaTomicTh po3MilleHHS HA amapaTHOMY KIIOul
KPUTUYHO BAXXJIMBUX OOYMCIIOBAIBHHUX IPOIEIYpP, HEOOXITHUX JII KOPEKTHOTO
(YHKIIIOHYBaHHS ~ TIPOTPAMHOr0  3a0e3leueHHs, pPoOUTh TMIAMIHY (HaKTHIHO
HEMOXJIMBOIO. BiITBOPEHHS TaKWX alrOpUTMIB BUMAarajio O MOBHOTO AyOIOBaHHSI
amapaTHoi JIOTIKH, IO € TEXHIYHO BKpail CKJIAJHUM Ta €KOHOMIYHO HEJOIUIbHUM. Y
pasi cpobu (Pi3UYHOrO BTPYHAHHS MpaIlloe tamper-cucTema, sika OJIOKy€e MpUcTpiit
abo ctupae cexpeTHi gaHi. KoHTposiep Moxke BUKOHYBaTH CAaMOTECTYBaHHS, IEPEBIPKY
CRC, xOHTpOJIb HAPYTH Ta TEMIEPATYPHU, IO TAPAHTYE CTAOUIBHY pOOOTY HaBITh B
YMOBaX KOJINBaHb JKUBJICHHS 200 TEMIEPAaTypPHUX MTEPETaIiB.

OxpeMuM TUIIOM 3arpo3 € (pi3nyHe MPOHNUKHEHHS 3TOBMUCHUKA 70 TaTa-IICHTPY
3 METOIO0 BUKPAJICHHA anapaTHOro Kiroda ado (ieni-Moaysis, o MiCTUTh KPUTUYHO
BAKJIMBI JaHl Ta JIOTIKY MMHA(pyBaHHA. Y TakoMy BHUIAAKy CHCTEMa 3aXHUCTY
MIEPEXO/IUTh Y PEXKUM ITIIBUIIIEHOT OC3MEKN Ta aKTUBYE HU3KY 3aXHCHUX MEXaHI3MIB:

[To-nepiie, amapaTHuUil K04y ocHaieHud BOynoBaHuM GPS-monynem sxuit
MOCTIHHO KOHTPOJIKOE CBOE MICIE3HAXO/KEHHs. Y pa3l 3MiHM KOOpAMHAT, IO HE
BIIMIOBIZIa€ JTO3BOJICHUM 30HAM €KCIUTyaTallii (reomepumerpy), abo panToBOro
3HUKHCHHS JKUBJICHHS Yy 3aXWIIEHOMY CEpPEAOBHINI, MPHUCTPIH aBTOMATHIHO
MIEPEXO/IUTh y PEXKUM MOPYIICHHS O0e3MeKu. Y MbOMY CTaH1 KIIFOY 3MIHIOE BHYTPIIITHI
napameTpu pobotu Ta (opMye aTbTEPHATHBHY KpHUOTOrpadidHy IOCTIIOBHICTD,
BIJIMIHHY BIJl Ti€l, I]0 BUKOPUCTOBYBAJAcs y IITATHOMY pexuMi. BHacni ok 1iboro Bci
nmojasbi omneparii mudpyBaHHs Ta JAeMHUPPYBAHHS CTAIOTh HEKOPEKTHUMU IS
JIETITUMHOI CUCTEMH, 1110 YHEMOXKJIMBIIIOE BIIHOBJICHHS TIEPBUHHOI JIOT1KU OOYHCIICHb
HaBITh NpHU (PI3UYHOMY AOCTYI1 A0 MPUCTPOIO.

[To-npyre, mporpamHa iH(pPACTPYKTypa, IO B3AEMOJIE 3 KIFOUEM, 31MCHIOE
MOCTIMHUN  MOHITOPUHI #oro crany. [lpm BTpari 3B’SI3Ky 3 JaTYUKOM

MICII€3HAXOKEHHsT a00 mpu (ikcarii aHOMaJIBHUX KOOPIAWMHAT CHUCTEMa TEHEpYE
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aBapiiHl CHOBIIIEHHA JJIs aAMiHICTpaTropiB. Taki CHOBIIIEHHS HAIXOMAITh Y
pealbHOMY Yaci uYepe3 CHUCTEMH MOHITOPUHTY Ta >KYpHAIIOBaHHS (HAIpUKIA],
Prometheus Alertmanager abo SIEM-mmaTdopmu), 110 103BOJISE ONIEPATHBHO BUSBUTH
(bakT BUKpaJCHHS.

[To-Tpere, y pa3si miaATBEpHKCHHS BUKPAJECHHS allapaTHOTO KITF0Ya CTICTiaTbHIMI
MOJyJb O€3MEKH Ha cepBepi IHILIIOE PEBOKALII0 KpUNTOrpadiuHuX MaTepiamiB, IO
OyJiv OB’ s13aH1 3 ITUM KiIrodeM. Lle BKiTrouae renepaliiro HOBUX KJIIO4iB IHMGPyBaHHS,
nepe3anuc KoHpirypairii cucteMu Ta 0J0KyBaHHS Oy/Ib-SKHX OIepallii, moB’ s3aHuX i3
CKOMITPOMETOBAHHUM IPUCTPOEM.

TakuMm 4YMHOM, HaBiITh Y BUNAAKY (I3UYHOTO JOCTYMY MO JaTa-IeHTpy Ta
BHUKPAJICHHS (DIICII-MOTYJIS, 3JIOBMUCHUK HE OTPUMY€E MOKJIMBOCTI 3JIaMaTH CUCTEMY
ab0 BIIHOBUTH JIOTIKYy 1 poOotu. 3aBasku mnoegHanHio GPS-koHTpoIIO,
ABTOMATUYHOTO TIEPEX0ay B 3aXWCHUM pPEXKHUM, MEXaHI3MIB aJepTUHTY Ta
KpunTorpadiuHoi peBoKallii 3a0€3MeuyeThCsl BUCOKUI PIBEHb CTIMKOCTI 10 (QI3UYHUX
aTak Ta 3aXUCT BiJl KOMIIPOMETAIIi1 IHTEJIEKTYaJIbHO1 BIACHOCTI.

VY npencraBieHOMYy METOJI OCOOJMBY YyBary NpPUAUIEHO 3a0€3MEYEHHIO
CYMICHOCTI arapaTHOTO KJI04a 3 KOHTEHHEpU30BaHUMU CepeIOBUIIIAMU. ANapaTHUN
KJIIOY i €HYEThCA A0 cepBepHOoi i1HpacTpykTypu uepe3 Ethernet-intepdeiic,
OTPUMYIOUN CTaTU4YHY abo auHamiuHy [P-anmpecy, mo m03BoJissE BUKOPHCTOBYBATH
HOTO SIK TIOBHOIIHHUN MEPEXKEBUN MPUCTPIN y KIacTePi.

[Ticns otpumanns [P-anpecu kimou crae gqoctynHuM Juist cepsiciB Kubernetes
yepe3 BHYTPIIIHIO MEPEKEBY B3a€MOJi0, IO 3HAYHO ITIJIBUINYE HOT0 THYYKICTH 1
3MEHIITY€ 3aJISKHICTh BiJ (13UYHOTO po3MimeHHs. [l iHTerpailii anapaTHoro Kiroda
y Kubernetes-knactep BUKOpUCTOBYeThCsl MexaHi3M Device Plugin, sxuii aBTomMa-
TUYHO TIO3HAYAE BY3JIH, 1[0 MAIOTh JIOCTYTI JI0 KJF04Ya, TA HAMIPABJISIE BIMOBIIHI TTOIH
came Ha I By3iM. Takuil miaxin 3a0e3nedye rapaHTOBaHUM IOCTYH CEpBICIB /0
anapaTHOro KJroya HE3aJIeKHO BiJ TOro, Ha KoMy (i3MuyHOMY OOJagHaHHI BOHH
po3ropuyTi. KpiM TOT0, anapaTHuit KJIr04 MOKe MPaItoBaTH sK yepes jokanbanii USB,
tak 1 yepe3 USB-over-IP, m1o n103BoJisie po3MililyBaTy MPUCTPiil OKPEMO BiJ BY3JIB

Kiacrepa 6e3 BTpatu PyHKIioHAIBHOCTI (puc. 11).

150



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

KnacTtep Kubernetes

AnapaTtHun Byson 1 Byson 2
' 3 "N\ ~
KJ1HO4 Pod [ Pod
6e3neku L B
Pod [ Pod
. J )
USB-over-IP |
i Device‘ ndepen-
" Plugin | dent USB|
HeszanexHui Hesanexuun  XXUBMEHHS

USB-KoHUeHTpaTop USB-Hub
ﬁ

Pucynoxk 11. [uterpaitist anapataoro kitoda 3 Kubernetes-kinactepamu 3acobamu

USB / USB-over-IP ta mexani3m Device-Plugin [aBTopchka po3poOka]

JI71st iABUILEHHS BIIMOBOCTINKOCTI 1HPPACTPYKTypa JOMOBHIOETHCS HE3AJIEK-
HuMu USB-xabamu, pe3epBOBaHUMM JKHUBIICHHSIM Ta MOXIIMBICTIO rapsdoi 3aMiHH
arapaTHOTo Kiro4a 0e3 3ynmuHKH cepriciB. Lle 3a0e3neuye cTabiibHy poOOTYy CHCTEMH
HaBITh 32 YMOBH YaCTKOBHX 3001B 00J1aJHAHHS.

PosrnsnyTta anapatHa apxitTektypa Ha 0a3i Raspberry Pi 5 3a0e3neuye Bucoky
THYYKICTh, 3aXHUIICHICTh Ta CYMICHICTh 13 Cy4YacHHMMH OOYHCITIOBAIILHUMU
CepeloBUIIIaMHU, JO3BOJISIIOUM peali3yBaTh BCl HEOOX1AHI (PYHKII JIEH31HHOTO

amapaTHOro KJIF04a Ta BIJMOBIIaTH BUMOTraM 0e3MeKH, aBTOHOMHOCTI i HaIIiHOCTI.

5.1.6 IIporpamHua peaJiizanisi 10CTYILy 10 AaNIAPATHOI0 KJIKO4a

Po3zrisitHeMo nporpaMHy MOZENb JOCTYITY JI0 allapaTHOTO KJIK04a, O MPEACTaB-
JIEHO Ha puc. 12, AKa MokJIMKaHa 130J0BaTi (Pi3nyHy cnenu@iky anapaTHOro KIiroda
B/l TMPUKIAIHUX CEpPBICIB Ta 3a0€3MEUUTH KEPOBAHUU, CIOCTEPEKYBaHUN 1

B1JIMOBOCTIWKHI TOCTYTI JI0 JIIIIEH31HHOTO MEXaHI3MY.
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Pucynok 12. [IporpamHa MoJ1es1b TOCTYITY IO allapaTHOTO KJIK04Ya [aBTOPChKa

pO3poOKa]

OCHOBHOIO KOHIIEMIIIEIO € BIPOBAKEHHS TPOMIKHOTO IIapy CEPBICY-IILTIO3Y
JIEH3YBaHHS, SKUI 1HKATICYJIIOE€ B3aEMO/II0 3 BeHnopchbkuM SDK, peanizye nomituku
KEepyBaHHS Yeprolo 3alnTiB, MEXaHI3MU 1IEMIIOTEHTHOCTI Olepaniii Ta ayJuT A0CTYyIY,
a TakoXk Hamae crangaptu3oBanuil iHTepdeiic B3aemomii (REST/gRPC) mna Bcix
CHOKMBayiB y Kjactepl. Takuil miaxig rapaHTye, I0 NPUKIaJAHI MIKPOCEPBICH HIKOJIU
HE 3BEPTaOTHCA JI0 allapaTHOIO KIII0Ua HaMpsiMy Ta 3ajUIIa0ThCs HE3aJIeKHUMU Bij
1oro ¢i3M4HOTO PO3MIIICHHS, TUITY JpaiBepa, 0COOIMBOCTEN BCTAHOBIECHHS 200 3M1H
y BeHJIOpChKilt peamizaiii [130].

Jlo1aTKOBOIO MEPEBArol0 TaKOTo MiAXOAY € MOXIJIHMBICTh 3a0€3MEUeHHS PIBHO-
MIPHOTO PO3MOJLTY HABAHTAKEHHSI MIXK KUIbKOMA arapaTHUMU KJIHOYaMU, Y BUMAJIKY
KO0 1HPPACTPYyKTypa MICTUTH IEKIJIbKA BY3JIiB, KOKEH 3 SIKUX MA€ BIACHUM (H13UNIHUN
Hociit minensii. LLnio3 minen3yBaHHs MOKe BUKOHYBATH OalaHCyBaHHS 3alHTIB, aBTO-

MaTHUYHE MepEMUKaHHS MK KJIF0UaMU MPU BIIMOBAX, a TAKOXK LIEHTPaJli30BaHUI MOHI-
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TOPUHT CTaHy KOKHOTO MpUcTpoto. Lle 3HauHO miABUIILye HATIHICTh pOOOTH CUCTEMH
Ta MiHIMI3y€ PU3UK MPOCTOIO CEPRICIB Y BUMAAKY 300iB Ha piBHI OKPEMOT0 By3JIa.
OCKIJIbKM TIPEACTaBICHUN MeTOoJ 3abe3rneuye MakCUMajIbHO 3aXHUIIEHE, Kepo-
BaHE Ta MAacIITa0OBaHE BUKOPUCTAHHS amapaTHOTO KJI0Ya, KITIEHTaM, IO BIPOBAJI-
KYIOTb OJIOHY CUCTEMY 3aXHUCTy CBOTO MPOTPAMHOTO 3a0€3MEUEHHS, PEKOMEHI0BAaHO
3aCTOCOBYBaTH caMe TaKy apXiTeKTypy. BoHa 103BoJsie TOCSTTH BHCOKOI €(PEeKTHB-
HOCTI BHKOPHCTaHHS KJIIOYa, MIHIMI3yBaTH BIUIMB Ha OI13HEC-JIOTIKY NpH 3005X
amapaTHOi YaCTHHU, a TAaKOX 3a0e3leuye HEeHTpali30BaHe aAMIHICTPYBaHHS, IIBUIKE
PO3IIMPEHHS 1HPPACTPYKTYPH Ta BIAMOBIIHICTh BUMOTaM 1H(QOPMAIIIHHOT OE3IEKH.

JloriuHa Mozienb CKIaIaeThC 3 TPhOX IapiB (puc 13).

LLap KnieHCbKWX 3aCTOCYHKIB

\ KnieHTebKi KnieHTCbKI

3aCTOCYHKN 3aCTOCYHKN

Cepsic wnio3

'_*————7———_,____7____ FeiTeeit
niLeH3yBaHHA

Cepeepu
LIJap adantepa Kno4Ya —- NiLeH3yBaHH:A

\\\

\__4 ApanTep

anapaTHoro
Knova
AnapaTtHWi KoY

Pucynoxk 13. Jloriuaa Moziesib 1OCTyIy JI0 allapaTHOTO KJIto4ya [aBTOpPChKa po3po0Ka]
Ha mepudepii 3HaxonuTbcs map KIIEHTCHKUX 3aCTOCYHKIB Ta MIKPOCEPBICIB
O13HeC-IOMEHY, 110 BUKOHYIOTH 3allUTH Ha OTpUMaHHsA a00 3BUILHEHHS JIIEH31i B
MeKax TpaH3akilii poOOTH KOPUCTyBaya Y OOUMCIIOBAIBHOT 3a/1aui.
VY 1eHTpil po3TaloBaHO CEPBIC-NLIIO3, KWW TPHUIMAE 3alUTH, aBTCHTU(IKYE

KJIIEHTIB 3a JIONIOMOT'0I0 B3a€EMHUX CepTU(DIKATIB, MPOBOJUTH aBTOPU3ALIIIO 32 POJISIMU
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Ta TMOJITHUKAMH, 3aCTOCOBYE OOMEXKEHHS IIBUAKOCTI, (OpMye Yepry Ha JOCTYI J0
KJIF0Ya 1 TapaHTy€e KOPEKTHE 3aBEPIICHHS )KUTTEBOro UKy “checkout—use-return”.

Y HIOKHBbOMY I11ap1 GYHKIIIOHYE aAanTep A0 anapaTHOTO KITH0Ya, 110 1HKAICYII0e
BeHgopcbke SDK, kepye cecisiMmu, BukoHye challenge—response Ta mNpoBOIUTH
JIOKaJIbHY CaMOJIarHOCTHKY CTaHy MPHUCTPOIO 1 IpaiiBepiB.

1106 3a6e3meun Ty BUCOKY TOCTYITHICTh, CEPBIC-IILITI0O3 PO3TOPTAETHCS Y KITBKOX
periikax, MDK SKAMH peajli3oBaHO MexaHI3M BuOopy migepa. Jlimep wae
EKCKJIFO3MBHUHM TTOCTYII A0 ajanTepa Kiro4a, TOAl SK IHIINI 1HCTAHCH OOpOOJISIIOTH
aBTeHTU(DIKaIlII0, YEPTU Ta METPUKH, ajie MEePEHAIPABIISIOTh KPUTUYHI BUKIUKH J0
aKTUBHOTO ek3eMIuisipa yepe3 BHyTpimHiA RPC. Takuit miaxig 103Bojsie Maciitady-
BaTy (GpPOHT OOpOOJICHHS 3aMUTIB 1 BOJAHOYAC YHUKATH KOHKYPEHINi 3a JOCTYI J0
¢d13uunoro mpuctpoto. [lepeMukanHs nizepa BiI0yBa€THCS aBTOMATUYHO 32 HASIBHOCTI
o3Hak jaerpazaiii (Brpara heartbeat, 3611 SDK, 3poctanns p95 uacy "checkout()"), o
MIHIMI3Y€ 4ac MPOCTOIO.

KomyHikarrisi Mi>k KOMIIOHEHTaMU OyIy€ThCS Ha MIPUHIMIIAX HYJIBbOBOI JIOBIPH.
V¢l BUKIIMKHY 10 TUTI03Y NIANUCYI0TheA 1 mu@pyroThes (mTLS), cepTudikatu MaroTh
KOPOTKHH CTpOK [ii Ta aBTOMAaTUYHO POTYETHCS UYEpe3 MEXaHIi3M BUIABIA
cepTudIKaTiB y Kiiactepi.

ABTOpU3alLlisl 3A1MCHIOETECS HAa OCHOBI aTpUOYTIB 3amUTy: TUIY MNPOAYKTY,
penaxitii, KUTbKOCTI OJIHOYACHUX MiCIlb, KOHTEKCTY MPOEKTY Ta JIO3BOJICHUX JIii.
[ToniTuk KOH(ITYPYIOThCS JEKIApPATUBHO 1 30€piraloThCs y IEHTPaIi30BaHOMY
CXOBHIII KOH]ITypaIlii, 1o ga€ 3MOTy BUKOHYBAaTH 3MIHY TIPaBWJI 0€3 mepe3amnycKy
cepBiciB 1 0e3 BIUIMBY Ha IpaIforodi cecii. CTaH CHCTEMHU pO3MEXKOBY€EThCS. [[epenom
ICTUHM TIOJI0 KIJIBKOCTI JOCTYITHUX JIIEH31M BUCTYIIA€ caM arapaTHU Kio4d abo
BEHJIOPCHKUN JEMOH; Oy/b-SKI TIPOMDKHI KeIlll CIYTYIOTh JIMIIE I TeJIeMeTpii Ta
ontumizailii 3’ €IHAHb.

Jlns yHUKHEHHsI TIOABIMHMX CIHMCaHb KokHa omeparis checkout()” mae
17IEMIIOTEHTHHUM 1IeHTU(]IKATOp, a Yy pa3i MOBTOPHOTO BUKJIMKY B MEXaX TaM-BIKHA
IIJTF03 TIOBEPTAE MOTOYHUH CTaH 0€3 T0IaTKOBOTO CIIOKUBAHHS JIIEH311. Y BUMaaKax

BTpaTH 3B’S3KYy peali3yeThCS MEXaHI3M aBTOMATHYHOTO BIHOBIIEHHS CECli: TpH
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KOPOTKOYACHUX 3005X 3aCTOCOBYETHCS MOBTOP 13 €KCIMIOHEHIIHHOIO 3aTPUMKOIO, MpU
TPUBAJIIINX — IPUMYCOBE MTOBEPHEHHS ““3aBUCIUX’ OPEH/I MICJIsI KOHTPOJIBHOTO TaiiM-
ayTy 3 noAayibluM ayautoM [131].

CrocTepekyBaHICTh 3aKJIaJa€ThCsl K HEBIJ €MHA BIACTUBICTh apXITEKTYpPH.
Koxen BUKIIHK (hIKCYETBCS Y KypHaiax 13 KOPEJSIIHHUM 1AeHTU()IKATOPOM, METPUKU
EKCIIOPTYIOTBCS. Y CHCTEMY MOHITOPHUHTY Ta BKIIOYAIOTh PIBEHb YCIHINIHOCTI,
3aTPUMKY Ha PI3HUX eTamax oOpoOKH, TTMOWHY 4Yepru, KUIbKICTh aKTHBHHUX CECiH,
gactoty BigMoB SDK i mozii anaparnoro piBas (detach/attach, momunku muam). Ha
OCHOBI IMX TOKa3HMKIB Bu3HayatoThcst SLI ta SLO, dopmyerscs error budget 1
HAJAIITOBYIOThCS TMOMEPEKYBalbHI CIHOBIIICHHS MPO BUYEPIIaHHS JIIEH3I1H,
nerpangamito p95/p99 3arpumMok 1 QuamiHr npuctporo. s po3dopy I1HIMIEHTIB
nepeadaueHo 3HEO0COOICHUI TPEUCHHT 3aIUTIB 13 MIHIMAJIBHO HEOOX1AHUM HaO0OpOM
OB,

3 MIpKyBaHb O€3IMEKH Ta KEPOBAHOCTI CEKpeTH (KUl MU(pyBaHHS, TOKEHU
aJMIHICTpYBaHHS, MPUBaTHI cepTU(dikaTh) 30epiratoThCs y 30BHINIHBOMY CXOBHIII
CEKpETIB 13 KYPHAJIBHUM JOCTYIIOM 1 TIOJITUKAMH MIHIMAJIbHUX MPUBLIEIB.
Kondirypariss mig’enHanHss A0 BEHAOPCHKHX CEpBICIB, IMapaMeTpu TailM-ayTiB,
OOMEXEHHS Ha JOBXHUHY cecli Ta mpodiial MPOAYKTHUBHOCTI MOCTAYaIOTHCS 4epe3
LIEHTpaJli30BaH1 KOH(Ir-IKepeia 1 MiIXOIUTIOI0ThCS il Yac BUKOHAHHA. OHOBJICHHS
CEpBICIB BIIOYBAIOTHCA 3a CXEMOI 0€3 MPOCTOIB: ISl MUTI03Y 3aCTOCOBYETHCA
CTpaTerii MOCTyNOBOTO BHBEICHHS 3 €KCIUTyaTallii, i ajanTepa — KOHTPOJIhOBaHA
nepeaaya JiaepcTBa 1 Bii’ € JHAHHS 3 KOPEKTHUM MOBEPHEHHSIM yCiX aKTUBHUX OPEH/T
[132].

OcoOnuBa yBara NpuIIS€THCA TECTYBAHHIO CTIMKOCTI. APXITEKTypa BpaxoBY€
crieHapii Xaoc-eKCIepuMeHTIB: panToBe Bij enHanHs USB, mTydHi 3aTpuMK{ Ha
MepexKeBOMY NUIAXY, 3001 y BeHnopcbkomy SDK, maninus mifgepa Ta BIIMOBHU By3ia.
JUIsi KOXXHOTO CILIEHApII0 BHU3HAYEHO OYIKYBaHy TMOBEIIHKY (HEMOPYIIHICTH
1HBapiaHTIB, TapaHTOBAaHE TMOBEPHEHHS JIIIEH31i, MEX1 IOMyCTHMOi Jerpajariii

3aTPUMOK) 1 MOPSAJOK BiTHOBIIEHH. DyHKIIOHATIBHI TECTH MEPEBIPAIOTH KOPEKTHICTh
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Oi3Hec-TpaBWJI BHJA4l, a HaBaHTaXyBajbHI OLIHIOOTH MiKOBI checkout rate™ i
CTaO1IBHICTH Mij TPUBAIUM TUCKOM 3 PI3HUMU MPOQIISIMHU 3aIIUTIB.

B3aemonist 3 mpuKIIaTHUMU KOMaHIaMH CTIPOIIYETHCS 32 PAXyHOK CTA01THHOTO
koHTpakTy API 1 odimiitanx SDK-00ropToxk, siki IHKancyJItoTh YC1 BAMOTH O€3IeKH,
TeHEPAIliio iIEMIOTECHTHUX KITFOUiB, IOBTOPH 3 OFOKETOM 1 TEIEMETPIO.

Takum YuHOM, PO3pOOHWKHK Oi3HEC-(QYHKIN OTPUMYIOTH TMPO30PUN CEPBIC
JIIIEH3yBaHHS SIK TIaTGOPMEHHY MOXIJIMBICTh, HE 3aHYPIOIOYHCH Y JIeTalll poOoTH 3
b13uuHUM  TIpUCTpoeM. Y  TMIACYMKY apxiTekTypa 3abe3nedye KepOBaHICTh,
B1JIMOBOCTIHKICTh 1 MAaCIITA00OBaHICTh, TO3BOJISIOUN €KCIUTyaTyBaTH alapaTHUM KITIOY
K HAAIMHUN pecypc Y KOHTEHMHEpPHU30BAaHOMY CEpEIOBHIII 0€3 KOMIPOMICIB OO0

0€3IeKH Ta JOCTYITHOCTI.

5.1.7 Meroa miAKJIIOYEHHS [0 AaNapaTHOI0 KJKW4Ya B KJIACTEPHOMY
cepeaoBHILi

[TpoexTyBaHHS METOQY JOCTYIly JI0 amapaTHOro Ki4a B KJIACTEPHOMY
CEPEIOBHUILI € OJIHUM 13 KJIIIOYOBUX €TalliB pO3pOO0JIEHHA MIAXOAY A0 3a0e3MeyYeHHs
B1JIMOBOCTIHKOCTI, a/pKe came BiJ HbOTO 3aJICKHUTh CTAOUIBHICTH 1 Oe3MmepepBHICTD
poOoTu Bci€i cucTteMu JiileH3yBaHHS. OCHOBHOIO METOI0 CTBOPEHHS METONy €
PO3MO/ILI 3aMUTIB HA BUKOPUCTAHHS allapaTHOTO KJIK0Ya MIXK KUIbKOMa KOHTEHHEepaMu
a60 By3namu 0e3 MOpyUIeHHs IUTICHOCTI JaHUX, YHUKHEHHS OJTHOYaCHOTO JOCTYITY J0
OJIHOTO PEcypCy, a TaKOX 3a0e3leyeHHs aBTOMATUYHOTO BIJHOBJICHHS 3B S3KY Y
BUITAQJIKY 300iB.

VY kiactepHOMY CepelOBHIII, i€ IPOrPaMHI CEPBICH PO3MOJLICHI MK PI3SHUMHU
By3JIaMH, anapaTHUW KIIOY 3aTUIIAEThCS (DI3UYHO YHIKAIBHUM MpUCTpoeM. Lle
CTBOPIOE TIEBHY aCHMETpi0: MporpamMHa 1HGPACTPyKTypa MOKE MacITaOyBaTHCh
Maii>ke HeOOMEKEHO, TO1 SIK anapaTHUl pecypc € OOMEKEHHUM 1 Ma€ MIATPUMYBaTH
JIUIIE OJIMH aKTUBHUM KaHaJ B3a€MO/I11 B IEBHUM MOMEHT 4acy. JIJist BUPIIIEHHS [[bOTO
npoTupiydsi 6ysao po3poOaeHO MIAXIT IO IEHTPATI30BAHOTO JOCTYMY 3 MEXaHI3MOM
cepiamizallii 3amuTiB, KWW peajidye JOTiKy “OJMH aKTUBHUU JOCTynm — Oararo

KJIIEHTIB”.
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[Ipomiec yBeneHHs amapaTHOTO KJIIO4a B €KCIUTyaTallil0 MOYMHAETHCS ILE Ha
erami Horo (i3MuHOi MOCTaBKM 1O JaTalleHTPy W 3aBEPIIyETHCS MOBHOIIIHHOIO
IHTErparli€ro B KJ1acTep Ta CUCTEMH MOHITOPUHTY.

Po3rnsiHeMo noetarHe BUKOHAHHS METOAY IMiIKIIOUEHHS /10 allapaTHOTO KIIto4ya

B KJIaCTEpHOMY cepeoBuiii (puc. 14).

Etan 1 (docTtaeka Etan 2 Etan 3
Ta NepeyuHHa (MigrnwyeHHa oo (MovaTrkoBa
nepeeipka) iHbpacTpyKTYpW) iHiLianizauin)
. Etan 5 Etan 4
Etan 6 (lHTerpauin .
. (PeecTpauis (HanawtyBaHHs
i3 cucTemMamMu ]
. anaparHoro MEPEMEBINX
MOHITOPWHIY) .
Koua) napameTpis)

*

Etan 7 (IHTerpaujn
3 KNacTepom
KOHTEeWHepK2a L)

Pucynok 14. Etanu meToay miAKIIOUYEHHS 10 allapaTHOIo KJIK04Ya B KJIACTEPHOMY

CepeoBHUIIl [aBTOpChKa po3poOKa |

Etan 1. /IocTaBka Ta nepBrUHHA nepeBipKka. AapaTHUN KIH0Y TOCTaBISETHCS 10
JaTalleHTpy B OIUIOMOOBaHIM yMakKoBIl. AJIMIHICTPATOp PO3IMAKOBYE MPHUCTPIH,
BUKOHY€ BI3yaJbHy MEpEBIPKY UUIICHOCTI KOpHycy, IUIOMO Ta BIACYTHOCTI
MEXaHIYHUX MOIIKO/KEHB. 3a OTPEOU pe3ynbTaTh NMepeBIpKU (HIKCYIOTHCS B XKy pHAII
MpuUiMaHHs 00J1aTHAHHS.

Etan 2. IligkmtoueHHs 10 1HPPACTPYKTYypU XKUBJIEHHS Ta mepexi. [Ipuctpiit
i1’ €THYETHCS 10 JDKEpENa KUBJICHHS 3TIHO 3 TEXHIYHOIO JOKyMeHTamiew. [licms
LbOT0 anapaTHUN KIIFOY MIAKIIOYAETHCS 10 MEPEkKEBOI 1HQPACTPYKTYPH aTalCHTPY
yepe3 nopt Ethernet BiMOBIAHOTO CEpBEPHOro CerMeHTa (HAMPHUKIIAJ, 3aXHUIIECHOT

VLAN 3 10cTynom Juiie 10 CEPBICIB JIIEH3YBaHHS).
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Eran 3. IlouarkoBa iHimiamizaiisi Ta BBEICHHS aMIHICTPATHUBHOIO IapOJIs.
[licnst yBIMKHEHHSI KUBJICHHS anmapaTHUM KIIOY MEPEXOAUTh y MOYaTKOBUN PEKUM
1HiIiami3anii, y SKOMy BUMarae BBeJICHHS aJMiHICTPaTUBHOTO MapoJjs. AIMIHICTpaToOp
3a JIOMOMOToI0 KOHcoibHOro jaoctymnmy (SSH, cepiitHuii mopt abo BebO-iHTEepdeiic
KepyBaHHA) 3a7a€ ab0 3MIHIOE TIOYATKOBHI MapoJib Ha YHIKAJIBHUH, IO BiANOBiAA€E
noJiiTukaMm 1HGopMaliiiHoi Oe3neku opranizaiii. Ha mpoMy erami TakoX MOXKYThb
CTBOPIOBATUCA JTOJATKOB1 OOIIKOBI 3alMCH 3 0OMEKEHUMHU MPABAMH.

Etan 4. HanamryBanHs MepexeBux napamerpiB Ta orpumanss [P-agpecu. [ami
BUKOHY€ThCA KOH(Iryparllisi Mepexi: nmpucTpiii Moxke orpumyBatu IP-agpecy yepes
DHCP abo Matu ctatuyHy aJpecy, 3ape3epBOBaHY B MeXaxX BUIIJICHOTO CErMEHTA.
[licns mpucBoenHs [P-agpecu npoBOAUTBCS TECTOBUM OOMIH maketamu (ping,
MepeBipKa JIOCTYIy JI0 CIY»KOOBOTO TOPTY) JJIs TIATBEPKEHHS KOPEKTHOCTI
MEpEeKEBUX HAJIAIITYBaHb.

Eran 5. Peectpaumis amapaTHOro Kiroya B CEpBICI-LUIIO31 JIILIEH3yBaHHS.
Otpumana IP-agpeca, ineHTH(IKATOP MPUCTPOIO, CEPIMHUI HOMED Ta 1HII aTPUOYTU
BHOCATBCSI B KOH(Irypalliio CepBiCy-ILI03Y JilneH3yBaHHsA. Ha npomy eram Kirod
PEECTPYETHCS K OKPEMHI By30J1 Y BHYTPIIIHBOMY PEECTPI PECYpCIB (HAMPUKIIA, Y
KOH(irypaitiitHii 6a31 200 CXOBHIIII TapaMeTPiB KJIacTepa), MiCsl 4OTo LT3 OTPUMYE
MOKJIUBICTB 3IHCHIOBATH JI0 HHOTO KOHTPOJIHOBAHUH JTOCTYTI.

Etan 6. IuTerpamis i3 cucteMaMu MOHITOPUHTY Ta BUSIBJICHHS ITOMUJIOK.
HacTynmHuM KpoKOM € TiAKIIOYEHHS arapaTHOTrO KIoYa JI0 CHCTEM CIOCTEPEKECHHS
(MOHITOPUHT 3/I0pPOB’Sl  CEpBICIB, JIOCTYMHOCTI, Yacy BIJMOBIAl), a TaKOX
HaJAIITyBaHHS MPaBUJ CIOBIIEHb. AJIMIHICTPATOp KOHDITypy€e CUCTEMY BUSBICHHS
MMOMUJIOK Ha BUIAJIOK BTPATH 3B’ A3KY 3 IPUCTPOEM, 3MIHU HOTO KOOPAMHAT (3T1IHO 3
GPS-monyneM), MOBTOPHMX TIOMWJIOK aBTEHTHU(IKaIlli, HEKOPEKTHOI poOOTH
ninensiiHoro SDK tomo. e 3ab6e3neuye onepaTvBHe BUSBICHHS IHIIUICHTIB O€3MEKH
Ta 300iB.

ETan 7. Iaterparis 3 kjacTepoM KoHTeWHepu3arlii. Ha 3aBepmansHoMy eTari
anapaTHUM KJIIOY JIOTIYHO “‘IpUB’SI3y€ThCS /O KIACTEPHOro cepeaoBuiia. Y

koH(piryparii Kubernetes abo iHIIOI cucTeMu OpKecTpailii HAJAIITOBYETHCS CEPBIC
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JiueH3yBaHHs (gateway), sikuid 3Hae npo [P-aapecy kitoua, MOJNITUKU AOCTYIY 10
HBOTO, TaliMayTW Ta TMapaMeTpu MOBTOPHUX crpoO. Jlimsg By3miB, Ha SKHUX
PO3TOPTAETHCS CEPBIC-IILII03, MOXKYTh OyTH 3ajaHi cremianbHi MiTku (labels), node
affinity a6o tolerations, sIKIII0 KJ1t04 (p13UIHO MPUB’ I3aHUHN JO KOHKPETHOT'O CETMEHTA
Mepexi abo By3Ja.

Ha npoMy etari mporpamMue 3a06e3medeHHs] MOXKE MOBHOI[IHHO BUKOPUCTOBYBATH
MOKJIMBOCTI almapaTHOTo KJIIo4a y CBOil po6oTi. JIJIs I-OT0 MiKpOCEpBICH HAJCUIIAIOTh
sanuti Ha [P-ampecy, sky OyJio BCTaHOBJEHO MijJ Yac IMOYATKOBOI KOHITryparrii
npucTporo. OCKUIBKH B3a€MOJIS 3IIMCHIOETBCS B MeXaxX JOKaJIbHOI Mepexi
JaTareHTpy, 3aTPUMKH TIpU OOMIHI JAaHUMHU € MiHIMaJIbHUMHU, 1110 3a0€3IeYy€e BUCOKY
IBUJIKICTh 0OpOOKHM omepaiiiil gineH3yBanHs. [Ipore, Taka KOH}Irypailisi Mae CyTTEBE
O0OMEKEHHS: SKIIO MPOrPaMHHUI KOMIIOHEHT, IKUW B3a€MOJIIE 3 KIIFOUEM, PO3TOPHYTHI
Ha oAHOMY (PI3MUHOMY CepBepl 3 MPUCTPOEM, TO MOTO BIAMOBA MPHU3BEJE A0 BTPATH
JOCTYITHOCTI BCI€i cucTeMu JineH3yBanHs. Lle cynepeunts BUMoram 10 BiAMOBOCTIH-
KOCTI, TOMY HACTYIIHHUM €TallOM € pPO3TOpTaHHS MOBHOIIIHHOTO KJIACTEPHOTO
CepeIOBHIIIA.

APXITEKTypHO METOJ JOCTYITY /IO allapaTHOTO KITt0Ya IPYHTYETHCS HA KOHIISTITIT
Jiep—peIuiiKa, 3riJTHO 3 KO JIUIIE OAUH BY30J (Jiep) y Oy/Ib-sIKMil MOMEHT 4acy
Ma€ eKCKJIF03MBHUM JIOCTYTI /10 anapaTHOro kiatoda (puc. 15). Yci 11111 By3iu KiacTepa
nepeOyBarOTh y TACHBHOMY PEXHMMI Ta BUKOHYIOTh POJIb PEIUTIK, TOTOBUX IepedpaTu
(YHKIIOHANBHICTh JIiIepa y pa3l WOro HemocTymHocTi. Takui miaxig po3B’s3ye
nmpobsieMy €IUHOTO (PI3UMYHOTO PEeCypcy — amapaTHOro Kiaroya — 3abe3neuyrouun
BOJIHOYAC MacCIITaOOBAHICTh 1 BUCOKY JIOCTYMHICTh IPOTPAMHOI IHPPACTPYKTYPH.

BuzHaueHHs1 akTUBHOTO BYy3J1a 3/I1MCHIOETHCS 3a JIOMTOMOIOI0 MeXaHi3Mmy leader
election, o peami3yerbest 3acobamu Kubernetes uepe3 Bukopuctanus ConfigMap',

‘Lease API" abo cnenianizoBaHUX KOHTPOJIEPIB.
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Kubernetes Cluster

Leader ' ¢ Follower Follower
Gateway-1 Gateway-2 Gateway-3
) New Leader
attempt to acquire / Lost Heartbeats Elected

= *

Lease Lock

Il (ConfigMap/Lease API) Follower-3

P ol

renew heartbeat | eader Elected

Pucynoxk 15. Peanizaiiis KOHIIEMIIIT J1iiep — peruiika Juist TOCTYITy J0 arapaTHOTo

KJII04a [aBTOpChKa po3poOKa]

[Ticnst oOpaHHs jdimepa BCl 3alUTH 10 anapaTHOrO KIl0Ya CHPSIMOBYIOTHCS
BUKJIIOYHO JIO I[OTO BYy3JIa 4Yepe3 BHYTPILIHIA CEpBIC-IUIIO3, IO BIAMOBIAAE 3a
cepiaizalio 3amuTiB, KOHTPOJIb IOCTYITY Ta B3aemMoiio 3 BeHaopchkuMm SDK. VY pasi
30010 migepa Kubernetes aBTOMaTHYHO 1HIMIIOE TPOLEAYPY NEepeoOpaHHs, 1 HOBHIA
BY30JI MUTTEBO Tepedupae posb akTUBHOTO. [le 3abe3neuye Oe3nepepBHICTh pOOOTH
Ta MIHIMI3y€ PU3HUK MPOCTOIO JIIEH31MHOT CUCTEMHU HABITh 32 YMOB YaCTKOBUX B1JIMOB
1H(PaACTPYKTYpH.

Konu xopuctyBau abo 1HIIMI MIKpPOCEpBIC HAJCWIAE€ 3alUT HA OTPUMAHHS
JineH3ii, 3a0UT HAaJXOAUTh y Yepry IUI03y AOCTyny 1o kitoya. KoxxkHomy 3amuty
MPUCBOIOETHCS YHIKAIBHUM 1IEHTU(IKATOP Ta YaCOBH IITaMIl. AJITOPUTM MEpEBIpse
CTaH KJII04a, JOCTYTHICTD JIiIepa Ta BIACYTHICTh aKTUBHUX TPaH3aKIid. SKIIO KIIoY
BUIBHUH, IUTIO3 iHIMIO€E omepallito checkout()' yepe3 SDK BupoOHUKA amapaTHOTO
KJII0Ya, OTPUMYE TOKEH JOCTYITy Ta Iepeaae Horo 3anuTyBady. TokeH Mae 0OMeKeHU!
TEepPMiH [ii, MICIIs YOT0 BUKOHYEThCS aBTOMaTtuuyHe return()’ abo MOOBXKEHHS cecil

MIpHY NPOAOBKEHHI pOOOTH KOPUCTyBaya
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JIns yHUKHEHHS KOMI31M y d4ep3l 3amuTiB 3aCTOCOBYETHCS CTpaTeris
17IEMIIOTEHTHOCTI (pUC. 16): MOBTOPHI 3alUTH 3 THUM CaMUM i7eHTH(]IKaTOpoM He
MOPODKYIOTh HOBUX ceciid. I{e Bukimtouae myOmroBaHHS JIIIEH31H 1 rapaHTye, 110 HaBITh
IIPH MEPEKEBUX 3aTPUMKax ab0 MOBTOPHUX BUKIWKAX KIIIEHT OTPUMAE OJWH 1 TOU

CaMHM pe3yJIbTar.

[ OTpUMaHWA 3anKT ]

Takui 2anuT

yHe
BMKOHYBABCR?

Tak Hi

MNosepHEHHA
FAKELWOBAHOO

pesynLTaTy

DoaasaHHA 3anuTy A0
Tabnuui Ha oBpobky

Cepsic nigxonmoe e
3anuT Ta NOYNHAE HOro
obpobKy

I

-
H-\""ﬂ-\.
YeniwHa T
I‘— -

Tak xﬂﬂ‘nxﬂxﬂﬁ‘ﬂﬂﬁ Ka? Hi

| l
30epexeHHs 23 anuTy 4o
HeLy

[MoBepHEHHR NOMWUNKK

MNoeepHEHHA YOrixy

Pucynoxk 16. I'pad-cxema 10CATHEHHS 1IeMIOTEHTHOCTI 3allUTIB [aBTOPChKA
po3poOKa]
VY pa3si BUHUKHEHHS 3001B MepedayeHo KiibKa CIIeHapiiB BITHOBJICHH. KO
BTpPAya€ThCs 3’ €IHAHHS MDK JIIEH31MHUM IIUTFO30M 1 anapaTHUM KIJIFOYEM, aKTHBHA

Cecisi TepexXOoJuTh Yy PEKUM OUIKyBaHHS 3  TMEPIOANYHUMH  CIpoOaMu
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HeperiIKII0YeHH. K0 BIPOIOBK MEBHOTO TalM-ayTy 3B’ SI30K HE BiIHOBITIOETHCS,
cucTeMa iHiiitoe nponenypy failover: nmpusHayaeTbcss HOBUU JIijiep, a MOIMEPETHIN
BY30JI B €IHYEThCS BiJ KIIO4Ya dYepe3 MexaHi3Mm fencing, MO YHEMOXIMBIIIOE
OJIHOYACHMM JOCTYII 13 JIBOX JiKepesd. HoBuii migep BIIHOBIIOE poOOTYy cepBicy 0e3
BTpaTH JaHUX, BUKOHYIOUM MOBTOPHY aBTEHTH(IKAIII0 Ta CHHXPOHI3AIUIO CTaHy 3
MOTIEPEHIMH CECISIMHU.

JlomaTkoBO METOJ peallidye aBToMaThuyHe OajaHCyBaHHsS HABaHTAKCHHS Ha

piBHI Ki€eHTIB (puc. 17).

KnieHTCbKWIA KNiEHTCbKWIA KnieHTCbKKUIA
Aonatok 0o0aToK [0o0aToK
Noap,
banaHcep
Knioy 1 Kntoy 2 Kniou 3

Pucynok 17. Cxema OanaHCyBaHHSI HABAHTa)KEHHS Ha PiBHI KIIIEHTIB [aBTOPChKa

po3poOKa]

Axmo cucremMa Mae KiIbKa HE3aJeKHUX KIIIOUiB a00 MEPEKEBHUX IIUTIO31B,
3aMUTH PIBHOMIPHO PO3MOAUISIIOTECA MK HUMHU 3 YpaxXyBaHHSAM MOTOYHOI KUTbKOCTI
aKTUBHMX CeCli 1 yacy BIATYKy. Lle 103BoJisi€ oNTUMI3yBaTH BUKOPUCTAHHS PECYPCIB 1
YHUKHYTHU NIEPEBAHTAKEHHS OJTHOTO BY3JIa.

BaxxnuBoro CKIJIaJOBOIO METOJy € 3aXHUCT BiJ HECAHKI[IOHOBAHOTO JOCTYILY.

KoxHa TpaH3akiisi cynpoBOIKYy€eTbCs 000B’ I3KOBOIO aBTEHTHU(IKAIIEIO KIIIEHTA Yepes
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npotokon mTLS, a oOMiH maHWMU 3 KJIIOYeM BUKOHYEThCS 3a 3alIupOBaHUM
KaHaJioM. Yci il KOpPUCTYBayiB 1 CHUCTEMHHUX IIPOIIECIB JKYpPHAIIOIOTHCS, IO
3a0e3mnedye MOBHUM ayANT BUKOPUCTAHHS JIICH31H 1 JOMTOMara€e BUSBIISITH aHOMAJIbHY
AKTUBHICTb.

Taxkum 9uHOM, 3aITPOIIOHOBAHUN METOJT 3a0€3Meuye:

- KOHTPOJIbOBAHHM OJTHOYACHHH JOCTYII IO allapaTHOTO KJIto4a 0€3 MOpyIIeHHS

IIUTICHOCTI] JAaHUX;

aBTOMATUYHE BiTHOBJICHHS IMiCIIA 300iB a00 BTpAaTH BY3Ia-Jiaepa;

TMHaMIYHE OaJlaHCYBaHHS HaBaHTAKEHHS B PO3MO/IIIICHOMY CEpPE/IOBHIIIL;

KpurnrorpadiuHo 3axuiieHy KOMyHIKaIlio;

1JIEMIIOTEHTHICTh OMepalliii Ta ayAuT yCiX TpaH3aKIliil.

[ToenHaHHs UX XapaKTEPUCTUK J03BOJIsE €DEKTUBHO IHTETPYBATH alapaTHUMA
KJIIOY y KJIACTEpHY KOHTEHMHEPU30BaHY apXiTEKTypy, 3a0e3Meuyroun 0e3nepepBHICTb
pOOOTH CHUCTEMHU JIIEH3YBaHHS Ta MIABUIYIOUH ii HAMIMHICTh 1 MAaCIITAOOBAHICTb.

PosrnsHyTHit MeTON O3BOJISIE 3HAYHO MiABUIIUTH PIBEHb BIJIMOBOCTIHKOCTI,
MIHIMI3yBaTH 4ac MPOCTOIO Ta 3a0€3MEUNTH CTa0lIbHY pOOOTY JNILEH31MHUX CEPBEPIB
HaBITh Y BUIAJIKY YACTKOBUX 3001B 1IHOPACTPYKTYPH.

Kpim TOro, ctBopeHa Mo/ielb € YHIBEpCaIbHOIO Ta MOKe OyTH ajanToBaHa JJIs
PI3HMX THUIIIB anapaTHUX KIIOYIB 1 KOPIOPATHUBHUX CEPENOBHUII, 110 POOUTH ii

IIPpAKTUYHO I_IiHHOIO I BITPOBAJ/PKCHHA B CYy4aCHHUX CUCTCMaAX J'IiI_IeHBYBaHHﬂ.
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SECTION 6. CONSTRUCTION AND CIVIL ENGINEERING

DOI: 10.46299/1SG.2025.MONO.TECH.3.6.1

6.1 Modernization of an existing industrial building

Historical urban development models in Ukraine were largely shaped by the
industrialization processes of the twentieth century, which presupposed the territorial
relocation of large-scale production clusters to the periphery of settlements. This spatial
principle was not accidental: it made it possible not only to minimize the environmental
impact on residential quarters and reduce the risks associated with technogenic
pressures, but also to optimize logistical connections related to transportation, raw
material deliveries, and shipment of finished products. At the same time, peripheral
placement created conditions for the unobstructed expansion of industrial capacities in
the event of economic growth. As a result, entire industrial zones were formed with
autonomous transport infrastructure, independent engineering systems, organized
production areas, and a clearly defined functional structure that existed in relative
isolation from the residential part of the city. However, dynamic socio-economic
transformations, the economic restructuring that followed independence, and later
deindustrialization processes contributed to the gradual downsizing or complete
shutdown of many industrial enterprises. This led to the emergence of a significant
number of inactive industrial territories that ceased to perform their strategic role in the
local economy.

Over recent decades, Ukrainian cities have experienced intensive growth,
incorporating formerly peripheral districts that are now situated within active
urbanization zones and have become fully integrated elements of the urban fabric.
Industrial sites once designed at a substantial distance from residential development
gradually merged with the expanding urban structure as city boundaries naturally
widened. A large portion of these areas lost their primary function and transformed into
neglected zones characterized by disrupted spatial organization, fragmented building

patterns, and significant physical and moral deterioration of structures. They often
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contain derelict industrial buildings, irregular infrastructure remnants, and vast vacant
plots.

At the same time, contemporary urban planning trends indicate that these very
territories hold substantial potential for urban development. Abandoned industrial sites
are increasingly viewed as unique resources for establishing new functions—
residential, commercial, cultural, educational, recreational, or mixed-use. Their
revitalization has become one of the most effective tools for restructuring the urban
environment, enabling the creation of strategically important urban clusters: innovation
parks, research and educational centers, creative districts, cultural complexes, and
multifunctional spaces capable of supporting a wide range of urban processes. Such
transformations foster social integration, economic growth, the development of small
and medium-sized enterprises, and the formation of a new urban identity for local
communities. In this context, the redevelopment of industrial areas is perceived not
merely as a simple change of functional designation but as a systemic rethinking of the
architectural and planning structure of the territory, including the creation of new
pedestrian routes, public open spaces, landscaped areas, and human-centered
environments.

A particularly important component of modern revitalization approaches is the
rational use of existing resources. A significant part of the engineering and utility
networks built in industrial zones was designed with substantial reserve capacity to
meet the demands of large-scale production. This includes water supply systems, sewer
networks, electrical grids, heat distribution lines, gas pipelines, freight transport nodes,
industrial access roads, and rail branches. After the closure of industrial operations, this
powerful engineering framework becomes effectively liberated, creating unique
preconditions for placing new facilities without the need for large-scale upgrades or
excessive infrastructural burdens. In many cases, these networks remain technically
suitable for modernization, which significantly simplifies the integration of new
functions into the urban fabric and minimizes additional transportation and engineering

loads.
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Territories of idle factories and plants open up broad prospects for their
transformation into multifunctional, integrated complexes (so-called brownfields).
Instead of monotonous production zones, dynamic centers with various functions may
appear:

- social infrastructure: children's and youth creative centers, educational hubs;

- culture and art: modern exhibition galleries, art spaces, theater studios, industrial
heritage museums;

- business and innovation: office centers, coworking spaces;

- housing: loft apartments and other comfortable housing, harmoniously
integrated into the historical context;

- sports and recreation: sports complexes, skate parks and extreme sports grounds,
recreation areas.

The implementation of such scenarios of adaptive reuse and comprehensive
renovation not only improves the quality of life of citizens, but also stimulates domestic
tourism (due to unique architecture and cultural content) and, importantly, attracts
private investors, contributing to the overall economic growth of the region.

The main architectural and urban planning aspects and challenges in the
revitalization of industrial areas are a complex task and include:

- preservation of Historical Identity. A key aspect is to preserve the authentic
character of industrial architecture. Old workshops, factory pipes, railway tracks - all
this 1s part of the cultural heritage of the city. It is necessary to develop methods that
allow integrating these industrial artifacts into a new functional scheme, emphasizing
the contrast between the austere past and modern content. This can be achieved through
the preservation of load-bearing structures, facades and the use of industrial elements
in interior design and landscaping;

- ecological sanitation. One of the greatest technical challenges is the
decontamination and ecological remediation of soils and groundwater that may be
contaminated with heavy metals, petroleum products, or chemicals resulting from years

of industrial activity. This requires complex engineering solutions and significant
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financial investments, but is a prerequisite for creating a safe residential or recreational
environment;

- creation of a new spatial planning structure. It is necessary to rethink the existing
planning structure of the industrial zone. Usually it is focused on technological
processes, rather than on a human-centric organization of space. The task is to create
an accessible, pedestrian, inclusive environment with a clear system of public spaces,
green areas and effective transport logistics that integrates this area into the overall
urban fabric. This includes the development of new highways, cycle paths and
connections to public transport.

Revitalization of industrial areas is not just the reconstruction of buildings, but a
complex urban development process that requires a multidisciplinary approach and is
a key element in the formation of a healthy, sustainable and competitive modern city.

The article describes an example of changing the functional purpose of a
production building through reconstruction.

It was necessary to develop structural solutions to change the existing high-rise
single-story manufacturing space into a three-story office building with a roof terrace.

To achieve this goal, a detailed survey of the existing building was conducted.

The surveyed part of the building is for industrial purposes, with dimensions in
plan of 17.5x18 m in axes 1-2, A-B.

The height to the bottom of the covering slabs is 7.8 ... 9.62 m. The height to the
bottom of the covering trusses is 6.99 m. The height to the bottom of the floor in axes
2-4,Ais 3.0 m.

Along axis 4, the building is adjacent to a frame administrative building, along
axes 1 and B, there is a production part, which is structurally similar to the part of the
building under investigation. The plan of the first floor of the part of the building being
reconstructed is shown in Figure 1, and a section of the building is shown in Figure 2,
and a photo of the existing facade of the building is shown in Figure 3 (all the drawings

mentioned are the author's own designs and photos).
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The rigidity of the building in both directions is provided by reinforced concrete
columns clamped into the foundations, reinforced concrete roof trusses, wall panels,

brick enclosing walls, and a horizontal disk of roof slabs.
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Figure 1. First floor plan [made by the authors]
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Figure 2. Section through the building [made by the authors]
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Figure 3. Existing building facade before reconstruction [made by the authors]

During the inspection of the facility, photo-fixation of defects in structural
elements was performed, as well as means for checking the geometric dimensions and
condition of the building elements.

As a result of the inspection of the structure, the following was established:

- foundations for the frame columns - columnar reinforced concrete of the careful
type;

- foundations for brick walls - prefabricated reinforced concrete foundation beams
on columnar foundations;

- columns - prefabricated reinforced concrete;

- roof trusses - prefabricated reinforced concrete, length 18 m, height in the center
2.63 m;

- roof slabs - prefabricated reinforced concrete ribbed 3x6.0 m and 1.5x6.0 m ( h

=300 mm );
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- external walls - prefabricated expanded clay concrete wall panels, made of
ceramic bricks;

- internal walls - ceramic bricks;

- partitions - ceramic bricks;

- lintels - metal;

In general, the following were recorded in the internal and external volume of the
building:

- damage to the protective layer of concrete of reinforced concrete columns with
exposed reinforcement, corrosion of reinforcement;

- corrosion of embedded parts of columns;

- traces of sealing of covering slabs in places of passage of deflectors, fungal
damage, unsealed seams between covering slabs

- fungal damage to walls;

- vertical cracks in brick walls;

- corrosion of embedded parts of wall panels;

- unsealed seams between wall panels;

- exposure of brickwork

- traces of sealing of covering slabs in places of passage of deflectors, fungal
damage;

- traces of sealing of wall panels;

- cut out part of reinforcement of wall panel;

- vertical cracks in wall panels;

- knocked out through hole in monolithic beam with exposed reinforcement;

- crack in monolithic ceiling;

- exposed brickwork;

- corrosion of metal lintels;

- damage to the blind area.

According to the results of the survey, the following conclusions were made:

1. The structure under investigation is in satisfactory (2) condition.

2. To enable the reconstruction of the building, it is necessary to:
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- implement a project to strengthen existing structures;

- strengthen or dismantle the wall that is in a state of emergency;

- clean the column reinforcement from corrosion, restore the protective layer of
concrete;

- cover the embedded parts of columns and wall panels, metal lintels with anti-
corrosion and clean them with metal brushes from corrosion products, paint;

- fill, clean and restore the destroyed seams between the wall panels;

- seal the seams between the ribbed panels of the coating;

- carry out finishing works;

- restore the blind area.

3. According to the results of engineering geological research and preliminary
calculations, it is possible to reconstruct part of the production premises in axes A-B
and 1-4 for administrative and domestic premises on two full floors with an attic floor
in the space between reinforced concrete trusses.

To do this, it is necessary:

- to create an internal grid of columns (as an option 6x6 m);

- the foundations for the new columns should be made of small-diameter bored
piles with an expanded lower end of the pile and support in the IGE 3 or IGE4 soil,
according to geological surveys (see Appendix D);

- it is possible to use glass-type foundations for the new columns with their
support in the IGE3 soil and the implementation of measures to ensure the integrity of
the thixotropic soil structure during the work;

- it 1s recommended to use monolithic reinforced concrete floors as two new
floors;

- the need to strengthen the foundations of the existing frame columns should be
established by the working design, taking into account the possibility of dismantling
heavy partition walls and replacing them with lighter ones.

A photo of the existing interior of the building is shown in Figure 4 (this is the
author's photo of the authors of the article).
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Figure 4. Photo of the existing interior of the building [made by the authors]

The reconstruction project involves a deep rethinking of part of the existing
industrial building, originally formed as a single-storey volume with a significant floor
height, which was characteristic of the production processes of past decades.

The spatial structure of this type of facility - with large spans, high light levels
and simplified internal organization - creates a natural potential for further
transformations, especially in cases where the functional purpose of the building
changes.

The preliminary technical survey confirmed that the load-bearing structures have
retained the necessary level of reliability, which allows for reconstruction measures
and the integration of new elements without the risk of violating the overall structural
stability of the facility. One of the key architectural and structural solutions was the
justification of the possibility of transforming a large single-level production hall into
a three-storey structure with new horizontal levels.

The high elevation of the existing roof and the absence of internal capital
partitions provided sufficient spatial resources to form several independent floors with
their own planning configurations. The modified designed plan is shown in Figure 5

(the drawing is the author's own work.).
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Figure 5. New building plan [made by the authors]

The project involves the installation of new interfloor ceilings, the geometry and
location of which take into account the optimal distribution of loads on the existing
frame and ensure stable operation of the structural scheme after its modernization. The
integration of new structural elements is carried out in such a way as to preserve the
maximum possible volume of the existing building, avoid its excessive dismantling
and ensure the economic feasibility of the reconstruction.

The designed section of the building is shown in Figure 6 (the drawing is the

author's own work.).
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Figure 6. Projected section of the building [made by the authors]
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The formation of the internal space of the future three-level structure is based on
the principles of rational use of space, the creation of a logical spatial hierarchy and
ensuring the architectural integrity of the object. The design proposal provides for clear
functional zoning: the organization of the main premises on the middle and upper
levels, and auxiliary or communicative zones on the lower, which allows for the
effective use of every square meter of space. Particular attention is paid to the formation
of the corridor system, the proportions of the premises, the interconnection of open and
isolated areas, as well as ensuring the natural logic of movement between different
parts of the building. The significant height parameters of the existing space allow for
the implementation of various architectural scenarios: from the formation of full-
fledged separate floors to the creation of partially open spatial compositions, inter-level
visual connections and double light spaces in selected areas.

The reconstruction also involves adjusting the volumetric and spatial composition
of the building. Given that the initial volume of the industrial building was focused on
supporting technological processes, its plasticity was minimalist and utilitarian.

Figure 7 (this is the author's photo of the authors of the article) shows the result
of dividing the internal space of the building into three levels after performing

monolithic works on the arrangement of new columns and floors.floors.floors.

s
-
i

Figure 7. Implementation of division into three parts of the internal space [made

by the authors]
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The new function, which involves administrative and domestic use, requires a
different character of the architectural environment - with increased attention to the
proportions of the facades, western groups, natural lighting and harmonization of the
exterior of the building with the surroundings. The project involves rethinking the
facade structure by arranging the openings, restoring or replacing window systems, as
well as adjusting the plasticity of the external walls to form a more expressive and
modern architectural image..

Figure 8 (this is the author's photo of the authors of the article) shows the modified
facade of the building (at the time of taking the photo, the facade decoration had not

yet been completed).

Figure 8. Changed building facade [made by the authors]
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In the structural aspect, an important part of the work is the analysis of the
interaction of new and old elements. Since the original building was created for
production needs, its structures had a significant margin of safety, which today allows
the integration of additional floors and local reinforcements without increased risks.
The project provides for minimal intervention in vertical load-bearing elements, with
an emphasis on local reinforcement in places of concentration of vertical and horizontal
loads. This approach allows preserving the structural authenticity of the building, while
ensuring its compliance with modern requirements for reliability and durability.

Also, Figure 8 shows that during the works, access to the roof of the building was
organized, where a large terrace with the possibility of arranging a recreation area was
designed. A photo of the roof at the location of the terrace is shown in Figure 9 (this is

the author's photo of the authors of the article).

Figure 9. Roof at the terrace location [made by the authors]

Reconstruction of part of an industrial building for a new administrative and
residential function is a complex architectural and structural process that includes the

adaptation of a single-level large-space volume to the format of a full-fledged three-
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level structure. Thanks to the high initial structural quality of the building and
competent design solutions, it was possible to form a modern, functionally rich and
spatially balanced architectural object that meets the current requirements of
adaptability and effective use of existing construction resources.

The analysis justifies the possibility of changing the functional purpose of the
production workshop to a full-fledged office complex using the spatial reserves of the
building, improved structural schemes and preserving part of its architectural heritage.
The implementation of such reconstruction approaches contributes to:

- optimizing the use of urban areas;

- saving resources and infrastructure costs;

- forming new centers of business activity;

- increasing the architectural and spatial attractiveness of the city;

- preserving the historically formed industrial environment..

The given example of reconstruction confirms that the reconstruction of existing
industrial enterprises is a strategically important process for the development of cities,
and professionally executed constructive and architectural solutions allow the creation
of high-quality, functionally flexible and architecturally expressive objects based on

existing industrial development.
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SECTION 7. CYBERSECURITY AND INFORMATION PROTECTION

DOI: 10.46299/1SG.2025.MONO.TECH.3.7.1

7.1 KorHiTHBHE MO/I€JIIOBAHHSA CLHEHAPIIB ISl MPOTHO3YBAHHS Ki0eppu3uKiB

CydacHuit  nmapamadT  KiOepOe3nekn  XapaKTepU3yeTbCs  3POCTaHHSIM
IHTEHCHBHOCTI Ta I1100aJIbHUM pO3IIUPEHHIM Ki0ep3arpos. [ludposa tpanchopmairis,
30KpeMa, pO3ropTaHHs (I3WYHUX MPHUCTPOiB [HTEpHET pedeil, XMapHi PIIICHHS,
BiJlJaJieHa po0OTa, 3HAYHO po3lmpuia nepumeTp araku. CkiaaHi ¢iHaHCOBaHI
JESKUMHU JIep>)KaBaMH XaKep-TpymH, IHHOBAIlIHE 3aCTOCYBaHHS IITYYHOTO 1HTEJIEKTY
JUISL TIPUCKOPEHHS 3JIOYMHHOI MAISUTBHOCTI Ta 4YacTl Ba)XXKOBUSIBJICHI EKCIUIOUTH
«HYJTBOBOTO JIHS» YCKIATHIOIOTh MPOTUCTOSHHS, MIAPUBAIOTh €(EKTUBHICTh
TPaJAMIIHUX MEXaHI3MIB 3axHUCTy I1HQopMauiiHoi cucreMu. Ilpum 1npomy, cmiia
3ayBOKUTHU, KPIM TEXHOJOTIYHUX TpodieM y cdepi KidepOe3neKku, 3aluiIaeTbes
HaNO1IBII €KCITyaTOBAaHUM BEKTOPOM KOMIIPOMETAITli JIF0JIChKUI (hakTop (coliaibHa
1HKEHEpis,, HEAOCTAaTHA KIOepririeHa, 1Hcalepchka AisulbHICTB). CepeaHl CBITOBI
BHUTPATH Ha BUTIK JJaHUX niepeBUIIIN 4,88 MinbiioHiB qomapiB CIIA y 2024 pori, neit
MOKa3HUK 30UIbINThCA 10 23 TpuibioHiB nonapis CIIA y 2027 poui [143]. Kpim
(1HaHCOBHX 30MTKIB, KOMIIaHIi HECYTh PEMYTalliiiH1, BTpayatouu JOBIpY KI1€HTIB. J{is
MO/I0JIaHHS IIMX BUKJIMKIB yCIM YCTaHOBAM Ta YpsiJaM KPUTHYHO BKIIUBO MEPEUTH Bl
OpPOCTOTO pearyBaHHs Ha IHOWIACHTH JO TPOAKTHUBHOI CTpaTerii 3 MeToro
INPOrHO3YBaHHS Ta  3aBYacHOi  MOOYyJAOBM  3axMCTy  JJig  3a0e3MeueHHs
KOH(1IEHIIHOCTI, IUTICHOCTI Ta JOCTYITHOCTI 1H(GOpMAaITii.

3a pe3ynbTaTaMu MIXKHAPOJHOTO AHATITUYHOTO JOCTIKEHHS TOBIpU [0
nudpoBux TexHomorid 2025 [144] nmns Oi3Hecy kibepOesmeka € MPIOPUTETHUM
3aBJaHHSIM, OJHAK Juiie 2% opraHizailii BOPOBAAWIM 3aX0au 3a0e3MeUCHHS
KiIOepCTIMKOCTI Ha YyCIX pIBHAX. [CHYIOTH mpoOsieMH 3 KUIBKICHOIO OI[IHKOIO
K10eppU3HKiB: HaIIWHICTh 1 IOCTOBIPHICTh PE3YyJIbTaTIB TaKOi OLIHKK HEMOKOITh 47%

OMUTAHUX PECTIOHICHTIB, & HEBU3HAYEHICTh OIIIHKU — 39% [144].
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Bumie mepepaxoBaHi METOJIOJOTIYHI Ta €MITIPUYHI OOMEKEHHsI, HEIOCTaTHSI
THYYKICTh TPAAUIIMHUX IIIJIXO/MIB BHUMAara€ yJAOCKOHAJICHHS CHUCTEMH YIpaBIIIHHS
KiOeppu3HKaMu Ha OCHOBI BIPOBAKEHHS MaTeMaTUYHUX METOJIB JJISl SKICHOTO Ta
KUIBKICHOTO TIIJXOJYy B OIHIIl I[IMX PHU3UKIB 3 METOK BHSIBJICHHS MOXJIMBUX

THITUICHTIB JI0 iX TIPOSBY.

7.1.1 TlousTiiiHMii amapaT J10CaiIKeHHSI

7.1.1.1 Kideppuzuk

AHaJi3 HayKOBHX JIKEpeJl JO3BOJIMB BUSHAUUTHU, IO CUCTEMHHM PO3IJIsI TaHOT
nediHilii € akTyaJbHUM Ta BaXXJIMBUM B KOHTEKCTI YIPaBIIHHS PHU3HKAMU Ta
3a0e3rneueHHs KibepOe3neku Ha Beix piBHsX [145-151].

BBaxkatoTs, 1110 KiOeppU3UK — pU3MK, KU BUHUKA€E BHACITIOK BUKOPUCTAHHS
1H(OpMaIIHO-KOMYHIKAIMHUX ~ TEXHOJOTM Ta 3arpoXXye KOH(IACHIIIHOCTI,
JOCTYMHOCTI Ta IITICHOCTI JaHUX YU nociyr [145].

VY nocmimkenHi [146] aBropom Oyno mpoananizoBano 200 crareit (3 2000 mo
2028 poky) 3 MeTO10 c(hopMyBaTH OHTOJIOTIYHY METAMOJIETIb KOHUEMLII KIOEpPU3HKY.
Ak 3’sacyBanocs aumie 20 3 HUX MalTh OpPUTIHAJIbLHE BU3HAYCHHS JAHOTO TOHSTTS,
1HII1 — OMOCEPEIKOBAHO 3aCTOCOBYIOTh. Ha TyMKy HayKOBILIs, JaHE MTOHATTS BKJIIOYAE
3HaHHA ABOX oOJiacTeil: peanbHa cdepa, sika MICTUTh OpraHizailito Ta ii aKTUBH, Ta
abcTpakTHa cdepa, sika OXOIUTIOE TaKl MOHATTS, SIK PU3UK, YPa3IUBICTh, UMOBIPHICTb,
3arpo3a. 3amnporoHOBAaHE JOCHITHUKOM BH3HAUYCHHS KIOEPPU3UKY BHUCBITIIOE
HaWBaXJIMBIII HOTO OCOOIMBOCTI:

- KiOeppU3UK 3HAXOUTHCS B 00JIACTI ONEpaIiiTHUX PU3HKIB;

- 00’€KTH, #AKI 3a3HA4YalOTh BTpPAT, CHPUYMHEHHX KiOeppu3ukamu, — Ie
iH(dopmarriiini aktuBH, pecyper IKT, TexHOMOTIUHI aKTHBHY;

- KiIOeppU3UK MOKE BUHUKATH SIK B OKPEMOMY KOMIT FOTEPHOMY MPHUCTPOT, TaK 1y

B3aeMonoB’sa3anux IT-cucremax;

- MOTEHIINHUYN BIUIMB KiOEPPU3UKIB € TPUEAMHHUM 1 OXOIUTIOE: TONTKOHKCHHS
aKTUBIB (BKJIFOYAIOUM 3000B’SI3aHHS TeEpell TPeTiIMH ocobaMu Ta BTpaTy

npuOyTKY), MOPYIICHHS ONEePaIiitHOl MIsITHOCTI, IIKOJ1a PemyTallii.
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[1i3Hiie, 3aCTOCOBYIOYH JIaHy METOJI0JIOT110, HayKoBIIi [147] miaTBepauiu, 1o
3apONOHOBAHE aBTOPOM BU3HAYEHHS KIOEPPUZMKY 3AJIUIIAETHCS akTyalbHUM. [lpu
IIbOMY aBTOpH TpoaHaiizyBamu 474 npaii 3 2019 no 2021 poky.

Crnin Bi3HAYUTH AOCHDKeHHS [148], pesyapTatu sKoro Oyjyd BU3HA4Y€HI Ha
ocHoBi 13805 myOmikariii, y SKMX OJHUM 3 KIIOYOBHUX CIiB € Kibeppusuk, 3 2004 10
2024 poky. Ix Bu3HauyeHHs KiGeppU3MKY BiANOBiJa€ MONEPETHIM TBEPIKEHHIM:
KIOEppU3UK TIOEAHYE MMOBIPHICTh HECHPHUATIMBUX MOJIM Ta iXHI HACIIIKH 3
ypaxyBaHHSIM OpTaHI3alllfHUX LiJeH 1 HEeBU3HAYEHOCTEH, Yy KiOepIpoCTOpl BUHHUKAE
BHACIIIJIOK HABMUCHUX YW HEHaBMHUCHUX K10€p3arpo3, BUXOASYH 32 PAMKUA TEXHIYHUX
HEJIOJIIKIB 1 OXOIUTIOIOYH HIUPIII CYyCHUIbHI, EKOHOMIUHI Ta TICUXOJOTIYH1 BUMIPH.

ABtopu nocimijkeHHs1 [149] mpomnoHyrOTh NOHATTS «pHU3UK 1H(OpMAIIHOI
Oesrnekm» — Ie 4uciioBa (cioBecHa) (GyHKIIS, SKa OMUCYE WMOBIPHICTh BTUICHHS
3arpo3 iHdopmariiinoi 0e3neku (Ib) Ta BenmuuuHu 30UTKY BiJ iX peanizailii BHACHIII0K
BUKOPHUCTAHHA LIMMHU 3arpO3aMH Ypa3IMBOCTEH aKTHBIB 3 METOI HAHECEHHS IIKOAU
opranizamii. [lousarrs «pusuk Ib» € KOMOIHOBaHUM, SIKUW TMOEAHY€ B COOl1 1HIII
KJIFOUOBI MMOHATTS: aKTHBH, YPA3JIMBOCTI, 3arpO3H, 30UTOK.

Mu 3rogni 3 aBropoMm [150], mo KiGEppH3UK CIIiJI PO3TISIATH SK MPABOBY
kareropito. [IpoTe B 3aKkOHOJAaBCTBI YKpaiHH BiJICYTHE BU3HAYEHHS JTaHOTO MOHSTTS.
3ycrtpivaerses auiie B [loctanoBax HaionansHoro 6anky Ykpainu. Tak, B IHCTpYKIIIi
Binm 05.04.2024 No38 CTBEpIKYETBCS, IO «KIOEPPU3MK — 1€ PHU3HMK pearizaiii
Kibep3arpo3 1mo/10 iHhopMaliiHuX pecypciB Ta/abo iHpopMalliitHoT IHDpPaCTPyKTYpH,
a TaKO>X HACIIIIKIB TakuX momii» [151].

BBaxkaemo HacTynmHe BHM3HA4YeHHS, NpeJcTaBieHe y gociimkenHi [150],
BUUYEPITHO XapaKTEepPU3y€e BCl OCOOJIMBOCTI MOHATTA «KIOEPPU3UK» Ta OXOIUIIOE YCI
notuuHi cdepu, HAJAl0Yd KOMIUIEKCHE Ta IUTICHE PO3yMIiHHS I[LOTO SIBHUIIIA.
«Kibeppusuk — icHyr0ou4a HMOBIPHICTh HACTAHHS HETaTUBHUX HACIIJIKIB JIJIsl CYO’ €KTIB
KiOepOe3neKku, HalllOHAIBHOI O€3MeKH, CYCHUIbCTBA Ta JCp)KaBW, 10 BUHUKAE
BHACIIIJIOK HASBHOCTI TOTEHIIHWHWUX Kibep3arpo3 Ta/abo ypa3iauBOCTE B
iH(hOopMaIIfHUX, KOMYHIKAI[IHHUX Ta 1HPOPMALIIHO-KOMYHIKAIIMHUX CHUCTEMAaX, a

TaKOXX HEJOJIKIB y 1X 3axHucCTi, IO MOXYTh TMPHU3BECTH JIO MOPYIICHHS
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KOH(IAEHIIIMHOCTI, HUJIICHOCT1, JOCTYMHOCT1 1HGOPMAIIMHUX PECypCiB, MOPYIIESHHS
CTAJIOTO Ta HAJIMHOTO (YHKIIIOHYBaHHS 3a3HAUYCHHUX CHUCTEM, 3aBIaHHS KON
3aKOHHUM 1HTepecaM (I3WYHMX Ta IOPUAMYHUX ©0ci0, MaliHy, KpUTHYHIN
iHppacTpykTypi» [150].

TakuMm unHOM, KIOEppHU3UK MOXKE MATH MPUPOAHE MOXOKEHHS abo, yacTime,
TEXHOTCHHE, SKE BKIIIOYA€ JIOACHKUHN (DaKTOp, KiOEp3IOUYMHHICTh, KiOepBiliHY Ta
KiGeprepopusm. Moro yHiKambHICTb SK PH3HKOBOI KATEropil IONSrae y BHCOKOMY
CTYIICHI B3a€EMO3aJICKHOCTI CUCTEM; ICHYBaHHI MOTEHIIIHHUX MO/IH 3 eKCTpEMaIbHUMU
HACJIKaMU; METOJIOJIOTTYHUMHU HEBU3HAYEHOCTSMHU, TIOB’SI3aHUMHU 3 JIOCTYITHICTIO Ta
SKICTIO JTAaHUX, K1 HeOOX1AHI JUIS MOJICTIOBAHHS; aJeKBATHICTIO caMMX ITIJIXOJIIB JIO

MOJICTIOBaHHS;, MOCTIMHOIO JUHAMIKOIO TEXHOJIOT14HOrO Janamadry [145].

7.1.1.2 Cuenapuuii miaxia B kidepoe3neni

[IpoakTuBHa cTparerisa opraHizailiil y chepi kibep3axucTty nepeadadae nepexia
BiJI pearyBaHHS Ha IHIUACHTH A0 iX mporHolyBaHHs. CleHapHUN MiAXIJ € Ti€l
METOJIOJIOTI€I0, KA 0a3y€eThCsl Ha pO3poOIl Ta aHaI3y WMOBIpHHMX, aje BIIMIHHUX
OJIMH BIJl OJHOTO, JETalTI30BaHWX BapilaHTIB PO3BUTKY MO (ClIeHapiiB) Yy
MaiiOyTHhOMY. BiH JomoMarae Bi3yasni3zyBaTH 3arpo3u; 11€HTU(IKYBATH ypa3JIUuBOCTI;
pO3poOUTH €PEeKTUBHI 3aXOJU 3aXHUCTY; MPOBECTH HABYAHHS IEPCOHANLY; OLIIHUTH
TOTOBHICTb JIO 1HITUACHTIB; TPOTHO3YBATH Hachiaku [152].

Kibepcrienapiit — 11e CTpyKTypOBaHUM HapaTuB, KU AOCIIJKYE MOTEHIIIMHE
MalOyTHE, TOETHYIOUH Pi3H1 (PaKTOPHU KIOEPPU3HUKY, TaKi SIK ypa3IUBOCTI, Cy0'€KTH Ta
00’exTu 3arpo3 Ta BIUIMB Ha Oi3Hec. ClieHapli HEe € MPOTHO3aMH, 11€ TPABAOINOAIOHI
HapaTUBU TMPO MOXJIMBI TMOJIii, $SKI BUKOPUCTOBYIOTHCS OpTaHi3alisiMH JJis
KOHIENTyati3amii 3arpo3, MIATOTOBKH 0 PI3HOMAHITHUX Ppe3yJibTaTiB Ta MOILIYKY
Bignosiaeit Ha mutanHs: «I1o, axmo?» [153].

VY nocnikenHi [154] aBTopH 3anponoHyBalid aBTOMATHU30BaHy CTPYKTYpPY AJis
CUMYJISAIIN KIOEPIHIUACHTIB Ta JCTAIBHOTO MPO(UIIOBAHHS aTaK, PO3IIMPIOIOYH
MPOTHO3YBaHHA Yepe3 1HTErpalilo CTPYKTYPOBAHUX/HECTPYKTYPOBAHUX KYpPHANTIB, 1

MPOTOHYIOYM HOBY METOJMOJIOTII0 IHTErparii 3acTapuiuX CHUCTEM 13 CyYaCHUMH
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miaTgopMaM  PO3BIJIKM  3arpo3 IS ONTUMI3AIlli MPOAKTUBHOTO yIPaBJIiHHS
0e3IeKOoI0.

[lpakTryHi HaBYaHHS BUMAaraloTh YITKHUX CIIEHApiiB aTrak Ta BiJIMOBIIHUX
cTpaTeriit 3axucty. Tak BBaXKarTh AOCIIIHUKY [155] 1 mponoHyOTh CBOT po3poOKHU B
CEPEIOBHUIIl CUCTEMHU TTPOMHUCIIOBOTO YIIPABIIIHHSI.

Hayxosii y po0oTi [156] mponoHyIOTh CTPYKTYPOBaHY OIEpaliifHy OCHOBY AJIs
HaBYaHHS KiOepOe3rell KOCMIYHMX CHCTEM, CTBOPIOIOYM PEATICTHYHI, TEXHIYHO
BIJITBOPIOBaHI ClIeHapii aTak (BKJIIOYAIOYM KOMIIPOMETAIlI0 HA3€MHOTO CETMEHTa,
DDoS-ataku Ta 3axOIUICHHsSI TMPOIIMUBKHK), IO JIO3BOJISIE OI[IHIOBATH CTpaTerii
BUSIBJICHHS 1 pearyBaHHs 3 ypaXyBaHHIM OOMEXEHb CyIyTHUKOBOTO 3B'SI3KY.

AHani3 ciieHapiiB MOK€ JOMOMOI'TH YCTaHOBAM 3PO3YMITH IMOTEHUIHHI PU3HKH,
K BOHM MOXYTbh IepeaaBaTUCs, Ky MOTPIOHO pOOMTH 1HBECTHUINT Ta SIK HalKparie
pearyBaTtd Ha mNopymieHHs cuctemu [157]. BiampaBHOIO TOYKOIO JjIsi CTBOPECHHS
CIICHApIiB € peTesibHa OIIHKA PU3UKIB 3a JOMOMOIOI €KCIIEPTHOI OIlIHKHU. 3a3BHYAil
OyyeThes JIeKIIbKa CIIeHapIiB:

- ONTUMICTUYHUI — HAKpaluidi MOXJIUBUM CIICHApIH;

- MEeCUMICTUYHUN — HAUTIPIINI MOKITUBUN CLICHAPIH;

- HalOIbII HMOBIpHUI (peaicCTUYHUI) — CLEHApld, SKUA Mae HalOUIbIIl
IIAHCU Ha peaizalliio.

[Ipuknaay 3acTocyBaHHSI CIIEHAPHOTO MIIXOAy MOKHA MOOAYUTH B poOOTax
[152, 157].

KiGeppusuk MOXHA BU3HAYMTH K GyHKIi0: R = {s;,p;, x;}, i = 1,2,...n,
ne R — pusuku; s; — onuc HeOaXKaHOTO CIIEHAPII0; P; — UMOBIPHICTH I[LOTO CIIEHAPIIO;
X; — Mipa HacliJkiB abo 30UTKIB, CIIPUYMHEHHX CIICHApie€M, IO CTaBCs; Ta M —
KUTIBKICTh MOYKJIMBHUX CII€HAPIiB, Ki MOXKYTh 3aBIaTH IMKOAU cucTemi [158].

IcHye nexinbka TUIIB CIIEHAPHOTO MiaX0ay B Kibepoesmeii. Bonu noaiistoThes

3aJIe)KHO BiJ METH, 00’ €KTa TECTYBaHHSI, IMTMOUHUA CUMYJIAIT (Tabmutis 1).
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Taboauusa 1. Tunu cuieHapHOTO MiAX0y B Kibepoesreri

Tun cuenapiro Omnuc cuenapiro Dokyc
Attacker ne mae Bussnenns
’KOJTHOI MOTIEPETHBOT 30BHIIIHIX
Black-Box (Hopnwuii | iHdopmaii npo YPa3IuBOCTEH,
SITIINK) cuctemy. CrieHapii HaJaIlITyBaHb
IMITY€ 30BHIITHBOTO Mepexi Ta
3JJIOBMHCHHKA. Be03aCTOCYBaHb.

1. TectyBanHs Ha
MIPOHUKHCHHS
(Penetration
Testing)

Attacker mae noBHUMIA
JOCTYII JI0 BUX1HOTO

I'muboxkwmit ayauT

White-Box (binmii KoY, .apXiTe.KvapH a ronyrta
AHK) KOH(i)le.If‘)'a.HlI./I. KOHCI)IpraI_.III/I,
Cuenapiit imiTye MOIITYK JOTTYHHUX
1HCcaiaepa abo MTOMMJIOK.
pPO3pOOHUKA.
Attacker mae
0OMexXeHy
1H(popMalio
(Hanpukiaa, 06IiKOB1 Tepesipka

Grey-Box (Cipuii
SITIIHK)

JlaH1 KOPUCTYBaya).
Cuenapiii imiTye
BHYTPILIHBOTO
KOpHCTyBaya 3
HU3bKUMU IPUBLIESIMH,
10 HAMaraeTbes
MIABHUINATH TX.

KOHTPOJIIO TOCTYIY
Ta cerMeHTaIlli
Mepexi.

2. Komangui
HaBYaHHS

Red Team (YepBona
KOMaH/1a)

ImiTye nii peanbHOTO
37I0BMUCHHUKA,
BUKOPHUCTOBYIOYH
HAHOBIIII TAKTUKU,
TEXHIKHU Ta NpOoLeaypH
(TTP).

Jocsruenns
KOHKpPETHOT O13HeC-
11Tl (HampHKIa,
KpaJiKKa JTaHUX
KITIEHTIB

Blue Team (Cuns

Komanna BHYTpIlTHBOT
Oe3IIeKH, IKa IOBUHHA
BUSIBUTH, CTPUMATH Ta

[TepeBipka gacy
pearyBaHHS Ta

KOMaH/1a) . e(hEeKTUBHICTh
BIJIHOBHTH CHCTEMY HPOIECiB
micyis ataxu Red Team. | "0 '

Hapuanbumii—
araka
O6'ennye Red Ta Blue :
BUKOHYEThCS, 1
Purple Team KOMAaHIH JJI
. o Blue Team
(dioneToBa KOMaH/1a) | MOCTIHHOTO

3BOPOTHOTO 3B'A3KY

criocrepirae, siK
CIPAIbOBYIOTh 1XHi
3aC00M 3aXHCTY.
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Iponos:xenns Tadaui 1.

3. ComianpHa
1HXeHepis

@immuaT (Phishing) /
Crip¢immnr (Spear
Phishing)

Cuenapiii imiTye
PO3CHIIKY €IEKTPOHHUX
JIMCTIB IS
BUMAaHIOBaHHS
00JIKOBHX JaHHX a00
BCTAHOBJIEHHS
[IK1UTUBOTO
MIPOTPAMHOTO
3a0e3MeUYCHHS.

Bimmuar (Vishing)

Cuenapiii iMiTye
TenedOoHH1 13BIHKH,
CHpsIMOBaHI Ha 0OMaH
CHIBpOOITHHUKIB 3
METOI0 OTPUMAaHHS
KOH(1ISHIIIIHOT
1H(opmarrii.

di3nyne
POHUKHECHHS

Cuenapiit imiTye
crpoOy
HECaHKI[IOHOBAHOTO
(GI3UIHOTO JTOCTYIY JI0
odicy, cepBepHOI
KIMHATH a00 3aKpUTOT
30HHU.

[Tepesipka
JFOJICHKOTO
(dakropy, KUl €
Halc1a01oro
JIAHKOIO B JIQHITIOTY
Oe3MneKu.

4. MopnentoBaHHA
3arpo3 (Threat
Modeling)

DREAD ab6o
STRIDE
(dpeitmBOpKH, 1110
BUKOPHCTOBYIOTBCS
JUTS CTPYKTYPYBaHHS
CLEHapiiB 3arpo3 Jyis
IPOTPaMHOTO
3a0e3MeyeHHsl.)

Cuenapiit Mmoxe OyTu:
«SIkmo xopucryBau
3MOKE TAPOOUTH
(Spoofing) cBoro
1meHTudikaIio, ski
naHi OyayTh
CKOMITPOMETOBaH1?»

Cucremarnuna
imeHTrudiKaIis
PHU3HKIB HA OCHOBI
JIM3aliHy CUCTEMU

5. PearyBaHHs Ha
IHIIMIEHTH Ta
BITHOBJICHHS
(BDR/IR)

Burik nanux (Data
Breach Scenario)

[lepeBipka MOBHOTO
porecy — BiJl
BUSIBIICHHS 710
[MOB1IOMJICHHS
perynsaTopis i
I'POMAJICHKOCTI.

Bukyn (Ransomware
Scenario)

[epeBipka nporemypu
B1JIHOBJICHHS Oi3HECY 3
pPE3EepPBHUX KOTIiH,
KOMYHiKarii 3
KPHU30BUM
MEHEPKMEHTOM Ta
1301111
CKOMITPOMETOBAHHX
CHCTEM.

[epesipka, 110
BIJIOYBA€ETHCS MICIIS
YCHIITHOT aTaku
abo xaractpodu.
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Hes3Bakaroun Ha CBOIO MOIIMPEHICTh, CIICHAPHUN MiAXia y KiOepOesmeri mae
O0OMEKEHHSI, BKJIIOYAIOUM CYO'€KTUBHICTh Ta CKJIAIHICTh ITPOTHO3YBAaHHS Yepe3
3aJIeKHICTh BiJI €KCIIEPTHOI TyMKH, a TAKOK 3HaYH1 MaTepiaibHI Ta TPYIOBl BUTPATH,

110 BUMarae #oro KOMOIHYBaHHS 3 1HITUMU METOIaMH JJI MiHIMi3allii HEJOJIKIB.

7.1.1.3 KornituBHe MmoesioBaHHs B KidepOe3nemni

Cuenapii B kiOepOe3mneri MOXXKHA PO3pOOJISITH 32 JOMOMOIOK KOTHITUBHOTO
MozemoBaHHsA. «KOTHITHBHE MOJAETIOBAHHS — 1€ MOJICTIOBAHHS IIPOIIECIB
JIOJICBKOTO MHMCIICHHSI B OOYHCIIOBaJIbHIA MOJENI, SKa € TOEIHAHHSIM PI3HUX
TUCIUIUTIH. BOHO € BaXXJIMBUM, OCKUIBKU J1a€ 3HAHHA MPO MPOIECU MO3KY, TakKi SK
CHOPUIHSATTS, IaM'sITh Ta MPUUHATTA PIlIEHb; OTKE, HOr0 BUKOPUCTOBYIOTh ISl OLIIHKU
Ta PO3yMIHHS IMOBEAIHKH JIFOJICH y pi3HUX cuTyalisax» [159]. ¥ naykosiit po6oTi [160]
OyB 3MIMCHEHUN aHaJli3 TUIIB KOTHITUBHOTO MOJCIIOBAHHS Ta MOXJIMBOCTI HMOTO
3aCTOCYBaHHA B KibepOe3ner.

l. CumMBoJIIIYHE MOJICIOBAHHS (Ha OCHOBI MPABWJI) CTBOPIOE MOJENI, IO
IMITYIOTh JIIOJCBKE MHCIEHHS Ta KOTHITHBHI (DYHKIIi, BUKOPUCTOBYIOYM UITKO
BHU3HAYeHI npasmiia Ta cuMBoJH («LLo, skimo»).

2. MopentoBaHHSI HA OCHOBI Mepe (HEHPOHHI MEpPEXk1) 3aCTOCOBYE IITYYHI
HEUpOHHI Mepexi — o0'enHaHl By3nu (HEHpPOHU), SIKI MOXYTh HaBYaTUCS Ta
ajganTyBaTHCs 110 HOBOI iH(opmaiii. [leli mMeTon m03BOJsSIE MOJETIOBATH TIPOLIECH
HaBUYaHHA Ta PO3Mi3HaBaHHS 00pa3iB.

3. baecoBi mopmeni (MMOBIpHICHE MOJIEIIOBAHHS) BHKOPHUCTOBYE TEOPIIO
WMOBIPHOCTEM /1JIs1 MOJICITIOBAHHS MTPOIIECIB MPUUHSATTS PIllIeHb Ta MIPOTHO3YBaHHS Ha
OCHOBI anpiOpPHUX 3HAHHSX.

4. MopentoBaHHS Ha OCHOBI areHTIB (CHMYJISIIIITHE) CTBOPIOE BipTyasibHE
CepeIOBUIIE, B SIKOMY aBTOHOMHI T'paBlll (areHTH) B3a€MOIIIOTh MiX CO0OI0 Ta 3
OTOUYCHHSIM, 1110 JI03BOJISIE CUMYJIFOBATH Pi3HI MOBEAIHKOBI i1 Ta iXHIA KOJEKTUBHUM
BILIWB.

IcHytoTh 1 T10pUIHI MOAENI, sIKI 00’ €qHYIOTh BUIE NepepaxoBaHi. Jlo Takux

Mozenei BigHocsaTh HediTKi KorHiTHBHI Kaptu (HKK). HKK — maremarnuna mosens,

185



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

Ipe/ICTaBlIeHa Y BUIJISIII 3BaXKEHOTO OpiEHTOBaHOTO rpada. By3nu rpada — koHenTu
(kr04oBi1 (pakTOPH), 3BAXKEHI IyTH — 3B’ SI3KM M1 KOHIIETITAMH 3 HAIIPSIMOM BILJIMBY Ta
Baroro B Mexax Big — 1 mo +1.

Harangaemo mo0y/10By HeU1TKOI KOTHITUBHOI KapTH [152].

Kpoxk 1. Inentudikanis ckiagHoi cuTyailii, mpooiieMu.
1.1 ®opmyroBaHHS 3aBAaHHS 1 IIJICH TOCITIKCHHS,
1.2 301p aHAMITUYHUX JAHUX 3 POOIEMU;
1.3 OxpecneHHs: OCHOBHHMX O3HAaK MPOOJIEMHOI CUTYaIlii;
1.4 Buninenus ¢hakTopiB BIUIMBY, OCHOBHHX 00’ €KTUBHUX 3aKOHIB CYCI1JIbCTBA;
1.5 Bu3HaueHHS MOKJIMBUX BUMOT, YMOB, OOMEXEHb y JIaHIi CUTYaIlli;
1.6 BuaineHHsi OCHOBHUX Cy0O’€KTIB, OB’ sI3aHUX 3 CUTYaIll€l0, Ta YUHHUKIB, HA SIK1
MOKYTb BIUIMBATH JIaH1 Cy0 €KTH.

Kpoxk 2. [ToGy10Ba KOTHITUBHO1 KapTH.
1.1 PoOota excnepTiB MO BUAUIEHHIO ()aKTOPIB, IO XapaKTEPU3YIOTh MPOOIEMHY
CUTYAIIIIO;
1.2 T'pynyBanHsa (akTopiB Ha OJIOKax Ta MPEACTABICHHS MOKAa3HUKIB JJIs aHAJI3y
Mpoliecy y JIaHlii CUTYyarlii;
1.3 BusHaueHHs 3aB’43KiB MK (paKTOpamu: MO3UTUBHUI «+» UM HETAaTUBHUN «—»,
CTyMiHb BIUIMBY BiJl —1 10 + 1 abo cuiibHO, cepeHbo, cnado;
1.4 I[ToGymoBa OpiEHTOBAHOTO 3BAXKEHOTO rpada.

Kpok 3. MogentoBaHHs Ta nepeBipka aJeKBaTHOCTI MOJIEI.
3.1 BusHaueHHs OYAaTKOBUX YMOB Yy JIaH1{ CUTYyaIIiT;
3.2 3agaHHs MUTLOBUX HAMPSAMIB (30UIbIIIEHHS, 3MEHIIICHHS ) 1 CUJIM HATIPAMY;
3.3 Bubip 3axoAiB [j1s BIUIUBY HA CUTYAIIiIO;
3.4 OkpecineHHs IHIUKATOPIB, 0 XapaKTEPU3YIOTh PO3BUTOK CUTYAIIIT;
3.5 IlopiBHSIHHS Pe3yNbTATIB 3 MUHYJIUMHU TaHUMHU

Kpok 4. JlunamiyHu¥ aHaii3 cuTyallli: TeHepallis ClIeHapiiB TUITY «IKIIO...,
TO...».

HKK — 11e ribpuina, npuyuHHO-HACIIIKOBA MOJIEIIb, SIKA TOEJIHYE CTPYKTYPHY

HAOYHICTh 13 THYYKICTIO HEUITKOi JIOTIKH, IO PpOOUTh ii BHUCOKOE(HEKTUBHUM
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ITHCTPYMEHTOM KOTHITMBHOTO MOJIEIIOBaHHA JJIs1 KiOepOe3neku, II0 JOBEJAEHO Y
nocaimkeHasax [152, 161-163].

7.1.1.4 B3aemMo3B’S130K NMOHATH «Ki0OepPPU3UK», «CHEHAPHUM MiAXia»,
«KOTHITUBHE MO/IEJTIOBAHHS

B3aemM03B's130k MK [HMH TOHATTAMH € MHUKIIYHAM Ta CHHEPTeTUYHUM,
OCKUJIbKH BOHHM BCI CIIYTYIOTh OJHIN METi: €(EKTUBHOMY YIPABIIHHIO KIOEPPU3UKAMHU
(Tabmmms 2).

Kibeppusuk € 06'eKTOM ynpaBiIiHHS, SKUH HEOOX1THO OI[IHUTH Ta MIHIMI3yBaTH.

CueHapHu# miaXiJg € METOJOJOTIYHOK PAMKOIO IS BUSBJICHHS Ta JieTali3allii
TOTO, SIK CaMe LIe PU3UK MOKE OyTH peani30BaHUM.

KorniTuBHe MonentoBaHHS € IHCTPYMEHTOM JUIsl aHali3y Ta Bizyasizailii
CKJIQJIHOI CTPYKTYpH CILIEHApPIiB, TONOMAralouu 3pO3yMiTH, K1 (PaKTOpU € HAHOUIbII

KPUTUIHUMHU Ta IK BOHU B3a€MOI[iIOTB.

Ta6auus 2. [TopiBHAHHS poJiel CLIEHapHOTO MIAXOAY Ta KOTHITUBHOTO

MOJICJIIOBAHHS B YIIPABIIHHI KIOEPPU3UKOM

Eramn ynpaBninas Posnb korHITUBHOTO

Ponb cuienapuoro miaxomy

PU3BHKOM MOJEJIFOBaHHS
. Jlonomarae BUSIBUTH IIPUXOBaH1
L BusHauae KOHKpETH1 . \
InenTudixamis a00 HEOUEeBHU/IHI B3a€MO3B'I3KH
HUTSIXU (CcrieHapii) .
PHU3UKY MDX (paKTOpamMH B MEkKax

eaizarii Ki0eppu3uK k
p H pp Y CIICHAPIIO

BukopucroByeTbes s

O1iHKa pU3uKy

Hanae BxiaH1 qaHi
(HACTIIKM CIICHAPII0) JUIs
KUJIBKICHOT a00 SIKICHO1
OIIIHKHU KiOepPHU3UKY.

MPOTHO3YBAHHS JTHHAMIKA Ta
OIIIHKY WMOBIPHOCTI PO3BUTKY
MO/11¥ 3a TIEBHUM CLICHApieM, a
TaKOXK CUJIU BIUTMBY (DaKTOpiB HA
KIHIICBUH pPe3ysIbTar.

O06pobOka pu3uKy

TecTye eeKTUBHICTH
3axO0/11B 3aXUCTY Ta IUIaHIB
pearyBaHHS B yMOBax
iMiTarii (HaB4aHHSI Ha
CIIEHApIsIX).

Jlo3Bossie eKcnepuMeHTyBaTu
JUTSL TAHOTO BUIIAJIKY 13 PI3HUMHU
CTpaTerisiMyd pearyBaHHs (3MiHa
Baru (akTopiB) JJIs1 BUOOPY
ONTUMAJIBHOTO PIILIEHHS.
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TakuM 4YWHOM, KOTHITHBHE MOJIEIIOBAHHS, 3aCTOCOBAaHE JO CLEHApPHOIrOo
M1JIX0/1y, 03BOJISIE HE MPOCTO OMMCATH, a 3pO3yMITH Ta KUIBKICHO OIIIHUTH CKJIaHI,
O6araToakTopHi KiOEppU3MKH, MiJBUIIYIOUM OOTPYHTOBAHICTH pilieHb Yy cdepi
KibepOe3neKH.

BukopucTanHs KOTHITUBHUX CIEHAPITB € MOTYKHUM 1HCTPYMEHTOM JIsI KOMaH/1
SOC (Security Operations Center) Ta CERT (Computer Emergency Response Team),
IO JIO3BOJISIE 3HAYHO IMMJABUIIUTH €(PEKTUBHICTh pearyBaHHS Ha KIOCPIHIMJICHTH,
0CcO0JIMBO Ti, 10 MOB'A3aH1 3 JIOACKKUM (akTopoMm. Ll iHTerpais peanizyeTbcs Ha
KUIBKOX B3a€MOTIOB'SI3aHUX PIBHSX.

[To-nepiiie, KOTHITUBHI MO/JIEN1 3aCTOCOBYIOTHCS JIJIsl IIpilopUTE3allil IHIUACHTIB.
3aBISKH OLIHII BIUIMBY Pi3HUX (PAKTOPIB HA YCHIIIHICTh aTaKH, TAKUX K MOE€IHAHHS
BHCOKOI JJOBIpY KOPHCTYBaya Ta CKJIAIHOCTI aTaKH, MOJIEJII IOTIOMaratoTh BUOKPEMUTH
moii 3 HaHOUIBIIINM MTOTEHI1AJIOM eCKajIalli.

[To-gpyre, BmpoBa/keHHs Tmiependadae (HOpMyBaHHS aBTOMATH30BAaHUX
KOTHITUBHUX TPO(d1JIIB KOPUCTYBauiB 1 TUIIOBUX Mojieniell moBeaiHkd. Ha ocHOBi
KorHiTUBHUX KapT SOC/CERT MOXyTh CTBOpPIOBATH MOBEIIHKOBI KapTH PHU3HKIB,
11eHTUIKYIOUM, HAMPUKIA], CHIBPOOITHUKIB, OUIBII BPa3jIMBUX 10 COLIAJIBHOT
iHxeHepii. Lle nae 3Mory renepyBaTH CLieHapli, 1110 MOKa3yI0Th, 1K HU3bKa 0013HaHICTb
Y1 BUCOKA JOBIpa MOKYTh BIUTMHYTH Ha MOKJIMBICTh KOMIIPOMETAIIli, 1 TAKUM YHHOM
dbopMyBaTH MepCOHANI30BAHUHN TIX1/1 10 YIIPABIiHHS PU3UKAMHU.

Tperiil piBeHb — I1€ 3aCTOCYBAaHHSI KOTHITMUBHMX CLEHApiiB I CLIEHAPHOTO
nporao3dyBanHa. SOC Ta CERT BUKOPUCTOBYIOTH PE3yJIbTaTU CUMYJISIINA JUIs
nooynoBu «lIllo, sAkmo» Mopenei, siki TECTYIOTh CTpaTerii pearyBaHHsS Ha pi3HI
TaKTUKU 3JIOBMHCHUKIB. Y BHUMaAKy (INIMHTOBOI KaMIIaHii MOJENb JI0IoMarae
OLIIHUTH, SIK 3MiHA IHTEHCHUBHOCTI YM CKJIQJHOCTI aTaK BIUIMHE HAa KOPHUCTYBaulB,
JI03BOJISIFOUM BUOYTOBYBATH CTpaTeTii BUNIEPEHKYBAILHOTO pearyBaHHsA, a HE JIUIIE
MOCT(HAKTYMHOT peaKIi.

Oco0uBO BaXJIMBOIO € MIATPUMKA MPUUHSTTS pillieHb y peadbHoMy Yaci. Ha
OCHOBl1 KOTHITMBHOI KapTH MOKHAa HaJAIITyBaTH aBTOMATHUYHI TPUTEpH, SIKI

nonepeKaTuMyTh aHATITUKIB SOC Mpo MOKIIMBY €CKajalliio IHIUIEHTY IIe 10 TOTO,
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K TEeXHIYHA KOMIIPOMETallisl CTaHe OYeBHIHO0. Hanmpukiaa, BUSBICHHS MMOBEIIHKH,
TUTIOBOI JIJII KOPHUCTYyBaya 3 BHCOKOIO MMOBIPHICTIO JOBIPH JI0 MiJO3PIIUX JIUCTIB,
MOK€ aBTOMATUYHO MIABUIIUTH KPUTUYHICTH IHOUAEHTY. Taki paHHI 1HIUKATOpU
3HAYHO MPUCKOPIOIOTH PEAKIII0 Ta MIHIMI3YIOTh HACIIIJIKH.

KpiM TOro, KOTHITHBHI CIIeHapli IHTETPYIOTbCS B HaBYalbHI IpOrpaMu Ta
tperiaru st SOC/CERT. Pesynprat MojenioBaHHS JAlOTh 3MOTY aJanTyBaTH
HABYaHHS IT1J1 pEUTICTUYHI CIIEHapii, 1110 BPaxOBYIOTh HE JIMIIIEe TEXHIYHI IIPOSBU, aJie
i peanbHy MOBEAIHKY JIIOJEH Ta THUIOBI TAaKTHUKUA 37MOBMHUCHHKIB. Lle pobutsb
TPEHYBaJIbHI CUMYJISIII 3HAYHO €(PEKTUBHINIMMHM, IIJICCIPIMOBAHO MPALIOIOYH 3
JOJICHKUM (PaKTOPOM.

VY pe3ynbrari, Take KOMIUIEKCHE BIPOBA/KEHHS CTBOPIOE OaratopiBHEBY
CUCTEMY OIIIHKM PHU3HKIB, JI€ TEXHIYHI 1HIUKATOPU JOMOBHIOIOTHCS KOTHITUBHUMU
curHajgamu. Peakilis cHCTeMH TIPYHTYE€TbCA Ha TOBEIIHKOBUX MaTepHaX,
miareepkeHnx MojaentoBaHHsaM. Lle nae SOC ta CERT MOXIJIMBICTh ONEpaTUBHIIIIE
BUSIBJISITH 3arpO3H, TOYHIIIE MPOTHO3YBAaTH PO3BUTOK IHIUICHTIB Ta €(PEKTUBHIIIE
YOPaBJISTH PU3UKAMU, MTOB’A3aHUMU K 3 (PIIIMHIOBUMH, TaK 1 3 IHIIUMHU COLIAJIBHO-

THKEHEPHUMHU 3arPO3aMH.

7.1.2 IlpakTuyHa peaJizauis ()OpMyBaHHS CLHEHAPIIB Ki0epIHIUACHTIB HA
OCHOBI KOTHITUBHHX MoeJIei

[IpakTuna peanizaiis ¢GopMyBaHHs CLEHApiiB KiOCpPIHIMACHTIB Ha OCHOBI
KOTHITUBHUX MojieNiel y miii poOoTi Oynia 37aiCHEHa 3 3aCTOCYBAHHSIM HEYITKUX
korHiTuBHUX KapT (HKK) ams monentoBanHs ciieHapir0 BUKOPUCTAHHS OpPTraHi3allisiMH
CJ1a0KHUX MapoJIiB.

1. Busnauaemo koHuenrTu:

Cl1. Cxmannicts mapossi. PiBeHb JOBXKUHU, PI3HOMAHITHOCTI CHMBOJIIB Ta HOTO

YHIKQJIbHOCTI;

C2. TloBTOpHE BUKOpPUCTaHHS MapojiB. BUKOpUCTaHHS OJHOTO TApOs s

0aratboX CEepBICiB;
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C3. OO0i3HaHICTh KOPHUCTYBAYiB IIOJI0 O€3MEKH MapoJiiB. 3HAHHS MPUHIIUIIB
CTBOPEHHS 0€3MEeYHUX MapoJIiB Ta HACTIAKIB KOMIIPOMETAIIii;

C4. BukopuctanHsi MeHEIKepiB mapoiiB. BrpoBamkeHHS 1HCTPYMEHTIB IS
resepartii i 30epiraHas napoJIis;

C5. WmoBipHicTs KoMmmpomeranii O6IKOBHX JaHHX. VIMOBipHiCTH 31maMy
napoJsi, Horo nepedopy abo BUTOKY;

C6. Ycnimmnicts ataku tumy Brute Force. EdexTuBHICTD aTaku, cipaMOBaHOi
Ha Mi01p a0o mepeBipKy MapoiB;

C7. PiBenp pocTymy 3JI0BMHCHUKA TMicias Kommpomerarii. Hackinbku
KPUTUYHUHN TOCTYN MOXE OTPUMATHU 1€l 3T0BMUCHUK;

C8. 3axuct obnikoBux ganux. MFA, MoHITOpUHT, OJIOKYBaHHS M1A00DY;

C9. Pusuk macmtabHoro iHIUAEHTY. JIaHIIOroBa KoMIpoMeTallis, JOCTYIl J0
KPUTUYHUX CHCTEM;

C10. Tlonmituka mapoJiiB B oprasizaiii. PernamenTu, Hanpukiaj, MiHIMaldbHa
JOBXXMHA, 3a00pOHA MOBTOPEHb, MEPIOANYHA 3MiHA TTAPOJIS TOIIO.

2. Busnaunmo 3nauenns Bar s Hamoi HKK:

C3—Cl1, Bara +0,7 (cuiapbHUN TIO3UTHMBHUM BIUIMB), a/DKE€ YUM BHUIIA
0013HaHICTh, TUM CKJIQJHIIII TAPOJIl CTBOPIOE KOPUCTYBAY;

C3—»C2, Bara -0,6 (momipHHMII HETaTUBHHWM BIUIMB), aJKe O0O13HAHUU
KOPHUCTYBau Pijllie MOBTOPIOE BXXE CTBOPEHUHN TAPOJIh;

C4—Cl1, Bara +0,9 (cuibHMI MO3UTHUBHUM BIUIMB), aJK€ MEHEIKEPU NapoJIiB
TeHEPYIOTh CKJIQIHIIII MapoJIi;

C4—C2, Bara -0,8 (cribHHMI HEraTMBHUM BIUIMB), aJ)K€ MEHEIKEPHU MapOJIiB
yCYBalOTh TPoOJieMy MOBTOPHOTO BUKOPHUCTaHHSA, 00 30epiraroTh yHIKaJIbHI
napoJii;

C10—Cl1, Bara +0,8 (cribHMIA TTO3UTUBHHUM BIUTMB), aJKE MOJITUKA MApOJIiB
KOMITaHii HanmpsaMy (HOpMy€e BUMOTH JI0 CKIIQHOCTI ITapOJIiB;

C10—C2, Bara -0,7 (cuibHMII HETaTUBHHWM BIUIMB), aJKE TMOJITHKA MApOJIiB

MO3Ke 3a00pOHSTH TIOBTOPHE BUKOPUCTAHHS TTAPOJIiB;
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C1—-CS5, Bara -0,7 (cunpbHUM HETAaTUBHUN BIUIMB), AK€ UMM CKJIATHIIINNA
napoJjb, THM MEHIIIa HMOBIPHICTh HOTO KOMITPOMETAITii;

C1—->C6, Bara -0,6 (momipHHMII HEraTUBHHWI BIUIMB), /K€ CUJIBHI MapoJii
CKJIa/IHIIIE MiAi0paTy, 10 3HUXKYE YCIIIHICT ataku Brute Force;

C5—C7, Bara +0,9 (cunbHMI MO3UTUBHUH BILUIUB), a7 K€ KOMIIPOMETAIIisl 4acTo
Jla€ 3HAYHUI piBEHb IOCTYIY;

C7—C9, Bara +0,9 (cuibHUMII MO3UTUBHUMN BIUIUB), aJKE SKIIO 3JIOBMUCHUK
OTPUMAaB BUCOKHUH JOCTYI, TO BUCOKHM PU3HK MacIITady 1HIUICHTY;

C8—C5, Bara -0,8 (cunpHHUI HeraTMBHMM BIUIMB), ajke MFA Ta 1HIm 3aco0u
3HMXKYIOTh MIMOBIPHICTh YCIIIIHOT KOMIPOMETAIIi;

C3—C4, Bara +0,5 (momipHHi1 TO3UTUBHUI BIUIMB), a/1K€ 0013HaH1 KOPUCTYBaul
YacTille BCTAaHOBIIIOIOTh MEHEKEPH MaPOJIIB;

C10—C8, Bara +0,5 (momipHH1 MO3UTUBHUI BIUIUB), AK€ MOJITUKA O€3MeKU
4acTo BKJIOYAaEe 000B’s13K0Be BUKOpUCTaHHS MFA.

3. Bynyemo Matpuirio 3B’ s13k1B Bar (Tabnuusg 3).

Ta6auus 3. Matpuris 3B’ s13KiB Bar

Cl1 C2 |C3|C4 C5|Cé6 C7/C8 C9|C10
¢ct,0}0]0|0|-07/,-06,0]0)0] O
cC2,0] 0 O[O0} O 0O O] O0O 0] O
C3 0,7]-0,6| 0 {05 0 0O O] O 0] O
C4 10908 0|0} O 0O 0] O0O 0] O
Cs| 0] 0 |00} O 0 (09001 O
cCe 0| O |O]O0O| O O 0] O 0] O
C7,0] 0 O[]0} O 0O 0] 009] O
cg, 0] 000|008 0 |O0]O0OL0] O
cO 0] 0|00} O O 0] O 0] O

C10{0,8(-0,71 0 | O | O 0 |01]05 01 O
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3agmano momepenui  mami:  C(0) =[C1=04;C2=0,7,C3=04;C4 =
0,3;C5=0,6;C6=0,5 C7=0,6;C8=0,4;C9=0,5C10=0,5). Y cuenapisix
HIOK4e OyIyTh 3MIHIOBATHCh KOMIIOHEHTH, SIKI PO3IIIAAIOTHCSA, a 1HIII 3aJUIIaTUCh
0a30BUMHU.

4. CrBoproeMo 3a 3aganumu napametpamu HKK (puc. 1):

Pucynok 1. HeuiTka KOrHiTUBHA KapTa (ITOYaTKOBA)[aBTOPChbKa po3poOKa |

VY pob6oTi npeacTaBiIeH1 po3paxyHKH Jis KJIIOUOBUX KOHIIEMTIB, 110 POPMYIOTh
tpaekropito «C3 — C1/C2 — C5 - C6 — C7 — C9». Ll Tpaektopis 103BOJIsIE
B1100pa3uTH sIK 0013HAHICTh KOPUCTYBAUiB BIUIMBAE HAa CKJIAJHICTh MAPOJIO Ta MOTO
MOBTOPHE BUKOPUCTAHHS, SIK 111 (JAKTOPH BIUIMBAIOTH HA HMOBIPHICTH KOMITPOMETAIII],
1 SK YCHIIIHUWA 3JIaM TMapoJII0 MOXE TMPHU3BECTH JO KPUTUYHOTO JOCTYNy Ta
MacIITaOHOTO HITUIACHTY.

5. Jlns MopaenmioBaHHA 1 MNPOBEACHHS CHUMYJIALIM Oyl0 BHUKOPUCTaHO
nporpamy FCM Expert. FCM Expert — 1ie cremianizoBaHe nporpamHe 3a0e3rnedeHHs
MpU3HAYEHE JJII CTBOPEHHS Ta CUMYJIAIIN HEUITKIX KOTHITUBHUX KapT [164].

3amyckaeMo CHUMYJIAIII0 Ha TMOYaTKOBOMY €Tarll, HE 3MIHIOIOYH HIYOTO,

OTpUMY€EMO 3HaueHHs (puc. 2 Ta puc. 3):
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=4 Inference results _ O %

0.4 o \
03

0z

0.1

oo
oo 05 10 1.5 20 28 a0 38 40 448 50 85 6.0 65 70

— €01 — C2 ca c4 2] ca 7 — 08 — Co — 10

Pucynok 2. [louatkoBa cumysiis (rpadiuae mpeacTaBIcHHs )

[aBTOpCHKA pO3p0OKa|
=4 Inference results — O had
Plotter
Step Cl C2 C3 C4 C5 Co C7 C3 Ca C10
0 0.4 0.7 0.4 0.3 0.6 0.5 0.6 0.4 0.5 0.5
1 0.7941 0.4675 0.5987 0.6225 0.5 0.5646 0.7577 0.657 0.7389 0.6225
2 0.9065 0.3046 0.6454 0.7154 0.3586 0.522 0.7699 0.7248 0.8055 0.6508
3 0.9257 0.2478 0.656 0.7385 0.2982 0.4945 0.7489 0.7408 0.8173 0.6572
4 0.9293 0.2321 0.6584 0.7439 0.2804 0.4848 0.7344 0.7445 0.8163 0.6586
2 0.93 0.2281 0.6589 0.7452 0.2757 0.4818 0.7285 0.7433 0.8142 0.659
] 0.9302 0.2271 0.639 0.7435 0.2746 0.481 0.7264 0.7435 0.813 0.659
7 0.9302 0.2269 0.639 0.7435 0.2743 0.4807 0.7258 0.7450 0.8126 0.659

Pucynok 3. [TouatkoBa cumyJisilisi [aBTOpChKa po3poOKa]

Y nmepuriii  6a3oBiif cUMyJAlii, J€ TMapaMeTpu 1€ HE 3MIHIOBAJUCH,
MIPOCTEIKYETHCS, MPUPOTHS JUHAMIKA JIAHIIOKKA. [Ipr HE3MIHHUX BXITHUX yMOBaX
oOi3HaHicTh KopuctyBayiB (C3) moctynmoBo miATsArye ckianHictb napoiiB (Cl) ta
3HIKY€ TOBTOpHE BHKOpHCTaHHS (C2), 1m0 BXE HAa MOYATKOBUX €Talax BEAC 0
CTa01JTbHOTO HEBEJIMKOIO 3MEHIIEHHS KOoMIpomeTalli. BiAmoBigHO, 3HUXEHHS
kommpomerTariisi (C5) BriuBae Ha piBeHb ycHinmHocTI ataku tuny Brute Force (C6) 1
Ha Te, SIKUW JIOCTYN MOKE OTpUMATH 3JI0BMHUCHHK micid 31amy (C7). V kiHIleBoMYy
MiJICYMKY, I1e Ma€ BITOUTOK Ha TIOKa3HUKY pU3UKYy MaciTabHoro iHuuaeHTy (C9).

st mepmioro  JOCHIIKYBaHOTO CIIEHapil0 MU 3MiHIOeMO Koament C3
(0013HaHICTh KOPUCTYBAYiB 11070 O€3MEKHU MaposIiB), ISl TOTO, 00 JOCHIIUTH, SK
3HaHHS BIUTMBAIOTh HAa CTBOPEHHS MapoJIiB 1 HAa MOJAJbITy O0e3MeKy X BUKOPUCTAHHS.

C3 cTae 3 0,9.
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PesynbTaTu cuMyssiii 300paxkeHi Ha puc. 4 Ta puc. 5.

=4 Inference results _ 0 %

03

0z

0.1

oo
0.0 05 1.0 15 20 25 30 35 4.0 45 50 55 G0 6.5 7.0

— C1 — G2 c3 c4 C5 CG C7F —Cg — C8 — C10

Pucynoxk 4. Jlpyra cumynsiis (rpadivyne npeacTaBieHHs) [aBTOPChKa po3po0Ka]

=4 Inference results _ 0 w

Plotter :
Step Cl c2 C3 C4 C5 C6 c7 C8 Ca C10
0.4 0.7 0.9 0.3 0.6 0.5 0.6 0.4 0.5 0.5
0.8455 0.3941 0.7109 0.6792 0.5 0.5646 0.7577 0.657 0.7389 0.6225
0.9207 0.2667 0.6706 0.7378 0.3504 0.5143 0.7699 0.7248 0.8055 0.6508
0.9292 0.2348 0.6616 0.7452 0.2944 0.4905 0.7475 0.7408 0.8173 0.6572
0.9301 0.2282 0.6596 0.7457 0.2782 0.4832 0.7335 0.7445 0.8161 0.6586
0.9302 0.227 0.6592 0.7457 0.2754 0.4813 0.728 0.7453 0.814 0.659
0.9302 0.2268 0.6591 0.7456 0.2745 0.4808 0.7263 0.7455 0.8129 0.659
0.9302 0.2268 0.6591 0.7456 0.2743 0.4807 0.7258 0.7456 0.8125 0.659

oy |w| B jwp| = o

Pucynoxk 5. Jlpyra cumysiuis [aBTOpcbKka po3pooKa|

[TopiBHSIHHA 1€l CUMYJAIIT 3 TEPIIO TOKa3ye, SK Pi3Ke IM1ABUIICHHS
0013HAHOCTI KOPUCTYBay1B 3MIHIOE MOBEIIHKY CUCTEMH. 3 PE3yJbTaTiB BUJIHO, 1110 Cl
(CKIIagHICTh TAPOJII0) 3pOCTAE 3HAYHO IIBHIIEC Ta JOCATAE BUIIHUX 3HAUCHBb YK€ Ha
nepiomMy kpot, a C2 (moBTOpHE BUKOPUCTAHHS MApOJIiB) HABMAKU 3HWKYEThCS. Lle
OUIKyBaHUN pe3yNbTaT, aJKe MIJBUIICHHS OO13HAHOCTI OE3MOCEepPEeIHbO CTUMYJIIIOE
CTBOPEHHS CKJIQJHIIIUX MapOJIiB Ta 3MEHIIY€ MOBTOPHE BUKOPUCTAHHS, 1[0 HAOYHO
OyJIo TIOBENIEHO pe3yJsibTatamMu cumysisiiii. OkpiM 1iboro, koHuent C5 (MMOBIPHICTD
KOMITPOMETAIIi1) y APYTid CUMYJIAILI] CHajae 10 HUKYOTO PiBHSA, HIXK y mepmriid. [e
Takox BIuiMBae 1 Ha C6 (ycmimHicth Brute Force ataku), sxuii 3meHuryerbces, Ha C7
(piBeHb IOCTYyMy 3JI0BMUCHHUKA IICIIA 3JlaMy) Ta He KapAuHaIbHO, ane Ha C9 (pu3uk

MacmTabHoro 1HIUAEHTY). LI KOHIENTH CTa0LTi3yIOThCS HAa HUKYMX TMOKa3HHUKaX
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MOPIBHSHO 3 TIEPIIOI0 CHUMYJISIEI0, IO JEMOHCTPYE 3HIDKEHHS 3arajibHOTO PU3UKY
TUTSL CUCTEMH.

Y migcymky, migBumieHHs KoHmenty C3 TmpuBeIo cHCTeMy 10 OUThIn
3aXMIINEHOTO CTaHy Ta 3a0€3MEeUnSI0 HUXKYY WMOBIPHICTh MACIITAOHOTO 1HIUCHTY,
HIXK y 6a30Biil cuMyALii 6€3 3MiHM TapaMeTpiB.

VY HacTymHOMY cIeHapii 3aJIMIIaEMO BXKE BBEICHI 3MIHH, ajieé TAKOX J0JAEMO
3MiHy koHienty C8 (3axuct obmikoBux nanux). C8 = (0.8, pe3ynbratu cUMyJISIii

300pakeHi Ha puc. 6 Ta puc. 7.
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Pucynoxk 6. Tpera cumynsuisa (rpadidyHe npeacTaBieHHs) [ABTOPChKA PO3POOKA ]

-4 Inference results _ 0 %

Flotter

Step C1 c2 C3 C4 C5 Ca c7 o] o] Ci0

0.4 0.7 0.9 0.3 0.6 0.5 0.6 0.8 0.5 .
0.8455 0.3041 0.7109 0.6792 0.4207 0.5646 0.7577 0.7408 0.7389 0.6225
0.9207 0.2667 0.6706 0.7378 0.3178 0.5143 0.757 0.7412 0.8055 0.6508
0.9292 0.2348 0.6616 0.7452 0.285 0.4905 0.7394 0.7439 0.8156 0.6572
0.6596 0.7457 0.2768 0.4832 0.7303 0.7451 0.8147 0.6586
0.9302 0.227 0.6592 0.7457 0.2748 0.4813 0.727 0.7454 0.8134 0.659
0.9302 0.2268 0.6591 0.7456 0.2743 0.4808 0.726 0.7455 0.8127 0.659
0.9302 0.2268 0.65591 0.7456 0.2742 0.4807 0.7257 0.7456 0.8125 0.659
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Pucynok 7. Tpets cumynsiisa [aBTOpcbKa po3pooKa|

3 HaBeJEHUX PE3yJbTaTIB MPOCTIIKOBYETHCS BIUIMB IOCUJICHUX MEXaHI3MIB
3aXMCTYy Ha 3arajibHy quHaMIKy mojeni. [TopiBHSHO 3 OmepeIHROI0 CUMYIISIIIEI0, 1€
MiaBUIIyBaM Jutie konment C3, 1 mepimoro, ae mapamerpu Oyiau 6azoBumi, 3miHa C3
ta C8 mpU3BOJATH 10 HAUOLIBII MOMITHOTO 3HIKEHHS C5, 10 € OYIKyBaHUM, aJIKe

MFA Ta i1 3acobu 6e3neku 0e3nocepeHbo 3HNKYIOTh TOCTYI, HaBiTh, Y BUMAJIKY
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ci1abKoro mapoJro. Y pe3yabTaTi TakoK 3MeHIIIUCh 1 3HaueHHs C7 ta C9, xoua 3MiHU
TYT MEHII pi3ki, 60 BOHU 3ayiexkaTh He jumie Big C8, a ¥ Bij KoMIIpomeTallii, 1o
3HIKY€ETBCSA TOCTYIMOBO. YCi 1HIINI KOMIIOHEHTH JEMOHCTPYIOTh Maike 1ICHTUYHY
MOBEAIHKY J0 IPYroi CUMYJIAILIII, IO BKAa3y€ Ha T€, 0 MOCUJICHHS TIJIBKU 3aXUCTY HE
3MIHIOE TIOBEJIIHKY KOPHCTYBadiB (HampUKIad, CKIAIHICTh Mapoiio, TOBTOPHE HOTO
BUKOPHCTAHHS TOIIO), aJie BIUTMBAE HA KIHIICBI PU3UKH.

3aranom TpeTs CUMYJISIS MOKa3ye, 110 HaBITh MPU BUCOKUX 3HaueHHsAX C2
(MOBTOpHE BHWKOPWCTAaHHS) Ta HEIOCTATHHRO BHUCOKOI CKJIATHOCTI TApOJIiB, CHUIIBHI
MEXaHI3MHU 3aXHCTy MOXYTh CTPUMYBAaTH PO3BUTOK aTaKM M 3HMXKYBAaTH KPUTHYHI
HACJI/IKY.

TakuM 4MHOM, HEUITKa KOTHITHBHA KapTa J03BOJISE MIBUIKO MPOBOIUTH aHATI3
tuny "llo, sxmo" nusxoM Moaudikalii MOYaTKOBUX yMOB; 3MiHA 3HAUECHHS JIMLIE
OJIHOTO KOHUENTY I'eHEepy€e HOBI ClieHapii PO3BUTKY MOJIM 1 BOJHOYAC AEMOHCTPYE
e(hEeKTUBHICTh 3aCTOCOBAHUX 3aXUCHUX 3aXO/IIB.

Bapro Bi3HaunTH, 1110 ICHYIOY1 MOJIEJ TPOTHO3YBaHHS KiIOEPPU3UKIB IEPEBAKHO
BUKOPUCTOBYIOTh ICTOPMYHI JaHl, MpPOTE IXHS BaIIJHICTh Ta MPOTHOCTHYHA
CIIPOMOXHICTh CTaBJISTHCS M1l CYMHIB B YMOBaX €KCIOHEHI[IITHO MIBUIKOTO PO3BUTKY
Ta TepMaHEHTHOi TpaHchopmalii 3arpos3nuBoro kidepmannmadrty [146, c.6].
CTBOpeHHs1 HaJIMHUX CHEHapiiB KIOEppPU3MKIB BHUMArae IO€AHAHHS JIOJCHKOIO
JOCBIAy Ta IITYYHOTO IHTENIEKTY, OJHAK NPUUHATTS PIIICHHS 3aJHIIAETHCA 32

JIFOJUHOIO.
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SECTION 8. INFORMATION SYSTEMS AND TECHNOLOGIES

DOI: 10.46299/1SG.2025.MONO.TECH.3.8.1

8.1 Using neuro-headsets to diagnose genetic diseases

A neuroheadset (Fig. 1) is a portable device that records brain activity or related
physiological signals for the analysis of cognitive state, emotional reactions,
neuromuscular activity or for interaction with digital systems (brain-computer
interfaces). It usually consists of sensors (electrodes or optical sensors), a transmitting
module and software that processes signals in real time. Such devices are used in
medicine, rehabilitation, sports training, psychophysiological monitoring, game

interfaces and research.

Fig. 1 External view of the neuroheadset [165]

The most common are EEG neuroheadsets [166-177] , which record the electrical
activity of the cerebral cortex using dry or gel electrodes; they are both consumer (4—
16 channels) and professional (32-256 channels). Optical neuroheadsets fNIRS use
near-infrared radiation to measure changes in cerebral blood flow and assess cognitive
load in real time. A separate group is EMG and EOG headsets , which record peripheral
neurosignals - muscle activity or eye movements, and are used in combined control
systems or for users with motor disorders. Invasive neuroheadsets are also used in
medical and research centers , which read impulses directly from the cerebral cortex
through implanted electrodes; they provide the highest accuracy, but require surgical
intervention. In recent years, hybrid neuroheadsets have been rapidly spreading ,
combining EEG, fNIRS, EMG, and other sensors to improve signal reliability.

Commercial and gaming BCI headsets are focused on interaction with digital content,
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meditation, concentration training and use in VR/AR environments. All these types
form a modern spectrum of technologies that are gradually moving from experimental
devices to tools for practical medicine and everyday use.

The global neuroheadset market in 2024—2025 is showing stable growth within
12—-15% annually , which is associated with the development of BCI, neurotraining and
remote medicine. According to open analytical reviews, the total volume of the global
neurotechnology market in 2024 is estimated at 17—19 billion dollars , and the segment
of portable neuroheadsets is about 1.5-2 billion dollars with a forecast of growth to 5
billion by 2030. EEG devices have the largest share (over 55%) , while fNIRS and
hybrid systems are growing the fastest (20-25% annually). Key manufacturers -
Emotiv, NeuroSky, OpenBCI, NextMind (Snap), g.tec, Bitbrain, Muse - actively
expand product lines, adding multi-channel systems and Al algorithms. The consumer
segment (gaming, meditation, fitness) covers over 40% of sales, but the medical
direction is growing most dynamically - neurorehabilitation, monitoring of cognitive
disorders, diagnostics of neurodegenerative and genetic diseases.

Over the past decade, biomedical engineering has undergone a significant
technological shift associated with the development of portable sensor devices, in
particular neuroheadsets [165-169], capable of recording electrical, magnetic and
optical brain activity. Until now, such systems have been mostly associated with brain-
computer interfaces, cognitive function studies, rehabilitation of patients after strokes
or neuromarketing. However, the gradual complication of sensor architecture,
increasing the accuracy of biosignal registration and integration of deep learning
algorithms have opened up the possibility of using neuroheadsets in areas that were
previously considered exclusively the prerogative of laboratory genetic methods. One
such area is the early diagnosis of genetic diseases, in which the analysis of brain
activity can reveal characteristic patterns associated with mutations, disorders of
neuronal myelination, changes in synaptic transmission and deficiency of
neurotransmitters.

Traditionally, genetic diagnostics is based on molecular approaches - DNA

sequencing, the study of chromosomal aberrations, the search for mutations, the
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analysis of parental genomes or biochemical markers. These approaches are highly
accurate, but they do not answer the question of how exactly a genetic defect manifests
itself in the functioning of the nervous system at the level of electrophysiology . That
1s why neuro-headsets are gradually being integrated as an auxiliary tool for clarifying
the clinical picture, monitoring the dynamics of the disease and searching for
phenotypic markers that are difficult to observe by other methods. The emergence of
highly sensitive dry electrodes and optical sensors has made it possible to regularly
monitor brain activity without the need to use bulky laboratory equipment.

Among the genetic conditions that can exhibit specific patterns of brain activity,
Down syndrome, Rett syndrome, fragile X syndrome, phenylketonuria, and some
variants of epileptic encephalopathies are most often considered. Many of these
disorders are accompanied by changes in the formation of the cortex, impaired
neuronal plasticity, and reduced levels of certain enzymes, which directly affect
electrical processes in the brain. Therefore, neuroheadsets can serve as an additional
tool for identifying functional biomarkers that reflect the genetic defect not as a
molecular phenomenon, but as a consequence of its systemic action.

Current consumer and clinical neuroheadset models vary in sensitivity, but they
all rely on several traditional methods: electroencephalography (EEG), functional near-
infrared spectroscopy (fNIRS), portable magnetoencephalography, and combined
approaches where electrical signals are supplemented with data from motion sensors,
oculography, or cardiac activity. The use of multimodal systems reduces error and
allows for clearer markers. For example, generalized slow waves are characteristic of
Rett syndrome. and a pronounced decrease in alpha rhythm, which can be detected
even by small-channel devices. In fragile X syndrome, typical changes are manifested
in the form of increased theta activity and asynchrony between the hemispheres, which
is also recorded by portable EEG.

Special attention is paid to early diagnostic technologies in newborns. Not all
genetic diseases manifest themselves immediately after birth, and some of them can be
detected only by indirect signs - sleep disorders, frequent myoclonus, deviations in

sensory reactivity. Portable neuro-headsets for infants, which use soft electrodes and
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low-intensity optical sensing, practically do not cause discomfort and can be used for
long-term monitoring at home. The use of algorithms for analyzing rhythm variability,
assessing channel synchronization, spectral density and nonlinear characteristics
allows detecting abnormal neural patterns associated with genetic disorders of
metabolism, myelin sheath or synaptic transmission.

A powerful direction is the use of neuro-headsets in combination with machine
learning. Neural networks trained on large samples of biosignals are able to notice
complex and subtle changes that a human expert cannot assess without high-precision
equipment. For example, deep convolutional networks detect atypical ratios of alpha
and theta rhythms, asymmetry of temporal patterns, or imbalances in neuronal
ensembles that are inherent in certain genetic mutations. In some experiments,
classification accuracy reached 85-92%, which is a significant indicator for non-
invasive methods. Although this level does not yet allow replacing molecular tests, it
enhances comprehensive screening and significantly accelerates the start of therapy.

In practice, neuro-headsets are valuable for dynamic monitoring of patients in
whom genetic disorders affect cognitive development. Doctors can record changes in
the response to sensory stimuli, assess the stability of attention, the speed of formation
of neural responses and patterns of brain excitation. For example, in children with
phenylketonuria, impaired metabolism of phenylalanine causes changes in the
structure of white matter, which is reflected on the EEG as an increase in slow waves.
Regular measurements using neuro-headsets allow us to assess how effective dietary
therapy is and whether there is an improvement in neurophysiological indicators.

In addition to diagnosis, certain types of genetic diseases can manifest themselves
in the form of specific patterns of emotional regulation, sleep disorders, or stress
reactions. Neuroheadsets that simultaneously record EEG and cardiac variability allow
you to capture complex correlations between the central and autonomic nervous
systems. Some chromosomal abnormalities are characterized by sleep phase disorders,
shifts in REM periods, and a decrease in the depth of the delta phase. Such features can
help doctors differentiate genetic pathologies from purely behavioral or

psychoemotional conditions.
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Research in the field of digital medicine shows that neuro-headsets can serve as
an important tool for early diagnosis , when identifying risk patterns is carried out even
before the appearance of external symptoms. This is especially important for conditions
that develop gradually: neurodegenerative disorders, mitochondrial diseases,
hereditary epilepsies. In such cases, early detection of characteristic changes can help
to start therapy at a preclinical stage, when the brain structure has not yet suffered
significant damage.

A separate direction has been the use of portable neuro-headsets in studies of
behavioral phenotypes associated with genetic mutations. Many genetic conditions
have hidden, mild manifestations that are not always monitored by doctors. Some
mutations affect the regulation of emotions, the speed of neural adaptation, and the
formation of motor circuits. Neuro-headsets help collect quantitative data that allow us
to assess how pronounced certain features are compared to normative values. This
approach provides more objective diagnostics and helps to justify the need for genetic
counseling.

The effectiveness of neuro-headsets depends on the precise modeling of test
protocols. For each genetic disease, special cognitive tasks, sensory stimuli or motor
responses can be created that evoke a characteristic neural response. For example, in
fragile X syndrome, adaptation to repetitive sound stimuli is impaired - this can be
detected by changes in the amplitude of sound-evoked potentials. In Down syndrome,
changes in the speed of sensory integration are typical, which are also recorded on the
EEG. Thus, the neurophysiological profile can act as a marker of the genetic condition.

Modern neuro-headsets also allow for the analysis of nonlinear characteristics of
signals: entropy, fractal indices, mutual information, correlation dimensions. Such
parameters are especially valuable, since many genetic diseases cause dysfunctions of
neural networks at the level of organization, which is not always manifested in the
classical spectrum of rhythms. For example, disorders associated with myelin
disruption can cause chaotic changes in the duration of neural impulses and
asymmetries between channels. Nonlinear analysis allows for the detection of such

changes before they become noticeable at the behavioral level.
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Engineering innovations in the creation of neuro-headsets contribute to improving
the quality of diagnostics. Thanks to flexible electrodes with nanostructured surfaces,
it has become possible to record even weak potentials without using gel or paste. New
generation optical sensors provide greater accuracy in the analysis of blood supply to
the brain, which is important for studies of metabolic disorders associated with genetic
changes. Multi-channel systems are now equipped with real-time processors, which
allows for primary signal processing directly on the device, reducing the amount of
data transmitted to the cloud.

An important factor in development is the availability of portable devices, thanks
to which neurophysiological studies can be conducted in schools, rehabilitation centers,
behavioral genetics laboratories, as well as at home. Comfortable neuroheadsets for the
user allow for long-term data collection, which significantly expands the possibilities
of creating predictive models. For example, for some genetic syndromes it is important
to assess how brain activity changes during the day or during fatigue. Long-term
monitoring helps to detect functional fluctuations that cannot be recorded with a single
examination in the clinic.

A particularly promising direction is the integration of neuro-headsets with
personalized biomedical platforms, in which genetic data, metabolic test results, and
neurophysiological indicators are analyzed in a complex. This approach allows the
creation of digital phenotypes, which are detailed individual profiles that reflect the
interaction of genotype and neural dynamics. In the future, such profiles may help
predict the risks of developing diseases, assess the effectiveness of therapy, and
develop personalized recommendations for each patient.

Given the rapid development of technologies, the emergence of hybrid
neuroheadsets based on a combination of EEG, ECG modeling, optical sensors and
micronavigation systems capable of recording spatial characteristics of brain activity
is expected in the coming years. This will allow obtaining even more accurate data on
the operation of neural networks and identifying specific patterns associated with rare

genetic mutations.
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EEG (electroencephalography) is a non-invasive method of recording the
electrical activity of the brain, which measures fluctuations in electrical potentials that
occur in cortical neurons.

EEG can be recorded using a neuroheadset, since most modern portable systems
are built on the principle of electroencephalography and contain dry or gel electrodes
that record the electrical activity of the cerebral cortex. Such devices usually have
fewer channels than clinical equipment, but they are able to qualitatively record the
main rhythms - delta, theta, alpha, beta and gamma, as well as track spectrum changes
associated with attention, stress, cognitive loads or certain neurophysiological
abnormalities. Neuroheadsets allow for long-term home monitoring, are used in BCI
systems, neurotraining, rehabilitation and preliminary diagnosis of certain disorders.
The limitation is lower accuracy and spatial resolution due to a smaller number of
electrodes and sensitivity to artifacts, however, for most applied tasks, including
general screening, training, research, and assessment of functional brain states, a
portable neuroheadset provides a sufficient level of information and is an effective

alternative to stationary EEG systems.

Table 1. Characteristic EEG frequencies in genetic diseases

Characteristic frequency Typical reasons for
changes in EEG changes

* Delta 1-3 Hz 1 « Theta 4—
6 Hz 7 » Alpha 810 Hz | *
Periodic slow waves

Genetic disease

Rett syndrome
(MECP2)

Impaired synaptic plasticity
and cortical integration

* Slow waves 2—6 Hz 1 *
Alpha 8-12 Hz | « Late
sensory responses 3—7 Hz

* Theta 4-8 Hz 1 » Delta 1- | Disturbances in GABAergic
3Hz 7+ Beta 13-20 Hz | « |transmission and neuronal

Down syndrome
(Trisomy 21)

Delayed myelination,
impaired neural integration

Fragile X syndrome
(FMR1)

Hemispheric asymmetry homeostasis
Phenviketonuria * Delta/theta 1-7 Hz 1 » Phenylalanine
(PKU)y Alpha 8-12 Hz | * Decrease |neurotoxicity, white matter
in alpha peak frequency degeneration
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Continuation table 1

MELAS/MERRF
(mitochondrial)

* Delta 1-4 Hz 1  Episodes
of high-frequency rhythms
20-30 Hz « Alpha
disorganization

Neuronal energy
deficiency, damage to the
cortex and subcortex

Tuberous sclerosis

* Local delta 0.5-4 Hz 1 »
Slow background 5-8 Hz ¢

Cortical tubers,
developmental disorders of

(TSCI/TSC2) Theta synchronization neural tissue
Duchenne/Becker * Theta 5-7 Hz 1 * Beta 13— Dystrophin deﬁc;ency mn
Dystrophy 20 Hz | * Alpha variable the CN.S’ changes in
y subcortical structures
Dravet (SCNIA . Theta 4-7 Hz T e De}ta 1- Sodlum channpl .
mutation) 3 Hz in drowsiness * High-  ||dysfunction, epileptic
frequency spikes 30—80 Hz | hyperexcitability
CDKLS- TileIzanIi éieHlt; ??;{iHﬂZHL ) Impaired formation of
encephalopathy y cortical networks in infants

disorganization

Lennox—Gastaut
(often genetic in
nature)

* Slow spikes 1-2.5 Hz *
Hypersynchronous beta 20—
30 Hz

Severe diffuse cortical
disorders, polygenic
mutations

Wilson's disease
(ATP7B)

* Slowed alpha rhythm 68
Hz * Theta 57 Hz 1 °
Discoordination of
hemispheres

Basal ganglia damage due
to copper accumulation

Lysosomal diseases
(GM1, Niemann—
Pick)

* Delta 1-3 Hz 1 » High
frequencies 10-30 Hz |
Slow recovery after stimulus

Neurodegeneration due to
enzyme defects

An increase in delta activity in the range of 1-3 Hz indicates the dominance of the

slowest brain oscillations, which in a healthy adult appear mainly during deep sleep.

When such waves are recorded in a state of wakefulness, this indicates a slowdown in

neural transmission, insufficient maturity of cortical networks or their functional

disorders. An increase in the theta rhythm of 4—6 Hz usually means a decrease in the

level of cortical activation and the predominance of immature or insufficiently

organized neural networks, since theta waves are characteristic of childhood,

drowsiness and transitional states between wakefulness and sleep. Together with delta,

increased theta activity indicates a reduced ability of the cortex to effectively integrate

information and maintain sustained attention. A decrease in the power of the alpha
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rhythm of 8—10 Hz, which is normally the leading background rhythm of the brain
during a calm state with closed eyes, means a violation of synchronization between
neuronal populations and a deterioration in the functional organization of the cortex.
This condition is observed in various genetic and metabolic abnormalities that affect
neuronal plasticity and interhemispheric communication. The presence of periodic
slow waves, which are regularly repeated in the range of 1-4 Hz, indicates generalized
cortical dysfunction, reduced speed of interneuronal communication and possible
structural or metabolic damage to brain tissue. The combination of these signs reflects
a slowed, poorly organized brain function and is characteristic of a number of genetic,
neurometabolic and neurodegenerative disorders.

Neuroheadsets are actively used in the study and monitoring of genetic diseases,
as they allow non-invasive recording of brain activity and detection of characteristic
disorders of the cortical networks. For example, in Rett syndrome, neuroheadsets
record a pronounced increase in slow waves, a decrease in alpha rhythm, and uneven
synchronization between hemispheres, which makes it possible to detect deterioration
even before the appearance of external symptoms. In children with Down syndrome,
portable EEG helps to assess the delay in sensory response and the level of cortical
maturity, which is important for planning early development programs. In
phenylketonuria, such devices allow you to regularly monitor changes in brain activity
at home and observe how the body responds to diet therapy - a decrease in slow waves
on the EEG is often a sign of improved metabolism. In patients with fragile X
syndrome, neuroheadsets are able to detect excessive theta activity and impaired brain
synchronization during attention tests, which helps to more accurately assess the degree
of cognitive impairment. In mitochondrial diseases such as MELAS or MERREF,
portable EEG records episodes of sharp slowing of brain activity, which allows for
long-term monitoring and determination of the frequency of crisis states. In the case of
tuberous sclerosis, neuroheadsets help to localize areas of excessive slow activity
associated with cortical tubers, which is useful for rehabilitation programs. In Wilson's
disease, changes in theta and alpha rhythms recorded by the neuroheadset may indicate

early damage to subcortical structures, even before the onset of severe symptoms. In
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combination with cognitive tests, neuroheadsets allow to assess how brain activity
changes during task performance, forming an individual neurophysiological profile of
a person with genetic disorders. In addition, they are used for remote monitoring, when
parents can record EEG at home and transmit data to a doctor, which is especially
important for children with rare pathologies. In scientific research, neuroheadsets are
used to create digital phenotypes - large databases of brain activity for specific
mutations, which helps to discover new biomarkers and develop personalized
medicine. Collectively, these examples demonstrate that portable neuroheadsets are
already a valuable tool for understanding and controlling genetic diseases and continue
to play an important role in modern neuromedicine.

The prospects for further development of neuro-headsets for the diagnosis of
genetic diseases are associated with the complex evolution of sensor technologies,
signal processing algorithms and digital medical platforms. In the coming years, a
significant expansion of the functionality of portable systems is expected, which will
allow them to be used not only as a tool for primary monitoring, but also as part of full-
fledged clinical protocols.

The use of neuro-headsets for analyzing pathological fluctuations of brain activity
encompasses a much wider spectrum of indicators than basic frequency characteristics.
At the current stage, clinical research focuses on microstate phenomena, phase
synchronization, cross-frequency interactions (CFC), spectro-temporal shifts, and local
perturbations that may be sensitive to the mutational profile of specific genes.

In patients with myelination disorders typical of many rare genetic syndromes, a
decrease in alpha-rhythm coherence between parietal and occipital regions is observed.
This phenomenon is explained by the dispersion of impulse conduction velocity in
demyelinated axons. In response to simple cognitive stimuli, extended latencies of P1,
N1, and P300 potentials are also recorded, indicating slowed sensory integration. Even
low-channel neuro-headsets are capable of detecting such changes when recognition
algorithms operate with high temporal resolution.

Cross-frequency correlations are of particular importance, as they are frequently

disrupted in cases of mutations affecting synaptic transmission. For example, patients
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with SCN2A or CACNAITA mutations demonstrate abnormal interaction between
gamma oscillations (30—80 Hz) and theta rhythms — a phenomenon that may be
informative for early prediction of epileptic crises. New-generation neuro-headsets can
already detect these patterns through increased sampling rates.

Expanding the functionality of portable systems allows their use in various
clinical scenarios. Screening protocols are applied for the primary assessment of
newborns and young children. Here, the ability to perform continuous long-term
recording is essential, as it enables the detection of spontaneous myoclonic episodes or
sleep abnormalities. Studies show that in the case of metabolic genetic disorders, the
first deviations in EEG may appear precisely during transitions between sleep phases.

Monitoring disease progression is crucial for conditions such as phenylketonuria,
MELAS, tuberous sclerosis, or Wilson disease. Regular measurements reveal changes
in spectral power or interhemispheric synchronization in response to dietary therapy,
medication protocols, or cognitive rehabilitation. Portable neuro-headsets make it
possible to create individualized dynamic curves of a patient’s neurophysiological state
— something that was previously achievable only in laboratory settings.

Assessment of therapeutic effectiveness is also important. For example, when L-
DOPA is administered to patients with dystonia or certain neurometabolic disorders, it
is possible to evaluate the reduction of pathological theta activity. During
physiotherapy or cognitive-behavioral treatment, neuro-headsets enable detection of
restored alpha-rhythm stability and improved brain reactivity to sensory stimuli.

The development of artificial neural networks drives a transition from classical
spectral analysis to complex computational models. Among the most effective
approaches are:

* deep convolutional neural networks (CNN) for recognizing spatial-frequency
spectrum maps;

* recurrent networks (LSTM, GRU) for identifying temporal dependencies;

» graph neural networks (GNN) for modeling inter-channel synchrony;

* autoencoders and variational autoencoders for detecting latent patterns

unobservable through classical analysis.
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Recent studies demonstrate that combining deep CNN architectures with GNNs
enables classification accuracy of 90-94% in tasks involving recognition of rare
genetic pathologies based on EEG profiles. These results pave the way for fully
automated screening platforms that can operate in primary-care clinical settings.

Special attention is paid to developing models capable of functioning on small
datasets, since many genetic syndromes are rare. Transfer-learning techniques are
applied in such cases: a neural network pretrained on general EEG data is fine-tuned
on a small cohort of patients with a specific disorder. This significantly improves
accuracy while minimizing the number of real clinical recordings required.

In the coming years, multifunctional systems combining the following are
expected to appear:

* high-frequency EEG electrodes with nanostructured coating;

* hybrid optoelectrical modules with high sensitivity to changes in cerebral blood
flow;

* micro-inertial sensors for analyzing subtle head micro-movements and
coordination;

» graphene and polymer electrodes providing high conductivity and low
impedance;

* edge processors for local signal processing and reduced dependence on cloud
systems.

The combination of different sensing channels will enable the construction of
three-dimensional models of brain activity in real time. Integrated with sSLORETA
methods and neural inverse modeling, such systems will bring portable neuro-headsets
closer to the capabilities of laboratory-grade neurophysiology.

A technically challenging yet highly promising task is the creation of completely
wireless systems with autonomous energy support — for example, using
nanogenerators that convert micromovements or body heat into electrical energy. This
will allow long-term monitoring for patients with severe genetic pathologies without

interruption.
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The expanding capabilities of neuro-headsets in diagnosing genetic disorders
raise important ethical questions. Specifically, the storage of large biosignal databases
requires specialized confidentiality protocols; EEG pattern analysis may reveal
abnormalities even before a genetic diagnosis is confirmed, necessitating a careful
approach when informing families; autonomous systems must comply with
international safety standards, including IEEE as well as FDA/EMA medical
regulations.

A particularly important aspect is avoiding misinterpretation, since EEG is a
functional rather than a genetic test. Therefore, the results obtained using neuro-
headsets should be applied only as part of a comprehensive model, and not as a
standalone diagnostic tool.

One of the prospects is the creation of high-precision hybrid neuro-headsets that
will combine EEG, fNIRS, EOG, EMG, micro-accelerometers and optical sensors.
Combining such channels will provide more reliable identification of specific
neurophysiological patterns characteristic of genetic mutations, as well as reduce the
influence of motion artifacts and environmental noise.

Such systems can become the basis for remote clinical monitoring, when patients
with rare genetic syndromes are under constant observation of doctors without the need
to frequently visit medical institutions.

A promising direction is the development of machine learning algorithms capable
of analyzing large arrays of biosignals and forming individual digital phenotypes. The
growth of databases of EEG patterns in various genetic disorders will allow the creation
of prediction models that can identify disease risks even before clinical manifestation.

Of particular importance will be the use of deep neural networks capable of
recognizing complex nonlinear dependencies that often accompany mutations
associated with neuronal myelination or disruption of synaptic activity.

Another promising direction is the development of neuro-headsets for use in
young children, including newborns. The use of soft electrodes, sensors with low-
intensity optical radiation and flexible materials makes long-term monitoring possible

without discomfort for the child. This opens the way to the creation of programs for
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early diagnosis of hereditary disorders of metabolism, myelination and development of
neural networks at stages when traditional methods are still ineffective.

Technologies based on the integration of bioelectrical, optical and behavioral data
into single multi-structural models have significant potential. Combining information
on brain activity, sleep characteristics, motor responses, emotional responses and
metabolic indicators can provide a deeper understanding of how a particular genetic
defect affects the functioning of the nervous system. This will contribute to more
accurate patient stratification and selection of personalized treatments.

In the long term, neuro-headsets could become part of comprehensive biomedical
platforms that integrate genetic data, biochemical markers, and neurophysiological
profiles of each patient, allowing for dynamic models of disease progression and
prediction of the body's response to therapeutic interventions.

In general, the prospects for the development of neuro-sets in the diagnosis of
genetic diseases indicate the possibility of forming a new level of personalized
medicine, where monitoring of brain activity will become an integral part of clinical
practice, and timely detection of pathological changes will be the basis for effective

treatment and improving the quality of life of patients.
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8.2 CyxkymHicTb MaTeMAaTHYHHX  MoOJejell  yNpaBJiHHA  pecypcaMu
iHTeJIeKTyaJLHUX CHCTEM MiITPUMKH NPUITHATTS pillleHb

[HTenekTyanbHl cUCTEMH MIATPUMKH npuiiHATTA pimens (ICIIIP) €
HEBII'€MHOIO CKJIAJIOBOIO BCIX cdep CYCOUIbHOI MJisSIbHOCTI JIIOJCTBA Ta
3aCTOCOBYIOTHCS I BUPIIIEHHS LIIMPOKOTO KOJIA 3aBJIaHb B1J] pO3BaXKaJIbHUX JI0 CYTO
cnerudpiunux [178-180].

OcHoBHUMU 3aBAaHHAMU, siki BupimyoTbest ICIIIIP € [180-182]:

— BUPILLIEHHS PI3HOMaHITHUX OOYMCIIOBAJILHUX 3aBJIaHb B IHTEPECAX LLIUPOKOIO
KOJIa CIOKMBAayIB HE3AJIEKHO BiJl c(hepH iX 3aCTOCYBaHHS,

—30epiraHHsi pe3ysbTaTiB OOYMCICHb 1 TAKOX MPOMIXKHUX PE3YNbTATIB IS
noTpeOd KOPHUCTYBAaUiB;

— NIATPUMKA OPUUHATTS pIlIEHb, 0CO0aMU SIK1 IX MPUHAMAIOTBh;

— 3a0€31e4yI0Th IEPEYMOBHU J0 1HTEJIEKTYaIbHOIO IPUUHATTS PILLIECHb.

Tenpenmii po3Butky cyudacHux ICIIIIP cnpsmoBaHi Ha BUPIMIEHHS HACTYIHHX
3aBnanb [181-185]:

— MIABUIIEHHS ONEPATUBHOCTI OOPOOKH PI3HOTUITHUX AAHUX Ta X JOCTOBIPHOCTI;

— MIABUIIEHHS TOYHOCT1 MOJIETIOBAHHS MPOLECY iX (DYHKIIIOHYBaHHS;

— MATPUMAaHHS OaJaHCy MIDK OINEPATUBHICTIO Ta JOCTOBIPHICTIO TMPOIECOM
BUPILIEHHS PO3PAXYHKOBUX 3aB/IaHb Ta 1H.

Pazom 3 TuM, HasiBHI HAayKOBI MiAX0oau 10 cuHTe3y Ta ¢yHkiionyBanus [CIIITP
MalOTh HEJIOCTaTHIO TOYHICTh Ta 301KHICTh. 3a3HA4Y€HE IOB’s3aHE 3 HACTYIHUMU
npuynHamu [178-186]:

— CYTTE€BA POJIb JIIOACHKOTO (pakTopy B MPOIECi NMEPBUHHOTO HaJAIITyBaHHS
ICIIITP;

— BEJIMKA KUJIbKICTh HEOJHOPIAHUX JIKEpel 1HpopMallii, SIKi TJIAraloTh aHaII3y
Ta moaanbiii 06poodini npu ¢yukmionysanni [CIIIP;

— [CIIIIP ¢pyHKLIOHYIOTH B yMOBaX HEBU3HAYEHOCTI, 110 CIIPUYUHSIE 3aTPUMKY Ha

ix 0OpoOKy;
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— HasABHICTh BEJIMKOI KUIBKOCTI JecTabumi3yrounx (pakTopiB, IO BILUIMBAIOTh Ha
¢bynkuionyBanns [CIIIIP Ta in.

Ile i crioHykae 10 BIPOBAIKEHHSI PI3HOMAHITHUX CTpPATETii NI MOKpPAICHHS
edextuBHOCTI PyHkionyBaHHs ICIIIIP mpu BupimeHHi po3paxyHKOBHX 3aBJiaHb.
OmuH 3 TakuxX BapiaHTIB € YAOCKOHAJIEHHSA ICHYIOYHX (po3poOKka HOBHX)
MaTEeMaTHYHUX Mojenell (PyHKIIOHYBaHHS IHTEIEKTYaJbHUX CHUCTEM MIATPUMKH
OPUNHSTTS PILLICHb.

[TpoBenenns anamizy mpamp [186-223] mokaszaB IO CHUTBHAMH HEAOJIIKaAMHU
BUIIE3a3HAYEHUX JOCTIIKEHb €:

— MOJICJIIOBAaHHS KOXKHOTO MIAXOAY 3IHCHIOETBHCS JIMIIE Ha OKPEMOMY piBHI
¢ynkuionyBanns [CIIIP;

—pU  KOMIUIEKCHOMY TIIJIXOJ1 PpO3IJISIIAIOTBCS SIK MPAaBUIO JBI CKJIAJ0BI
¢ynkuionyBanHa ICIIIIP. 3a3HaueHe He M03BOJIA€E OLIHUTH B MOBHIM Mipl BIUIMB
YIPaBJISIIOYUX PIIIEHb HA MOJAJbIIe iX (DyHKIIIOHYBaHHS;

— TIepesliyeHl BUIE MOJENi, M0 € CKJIaJOBUMU YaCTMHAMHM HABEICHUX BUIIC
MIJIXOA1B, 3a0e3MeuyloTh CJIaOKy IHTErpaiil0 OJHa B OJHY, IO HE JO03BOJIE iX
00’ eHATH MK COOOI0 JIJIsl CIIIITLHOTO (DYHKIIIOHYBAHHS;

— HaBEJIEH1 BUIIIE MOJIEJIl BAKOPUCTOBYIOTh PI3HMI MaTEMaTUYHUH arapar, 110 He
BUMArae BIJIMOBIIHUX MaTEMAaTUUYHHUX MEPETBOPEHb, SIKI B CBOIO UEPry MiABUILYIOThH
OOYHUCITIOBAJIbHY CKJIAJAHICTh Ta 3HUKYIOTh TOUYHICTh MOJICIFOBAHHS Ta 1H.

O06’ekTOM AOCHIDKEHHS € IHTEJIEKTyaJbHl CHCTEMH MIATPUMKU NPUAHATTS
pimenb. [IpoGnema, ska BUPINIYETbCS B JTOCHIIKCHHI, € IIIJBUINCHHS TOYHOCTI
MOJICIIIOBAHHSL TIpoliecy (PYHKI[IOHYBaHHS 1HTEJIEKTYyaJIbHUX CHCTEM IMATPUMKH
NpUUHATTA  pimieHb. [IpeameToMm gocnipkeHHs € mpoilec  (DYyHKIIOHYBAaHHS
IHTEJIEKTYaIbHUX CUCTEM MIATPUMKHU MPUNHATTS PIlIEHb 3a JOMOMOTOI0 CYKyIMHOCTI
MaTeMaTUYHUX MoJieNiel X pyHKIIIOHyBaHHs. [ 10TE3010 TOCTIIKEHHS € MOKIIUBICTh
M1JBUILEHHS ONEPATUBHOCTI Ta TOYHOCTI (PYHKI[IOHYBaHHS 1HTEJIEKTYaJbHUX CUCTEM
MIATPUMKA TPUAHSTTS PINIEHb 32 PAXyHOK PO3POOJICHHSI CyKyIMHOCTI MOJAENEH iX

(yHKIIIOHYBaHHS.
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8.2.1 KonuenryajbHa MoJe/ib KOOPAUHALII Y iHTEJEKTYyaJbHUX CHCTEMAX

MiATPUMKH NPUAHATTS PillleHb

VY ICIIIIP xoopaumHaTop BUCTYIA€e 0co0010, 1o npuiiMae pimenHs (OIIP), BoHo
peAyKy€e CKIaJHE 3aBIaHHS Ha CEPil0 YaCTKOBHMX 3aB/laHb, BUIAE€ BHUXITHI JaHI IS
eKCIepTiB Ta 30upae pe3ynbrat pimenns. Henonik icuytounx ICIIIIP y npomy, 1o
KOOPAWMHAIS Y KX BHKOHYETHCSI OJJHOPA30BO, HAMPHUKIHII PO3B’SI3aHHS 3aBIaHHS,
koiu OIIP, BUKOHaBIIM arperarito pe3ynbTaTiB PIICHHS YaCTKOBHUX 3aBJIaHb B €IMHE
pillieHHsi, poOUTh BHUCHOBOK Mpo Horo mnpuaaTHicTh. [lpyu He3amoBUIBHIN OIIHII
IHTErPOBAHOT'O PE3yIbTATy MOMJIMBOCTI BUPIIIUTH 3aBIaHHS 3HOBY MOxke OyTu. Tomy
akTyanbHOro € po3poOka ICIIIIP, B skux koopAauHauis HAE MO XOAY BHPIIIECHHS
CKJIa/IHOTO 3aBJJaHHSI.

Ha ocnoBi momem ICIITIP [183], a Takox MoAdedl CKIQAHOTO 3aBIaHHS 3
KoopauHaiiero nodyayemo monens ICIIIP 13 koopauHaliero:

DSS =< PRT, prt™" ,R™" >, (1)

e PRT:{prtq|q:1,...,Npﬂ} — MHOXHHAa MOJENEH eKCHepTiB;, prt™ — MOJCIb

OIlP; R™ :{r””"q\qzl,... N } — BigHocuru Mik OIIP Ta excrepramu, HaIpHKIAL,

= " prt
BIIHOCHHHU OOMIiHYy iHdopMaliero. KoxkeH ekcrepT mpalfoe CyBOpo Y CBOiH raiysi

3HaHb S, €S, ¢ S — MHOXMHA BCiX rajay3el 3HaHb HEOOXIAHHUX IS BUPIIICHHS

CKJIaJIHOTO 3aBJIaHHS, 1 HE 3alMAEThCS HISKUMHU YaCTKOBUMHU 3aBJIAHHSIMU KPIM CBOET,

S,NS, =, IpH g,w=1,...,N, ;q#w . IpyHTylouncs Ha MipKyBaHHsiX 3 [182] Ta

BPaxOBYIOUM, 10 Y peaJbHUX 3aBJAaHHSIX YACTKOBl 3aBIJaHHS BUPIIIYIOTHCS
€KCIIEpTaMU ITOETAHO, MOAEb EKCIIEPTa MOKHA BUCIIOBUTH:

prt,=<B, ..By.0, BB -MET,, .S, In, At >, (2)

prof >~ theor >~ prec>*~ facts® prtq> "= prtq > prtq°

nmpoaykKiiiiHa 0a3a mpodeciiHuX 3HaHb; B NpOayKIliiHa 0asa

theor

Jae B

prof

— OCHOBa MpENENeHTIB (I0CBin); B,, — OCHOBa (haKTiB;

Jacts

TCOPCTUYHUX 3HaHb, B

prec

MET,,, — MHOXHWHa METOJIB MIpKyBaHb; S, — OIHC raiy3l 3HaHb EKCIepTa,

prtq priq

HAIMPUKJIIAJ, Y MAaTEeMaTHI[l OMMKC MaTEMAaTUYHOI MOBH, OCHOBHHUX TOHSTH, OMEpalliii;
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In,, — IHTEpHOpETaTop, SKUN 3abe3rneuye BUKOHAHHS IMOCHIJIOBHOCTI MpaBWI IS

priq
BUPIIICHHA 3a]la4l Ha OCHOBI (DaKTiB Ta MpaBuJI, MO 30epiracTbcsa B 0a3zax JaHUX Ta
3HaHb; As — MEPIOJ] BUAAUl €KCIIEPTaMH MPOMIKHUX PIILICHb.
Moguens OITP moxe OyTr moOyaoBaHa 3a aHaIOTI€E 3 (2):

In,, ET>, 3)

prtdm?>

prt"=<B_..B, ,B .B, .B_,MET

prof 2 " theor >~ prec> " facts > ext > prtdm>

S

prtdm?>
1e B,, — mpoAyKiliitHa 0a3a 3HaHb MPO T, IK BUKOHYBATH PEAYKIIIIO, arperalfiio,

MOPIBHSHHSA Ta KOOpAWHAII; £ — MHOXHMHA KOOPAMHYIOUUX TpolieciB;, 1 — dac
BUPIIICHHS CKJIagHOro 3apaaHHsA. Bupa3 (3) y mnopiBHsHHI 3 (2) Ma€ CyTT€BI

BiIMIHHOCTI. [IpoaykuiitHa 6a3a 3Hanb B,, mpo Te, Ak OIIP kepye BupileHHAM

ckyiagHoro 3aBaaHHs. L1 3HaHHA Bl IHIIKMX eKcnepTiB. MHoxuHa E onucye, sik OITP
MOXE€ KOOpJMHYBaTH poOOTy ekcreprTiB. Y naniii poboti mozgemi OIIP He

BpPaxoBYIOThCS: B, . — 0a3a npodeciiHuX 3HaHb; B

theor

prof — OCHOBa TCOPCTHUYHUX 3HAHDb,

B, — OCHOBA IPELENEHTIB (10CB1N).

Posrasiemo, sik ¢dynkuionye ICIIIP Binmosimno mo (1). Hexait mepex OIIP

TIOCTABJIEHO 3aBJaHHsA prb", O PEYKYEThCS HUM Ha YaCTKOBI 3aBIAHHS prb),..., prb},

Y rtpamumiiiaunx ICIIIIP, ommcanux, Hampukiam, B [179], koxkeH ekcrepT

prt,,q=1,...,N,, , OTPUMABIIHK CBOE YaCTKOBE 3aBAaHHA prt!,j=1,...,N,, 3HAXOIUTH 1I

<94V prt s

Ta TeOpeTU4Hi 3HaHHS B, . . [licis

theor *

pILIEHHS, BAKOPHCTOBYIOUH CBOi Mpodeciiini B,
3aKiHYEHHS NPOLECY PIillIEHHsS BIH BUJAC PE3YIbTAT sol"/ € SOL!, 1€ SOL' — MHOXHMHA
pe3yNIbTaTIB BUPIILEHHS 3aBJAHHS pr¢!, 0 MOXKHA 3AIIMCATH y BUTJIAI BIAIOBIIHOCTI
Wyt
w,:DAT"® B" - SOL', B' =B, UB,,,. 4)
EneMeHnTH BIAMOBITHOCTI Y, — KOPTEXKi ({datc’;},{b};},solf), opu o=1,...,N,,;
p=L...,N,;y=L...,N,, Ie nepma KOMIOHEHTa — JABOKOMIIOHCHTHUW BEKTOp, IIO
CKIAJAacThCd 3 MePeNiKy BHXIAHUX  JaHUX {a’atﬁ},dati eDAT" i mepemniky

BUKOPUCTOBYBAHUX EKCIIEPTOM {b;},b; e BY (nmpodeciiiHuX 3HaHb — HPOXYKLIHHUX

MpaBWjl; TEOPETUUYHUX 3HAHb — AHAIITUYHUX 3aJIEKHOCTEH), a JApyra — pe3yiabTaT
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u . h . . . .
sol" € SOL' BUpIIIEHHs 3aBAanHHs prb". BinnmoBiaHicTs v, He € QyHKIIEH (HE MOXKE

OyTH 3amrcaHa aHAJIITUYHO a00 00YMCIICHA YHCEIIbBHUMH METOIaMH ), OCKLTHKY 3HAHHS
eKCIIepTa Ta Pe3yJIbTaTH BHUPIIICHHS 3aBIaHHSI-CIIEMEHTa MOXYTh HPEICTABISATUCS
IPUPOIHOIO0 MOBOIO. BOHO HEOTHO3HAYHO, OCKIIBKY MTPHU HETIOBHOMY Ha0Op1 BUX1IHUX
JaHUX, €KCIEPT MOXKE 3alpONOHYBaTH KiJbKa BapiaHTIB pe3yibTaTiB, CIOP’ €KTUBHO,
TOMy IO KOKHE DIilIEHHS 3aBiaHHA prb” Bimmosimae xoda 6 OZHOMY €IEMEHTY 3
DAT"® BY i He iH’IOKTHBHO, Tak K He KOKHOMY eneMeHTy DAT' ® BY pinmosimae
pileHHs 3aBaanHs prb”.

KinbkicTh eramiB, Ha SIK1 €KCIIEPTH PO30MBAIOTH MPOIEC BUPIIICHHS YaCTKOBUX

3aBJaHb, HO3HAYUMO N, ,, @ sol! — pe3yJabTaT BUPILIEHHS YaCTKOBOI'O 3aBJaHHS Ha /-

sol

My eram, [ =1,...,Ny,,. Ha eran npunauiserbcsi 1HTEpBal 4Yacy Ar , OCKIUIBKH B
MPaKTUYHUX 3aBJAHHAX 3arajibHUi yac 7' Ha BUPIIICHHS CKJIAJHOTO 3aBAaHHsS prb* |
CyBOpPO OOMEXEHUM, a Yac As TOCTIMHMM, KUIBKICTh €TamiB BHU3HAYAETHCS 3a
dhopmyiioro:

N,

=T /1At (5)

Crniz 3a3HauuTH, IO B IIPOLIEC BUPIIIEHHS YaCTKOBOIO 3aBiaHHs prb”, uepes
xoopaunytoui sy OIIP Buxinui pani DAT" B (4) MoxkyTh OyTu MOoau(iKOBaHi —
BBEJICHA J101aTKOBA 1H(hopMarlist abo 3amiHeHa 3acTapiia iHpopMailis Ha HOBY. Hexaii
DAT! BuxiaHi nani ans [-ro erany, [ =1,...,Ny,,. Toni DAT" — BUXiaH1 AaHi, OTpUMaHi
Big OIIP, mpuuomy DAT" =DAT", a DAT", | =2,...,Nspy — BUXIAHI JJaHI HACTYIHUX
eraniB. [Haekc / o3Hauae HOMep eTaly, Ha SIKOMY BUKOPHCTOBYIOTHCSI BUXIAHI JaHi.

Buswaunumo DAT"

1+1

— BHUXIJIHI JAaHi /+1-ro eramy, OTpuMaHl MICJIsI KOOPAUHYIOUUX
BrunBiB OIIP om0 3mMiHu f1anux /-ro etamy.

CxeMa mocCIiJOBHOCTI eTariB poOOTH eKCIepTa 3 MOIIYKY PIIICHHS YaCTKOBOTO
3aBJIAHHS 7' MOKe OYTH ONMMCAaHA TAKUM YMHOM:
AN,

DAT' ® BY ®{s0l/}®.....®{sol] .} = {sol!}, 1=1,...N (6)

Buxigni npani  pAT' , [=1,.,N Ha KOXHOMY e€Tami JOTOBHIOKOTHCS

>+ Vsol*
KoopauHytounMu BiutuBamu e” € E, Bunanumu OITP excriepTy, siki BOHO BU3HAUYa€ HA

OCHOBI IHTETPOBAHOIO PE3YJbTATYy BUPILICHHS 3aBHaHHs prb* Ha [-1-my erami. Y
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Bunanky OIIP moxxe naTu Kijgbka KOOPAWHYIOUMX BIUIMBIB KOXKHOMY EKCIEpTY.
BBaxkaTriMeMo, 110 €KCHEepTy BUIAETHCS OJUH KOOPAMHYIOUYHA BIUIMB OAHOTO THITY.
BuszHaunMo BIAMOBITHICTE W/ :

w,{sol/}®B,, > E, I=1..,N, 1. (7)

MaxkcuMmanbHe 3HaueHHs [ TOpIBHIOE Ny,-1, Tomy mo micia Ny, eramy Bke
HEMOJXJIMBO BHKOPMCTOBYBATH KOOPJAMHAIIIO, OCKUIBKM OTPUMAaHO KIHIIEBUH
pE3yIIbTaT; sol;' — IHTETPOBAHUHN PE3yJIbTAT BUPIIICHHS 3aBJaHHs prb" Ha [-My eTari,

E:{el,...,g,v } — MHOXXMHA BEKTOPIB BUIY (el',...,efv ), KOKEH KOMIIOHEHT SIKOTO —
& prt

KOOPJMHYIOYA Jist 11 €KCHEPTA, ¢ € E, § =1,...,Npp.

OckUIbKM 3HaHHA TIPO IHTErpaiilo BxoadaTrh 10 ckimany B, OIIP (3),
IHTETpOBaHUN PE3YJIbTAT sol BUPIIMICHHS CKJIAJIHOTO 3aBIaHHS prb" MOKHA 3alucaTh
HACTYITHUM YHHOM:

hl h N, u
{soll }®...®{Sol, }®Bm —>{sol, }, (8)

Jie sol!'',...,sol! " — BUPILIECHHS YaCTKOBUX 3aBIaHb prt/,..., prt, BIIIOBLIHO.

ext

EneMeHTH BiINOBIOHOCTI ., — KOPTEKI ((sol;‘,{b” }),gp), opu [=1,..,N,_,,

p#=1..,uy , p=L...,N, Jie nepia KOMIOHEHTa — JIBOKOMITOHEHTHUHA BEKTOp, IO

&

CKJIQZIAEThCS 3 THTETPOBAHOTO PE3YJbTaTy sol BUPIIICHHS 3aBAaHHS prb* Ha [-my

etani Ta nepeniky Bukopuctanux OITP 3Hanb npo Te, IK BUKOHYBATH TOPIBHSIHHS , a

e e E JUIA €KCIIepTa.
Ha Ny,-om etami (/= Ny,) BEKTOp KOOPIWHYIOUHMX BIUIMBIB (ell,...,efv ), a=6,

prt
100TO OIIP He BUIa€e KOOPAMHYIOUHX BILTUBIB €KCIIEPTaM, a JIUIIIE arperye (31HCHIOE
iHTerpamnito pilmleHs 3aBaaHb pri’ B ¢IuHE, iHTErpOBaHE PIlIEHHS sol’ CKIATHOTO

3aBAaHHS prt*) pe3ylbTaTd iX poOOTH. SIKIIO OTPUMAHUN IHTErPOBAHUN PE3yybTar

sol He BiamrtoBye OIIP, BoHO Mae meperisHyTH BUXI1JIHI IaHl 3aBAaHHs prb" , TOOTO
3MIHUTH DAT! JuIst BCIiX prt" abo 3MiHUTH IIEpeliK CBOiX 3HaHb B, 1 3HAHbL CKCIIEPTIB
B, (momem (4) 1 (3)), a micig UpOro iHiNiroBaTH NoBTOpHY poboty ICIIIIP.

BianoBinHicTh . He € (yHKIiEIO (HE MOXe OyTH 3amMcaHa aHaJITUYHO Ta
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obuuncieno), ockiabku 3HaHHs OIIP Ta inTerpoBanuii pe3ynbTaT BUPIIIEHHS 3aBIaHHS
prb* MOXyTb OyTH TpeACTaBlICHI MPUPOJTHOI0 MOBOIO. BOHO OfHO3HAYHE, OCKIIBKH

KOXHOMY €KCIIEPTY IIPU3HAYAETHCS KOHKPETHHH KOOPAMHYIOYHM BIUIMB ¢ i TOMY
BIJIMOBIAHICTh /. OJHO3HAYHO BHU3HAYA€ JIMIIE OJMH BEKTOp eeF£ . BoOHO
CIOp’€EKTUBHO, TOMY III0 KOKHOMY BEKTOPY e < £ BIAMOBITA€E Xo4da O OIUH €IIEMEHT

{sol;‘} ® B,, 1He 1H IOKTUBHO, TOMY L0 HE KO)KHOMY €JIEMEHTY {sol;‘} ® B,, BiANOBIOAE

ext ext

BEKTOPY ec E .

Amnani3 nanoi moaemni [CIIIP 3 koopauHaii€ro 103B0JIsIE 3pOOUTH TaKU i BUCHOBOK.
[Ipu BupimeHHs ckiIagHOTO 3aBaaHHs 3anpornonoBana [CIIIIP, nHa BigmiHy
TPaJAMIIIHUX, HaBITh 3a HENPABWJIBHO pPO3MOYATOMY €KCIIepTaMu B IpOILEci
BHPIIICHHS YAaCTKOBHMX 3aBlaHb prb" 3 HOMOMOror caMOOpraHisallii, BUPaXeHOI B
KOOpJMHAIlll BUPIIICHHS YacTKOBUX 3aBaaHb OIIP, nparHyTuMme iaeanpsHOMY IpoLeCy
BUPIIICHHS CKJAJHOTO 3aBJaHHS, 10 MIABUILYE €(PEKTUBHICTh 3HAXOJKCHHS
IPUMHATHOTO Pe3yJIbTaTy BUPILLIEHHS CKJIAAHOIO 3aBAaHHs prb”. [Ipu iboMy OMUIIKH
BUPILIEHHSI CKJIAAHOTO 3aBJaHHSA OyJyTh BHSIBJIEHI Ta BHIIPABIEHI J0 OTPUMAaHHS
pe3yJIbTaTy BUPIIIEHHS CKJIQHOTO 3aBAaHHs prb“. Panie njs uporo 0yyno notpioHe

il MOBTOPHE PIIIICHHS.

8.2.2 Maremaruuna wmoaeiab ¢yHkuioHaabHoi riopuanoi ICIIIIP 3

KOOPAMHALIEI0

VYV [182] naBenena nactynHa koHuentyaibHa mMoaens [CIIIIP, 3 BUkopucTaHHsAM
aBTOMAaTHOrO miaxony [184-186], mpu3HaueHoi [J1s1 BUPIIIEHHS CKJIAIHOTO 3aBJaHHS
prb*:

res, = R " (resi’1 ,met" ) oR“” (resf1 , pr“i) oR“" (resi’1 , pr'’ ) o
oR™ Y (resj ,st" ) oR"" (St” (t),st" (¢ + 1)) oRI"™ (pr”i @),st"(t + 1)) ° ©)
oR" " (st (1), pr* (t) ) o R " (RES*,RES* ) o RI" " pr'" ,PR") 0
ORI (PReo’pruo)’
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1ie ¢ — MOJICJIbHUM 4ac, s <) ; © — 3HAK KOHKaTeHallli; res — arperat-ICIIIIP sx
pecypc BUPIIIEHHS HEOHOPITHOTO 3aBJIaHHsI; met" — IHTerpOBaHUN METOJ] BUPIIIICHHS
HEOAHOpinHOro 3aBraHus; pr'’ — BuxigHi gani DATY [182] BupilleHHS CKIJIQJIHOTO
3aBlaHHs prb", 10 TepenaloThCs Ha BXIJ OJHOTO a0 NEKUIBKOX EJIEMEHTIB res,
moOyJ0BaHUX 3a CXeMOI0 (9) BIAMOBITHO 10 AEKOMIIO3HITI| prbu 3aBHaHHs prb*; pr’ —

BHXI1] OJTHOTO 200 JEKUIBKOX €JIEMEHTIB 7es®, ToOyJ0BaHUX 3a CXeMOI0 (9) BiIITOBITHO

hi (o prbu, o € metoro GL* BupieHHs 3aBaanus prb"; st(t) — cran ICIIIIP B MomMeHT

yacy t; RES® — HENOpOXXHA MHOXXHMHA, CKJIQJIeHA 3 €JIEMEHTIB res’, MoOyJOoBaHUX

BianoBigHo 10 cxemu (9); PRY, PR — MHOXMHA BJIACTUBOCTEN «BXim» Ta «BHXim»

eneMeHTIiB 13 RES® BIANOBIAHO; R'™, R’ ™, R"? — BIIHOCHHU (YHKIIIOHYBaHHS
ICIIIIP; R — BimHocuHHU 1HTerpamii [182] ememeHTIB; R/ ” — BIIHOCHHH MiX
Bxogamu ICIIIIP Ta BXOomamMu e€JlEeMEHTIB; R/ ” — BIJHOCMHH MK BHXOJaMHU

enemenTiB Ta Buxojgamu ICIIIIP. EneMeHT res® mojemntoe pilieHHS OIHOPITHOTO
YaCTKOBOT'O 3aBJaHHSI a00 BUKOHYE JIOMOMIXKHI omnepailii, OyJayeThcsi BIANOBIIHO J0
aBTOHOMHOI'O METOAY met’ 1 Ma€ BIACTUBOCTI PR® — PR, HaOLIbII BaXJIUBI 3 AKUX —
«BXI» pre, «BUXIO» pre 1«cTaH» St°.
Konuenryansna moneins enemenrta [CIITIP:
res® = R me’(resg,metg)Ole pr(rese’prei)ole pr(rese’prm)o
oR (res“,st") o R (St"(t), ste(t+ 1)) o R (pr“i (t),st°(t + 1)) o (10)

oR! " (st (1), pre (1))
e R'Y, R, R " — BIAHOCHMHHU «CTaH - CTaH», «BX1J - CTaH», «CTaH - BUX1J,

BianoBigHo. Cepen MHOXuUHM MET e:{metj| y=L...N } ABTOHOMHHX METO/IIB

5% " met

BUIUISITUMEMO met, — QHATITUYHI OOYUCIICHHS, met; — HEUPOOOUUCICHHSA, met! —
HEYITKI OOYMCIICHHS, met, — MIPKYBaHHS 3 YpaxXyBaHHAM JOCBiY; met; — €BOJIOLIIHI
OOYUCIIEHHS, met, — CTATUCTUYHI OOUMCIICHHS, met; — JIOT14HI MIpKYBaHHs. SIKIIO Mix

€JIEMEHTOM  res® 1 aBTOHOMHHMM METOJOM  met! BCTAQHOBJIEHO  BIJHOIICHHS

R ’”‘”(rese,metj) , OymeMo mo3Hauatu eneMeHt res‘’ . BimgHocwrm R, R” " (10)
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3a7]al0ThCSl HA MHOKMHAX 3MiHHUX DATY, GL' 1 MHoXuHax 3MiHHUX DAT", GL"
YaCTKOBHUX 3aBJIaHb, III0 BXOASTH 10 CKJIAY CKJIAIHOTO 3aB/JIaHHS.

VY [182] HaBOOUTHCS TPU MOKJIMBI BUITAIKH:

1) MHOKWMHA 3MiHHHX I prb" 30iracThes 3 MHOXKHUHOKO 3MiHHMX 171 prb", T06TO
DAT*=DAT", GL'=GL",

2) MHOKUHA 3MIiHHHX J1s1 prb" — miiMHOKUHA BiIIOBIAHOT MHOKMHM prb*, TOOTO
DAT" c DAT", GI' c GL*;

3) MHOXHMHA 3MiHHUX IIiMHOKHHM BiJIIOBIAHOI MHOXHMHH prb", TOOTO
DAT" c DAT", GL' < GL".

OCKUIBbKY TSl MOJIETTIOBaHHS! BUKOPHUCTAHO aBTOMATUYHU M1IX1]1, CTaH aBTOMAaTa
BIUTMBAE JIUIIE BXIJHUM cUrHaj. BUXITHUI CUTHAN 3aJIeKUTh BiJl CTaHy aBTOMAaTa y
MOTIEPETHI MOMEHT aBTOMATHOTO Yacy Ta BX1IHOTO CUTHAIY.

Posmupenns mozeni (9), (10) BUKOHAHO BUXOJSYU 3 HACTYIMHUX MIPKYBaHb. Y
MIPOIIEC] KOOPMHALIT KOHTPOJIIOIOTHCS MPOMIXKHI CTAHU PIIIIEHHS] YaCTKOBUX 3aBJIaHb
[190]. ¥V npuiiastux no3nadeHHsx (9), (10) mig nquMu ctaHaMu po3yMIIOThCS CTaHU
(pe3ynpTaTy BUpiIeHHS) (YHKIIOHAIBHUX €JIEMEHTIB res®, MO IMITYIOTh PIllIEHHS
YaCTKOBUX 3aBAaHb prb". 3 amamizy mux cTaHiB y XOAi KOOpIMHALIi 3MiHIOIOTHCS
BJIACTUBOCTI «BXiZ» pre OIHOIO YM KiJIbKOX €lIeMEHTIB res‘. JIis BpaxyBaHHs L[LOIO
dakty BBememo B KoHuentyanbHy wmoxens ICIIIP  (9), (10) Tpiiiky

R ”’(st“(t), pr' (t-l—l)). [Hmumu cnoBamu, Ha miactasi crany [CIIIIP s¢“(r) B MOMEHT

gacy t 3MIHIOIOThCS BUXiaHI gadl pr* (¢ +1) ms ICIIIP, ane Bke B MOMEHT 4acy 7+1,
TOOTO JUIsl HACTYMHOI 1Tepauii. barato R ” BCTaHOBIIOE BIIHOCUHH MIXK CTaHOM
st"(¢) T1IOpuAy res’ (9) Ha TaHUM MOMEHT MOJICIIBLHOTO Yacy ¢ 1 CTAHOM BXO/IIB OJTHOTO
a00 JEKUIbKOX €JIEMEHTIB res® Ha HacTynmHoMmy kpolil. 1100 3po6uTtn HeoOXiAHY 3MiHY
BXOMIB pr® OgHOro abo KilbKOX (YHKI[IOHANLHUX eleMeHTiB res’ B (10) BBegeMO

o y k el el
TPIAKY th“”(st”,acte) , e ACTek:{actlka,...,actlfa} — MHOXHHA TIOHATH, IO

prt

MO3HAYal0Th KOOPAUHYIOUI J1i, IKE TOTO’KHO MHOKHHI KOOPAUHYIOUMX A1l E , e o —
TUT KOOPAWHYIOYOTO BILTUBY, & =1,...,6.

MoaudikoBana konnentyaabHa moaens s [CIIIP 3 koopaunariero:
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res’ =res' o R" " (st" (), pr(t+ 1)), (11)

a moaudikoBana mojiens eaemenrta [CIIIIP:
res‘ =res‘ o R" (St“,acte" ) (12)
Bignocunun R* 7 1 R’ “’ He 3aJal0ThCs 3a3Jajeriiab, K 1 R*™, R, R""”

dikcyrorses B xoxai pobotu ICIIIIP i € pe3yabratom pilnenHs k-3apaanns prb’.

Posrnsnemo mpuxman ICIINIP 3 TpproX eneMeHTIB res!' , resi® , resi’ IS

BUPIIICHHA YaCTKOBUX 3aBJaHb, Kl OyaemMo HazuBatu (pyHkuioHanbHuMu [182], 1

OJIHOTO KOOPJMHYIOUOTO (TEXHOJOTIYHOTO) €JIEMEHTa res;’ JUIsl BUPIIICHHS k-
3aBJaHHs, 110 BU3HAYA€ MOPSIOK B3aeMOJli (PYHKIIOHAIBHUX ejleMeHTiB. Ha Bxin
ICIIIIP mnopmatothes BuximHi gani DATY, po3auieHi MDK  (QYHKIIOHAIBHUMHU
u u
€JIEMEHTaMH 3TiJTHO 3 JEKOMIIO3HINE€0 prb € PRB BHpINICHHS CKJIAJHOTO 3aBJIaHHS
prb". Ha Buxoji MmaemMo pe3yabTaTé poO0oTH (PYHKIIIOHAIBHUX €JIEMEHTIB res! ', ress®,
e7 4 1 u u
res{’ , IHTETPOBAHMX Y 3arajibHe pimeHHs SOL" ckiaaHoro 3aBaaHHs prb”.
VY KOXKE€H MOMEHT 4acy 7, (IKCYe€TbCs (ONMTYEThCA) CTaHy BCIX res:” . Ilicns
1BOTO res;’ HaMigcTaBicTany st (¢,) ICIIIIP Bugac KOOpAUHYIOUY KO act™ * € ACT

JUIS. KOXKHOTO €JIEMEHTA res”. Y TIPOLIECI OOPOOKH TEXHOJIOTIYHUM EIEMEHTOM res; ’

crany sr“(r,) ICHIIP, TOOTO pilleHHS k-3aBRaHHs prb* 3MiHIOETBCS CTaH st
TEXHOJIOTIYHOTO €JIEMEHTA res; . [IpyduoMy yac 7', 1110 BIIBOAUTHCS HA TaKy 0OpOOKY,

HE TOBMHEH MEpPEBUILYBAaTU TNEPIOLY, Yepe3 SIKUW TPOBOAUTHCSA (IKcalis CTaHy

ICITITP:
7<T/N,, (13)

ne T—4ac, BiABEICHUN Ha BUPILICHHS CKJIQJHOTO 3aBAaHHA prb"; N, —3arajibHa

KUTbKiCTh eTamiB. [lepexomu Mik craHamu (QyHKIioHATBHUX enemeHTiB [CIIITTP

Bi10yBarOTHCSA CTPUOKOIOAIOHO, OCKIJIBKM MIXK MOMEHTAaMH 4acy ¢, €U CTaH res!” HE

3MiHIOeTbCA. Huxkde mpezacTaBieHa KoHuenryaibHa wojens podotu [CIIIIP,

no6ynoBanoi 3a (12), (13):
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ek, st (1) st (1) ck
; (to)j{std(t)}ﬁ{ o )}:st ()54}

st (1)) '
:{st“(tl)} { }:st —>st ( ):>...:> (14)

e « = » I03HA4YalTh BigHOcMHM R"" | sAKi NOB'I3yIOTh CTaHHM 3 PI3HHX
HiAIPOCTOPIB 1 33/Jal0Th MEpPexXiJ 3 OJHOTO OJHOPIIHOTO MPOCTOPY B IHII TpU
¢dyukmionyBanHi ICIITIP; « — » — mepexig MK CTaHaMHU BCEPEJMHI BIIMOBIIHOTO

mignpocropy. Ilepexomm « = » 3 MANPOCTOPY TEXHOJIOIIYHOIO E€JIEMEHTA res:’

MOJICNIIOIOTh BHUAauy Koopauuytouux aiii Bim OIIP g0 exkcmepTiB. A CyKYIHICTb
MEPEeXOIiB « => » Ta « —> » JO3BOJSE 3MOJCIIOBATH Ta MPOCTEKUTU TPOIIEC
camoopranizauii y mporeci podoru ICIIIP. V (14) ¢dirypni nyxku mo3HayaroTb
MOYATOK Ta 3aBEPIICHHS MapajebHOi pOOOTH (PYHKIIIOHAIBHUX €JIEMEHTIB. 3 MOJei

BHJTHO, 1110 ITCIIA KOXKHOT (pikcallii « } = » cTaHiB, (QYHKIIOHAIBHAX CJICMCHTIB res”
BiI0YBA€ETHCA MEpeaya ynpaBiiHHA TEXHOJIOITYHOMY €JIEMEHTY res:”, & MICIIA 3MIHU

HUM CBOTO CTaHy BIiJOyBaeTbCs TMepefada yOpaBIiHHS Tpymni (PyHKIIOHATBHUX
enemenTiB [CIITIP. [{g Mmoaens criopiHeHa 3 KOHIENTyalbHO Mojiesutto [ 182]:

{St“(t)—)St“(t+l)—>...—>st“(t+n)}

st (1) > st (t+1) >... > st (t+n) |

(15)

B ocnoBi mozemni (14) noknaaeHa ifes npo Te, 10 T€ caMe OJHOPIAHE 3aBAaHHS
MOKE BUPIIIYBATHUCS MapajeiabHO pi3HUMH QyHKIIOHATRHUMEU enemeHTamu [CIIITP.
BignocuHu iHTerpariii eJ1eMeHTIB BUHUKAIOTh SIK BHYTPIIIHI HEBepOaibHI 00pa3u B
nam’sITi KOpUCTyBaya, IKMil MO>Ke TOPIBHIOBATH AMHAMIKY MOJEIIOBAHHS CKJIAJHOTO
3aBJIaHHS 3 PI3HUX TOYOK 30PY, L0 JO3BOJISIE MOOAYUTH T€, YOTO HE JA€ MOJICITIOBAHHS
3 BUKOPHUCTAHHSIM OJHI€i Mozeni. Y wmojneni (13) po3BUHEHE iHILE MPUIYIICHHS:
BKJIIOUeHHs a0 MartematuuHoi Mojeni ICIINIP wmonenmi OIIP nmpuszBoguTh 10
BUHUKHEHHS €()eKTy camoopraHizalii.

VY 1pomy 3’SIBISIETHCS MOKIIMBICTD B3a€EMOIIOB A3aTH PE3YJIbTAaTH POOOTH OKPEMUX

¢ynkmionansaux enemedTiB ICIITIP y mporeci cuHTE3y BUPINMIEHHS CKJIAJIHOTO
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3aBJaHHS, @ YU HE MICHs, SK y BIJIOMHUX MOJIENSAX, 10 3a0e3Meuye pesieBaHTHICTh

ICIIIIP peanbHOMY MpOIECY KOJEKTUBHOTO 3aCyI>KEHHS MPOOIIEM.

8.2.3 MaremaTn4yHi MojJeji Y3roJ:KeHOCTI B IHTeJEKTYaJbHMX CHCTEMAaX
NIATPUMKH NPUIAHATTSA pilieHb
8.2.3.1 KonuenryajbHa MOJeJIb Y3ro:K€HOCTi B IHTeJIeKTyaJIbHUX CHCTEMAX
MiATPUMKH NPUAHATTS PillleHb
[Tig y3romkeHIiCTIO pO3yMI€ThCS CTyMiHb MonaiOHocTI mineil ydacuukis [CIIIIP.
3rigno [190], meta — cran peueld, saxoro nparue aocsartu OIIP, mo Mae s HbOTO
MeBHYy cyO’eKTUBHY HiHHICTH. Y [180] Mera — ijeanpHe mependavaHHs pe3yJbTaTy
JISUTBHOCTI, IO BUCTYTIAE ii pEryasTopoM, a B [184] — cutyarist un o0aacTe cUTyarlii,
dKa Mae OyTh JocsrHyTa mpu (GYHKIIOHYBaHHI CHUCTEMHU 3a TIEBHHUM 4ac.
V3aranpHIOIOYM 1[I BU3HAYEHHS, BHJIUIMMO OCHOBHI XapaKTEPUCTUKH METHU:
MIPE/ICTABIISIE CTAH 00’€KTa YIpPaBIIHHS, PErYyJSATOpP AISUIBHOCTI, MA€ TEMIIOPAIbHHMA
xapaktep (PpyHkIis yacy) ta cyo’ ektuBHO KopucHa st OITP. Cxema KoHIeNnTyaabHUX

MoJieIel MEeTU MOXKe OyTH 3arucaHa y BUTIISIIIL:
prgsu — RV@S st (reSOM , Stpou ) o RI”QS pr (reSSU , prCSM ) o Rres act (reSOU , actdsll ),

16
actdsu — Roct act (ACTW,ACTSM)O Rt pr (ACTS”,PRt), ( )

ne R — BiIHOCHMHHM «pecypc—CTaH», IO CTaBJIATH y BiANOBIIHICTH 00’ €KTY
yIpaBIiHHS #oro craH; K" — BiZHOCHHH «peCypC—BIACTUBICTHY, 1[0 BH3HAYAIOTH
Cy0’€KTUBHY KOPHCHICTh CTaHy OO0’€KTa ympaBiiHHA il ekcrepra (cyO’ekTa
ynpasiinas); R” “’ — BiIHOCUHH «BIACTUBICTH—is», IO CTaBIATH y BiAMNOBIAHICTH
[JIbOBOMY CTaHy IOCTIJOBHICTh Jii act™ ; ACT" — MHOXMHA MOXJIMBHUX Miil
excriepra; R™ “ — BiITHOCHHY «JIisl — IIis», 110 BU3HAYAIOTH OPSIOK il act™ € ACT™

dsu , pact pr
; R

y MOCJIIJIOBHOCTI act — BIJHOCHUHH «Iisl — BIACTUBICTH» MiX miamu 3 ACT™ ta

yacoM ix BukoHaHHs PR' . Cran st" o00'ekTa ymnpaBiiHHsA res” BH3HAYa€ThCS

3HAYEHHSMHU BIACTUBOCTEH OCTaHHLOTO:

§tP = RT pr(res()u’P ou)oRpr val(PRou,VALou),
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ne R®” — BIZHOCHMHH «pecypc — BIACTHBICTHY», IO 3aJal0Th MHOYKHHA
BJIACTHBOCTei 06’€KTy ympaBminas, a R” " — BiTHOCHHM «BIACTHBICTb — 3HAYCHHS»,
KO)KHOMY 3 BJIAQCTHBOCTEHM 00’€KTY YIIPaBIIIHHS CTaBJISITh y BIJMOBIIHICTE MHOXKUHA
3HadyeHb. OmHic0 3 BiacTUBOCTEH y MHOKKHI PR™ Moxe OyTu yac, OB ’s3aHU i3
¢byHKIIIOHYBaHHAM 00’€KTy ympaBiiHHA. [Ipu 1boMy MeTa eKcrepTra TaKoX CTae
JTUHAMIYHOIO Ta 3MIHIOETHCS Y Yaci.

SIKIO  BNACTUBOCTI  NPEJACTaBICHI  PI3HUMH  3MIHHUMHU  (HallpHKIa,
CTOXACTUYHOIO Ta HEUITKOIO JIIHTBICTUYHOO), OOPOOIIOBAaHUMHU PI3HUMHU METOJIaMH,
BHOpaTu ojHE 3 pimeHb Oyae Bakko. OJHAK SKIIO BJIACTHUBOCTI IPEICTaBIICHI
3MIHHUMU OJTHOTO THITY, MOXHA 33JaTH METPUKY B JBOBUMIPHOMY IIPOCTOP1 BEKTOPIB,
10 TIPEJICTABIIAIOTH IOMYCTUMI CTaHU 00’ €KTa YNPaBIIHHS, 1 BA3BHAYUTH BIJCTaHb MIXK

pou

st 1 st a TakoxK st 1 st”™, micis 4oro MOPIBHATH iX Mk coboro. 100 yHUKHYTH

NMoAIOHHUX CUTYyalliil, BUOEpEMO OJMH METOJ IMPEICTABIEHHS BCIX BIACTHUBOCTEU, L0
BU3HAYAIOTh CTaH 00’ €KTa YNPAaBIIHHSA, @ OTXKE, 1 BAKOPUCTOBYBAHHUX IIPHU OMUCI IIIEH
OIIP Ta excnepTiB. AHajii3 MOKa3aB, 10 IbOMY PEJIEBAHTHUI anapar Teopii HEUITKUX

MHOXUH [187].

OyHKIlS TPUHATIEHKHOCTI ugs”(st””“) npuiiMae 3HAYCHHS HA MHOXHWHI JIHCHHUX

yucen B iHTepBati [177, c. 1]. ITpu upboMy urm OubLIe 11 3HaYEHHS, TUM OJIMKYE CTaH

o0'ekTa ympaBmiHHs st no metu excnepra pr¢ . Cran st” 00'ekta ympaBiiHHS
OMUCY€EThC HabOpoMm Horo BiacTuBocTer PR™ ={ pr’,..., pr"gz} , TIPEICTaBJIECHUX
3MIHHUMU OJIHOTO 3 nepepaxoBaHux y [182] kiacis, ToOTO:
U= (stpo“): U= (prl””,...,pr”f,‘”) (17)
s
3HadeHHs (YHKIT HAJICKHOCTI BU3HAYAETHCA MiACTaHOBKOIO B (17) 3Ha4YeHb 3

MHOXXUHU VAL™ BracTuBOCTEW 00’ €KTY YIpPaBIiHHSA I[HOTO CTaHy, TOOTO OMUCYETHCS

BHpaA30OM /lgs”(vall"“,...,valz'ﬁu). HeuiTka meTta ekcmepra moxke OyTu MpeicTaBiICHA

OJIHUM 13 po3NISIHYTUX Yy [184] MeToaiB moOynoBu (PyHKIIM HAJEKHOCTI HEUITKUX

MHOkHUH. BuOip criocoOy — 3a po3poonukom ICIIIIP. Huwxue nist 3anucy npuyuHHO-
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HACJIJKOBUX 3B S3KIB MIXK IIUIIMA Ta BIJHOCHHAMHU B3a€EMOJIIi  €KCIIEPTIB
BUKOPHUCTOBYIOThCS Tpsmi Metoau [184] moOynoBu HewiTkoi Metu. Komm mim
eKCIiepTiB  (opmali3oBaHi, MOke OyTH BHKOHAHO IXHE TONApHE MOPIBHIHHS Ta
BU3HAYEHO CTYIIHb OJM3bKOCTI. O/IMH 13 BapiaHTIB BU3HAYEHHS CTYIMEHs OJIM3bKOCTI
iJe ekcrepTiB — po3paxyHOK Bijactani EBkimiza abo XeMMiHra MiK HEUITKUMHU
mHokuHamu [181, 182]. OgHak iX 3acTOCyBaHHS J0 BU3SHAYEHHS CTYIEHS MOI10HOCTI
IiJIel eKCIepTiB MpoOIeMaTUYHe: BOHU OOYMCIIIOIOTHCS JIMIIIE 32 YMOBH 301KHOCTI

psaiB abo IHTErpajiB, 10 BUKOPUCTOBYIOTHCS B HHX. [HaKmIe mpu val® =-oo abo

min

val® =, 1€ val® 1 val® — MIHIMAQJIbHE Ta MAKCUMAJIbHE 3HAYEHHS BIIACTUBOCTI pr*

max min

, 0 omucye cTaH st”, BijcTaHb Oyje piBHA HECKIHYCHHOCTI, HABiTh SKIIO OJHA
MHOKMHA BKJIIOYA€ 1HIIE. Y IIbOMY MPOMOHYETHCS Mipa MOAIOHOCTI HEUITKUX IIIeH

[183, 187, 189]:

valg valg,

I 5 (pre)d (pr) f 5y (pre)d (pr™)
s(4,8)=0,5-| — : (18)

valie, valge,

J‘Iugsu d(pl"ou) J'lugsu (prou)

ou ou
lmm Va[mm

AHam3 Tmokasye, 10, Ha BIAMIHY Big Biacrtani EBkmiga ab6o Xemwminra,
criBBiHOIIEHHS (19) ciig BBakaT MIPOIO TMOJIOHOCTI HEUITKUX MHOXHH, a HE
B1JICTAHHIO MIDK HUMH, OCKIJIbKM BOHO HE 3aJI0BOJIbHSIE JAesIKUM 3 YMOB (a came (18) 1
(18)), mo npea’ IBAsAIOTHCS 10 QYHKIIIT BiICTaH1 B MaTEeMaTHIII:

d(X,Y)=0
d(X,Y)=d(Y,X)
d(X,Z)<d(X,Y)+d(Y,Z) (19)
d(X,X)=0. (20)
[Ticns BU3HAa4YeHHS MipU MOAIOHOCTI ILJIEW EKCHEPTIB MOXHA BU3HAYUTH THI
BIJIHOCHH 3 TIOMDK HHX 3a PiBHEM Y3rojpKeHocTi. [IpeacraBumo HWOro sSIK HEYITKHX
MHOKHMH Ha YHIBEpCYMi 3HAU€Hb MipH MOA10HOCTI LJIeH s (Ha MHOXUH1 TIACHUX YUCEN

B iHTepBami [177, c.1]). B poboTi BuaiieHO TpW THUNHU BIJHOCHH 3a CTyIEHEM
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y3rOKEHOCTI: KOHKYPEHIlis, HEUTpamiTeT Ta criBpoOiTHUIITBO. [1{0 3HaUeHHs MipH
noaioHoCTI et ekcrepTiB (18), To TiCHIIIE B3aEMOIS 3-TIOMIXK HUX.

Taxum unHOM, (DYHKIIIS HAJIEKHOCTI HEUITKOI MHOKMHU «CIIBIIpaIlshH MOBHUHHA
Ha0yBaTH MAaKCHUMAaJIbHOTO 3HA4YCHHS NpH s=1, a (QYHKIIS HAJIEKHOCTI HEUITKOI
MHOKUHU «KOHKYypeHIs» — mpu s=0. MakcumyMm ¢QyHKIIi HameXHOCTI HEUITKOi
MHOXKHHU «HEUTpasiTeT» Mae OyTH PIBHOBIAAAICHHUH Bil IUX MaKCUMyMiB, TOOTO

nepeObyBatu 'y Toumi s§=0,5. DyHKIT HAJIEKHOCTI HEUITKUX MHOXXUH B1JIHOCHH

)
KOHKYPEHIIT 4, 0nine(5) = , HEHTpANiTETY u.neﬁmpmimem"(s):(1+(6-(s—0,5))8) Ta

-1

CIIBIPALL L1010 (8) = (1 +(6-(s- 0,5))8)

[IpencraBumo BimHouieHHs Mk ydacHukamu [CIIIIP 3a cryneneM y3ropkeHocTi

JIIHTBICTUYHOI 3MIHHOI ¢/ — «THI BIITHOCUHUY

Cl:<ﬂcl,Tcl,Ucl’Gcl,Mcl>’ (21)

¢ . o . . . . . [
ne [ = «TUN BIIHOCHH» — HAWMEHYBaHHS JIHIBICTUYHOI 3MiHHOT, T° =
{ «<KOHKYpEHIIIS»; «HEUTpaIITeT»; «CHIBOpPALS»} — MHOXXHHA 1IMEH JIHTBICTUYHHX
3HA4Y€Hb 3MIHHOI (T€PM MHOKHHA), 1110 CTAHOBJISITH HAMEHYBaHHS HEUITKOI 3MIHHOI;

U< =[0;1] — obnacTh BM3HAYeHHs (YHIBEPCYM) HEUITKHMX 3MIHHHUX, IO BXOAATH 0

BM3HAUCHHS JIIHTBICTHYHOI 3MiHHOT; G =@ — CHHTaKCHYHA IPOILELYPa, IO OIHCYE
porec YTBOPEHHS 3 €JIEMEHTIB MHOKUHU T HOBHUX TEPMIB,;
M :{ Foconespensin®($)s o seimparimen ()5 u,m.gnpm.,(s)} — CEeMaHTHYHa Ipoleaypa, 0 CTaBUTh y
BIIMOBIJHICTh KOXXHOMY T€pMY MHOXXHHU 1 1 TepMaM, YTBOPEHHUM Ipoleayporwo G,
HeuiTKka MHOKHKHA [183, 187, 189].

3HaYeHHS JIHTBICTUYHOI 3MIHHOT ¢/ (THM BITHOCWH) — TEPM 13 MaKCUMaJIbHUM
3Ha4YeHHsAM (yHKIIT BIacHOCTI. Jjist i 0OUMCIIeHHsT MOTPIOHO BHU3HAYMTH 3HAYCHHS
GyHKIT HaJEKHOCTI 10 KOXKHOI HEUITKOI MHOXXHHH, 110 CTAHOBHUTH BITHOCWHH, 1
MOPIBHATH iX Mk co00r0. HediTka MHOXXHMHA 3 MaKCUMaJIbHUM 3HAUYECHHSM (QYHKIIIT
BJIACHOCTI BIATIOBI]a€ TUIY BIIHOCHH, BCTAHOBJICHOMY MiX Mapolo eKcrepTiB. MoxkHa

BU3HAUUTH BiJIOOpaKeHHS «xacudikaTop BiJTHOCUHY
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| * ., . o co . .
rel . ( prt,, prtj) -7, ag,ag,€AG ,i#j , axui Koxuii napi ydacHukiB ICIIIIP (
prit,, prt,) CTABUTD Y BIAIIOBIHICTE OJUH 3 TEPMIB 7', NIHTBICTUYHOI 3MiHHOI ¢/, TOOTO
TUI BiHOIIEHHS. BinoOpaxeHHs rc/ BU3BHAYa€ThCS TaK:

rel (prt,.,prtj) =arg max(ut;, (S(Pifs“,prqgs” )))’ (22)

et
npudomy 1 ( prt, pry” ),rlm 7 ( prt, pry ),i #J..

barato 3nHadyenp 1poro BimoOpaxeHHs (opmye marpuiro RCL xnacudikarrii

BimHOCMH MDK ydacHuKamu [CIIIIP. Psnkum Ta cToBmIi Marpuili IMO3HAYalOTh

YYaCHHKIB, a €IeMEHTH rcl; , =rcl ( prt,, prtj) — KJIaC BITHOCUH MK HUMH. LI matpurs

BUKOPUCTOBYETHCS JJIA 1IEeHTU(DIKAIllT CUTyallli KOJEKTUBHOTO BUPIIIEHHS CKIaJIHOTO
3aBJIaHHS.

3anexno Bin npucyTtHix y ICIIIIP kmaciB BiIHOCMH BUAUIMMO TPU CHUTyauli
KOJIGKTUBHOTO piiieHHs (MikpopiBHeBo1 Mozem [CIIIIP) 3aBnanHs:

1) cutyarnisi CHiBIpaIll dssc., , Konu ICIITIP ckmamaeTses 13 criBpoOITHUKIB Ta
HEUTpaJIbHUX YYACHHKIB 1 1€ HEMAE BITHOCHH KOHKYPEHIIII;

2) cutyanisi HeUTPAITETY dss... KoM Bcl BigHocHHU B ICIIIIP HeliTpanbHi;

3) curyalist KOHKYPEHI dsscony , KO B ICIITIP € xoua 6 omHa mapa ekcnepTiB i3
CTaBJICHHSM KOHKYPEHIIii.

VY takux ICIIIIP moxyTh OyTH TaKo>K HEUTpajbHI Ta CIHIBIpALs YYaCHHKIB. 3a
HAsBHOCTI YYacCHUKIB CIIBPOOITHUIITBA BOHHU PO3TJISAAIOTHCSA SIK €IUHUN YSBHHMA
YYaCHHK; TOJI1 BCl YYACHUKH JIMIIE KOHKYPYIOUl YU HEUTPAJIbHI.

TakuM 4YHMHOM, MPOIEC CaMOOpraHizaimii Ha OCHOBI aHaNI3y IUIeH MOKHA
PO3IUTHTH Ha JIBl YaCTUHU: 17IeHTU(DIKAIlIS TOTOYHOI CUTYAIlli KOJIEKTUBHOTO PIIIICHHS
(mikpopiBHeBoi Mozeni ICIIIIP) ta Bubip 13 MHOKUHM MOXJIMBUX Oa)kaHOi cUTyallii
KOJIEKTUBHOTO PIIIECHHS PEJIEBAHTHOIO yMOBaM IIOCTABJIEHOTO 3aBlaHHSA. 3
ypaxyBaHHSIM LIbOT'0, MOJIEJIb CAMOOpPTaHi3allli MO)KHA MepenucaTy Takx:

502" =1y “! (dss, ACT*" o 1;" " (ACT*" ,env)o R/ "™ (DSS,DSS) 0
dssar ) o (23)

dssdes ) 5

or3res res (dSS, prtdm ) ° rzre.v act (prtdm,actm ) ° r]act res (act-

ia?’

res act dm

or, ( prt™ act,, ) o (actac ,DSS ) ory " (actac ,
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ne act,, — i OIIP «ineHTrdikaliisi TOTOYHOI CUTYaIlll KOJIEKTUBHOIO PIILICHHS;

act, — mia OIIP «Bubip OaxkaHoi cuTyallli KOJEKTUBHOTO PIMICHHS 3 MHOXUHU

MOXIJIUBUX»; dsSar — TIOTOYHA CHUTYalllsl KOJEKTUBHOTO PIlIEeHHS (MIKpOpiBHEBA
mozenb [CIIIP); dssaw, — 6axana OIIP curyaris KOJEKTUBHOTO PillIeHHS 3 TOTJISAY
napaMmeTpiB 3aBJaHHs Ta ii 3HaHb PO €(EKTUBHICTH Ti€l UM CUTYalll] 3 MHOXKHHH DSS
moxxsmBux y ICIIIP; #*“’ — BIAHOIIEHHSI «BUKOHYBAaTW», 10 MOB’A3y€ Cy0 €KT Ta
Ji10, SIKY BIH BUKOHYE; /™ — BIIHOIIEHHS «MaTH 00’ €KTOM», IO 3B’sA3Yy€ 110 Ta ii
pecype; 7’ — BIIHOIIEHHS «MAaTH PE3yJbTaTOM», 110 3B’S3Y€ JAII0 Ta pe3yJbTaT ii
BUKOHaHHSI.

[lepmmit eran imentudikamii acr, (23) cuTyali KOJEKTUBHOTO pIIICHHS —

Gopmanizayia yinei excnepmis 3 ypaxXyBaHHSIM BU3HaYeHHS HEUITKOI MeTH (18).
[Ticnst Toro, sik BU3HAYEHO HEYITKI L1 BCIX €KCIEPTIB, BUKOHYETHCSI HACTYITHHUMA

etan ineHTudikaiii act, (23) curyarii KOJIEKTUBHOTO PIIICHHS — HONAPHE NOPIGHAHHSL
yineu ma 8U3HAYEHHs IXHbO2O CMYNeHs Yy32002ceHocmi 3 BUKOpUCTaHHAM Mipu (18).
Ham eusnauaemvcsi mun 6i0HOCUH MIdHC eKCnepmamu 3a CIyneHem Y3200H#CeHOCMI 3
BUKOPHUCTAHHSM JIIHTBICTUYHOT 3MIHHO1 ¢/ «TUIl BiTHOCUHUY (23).

3aBepmiansHuil etan igeHTudikamii act, (23) cuTyarlii KOJEKTUBHOTO PIIICHHS —
PO3NIZHABAHHS CUMYayii KoJeKmusHo2o piuienns 3 BUKopucTtaHHsaM matpuili CL'.
3anexHo BiJ npucyTHix y Marpuuil CL' knaciB BIAHOCHH BUIAUISAETHCA TPU CUTYaILlli
KOJIEKTUBHOTO BHPIIIEHHS 3aBJAaHHS: CHIBOPAIl dSScoop , HEUTPATITETY dSSwar Ta
KOHKYPEHI dsscomy . [11CTIS 11€HTH(DIKAIT TOTOYHOT CUTYAIlll KOJIEKTUBHOTO PIllIEHHS
OIIP BuGupae act,, (23) 3 MHOKHUHU MOXKJIMBUX CUTYAIlli KOJIEKTUBHOTO PIIICHHS, 10
BIJIMOBIJIa€ YMOBAaM TIOCTABJICHOTO 3aBJaHHs. 3aJIKHO BIJ] TapaMeTpiB 3aBIaHHS Ta
CBOIX 3HaHb NMPO €(PEKTUBHICTH TI€T UM THIIOI CUTYaIlll KOJIEKTUBHOTO pimeHHs OITP
MO’K€ MParHyTH BCTAHOBUTHU OAHY 3 HHUX, LI00 MIJBUIIUTH €(PEKTUBHICTH POOOTU

ICIIITP, abo HamaraTucst 3MIHUTH ii, SIKIIIO OOTOBOPEHHS 3aXOAUTh Y TIIYXHH KYT.
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8.2.3.2 Moaeanr riopuaHoi iHTesexkTyaabHoi OararoarentHoi ICIIIIP i3

CaAaMOOPraHi3alicl0 HA OCHOBI aHAJII3Y Y3rOJKEHOCTI IJIeid areHTiB

[Tin camoopranizamieto [CIITIP po3ymierbest pouec 3minu apxitektypu [CIITTP
areHtow, 1o imitye OIIP Ta BXoauTh 10 1i CKJ1aay, Ha OCHOBI aHaJ13y B3a€EMOJII1 IHIITHX
areHTiB 3 METOI0 MJBUILEHHS SIKOCTI pimieHb. Mojaens riOpuaHOl 1HTENeKTyalbHOT
6aratoarentHoi ICIIIIP 13 caMmoopranizaiii€ro Ha OCHOBI aHaJI13y Y3TOJKEHOCTI LJIeH

arcHTIB OIMUCYETHCA HACTYIITHUM YHMHOM:

himas = (AG*,env,INT*,ORG,{so,sl}), (24)
AG = {agl,...,agn,agd"’}, (25)
INT" = {prot,lang,ont,rcl}, (26)

ORG = ORG,,,, U ORG,,, WORG., , ORG, NORG,, =2, o7

ORG,,, NORG., =@, ORG,, ~ORG,, =2,
act,, == ( U act, gJ Uact,, Uact,, Uact,,, (28)
ageAG"
act,, =(MET, T, ),ag € AG', | |J IT,|=2, (29)
ageAG*
ag = ag v himas, (30)

ne AG — muoxuna arentiB [CIIIIP, Bkitodaroun arenra, mo npuiMae pilmeHHs

ag,, ; n—uncio areHTiB-ekcneptiB y ICIIIIP; env — cepenoBuiie, B sKOMY 3HaXOUTHCS

ICTIIIP; INT" — MHOXMHA €JIEMEHTIB [JI CTPYKTYPYBaHHS B3a€MOJIiil Mi’K areHTaMI;
ORG — mHOxuHa 6a3zoBux opranizamiitnux ctpyktyp ICIIIIP, mo BiamoBigaroTh
KOHKPETHUM (YHKIIISIM (POJISIM) areHTIB 1 BCTAHOBIJIMCS BITHOCHMHAM MiXK HUMHU, 110

BKJIIOYA€E IMJIMHOXXHHH, ORG

coop 9

ORG ORG — MHOXHHA apXIiTEeKTyp 3

neut 9 comp
CHIBIPALIOIOYMMH, HEUTPAIBbHUMH Ta KOHKYPYIOUUMH areHTamHu, BiJIIIOBITHO; prot —
MPOTOKOJ B3a€EMOJIi areHTiB, WO BuU3Ha4yae ¢GopMar TMOBIIOMIICHb, SKUMH
OOMIHIOIOTBCS areHTH; lang — MoBa 0OMIHY TOB1IOMJICHHSIMHU, L0 BU3HAYAE JIEKCUKY
1 CHHTaKCHUC TIOB1JIOMJIEHb, 110 MEPEIAIThCs; ont — MOJAENb MPEeIMETHOI 001acTi, Ha

OCHOBI SIKOi BU3HAYAETHCS CEMAHTHKA ITOB1IOMJICHD, IO TIEPEAalOThCsl areHTamMu; rcl
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— knacudikatop BigHocuH Mixk arentamu [CIIIP; act,, =~ — @ynkuis ICIIIP B minomy;

himas

act,, — QYHKIIis areHTa ag € AG ; act, — QYHKIIS «aHai3 B3aeEMOii»; act, — QyHKIisg
«BHOIp apXITEKTypu»; MET,, — MHOXKHHA METO/IIB BUPIIICHHS 3aBJAaHHs, K1 peaisye
areur ag € AG ;IT,, — MHOXHHA iHTeIeKTyanbHuX TexHomnorii, ICIIIIP [183], y mexax
SAKUX PEai30BaHO MHOKMHA METOIIB MET,, .

Sk 6yno 3aznayeHo, 3 MHOKMHM areHTIB [CIIIIP (24) BuaiiseTbCcsi OJUH areHr,
KU npuitmae pimenHs. Lleil areHTt, kpiM 1HIIOTO, OpraHi3ye B3a€MOJil areHTIB y
ICCIIP, BukopucroBytouu aBi GyHKIii (25):

1) act,, — GyHKIIIIO «aHaJ13 B3a€EMOII;

2) act,, — QYHKIIIO «BUOIP apXiTEKTypu».

OyHKINA aHaT3 B3aEMOJIl act;,, 3aCTOCOBYETHCS IS MOHITOPUHTY B3a€MOJIIT
areHTiB Ta ineHTUdikanii apxitekrypu ICIIIIP Ha ocHOBI aHaII3y y3rOJKEHOCTI] LLIeH
areHTiB. 3a ¥oro pesynapratamu OIIP 3a monmomororo GyHKIII «BUOIp apXiTEKTypH»

act,, MOK€ BCTAHOBUTH HEOOX1/IHICTh 3aMIHU TUITYy BITHOCHH areHTIB Ta KOPUTYBaHHS

ix nutei. [ns uporo OIIP moBuHeH maTu 0a3y 3HaHb, 10 BUKOPHUCTOBYETHCS

GyHKIIE€0 «BUOIp apXITEKTYpH» act,, 1 BIOOpaXkae 3aJIeXHICTh €PEKTUBHOCTI pOOOTH

ICTIITP Bix y3roJi’KeHOCTI 11JICH areHTIB.

3MiHa apXiTEeKTypHu o3Hadae, mo 3 aeskoro MoMeHty ICIIIIP 3miHtoe anroputm
(yHKIIOHYBaHHS, BUSIBIISIIOUM BJIACTUBICTh CAMOOPTaHi3alli 1 mepexoauTh Ha 0a30By
apXITEKTYpy 1HIIOTO TUMY. ANTOpUTMH IUX (YHKIIH OyIyTh AETAIBHO PO3IJISIHYTI
umkde. barato INT  JOHNOBHEHO IE OJHMM €leMEHTOM CTPYKTYypYBaHHS B3a€MOJiii
MK areHTamMu — kjacudikaropom BigHOCUH rcl. Bin aHamizye HewiTKI Uu pre™
areHTIB Ta OIIHIOE CTYMIHB iX Y3TO/KEHOCTI 3a JomoMorow mipu s(4,B) (18). Hamni,
BUKOPUCTOBYIOUHM BimoOpaxkeHHs (22), Oyaye marpuito RCL, BigHOCSYHM B3a€EMUHU
MIXK areHTaMH JI0 OJTHOTO 3 TUITIB: KOHKYPEHIIisl, HeUTpaiTeT Ta CiBPOOITHULITBO. 32
II€0 MATPUIEI0 BH3HAYAETHhCS y3romkeHicTh areHTiB ICIIIIP Ta kmac ii 6a3oBoi
apxitektypu. Muoxkuna 6azoux apxitektyp ICIIIP ORG ninuthbes 3a cTyneHeM

Y3TOJI)KEHOCT] Ha TPY MONApHO HenepeciuHi MHOKUHU (27):
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1) apxitektypa ICIIIIP 13 crmiBmpaiforouuMu areHTamu, sika CKJIaga€eThCs JIUIIE 3
CIIIBOPAIIOIOYMX Ta HEUTpaJIbHUX areHTiB, 1 TIOBHICTIO BIJACYTHI BIJIHOCUHH

KOHKypeHIii (ORG.,, < ORG);

coop
2) apxitektypa ICIIIIP 3 HeWTpaJbHUMHU areHTaMmu, J€ TMPUCYTHI JIKIIE

HelTpanbHi BigHOCHHH ( ORG,,, < ORG);

cut
3) apxitrektypa ICIIIIP 3 koHKYypyrOUMMHU areHTaMH, B sIKiil € Xo4ya 0 o/Ha mapa
arcHTIB 13 CTABJICHHSIM KOHKYPEHIT].
Y rtakux apxitektypax ICIIIIP ™MoxyTe OyTH TakoXX HEWTpanbHI Ta
CHIBIIPAIIOI0Y1 areHTH; 3a HAsBHOCTI CIIBIpAIll areHTIB BOHU PO3TJIAJAIOTHCS SIK
€IMHUN «CyIlepareHT», 1 TOJAl BCl areHTU CTalOTh TUIBKM KOHKYPYIOUMMH a0o0

HeWTpanbHuMu (ORG,,, < ORG).

comp

VY npoueci pobotu ICIITIP Moxke nepexoauTu Bij 0/1HI€L 0a30BO1 apXITEKTYPH J10
1HIIIO1, 3 METOIO MIJIBUILIEHHS AKOCT1 PIIIIEHb 32 PAXyHOK BCTAHOBJICHHS MK areHTaMu
BIIHOCUH, PEJICBAHTHUX YMOB BHpILIYBAaHOTO 3aBAaHHSA. Kpurepii SKOCTI pillIEeHHs
3anaThesl po3podoHukom ICIIIIP Ha ertami i cTBOpeHHs abo ii KOpUCTyBayeM y
mporieci ¢yHkionyBanHs. lle, mpoTe, 3HAYWTH IOsSBa 30BHIIMIHBOTO JDKEpesa
yopaBiiHHsa.  Apxitektypa [CIIIP 13 camooprasizamiero MoOXe€ 1 IOBHHHA
3MIHIOBATHCS, HABITH SKIIO KPUTEPIH SIKOCTI 3aJTUIIAETHCSI HE3MIHHUM.

Bignosigno (29) kokHa (DyHKIIIS areHTa MPEACTaBISE€THCS JTBOKOMIIOHEHTHUM

KOpTexeMm ( MET,

1T, ). SIx macmigok (29), y ICIIIIP mae BUKOPHCTOBYBATHCS HE
MEHIIIE JBOX 1HTEJIEKTyalbHUX TEXHOJIOTH, 11100 BoHa Moryia BBaxkatucs: ICIIIP Ta
OyTH peJIeBaHTHOIO CKJIATHUM Y MOJICNIIOBaHH1 3aB/laHb. KpiM Toro, (28) BUALISIOTHCS
nBi ¢yukmii OIIP ana ynpasmiaas B3aemopieto areHtiB ICIIIIP: acr, — dyHKIis
«aHasi3 B3aeMOIN» 1 act,, — QyHKIIS «BUOIp apXiTeKTypw». Po3risHemMo anroputMu
ux Qyskiii. Buxigna inpopmartis GyHKIIT «aHa i3 B3aEMO/IID» — METH areHTiB pro™
, JAe pe3ynbtar — TN 0a3oBoi apxitektypu ICIIIIP org 3a piBHEM Y3TOIKEHOCTI
B32€MO/IIi areHTIB fK psJiKa TEKCTY, TOOTO BiJHECEHH MoToYHO1 apxiTekrypu [CIIITP

abo ORG a N — 4ucio

comp 9

ORG,

neut

org,i=1,...,N, 10 OOHOIrO 3 MHOXHWUH ORG

coop 2

6azoBux apxitektyp ICIIIIP (xinpkicth enementiB MHOxuHU ORG B (27)). B
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pe3yJibTaTi BHUKOHAHHS (YHKINI «aHali3 B3aeMOJI» 11eHTU(IKYEThC 0a30Ba
apxitektypa ICIIIIP, mo pno3sonsie OIIP, 3a pgomomoror ¢GyHKIII «BUOIp

apxXiTEeKTypu» f,, BU3HAUUTHU HEOOXiTHICTH (200 BIACYTHICTH Takoi) ii Moauikarii

JUIS TIOKPAIIEHHS SKOCTI pillieHb. TakuM YuHOM, 3MiHIOeThCs apxiTekTypa ICIIIP na
onHy 3 MHOXMHU ORG (29) 1 BinOyBa€eThcsl caMoopraHizailisi CACTEMHU.
[Ticns Buznavyenns tumny apxitektypu ICIIIP arent, sikuii npuiimae pimeHHs, 3a

goromMororo (yHKIIT «BHUOIp apXITEKTypuW» act,, MOKE€ BCTAHOBUTHU HEOOXIIHICTDH

3aMIiHU OJTHOTO THITY BIJIHOCHH arc¢HTIB HA IHINIWN Ta KOPUTYBaHHA ix 1inei. OgHak,
OUYEBMJIHO, IIO JIJISl YXBAJICHHS pillleHHA Mpo 3aMmiHy ojHiel apxitektypu [CIIIIP nHa
1HOIy BioMocTell e npo noroynuil tun apxitektypu ICIIIP vepocratHpo. s
takoro pimennst OI1P nHeoOxigHa 6a3a 3HaHb y TOMY, sikuii 13 TUMiB apxiTtektyp [CIIITP
e(eKTUBHIIIE Y TUX UM IHITUX YMOBAX, Y TOMY YH 1HIIOTO KJIaCcy 3aB/IaHb.

B pesynbrari anamizy MeTojiB moOyAoBU 0a3 3HaHb sl peanizaiii QyHKIi

«BUOIp apXITEKTypu» act,, 0yJI0 OOpaHO CUCTEMHU HEYITKOTO BUCHOBKY.
Buxinni nani ¢yHkuii «BuOIp apXiTEKTypw» act, — YMOBU 3aBJaHHA, IO

po3B’si3yeThbes. Pesynbrar — 3HaUeHHS CTyrneHs BreBHEHOCTI [194] y BuOOpi KOXKHOI
apxitektypu ICIIIIP, a Ttakox xopuryBanHs 0a3u 3HaHb OIIP. Mopenb He4iTKOro

BuBesieHHS AIIP mod , MoxxHa chopMyIrOBaTH TakK:
mod,, =< RUL,X,Y,F* ,F",F" " >, 31)
ne RUL — 6a3a 3HaHb, SIK MHOKMHA CUMBOJIBHUX TIpaBuid rul, , k=1,...,N,, , 11O
BUKOPHMCTOBYIOTh SIK TIOCHJIKHM Ta BUCHOBKH HEYITKI MHOXHHH A, B, BIANOBIIHO,
IpUYOMY TaKi, O 4 c X,, B  cv,, i=L...,n,j=L...,m; X, Y — MHOXHMHA BXITHHX Ta
BUXIJTHUX JIHTBICTUYHUX 3MIHHUX BIAMNOBIAHO; F* =F{ UF} — MHOXHWHa (YHKIIH
HAJIE)KHOCT! HEYITKUX 3MIHHUX BXIJHHX Ta BHUXIJIHHUX JIHTBICTUYHHUX 3MIHHHX
BimmoBimHo; F' — mHOxmHA ¢yHkuiit nedasudikanii; F' — MHOokMHA (yHKIH
KOPHUTYBAHHS IMapaMeTpiB QYHKIIH HAJEKHOCTI HEUITKUX 3MIHHHX 13 MHOKHHH F*

I
Inteprperatop " BH3HAYAECTBCS TAKMM YHHOM:

i 11 512 513 514 15 516 17 18 19
RN EEN EN AN LN EN N AV
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ae 1", I"”° — nporecu cTaHAapTHOI CUCTEMH HEYITKOro BHBEACHHS MamaaHi

[182]: 1™ — dasudikamuis, I — arperysamms, I”*° — axtusamis, 1™ — axymysis,

I — nedasudixanii; 1™ — subip apxirexrypu; I — pimenns ICIIIIP; ™ —
Busnauenns mnommiku; 1 HaBuaHHA. [lpomecm [*,....""” BHKOHYIOTBCS
1TeparifHo:

JAI _y A2 _y RIS g pRI4 _y pAIS RIS o p ATy RIS o pAI9. (32)

Mogens (31) — cuctema HEWITKOro BHBEJAEHHS MamaHi 13 caMOHaBYaHHSIM.

[Tportecu camonaByaHHs [*°,....[""° mO3BONSIIOTH cHCTeMi MOIU(DIKYBaTH 3HAHHS

MPEAMETHOI 00J1acTi, 00, MO-MeplIe, CKOPUTYBAaTH MOKIIMBI IOMUJIKA PO3POOHUKA
00 iX BHM3HAYEHHI, a, MO-Ipyre, aBTOMAaTUYHO MIATPUMYBaTH 0a3y 3HaHb Y
aKTyaJbHOMY CTaHI 3 YaCOM 1 3MIHOIO YMOB 3aBJIaHHS.

Kpim Toro, 3aBAsKH 3aCTOCYBaHHIO HEUITKOI'O BUBEIEHHS MaM/1aH1 30epiraerbes
Mpo30picTh 0a3u 3HAHb JJIS IHTEPIPETAllii JIIOAUHOIO Ha BIIMIHY BiJl CHCTEM HEUITKOTO
BuBOy Takari-Cyreno abo HeliponeuiTkux riopuais: ANFIS, GARIC, Bentec 3MiHHI.
Ie y3romkyeThes 3 miaxoaom [ 178, 179], oqnak, y 3anponoHoBaHii CHCTeM1 HaBUaHHS
Wae 3a aaropuTMOM 3BOPOTHOTO PO3MOBCIOKEHHS MOMUJIKU. Po3risHeMo 3mict
nporecis 7*",..., 1" (32).

Heuimxuu  eucnosox I™,...,I"° BHKOHYETbCA 3 BUKOPHUCTAHHAM CHCTEMH
Mawmpmani [178]. Ha ii BXig momaroTbcs BiTOMOCTI (PO3MIPHICTB) MPO 3aBJaHHS, IO
BUPIIIYETHCS y BUIIISIAI JAETEPMIHOBAHOI 3MIHHOI. Pe3ynbrar poboTtu cucremu —
3HAUYEHHA CTYyNEHIB BIEBHEHOCTI y BuOopi apxitektypu I[CIIIP y Burmsmai
JETePMIHOBAaHUX 3MIHHUX. Y TIpaBHJIaX HEUITKOI 0a3W 3HaHb BXiJHA JIIHTBICTHYHA
3MiHHa — «po3MipHicTh [CIIIIP» sz, a BUXiOHI — «CTyMiHb BIIEBHEHOCTI Y BHOOPI
ICIIIIP 3 criBmpalltorouuMu areHTaMmu» pcp, «CTyMiHb BlieBHeHOCTI y BuOopi [CIIIP
3 HEUTpAJIbHUMH areHTamu» pnt 1 «CTymiHb BrneBHeHocTi y Bubopi ICIIIIP 3
KOHKYPYIOUUMU areHTaMu» pcH.

BusznaunMo NHTBICTHYHY 3MiHHY sz «po3MipHicTh [CITTIPy»:

sz=(B".17.U%,G", M),

232



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

ne 3% =«po3mipuicts ICIIIIP» — HaliMeHyBaHHS JIHIBICTHYHOI 3MiHHOI; T =

{«mamay; «cepenHs»; «BEIWKa»} — MHOXHHA 1ii 3HAUYeHb (TEpPM-MHOXKHHA),

HallMEHyBaHb HEYITKOI 3MIHHOI; U™ =[3;100] — 00JacTh BM3HAYEHHS (YHIBEPCYM)

HEYITKUX 3MIHHHX, III0 BXOJSTh Yy BHU3HAYCHHS JIIHTBICTHYHOI 3MiHHOI, G" =0 —
CHMHTaKCHYHA TPOIEAYPa, IO OMUCYE MPOIEC YTBOPEHHS 3 €JEMEHTIB MHOXHHU

HOBHX TEpMiB; M * ={uf;m(usz),ﬂﬁ;em(u”), 1 o (17 )} — CeMaHTHUYHA Mpoleaypa, LI0

CTABHUTH y BIAMOBIIHICTH KOKHOMY TEPMY MHOKHHH 1~ , @ TAKOK KOXKHOMY HOBOMY

TEpPMY, YTBOPEHOMY TIPOIeAypor0 G, OCMUCIICHHIA 3MICT 32 IOTIOMOT 00 (POPMYBaHHS

BIJIIOBITHOT HEYITKOT MHOKHHH.

OyHKIIT HATEKHOCTI HEYITKUX MHOXKHH 3 M ™ OIKCYIOTHCS BUpa3aMu:

-1

,uj;m (usz> — (1 + e_agzl(usz_cszl)) , Ile aSZI — _0’375, CSZ1 =15’

(u:: “Csz2 )2

Sz sz \ __ 20'5222 _ _
:Llcepedl-m (u )_ e o Ac Opr = 10’ Con = 30’

-1

/’l:;um (usz) = (1 + e_asz3 (”sz _CSZS)) ’ I[e a_gz3 = 0a3759 Csz3 = 455

(o}

5222

C

5222

JIe 3HAUEHHsI TapaMeTpiB a a_,,c., 3a7aHl MpUOJIU3HO 1 MaIOTh OYTH

sz1° Cszl >
CKOpPUTOBaHI B XOJli CAMOHABYAHHSI CUCTEMH HEYITKOTO BUBE/ICHHS.

Buznauumo NiHrBICTUYHI 3MiHHI pcp, pnt, pch BUPa3aMHu:
pep = <ﬂp6‘l7)TPCP’UPCP’GPCP’MPCP>,
pnt = <ﬁpnl’Tpm’Upnt,Gpnt’Mpnl>’
pen= < BN TP P G, Mpcn>’
7€ HallMEHyBaHHS JIHTBICTUYHUX 3MIHHUX pA7? = «CTYMiHb BIEBHEHOCTI Yy
BrOopi ICIIIIP 3 cHiBIpamioYuMy areHTaM org,,,, »; [ =«CTyIiHb BIIEBHEHOCTI
y BuOopi ICIITIP 3 HelTpalbHUMU areHTamu org,,, »; 37" =«CTyliHb BIEBHEHOCTI Y
w; TP =TM =T"" = {«Hn3BKAY;

BuOopi ICIIIIP 3 KOHKYypyHOUMMH areHTamH org

conc

«CepelHs»; «BUCOKa» |} — MHOXHUHU iX 3HA4Y€Hb (TEPM-MHOKHHA), KOXKHE 3 SKUX —

HAWMEHYBAaHHS HEYITKOI 3MIHHOI; U’” =U™ =U"" =[0;1] — 00macTi BU3HAYECHHA
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(YHIBEpCYyMH) HEUITKHX 3MIHHHMX, III0 BXOJSTh JO BH3HAUEHHS JIHIBICTUYHHUX
sminaux; G’ =G™ =G" = — CUMHTaKCWYHi MPOLEAYPH, IO OMUCYIOTh HPOLIECH
YTBOPEHHS 3 CJIEMCHTIB MHOKUH TP, TP, TP HOBHUX TEPMIB;

pep pep pep pep pep pep pep pnt __ pnt pnt pnt pnt pnt pnt
M - {/’l,mua (Ll ) > ﬂcepa)nﬂ (M ) s /'lemuka (M )} > M - {ﬂ,waﬂa (M ) > lucepeduﬂ (u ) s ILISEJIMKH (u )} >

M :{ yjjija(upc”), e M(u”) urn (u”c” )} — CEMaHTHUYHI IPOILIEAYPH, IO CTABIATH Y
BIJIMOBIAHICTh KOKHOMY T€pMYy MHOXUHHU 7%, T”" T""  a TaKOX KOXKHOMY HOBOMY
TEpMy, YTBOPEHOMY MpoLEaypor0 G*¥,G™,G"" , OCMUCIEHUN 3MICT 3a JOMOMOTOI0
dbopMyBaHHS BIAMOBITHOT HEYITKOI MHOXXHUHMU. PO3TIsHYTI JIHTBICTHYHI 3MIHHI
3B’SI3YI0ThCSI MHOKMHOIO RUL nipaBul CUCTEMU HEUITKOTO BUBeIeHHS Mampani [178].
[IpaBuiia MarOTh BUTIAL: ant,—““—>cns,, 1€ ant, — AHTELEAECHT [-T'0 TIPABUIIA rul,, cns,
— KOHCEKBEHT i-ro npasuna rul,, i=1,...,N,,, 1€ N,, — 4YUCJO MPaBWJI HEUITKOI Oa3u
3HAHb areHTa, KU MpuiiMae pilieHHs.

HeuiTkuit BuCHOBOK MamaHi 13 caMOHaBYaHHSIM CKJIQJIA€ThCS 3 €TalliB:

1) pasugpikayin 1 AU 115 BCTAHOBJIEHHS BiAMOBiIHOCTI Mik 3HaueHHAMH ™ € U™

1 3HaYEHHSAM (DYHKI[I1 HAJIEKHOCTI BIJIMOBIIHOTO TE€PMa JIIHIBICTUYHOI 3MIHHOI SZ: JUIS

KOXHOTO Tepma 7% € T 0GUMCITIOETHCS 3HAUEHHS Y. = uti(u”);

12 :
2) aepezysannsn 1" BUPOIKYETBCS, OCKIIBKH BHKOPHCTOBYETBHCS JIMIE OMHA

BXIJHA HeyiTKa 3MiHHA. CTymiHb ICTMHHOCTI ¢ TIOCWIKM ant; TpaBUIa rul,

BIJINOBIJIa€ 3HAYEHHIO CTYIEHS ICTUHHOCTI y/“ TepMa ¢_ BXIJIHUW 3MIHHOI 3 ant,;

tsz

. fsl3 .
3) akmueayia I — nns xoxunoro Tepma ¢, €T, , t,, €T, , ., €T, BHXITHHX

JIHTBICTUYHUX 3MIHHUX pCp, pnp, pch, 0 BXOAUTh Y BUCHOBOK IPH CTYIEHIO NPH

OOYUCIEHH] cns, TpaBWIa rul, , BU3HAYAETHbCA (YHKIIS METOAY mMin-aKTUBALIi:
w () =iy, 2 () : e (™) = min (1, g (u™ ) :
e () = min (e ()3

4) axymynayis 1™ — n1st KoXKHOT BUXiZHOT THIBICTHYHOT 3MiHHOT BH3HAYAIOTHCS

MiICYMKOBI (DYHKIIT HAIEKHOCTI 4’ , ™, p’" 00 e€qHaHHSAM (DYHKIIN HAJIEKHOCTI

TEPMIB 7, plr ., wle,, AaKTUBOBAaHMX HA IONEPEIHLOMY Kpoui. Bua ¢yHkmii

tocp i 0 tpen i 0
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HAJEKHOCTI ~ BHM3HAYaA€TbCs  3a  MpPaBUJIAMU: ﬂP(P(uPLP):maX( y;jgi(uP‘P)) ,
1
() = g, () 0 () = s s ()

5) depazsucpiayin 1™ . Pesynpratn mebasudixarii sMiHHEX pcp, pnt, pen —

peuoBi umcma u’” | u™ | u

pen

BIJIMOBIAHO, SKI BHUXOJATH 3 BHUKOPUCTAHHSIM

IEHTPOITHOTO MeTOy Jedasudikarrii:

.[ upcpﬂpcp (upcp)dupcp J. upntﬂpnt (upnt)dupnt
pep _ UPP upnt _ym
we= pep (,, pep pp - pnt (. pnt ot
W\ ul? ) du w7 (u™ ) du
Up(‘p Upnl
J. uPcnlupcn (upcn )dupcn J. upcp’upcp (upcp )dupcp
pen U C)
u'" =% ,oru,,= = 5
pen pen pen
J‘ H (u )du _[ ’uPCP (uPCP )duPCP

Urer Upep

B pe3yJIbTaTi OOUMCIIIOIOTHCS YITKI 3HAYEHHS BUXIJHUX JIHIBICTUYHUX 3MIHHUX:
«ctyrminb BrieBHeHOCT! y BUOOp1 [CIIIIP 3 criBmpaliorounMu areHTaMm» pcp, «CTYIIHb
BreBHeHocTi y BuOopi ICIIIIP 3 HeWTpanbHUMHU areHTamMw» pnt 1 «CTYIIHb
BrieBHeHOCT1 y BUOOp1 ICIITIP 3 KOHKYypyrOUMMHU areHTaMu» pcn — TOOTO ISl KOAKHOI

apxitektypu [CIIITP Bu3HauaeThCsl 3HAUCHHS BIEBHEHOCTI Y ii BUOODI.

6) eubip apximexmypu 1™° . Crymeni BmeBHEHOCTI BHOOPY apXiTeKTyp 3
MOMNEPEIHBOI0 KPOKY HOPMAami3ylThCd, 100 iX Ccyma JOpIBHIOBAJIAa OJIMHUILIL:

u +u™ +u"" =1 3a MpaBUJIaMU: u” =yt /(u""’ +u™ +u""”) )
u =y /(u"”” +ul™ +u””’), u" =yt /(u""" +u"'”+u”“”), ta apxitektypa ICIIIP org
BUOMPACTHCA BUIIAAKOBMM YHMHOM CEPEN 07rg,,, > O'€ » O, BIIIOBIIHO 10

HOPMaJTi30BaHUX 3HAYCHb CTYNEHSAMH u”*' , u”" , u”" , BIATIOBIAHO;

7) pose’azanns ckiaonozo 3asdanns 1. BUKOHYETBCS MOJEIIOBAHHS POOOTH
ICIIITP metomom mysny Mo3koBoro 3amnucy [190] 3 BuKopuUCTaHHSIM 0OpaHOi
apxitektypu ICIIIIP; mpu mpomy OIIP «cmoctepirae» 3a XOa0M BHUPIIIEHHS
CKJIaJIHOTO 3aBAaHHA 1 (iKCye HasgBHICTh syn=1 abo BiacyTHICTb syn=0 mposiBU
cuHepreTuyHoro edekty, 1o0To uum orpumana I[CIITIP Outemn sikicHE pilieHHs,

MOPIBHSHO 3 PIIIEHHSIMH OKPEMHX E€KCIIEePTIB;
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. . 518
8) susnauenns abcomomnoi nomunku newimkozo eugedenns 1" . BukonyeTbcs

BIJIMOBIAHO JI0 BUPA3y:
er=05-((a7 —urY (@ ) (@Y ) (33)

ac er — a0COJIFOTHA TTOMHJIKA HEYITKOTO BHCHOBKY,

art  d™ | d"" — Gaxani OIIP 3HaYeHHS CTYIEHIB BIEBHEHOCTI BUOOPY

pep pnt

apxitexktyp u’? , u” | u"™

, TOOTO 3HA4YeHHs NpU SKUX HMOBIPHICTb BHOOPY
apXiTeKTypH, 10 BUKJINKAE CUHEPTETUYHHM eeKT 3a TaHUX YMOB 3aBJaHHs, Oyia O

BHIIIOIO.

9) nasuanns 1™ cucmemu nevimrozo eusedenns. TyT KOPUTYIOTBCS TAPAMETPH
GYHKIIN TPUHAIEKHOCTI BXITHUW Sz Ta BUXIAHUX pcp, pnt, pcn JTHTBICTUYHUX
3MIHHUX; TIiJ] 4Yac HaBYaHHS BUKOPUCTOBYETHCS METOJ TPAJIEHTHOIO Y3BO3Yy 31
3MIHHUM Koe(dirieHToM HaBuaHHs [195]:

o er

par(t-i—l):par(t)—n (34)

o par’
ne par — Oyab-sIKUM 3 apaMeTpiB PYHKUINA HAIEKHOCTI (a,,, C.» Oy Cops dyss

csz3 ’ apcpl > Cpcpl > O-pC])Z > cpcpZ > apcp} > cpcpS > apntl > Cpntl > O-pm‘2 ’ CpntZ > apnt3 > Cpm‘3 > apcnl > cpcnl >

(o}

pen2 9 ¢

a Cpers )» 11O BXOJATH JO BHM3HAYEHHS BXIAHMX a00 BUXIIHMX

pen2 0 pen3 9

JHTBICTUYHUX 3MIHHUX; ¢ — MOPSIIKOBUN HOMEP 3aBJIaHHsA, 1110 BUPINIY€EThCSA (1Teparis

HABYAHHS CUCTEMHU HEYITKOrO BUCHOBKY); 77 — KPOK KOPEKIIi, 0 <n <1,7(¢)=¢"; 1nd

napamMerpiB par,,, par,,, par,, QYHKIII HAJEKHOCTI BUXIAHUX 3MIHHMX pcp, pnt, pcn

cn

BUpa3 (34) 3anucyeThes SK:

Oer Ouf? o ) Ou’
par,, (t + l) = par,,, (t) -n P —8 par, . = par,,, (t) + 77(de — upp) a—parpcp 5
Ooer Ou™ . ) O u™
par,, (t + 1) = par,, (t) -n P m = par,, (f) + ﬂ(dp L y? f)a parpn‘z 5
6 er 8 up"' cn cn a uPC"
par,, (t+l) = par,,, (t)—?]a e Ta’”pm = par,., (f)+77(dp —u? )5 parpm_’

IUIA TIapaMeTpiB par, (DYHKILIA HaJEKHOCTI BXIAHOI 3MIHHOI sz BHUpa3 (34)

JIMCTYETHCA:
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Ny

C, C) 6 uPCP a yiagr
par, (1) = e, 1)+ (a7 ) S22

(35)

N,, nt agr N,, cn agr
pnt ___ pnt < a ul’ a yig pen . pen 4 6 ul’ 6 yig .
Hd™ - );8 y;* 0 par, Har - );6 y?graparszj’

MiCIs MiACTPOIOBAHHS MapaMeTpiB (DYHKIIH HAICKHOCT BXITHUM JIHT'BICTUYHOI
3MIHHOI €Tar HaBYaHHS Ta po00Ta CUCTEMH HEUITKOTO BUBEJCHHS 3aKIHUY€ThHCS.

[Ip BupilIeHHI HOBOTO OOYMCIIOBAIBLHOTO 3aBJAaHHS CHCTEMa HEYITKOTO
BUBEJICHHS MMOYMHAE pOOOTY 3 MEPIIOTO €Tany 3 HOBUMH 3HAYCHHSIMH BCIX MTapaMeTpiB

GyHKIIH BIaCHOCTI.

BucHoBku

1. Y mocnipkeHH1 3aIpOIIOHOBAHO MaTEMaTUYHI MOJIEIIl YIIPaBIiHHS pecypcaMu
IHTEJICKTyIbHIX CHCTEM IIATPUMKU IPUAHSTTS pimeHs. HoBU3HA 3amponoHOBaHMX
MATEMATUYHUX MOJIETICH MOJIATAE Y:

y KOMIUIEKCHOMY OIHKCI Tporieci (PyHKI[IOHYBaHHSI IHTEJIEKTyalbHUX CHCTEM
MIATPUMKA TOPUAHATTS pilleHb. 3a3Hay€HEe JI03BOJSE MIJABUIIUTA TOYHICTh
MOJICIIIOBAHHSI IHTENEKTYaJbHUX CHUCTEM TMIATPUMKH TPUHHATTS pIIICHb A
MOCJIIIYIOUUX YIIPABIIHCHKUX PIIICHB;

OMMUCl K CTaTUYHUX TaK 1 JUHAMIYHUX TPOLECIB, 5KI BiIOyBAa€ThCS B
IHTEJICKTyIbHUX CUCTEMAX MiATPUMKH MPUUHSATTS PIIICHB;

3MaTHOCTI TPOBECTH MOJETIOBAHHA SK OKPEMO B3STOTO TIPOIECY, IO
B1IOYBA€ThCSA B IHTEJEKTYaJbHUX CHUCTEMAaxX MIATPUMKH MPUNHATTS pIlIEHb, TaK 1
KOMILJIEKCHO TTPOBOJIUTH MOJICTTIOBAaHHS THUX MPOIIECIB, IO B HUX BiJIOYBAIOTHCS;

y BCTAQHOBJIEHHI KOHLENTYyalbHUX 3aJE€KHOCTEH Tpolecy (yHKIIOHYBaHHS
IHTEJICKTyIbHUX CUCTEMHU MIATPUMKH MPUNHATTA pimeHb. Lle mo3Bosse ommcaru
B3a€MOJIII0 OKPEMHUX MOJIeNIel Ha BCiX eTarax BUPIIICHHS PO3paXyHKOBUX 3aBIaHb;

OMKCI TMPOILECIB KOOpAMHAIIT Yy TIOPpUAHUX I1HTEIEKTyaJIbHUX CHCTEMax
MIITPUMKA TPUAHATTS PIIICHb, YUM JIOCSATAETHCS TIABUINECHHS JOCTOBIPHOCTI
MPUIHATTS YIPABIIHCHKUX PILLIEHb;

MOJICITIOBAHHI TIPOIECIB BUPIMIEHHS CKIQJHUX PO3PAXyHKOBUX 3aBIaHb B
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IHTENEKTyalbHUX CHCTEMaxX MIATPUMKH TNPUHHATTA  pillleHb, 3a PaxyHOK
KOHIIETITYaJIbHOTO OITUCY 3a3HaYEHOTO MPOLECY;

Y3TOJIKeHHI MPOIECIB MPOBEACHHS PO3PaXyHKIB B IHTEICKTYaJIbHUX CHCTEMax
OIATPUMKH ~ TPUAHATTS ~ pillleHb, YHUM JOCSTA€ThCS  3MEHIICHHA  KUTBKOCTI
OO0YHCITIOBAIBHUX PECYPCIB CUCTEM;

2. 3anpomnoHOBaHl MaTeMaTW4yHI MOJENi JOUITbHO BHUKOPUCTOBYBAaTH JIJIst
BUPILICHHS 3aBJaHHS YIIPABIIHHSA PECypcaMu IHTEIEKTyaJIbHUX CHCTEM MiATPUMKHU

NPUMHATTSA PIIICHb, 10 XapaKTEPU3YIOThCSI BACOKUM CTYIIEHEM CKIIQIHOCTI.
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8.3 MaremaTnuHi Mojeni yNpaBJiHHA PpecypcaMH IHTEJEKTYaJbHUX CHCTEM
NIATPUMKH NPUIAHATTSA pilieHb

[HTenekTyanbHl cUCTEMH MIATPUMKH npuiiHATTA pimens (ICIIIP) €
HEBII'€MHOIO CKJIAJIOBOIO BCIX cdep CYCOUIbHOI MJisSIbHOCTI JIIOJCTBA Ta
3aCTOCOBYIOTHCS I BUPIIIEHHS LIIMPOKOTO KOJIA 3aBJIaHb B1J] pO3BaXKaJIbHUX JI0 CYTO
cnernupiuaux [224-226].

OcHoBHUMU 3aBAaHHAMU, siKi BUpimyoTbest ICIIIIP € [226-228]:

— BUPILLIEHHS PI3HOMaHITHUX OOYMCIIOBAJILHUX 3aBJIaHb B IHTEPECAX LLIUPOKOIO
KOJIa CIOKMBAayIB HE3AJIEKHO BiJl c(hepH iX 3aCTOCYBaHHS,

—30epiraHHsi pe3ysbTaTiB OOYMCICHb 1 TAKOX MPOMIXKHUX PE3YNbTATIB IS
noTpeOd KOPHUCTYBAaUiB;

— NIATPUMKA OPUUHATTS pIlIEHb, 0CO0aMU SIK1 IX MPUHAMAIOTBh;

— 3a0€31e4yI0Th IEPEYMOBHU J0 1HTEJIEKTYaIbHOIO IPUUHATTS PILLIECHb.

Tenpenmii po3Butky cyudacHux ICIIIIP cnpsmoBaHi Ha BUPIMIEHHS HACTYIHHX
3aBnaHb [227-231]:

— MIABUIIEHHS ONEPATUBHOCTI OOPOOKH PI3HOTUITHUX AAHUX Ta X JOCTOBIPHOCTI;

— MIABUIIEHHS TOYHOCT1 MOJIETIOBAHHS MPOLECY iX (DYHKIIIOHYBaHHS;

— MATPUMAaHHS OaJaHCy MIDK OINEPATUBHICTIO Ta JOCTOBIPHICTIO TMPOIECOM
BUPILIEHHS PO3PAXYHKOBUX 3aB/IaHb Ta 1H.

Pazom 3 TuM, HasiBHI HAayKOBI MiAX0oau 10 cuHTe3y Ta ¢yHkiionyBanus [CIIITP
MalOTh HEJIOCTaTHIO TOYHICTh Ta 301KHICTh. 3a3HA4Y€HE IOB’s3aHE 3 HACTYIHUMU
npuyuHaMu [224-232]:

— CYTTE€BA POJIb JIIOACHKOTO (pakTopy B MPOIECi NMEPBUHHOTO HaJAIITyBaHHS
ICIIITP;

— BEJIMKA KUJIbKICTh HEOJHOPIAHUX JIKEpel 1HpopMallii, SIKi TJIAraloTh aHaII3y
Ta moaanbiii 06poodini npu ¢yukmionysanni [CIIIP;

— [CIIIIP ¢pyHKLIOHYIOTH B yMOBaX HEBU3HAYEHOCTI, 110 CIIPUYUHSIE 3aTPUMKY Ha

ix 0OpoOKy;
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— HasABHICTh BEJIMKOI KUIBKOCTI JecTabumi3yrounx (pakTopiB, IO BILUIMBAIOTh Ha
¢bynkuionyBanns [CIIIIP Ta in.

Ile i crioHykae 10 BIPOBAIKEHHSI PI3HOMAHITHUX CTpPATETii NI MOKpPAICHHS
edextuBHOCTI PyHkionyBaHHs ICIIIIP mpu BupimeHHi po3paxyHKOBHX 3aBJiaHb.
OmuH 3 TakuxX BapiaHTIB € YAOCKOHAJIEHHSA ICHYIOYHX (po3poOKka HOBHX)
MaTEeMaTHYHUX Mojenell (PyHKIIOHYBaHHS IHTEIEKTYaJbHUX CHUCTEM MIATPUMKH
OPUNHSTTS PILLICHb.

[TpoBenenns anamizy mpamp [232-269] mokaszaB 10 CHUTBHAMH HEAOJIKaMHU
BUIIE3a3HAYEHUX JOCTIIKEHb €:

— MOJICJIIOBAaHHS KOXKHOTO MIAXOAY 3IHCHIOETBHCS JIMIIE Ha OKPEMOMY piBHI
¢ynkuionyBanns [CIIIP;

—pU  KOMIUIEKCHOMY TIIJIXOJ1 PpO3IJISIIAIOTBCS SIK MPAaBUIO JBI CKJIAJ0BI
¢ynkuionyBanHa ICIIIIP. 3a3HaueHe He M03BOJIA€E OLIHUTH B MOBHIM Mipl BIUIMB
YIPaBJISIIOYUX PIIIEHb HA MOJAJbIIe iX (DyHKIIIOHYBaHHS;

— TIepesliyeHl BUIE MOJENi, M0 € CKJIaJOBUMU YaCTMHAMHM HABEICHUX BUIIC
MIJIXOA1B, 3a0e3MeuyloTh CJIaOKy IHTErpaiil0 OJHa B OJHY, IO HE JO03BOJIE iX
00’ eHATH MK COOOI0 JIJIsl CIIIITLHOTO (DYHKIIIOHYBAHHS;

— HaBEJIEH1 BUIIIE MOJIEJIl BAKOPUCTOBYIOTh PI3HMI MaTEMaTUYHUH arapar, 110 He
BUMArae BIJIMOBIIHUX MaTEMAaTUUYHHUX MEPETBOPEHb, SIKI B CBOIO UEPry MiABUILYIOThH
OOYHUCITIOBAJIbHY CKJIAJAHICTh Ta 3HUKYIOTh TOUYHICTh MOJICIFOBAHHS Ta 1H.

O06’ekTOM AOCHIDKEHHS € IHTEJIEKTyaJbHl CHCTEMH MIATPUMKU NPUAHATTS
pimenb. [IpoGnema, ska BUPINIYETbCS B JTOCHIIKCHHI, € IIIJBUINCHHS TOYHOCTI
MOJICIIIOBAHHSL TIpoliecy (PYHKI[IOHYBaHHS 1HTEJIEKTYyaJIbHUX CHCTEM IMATPUMKH
NpUUHATTA  pimieHb. [IpeameToMm gocnipkeHHs € mpoilec  (DYyHKIIOHYBAaHHS
IHTEJIEKTYaIbHUX CUCTEM MIATPUMKHU MPUNHATTS PIlIEHb 3a JOMOMOTOI0 CYKyIMHOCTI
MaTeMaTUYHUX MoJieNiel X pyHKIIIOHyBaHHs. [ 10TE3010 TOCTIIKEHHS € MOKIIUBICTh
M1JBUILEHHS ONEPATUBHOCTI Ta TOYHOCTI (PYHKI[IOHYBaHHS 1HTEJIEKTYaJbHUX CUCTEM
MIATPUMKA TPUAHSTTS PINIEHb 32 PAXyHOK PO3POOJICHHSI CyKyIMHOCTI MOJAENEH iX

(yHKIIIOHYBaHHS.
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YV Tabn. 1 HaBCACHO CKJIaJl I'CTCPOrcHHOro MOJACJIbHOIO II0Jd Ta MCETOAU

IMpCaACTAaBJICHHA MOI[CJ'IGﬁ.

Ta6auus 1. Mogeni, 1110 BXOAATH Y TETEPOreHHE MOJISTBHE TIOJIE.

Mopenn

Kitac moseni Ta ii XxapakTepuCTUKH

Peamizamis

[ tygni
HEHpPOHHI
Mepexi

[lIrygyna neitponna Mepexa (IITHM)
(TmoIIyK TPUXOBAaHUX 3aJICKHOCTEH Yy
CTAaTHUCTUYHUX JTAHWUX Ta MPOTHO3YBaHHS
BUKOHAHHS TUIaHy) — (YHKI[IOHATHHUM
EIIEMEHT ,.>. LIIHM 13 31 cTpykTypoto,
mo eBomorionye. I[lepenarna dyHKIis
HelipoHa: curmoin. KibKicTh BXOJIIB y
XOJIl €KCIIEPUMEHTIB BapiroBajiiacs Bij 3
1o 30, a suxomiB Bixg 1 mo 10. KuipkicTh
MpUXOBaHUX HelpoHiB Big 1 po 8.
IlepenatHa ¢QyHKIIsI HEHpOHA: CUTMOI.
Hapuanns I[IIHM — metrom B poOOTI
[225]. CepenHss momMuiIKa HaBYaHHS —
9%. HapuanpHa mnocaigOBHICTE — 60
TECTOBHX 3aBJIaHb.

ABTOPCHKUHN aITOPUTM
HAIMMCaHU MOBOIO
MporpamMyBaHHS
Microsoft Visual
Studio 2022.
3aranbHui 00CT KOy
250 psiakiB

VYnockoHaneHui
TA

VYnockonanenuit I'A [242] nns
BUPIIICHHS 3aBIaHHS ONTUMI3aIli —
(PYHKLIOHATIBHUNA €JIEMEHT yey:°.

[Homynsuis 3 100 xpomocom. EBosrortis:
KpocoBep Ta MmyTatii. Cenexis:
KOMO1HaIlisl TaHMIKCIT Ta
pamxupyBanHns. [IpuctocoBanicTs (y %)
—4ac MpUcTocoBaHicTh MeHIe 50%,
MOJIOBMHA TTOMYJISIIIT 3HUIILYETHCS Ta
TeHEPYETHCS 3aHOBO. SIKILO 1eCATh
MOKOJIIHB TIPUCTOCOBAHICTH HE
3MIHIOEThCS, ajie Oinbire 92%, Toxl
HalKpala ocoOMHa — pilIeHHS

ABTOPCHKUHN aJITOPUTM
HAIMCaHU MOBOIO
porpamMyBaHHs
Microsoft Visual
Studio 2022.
PeanizoBano anroputm
Bi3yaizarii.
3aranbHui 00CT KOy
300 psakiB

Heiipo-neuiTki
eKCIIepPTHI1
CUCTEMU

[Tponykiiifina Moeb 3HaHb JJIS
NOIIYKY BUpIIIAJIbHOTO Tiarpada Ha
rpadi I/ABO. MipkyBaHHS y IpIMOMY
HanpsaMKy. Po3mipu 6a3 3HaHb
(GYHKITIOHATHHUX €JIEMEHTIB — 6 — 48
npoaykiii, a enemenry [CIIIIP — 15
npoaykiiiid. OcHoBu ¢akrtiB — 110 15
¢akriB. 3uanusa y excnepri Ta OI1P
BUTSTYBAJIMCS IPOTOKOJIBHUM aHATI30M

ABTOPCBKHUI aJITOPUTM
HAaIMCaHUN MOBOIO
MporpamMyBaHHS
Microsoft Visual
Studio 2022.
BukopucroByeTbes
MPSAMUKA BUCHOBOK
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8.3.1 KonnenryajibHa MOJeJb IHTEJEKTYAJIbHUX CHCTEMH MiATPUMKH
NPUAHATTS pillleHb

KonnentyanpHa Mojenb, e — MOJENb MPEAMETHOI Taily3l MEepesikK MOHSTH,
BJIACTUBOCTEH Ta XapaKTEPUCTHK JIJIsl OMUCY IIi€l 00J1acTi, @ TAKOXK 3aKOHIB MPOIIECIB,
1o y Hilt BigOyBaroThes [237, 238]. KonmentyanbHa MOIEIb, 3 OTHOTO OOKY, 0OMEXY€
MpeIMETHY Tally3b SIK CYKYIHICTh 00’ €KTIB, 3B 3KIB 1 BITHOCHH M1’ HUMH, IPOIIEAYP
NEPETBOPEHHS LUX OO0 €KTIB MiJl Yac BUPIIICHHS 3aBAaHb. 3 APYroro — BHOCUTH Y
MOJIETIIOBaHHS Cy0’ €KTHUBHI YSBJIEHHS pO3POOHHKA B BUTJISAI HOTO 3HAHB 1 IOCBITY —
KOHIIETIIIIH.

KonuenrtyansHi Mojieni cyTHOCTe!, Hanpukiia 3apnanb, ICIIIP, 6yryBaTumemo
Ha OCHOBI CXEMM KOHLENTYyaJlbHUX Mojened [224], mo wmictuth 11 karteropiit
KoHLEeNTiB C, 3 SKUX BUKOPUCTOBYIOTHCSI HACTYIIHI IT SITh.

Buznauenns 1. Pecypc — HOHATTS, 110 0O3HAYAE PiY, IO € y Cy0’ €KTa yIPaABIIHHS
Ha BUPILIEHHS 3aBlaHb. MHOXKUHY pECypCIB MO3HAYUMO RES =C™ c C.

Busznavennsi 2. BinacTtuBicTh — Bce Te, 110 HE € MexkaMu 1iiei pedi. Lle te, 110,
XapaKTEpU3ylOUl pedi, HE YTBOPIOE HOBUX pedeil. MHOXHHY BJIaCTHBOCTEH
Mo3Ha4YUMO PR=C" cC.

Busznauvenns 3. J{ist — MOHATTS, 1110 0O3HAYa€ BIAHOCHHHU HA PeCypcax, sIK HaCI1I0K
JUSTBHOCT1, BUMHKIB Ta MOBEAIHKU. MHOXUHY M1¥ mo3HAaYUMO ACT =C*“ < C.

Konextusni edextu B ICIITIP nHaBeneHi B Tadm. 2.

Taoauus 2. KonekrusHi edpextu B ICIITIP

Edekr Kopotkuii onmc ITo3uTuBHuUi BIuuB | HeratuBHui BIius
A narrramis [IpucrocyBanHs no|Po3mmproe KOJIO|YCKIIagHIOE  aHai3
30BHIIIHBOTO 3aBJaHb, axi|po6otu [CIIITP

cepenoBuia abdo ioroBupimyThes ICITITP
3MiHa I e(PEeKTUBHOT

po6otu ICIIITP

bymepanr [Ipun HEJOBIpi noHenoctoBipHa JHoctoBipHa
1Hpopmarrii BUHUKAE|iHOpMaITis He|iHpopmarris BiJl
3BOPOTHA JyMKa, IIO|CIIPUAMAETHCA, a00|HEeTOCTOBIPHOTO
MICTATLCS B HIH BBAXKAETHCS  3aBIJIOMO|Kepera Moxe OyTu

XHUOHOIO pO3IliHeHA K XUOHa
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[IponorxeHHs TabIuUIIl 2

XBus PosnoBcromkenns  ineii| KomektuBHe Tpusaina pobota
B ICIIIIP, 10| JOOTIPAIIFOBAHHS 171 |€KCIEepPTIB Hajq
BIIIIOB1IAI0Th 0e3MnepCneKTUBHUMHU
1HTEepecaM YJIeHIB 1AesIMA
I'omeocras [TinTpumanHs BaxknuBux|3adesneuye  TpuBany|lnomi  ICIIIP vy
s cucteMmuxutTe3natHicTs ICITIP|morpannynux cranax
napaMeTpiB BIAIHHI BiJ reHepye OUTbII SKICHI
IPAaHUYHUX 3HAYEHb pillICHHS, HIX B
HOPMaJILHOMY CTaHi
['pynoBuit i KOJIEKTUBY|BiacyTHii EdextuBHiCcTh
eroizm BOKIMBINI 3a I[UTl 11 TSITTEHOCTI
YJICHIB Ta IILTI KOJICKTUBY MOXE
CYCIIJIbCTBA 3aIIKOJIUTH
CYCHUIbCTBY
Koudopmizm |Chninbna  gymxa — —BiacyTtHid [Tepemkomxkae
ICTUHA, JyMKa OKpeMoi BUHUKHEHHIO HOBHX
JIFOTUHU — HIII[O IXO/IIB hi (o)
BUPILIEHHS
pooIeMHu
Mopna JoOpoBiibHE OcHoBa caMOHaBYaHHSA|3HMKYE HMOBIPHICTh
(HacimiyBaHH |IPUUHSTTS YIICHIB KOJIEKTUBY;|TIOSIBU OPHUTTHAIBHUX
s) BCTAHOBJICHUX B|CIIpHUsIE aJIaITaIli|moriIsIaiB Ta MIIXO0H1B
KOJIGKTHBI TOYOK 30pY|JTI0JICH OJIMH 10 OJTHOTO (710 pIIICHHS
Ha IpobsIeMH npoOiemMu
Pinrensmanna |3i 3pOCTaHHIM|3HUKYETHCS 3HUKYETHCS
YUCEIHHOCTI IpyIH|HABAHTAKEHHS Ha|MOTHUBAIIISl €KCIEePTiB
3HUKYETHCSA OKpPEMHUX YYaCHHKIB|I0 e(eKTUBHOT
iHauBiAyansauii BHecok|[CIITTP CIIUIbHOI poOOTH
y CHUIbHY pOOOTY
CamonaBuanH [PobGoTa yuacHukiB|[linTpumanHss ~ 3HaHb|OTpUMaHi 3HaHHS
A CIIIIP no minBumenHoo|yyacHukis  CIIIP  BMOXyTb Ooytu
CBOTO DIBHS 3HaHb 3|aKTyaJbHOMY CTaHi HECUCTEMAaTHU30BaHH
OTIOPOIO Ha JIOCBIA MH,
HeBepOalli30BaHUMH,
OMIJIKOBUMHU
Camoopraniza |BigHOIICHHS MDK|Aaanraris 0| YCKIIagHIOE — aHaTI3
mist eKCIIEpTAMHU  IMHAMIUHi|{30BHILIHBOTO poOOTH Ta 30BHINIHE
Ta  3MIHIOIOTbCS ~ B|CCPCIOBUINA; KOKCH DPa3\yrpaBiiHHS
nporieci poboTH po3podaseTbess  HOBHH ko ekTrBOM
METO/I, peJieBaHTHE
3aBJIaHHA. ITosiBa
OpUTTHAJIILHUX  TiAXOMIB

0 pIImIeHHS 3a7adi Ta
CUHeprii
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[IponorxeHHs TabIuUIIl 2

Cunepris OtpumanHs 3araigbHOro|OTpUMaHHs MosxuBuii  edexT
pe3yibTaTy, SKHM He/eMEpIKEHTHOTO SIKICHO|BIJ’ €MHOI  CHHEpTii
MOXYTh OTpUMATH|KpaIoro pe3ynbTaTy |(auceprii)
EKCIIepTH
1HIMB1 Iy aJIbHO
Comtansna  |[locunenus [Ipuckoptoe  pimieHHs|Y CKIQIHUX 3ajadax
dacummiTaiis |TOMIHAHTHHX PEaKIliil BIPOCTUX  3a7adv, JUIsI|TI1BUIILYE
IPUCYTHOCTI IHIIUX|IKUX  1HAMBIA ~ 3HA€|WMOBIPHICTD
Jro1eu BiJIITOBI b MTOMUJIKOBO1
BIIIIOBIII

Busnauenus 4. 3Hauenus — noHAMmMs 4y 4UC10, WO NOKA3VE KiIbKICMb 0OUHUYb
mipu. Mroxcuny 3uauens nozuauumo VAL=C" < C.

Buznauenns 5. Cmawn — nonsamms, wo 03Ha4ae npose npoyecis, Wo 8i00y6aromuvcs
y pecypci 8 nesnuul yac. Muooswcuny cmanis nosuauumo ST =C* < C.

Mix KOHIIENTaMU 1IMX KaTEropiii BCTAHOBJIEHO MHOXHUHY BITHOCHH R.

Busznauennst 6. Biowowenns — me, wo ymeoproe€ piu i3 OAHUX eNleMeHmI8
(6n1acmusocmi yu inwux pedeti). Bionowenus — € me, wo, 6y0yuu 8CMaHOBIeHUM MINHC
peyamu, ymeoproe HO8L peul.

@dakT BCTAHOBJIEHHSA MK KOHIENTAMU BiJHOIIEHHS IO3HAYUMO 7% (cf‘,cﬁ ) .

BigpizHATHMEMO BITHOCMHH MiX PI3HUMH KaTCropisIMH KOHIICNTIB: R“’ R —
MHOKMHA BiJHOCMH MiK KOHIENTAMH 3 MHOXUHM C° 1 MHOxuHM C’ | 1e
a ﬂe{"res" npru "ClCt" "val"}

Takum 4YuHOM, (¢parMeHT CXeMH KOHLENTyaJlbHUX Mojaeneud sch; s
CTPYKTYPYBaHHS 3HaHb MPO MPEAMETHY 00JIaCTh 3aBJaHHS, 110 MOJICITIOETHCS, MOXKE

OyTH MpeACTaBICHA B HACTYITHOMY BUTJISIL:

sch, = R (RES’RES)ORPVP" (PR’PR)OR”"‘““ (ACT,ACT)O
oR™" (VAL,VAL)o R™* (ST,ST)oR™ " (RES,PR)o
oR” " (PR,RES)o R *“ (RES, ACT)o R (ACT, RES)o, (1)
oR"™* (RES,ST)oR"" (ST,RES)oR" “' (PR, ACT )0
oR*“ " (ACT,PR)o R"" (PR,VAL)o R " (VAL,PR)e

JI€ 3HAK © — KOHKaTeHaIlis.
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MikpopiBHeBa koHIenTyaibHa Mojaeiab ICIITIP Moxe OyTu 3amucana y Takomy
BUTJISAL:

dss =R™" (prt™ env)o R*" (PRT,PRT), (2)

ne prt™ — mopmens 3HaHb 0cobu, mo npuiiMae pimenns (OIIP); enve RES —

30BHIIIHE CepefioBuIe; PRT ={prt,,..., prt,, prt™}, PRT < RES — MHOXWHA yYaCHHUKIB

ICIIIP, mwo Bxmouae OITP prt™; R™ ™ — MHOMXHHA BIITHOCHH «PECYPC — PECYPC» MiXK
yuacHukamu ICIIIIP, a Takoxx OIIP Ta 30BHIIIHIM CepeIOBUILIEM.

VY [236] 3a3HauaeTbes, 10 KOKEH ydyacHUK prte PRT ICIIIIP mae BnacHy metry

pre®t, sika Moske 301raTUCs UM CYNEepeyrTH LUISAM 1HITUX YYacHUKIB. B3aemotiroun mif
yac OOrOBOpPEHHs, EKCHEPTH OOMIHIOIOTbCS [JaHUMHU pri®, sHaHHsaMu  pr™,
MOACHEHHAMH pré? i 4YacTKOBUMH DIIICHHAMH pré CIIIBHOTO 3aBIaHHS, TOOTO
BUKOHYIOTh MHOKUHY Iiii mogo nepenaui ACT™ ta orpumanns ACT* indopmarlii,
MHOXUHY npodeciitanx GyHkiiit ACTP" , YMHATH TUCK Ha iHMMX y4acHukiB [CIITTP
Ta YIIEHIB HABKOIMIIHEOTO CEPEIOBUINA, BUKOHYIoUH 1ii AT,

KokeH ekcriepT Mae BJacHy MOJEINb res™ 30BHINIHBOTO CEPEIOBUIIA, B TOMY
yrcai 1 00’€KTa yNpaBiIiHHS, a TaKOX BIIACHUHA HaOip MeTomiB RES™® BupilIeHHS
3aBJaHb. 3BAKAIOYM HA HEOAHOPITHUHN XapaKTep CKIAIHUX 3aB/IaHb, JIJIS iX YCHIIITHOTO
BupimeHHs 10 ckiaay [CITTIP moBuHHI BXOAUTH €KCIIEPTH PI3HUX CIICIIAIBHOCTEH, 3
pi3HUMH HaOOpaMH METOIIB pO3B’sS3aHHS 3aBlIaHb, TOOTO RES' #RES!" | ne
i,j=L,...,n, i# j —HOMEp y4yacHUKa y MHOXUH1 PRT.

Konnenrtyansna mogens excniepra ICIHIIP 3anucyerbes Tak:

prt, = K" (prt’prgsu)orlm pr (prt,prdat)orlres o (prl’pr;mw)o
orlres pr (prt, pl”eXp ) o rires pr (pi"l‘,pl”dec ) o rzres act (pl"l, ACT"" ) o
Ol”zres act (pl"l‘,ACTm)O rzact pr (ACTitr,pl"dm)O rzact pr (ACTitr,pl’knw)O,
orzact pr (ACTitr , prexp ) o rzacl pr (ACTitr , prdec ) o rzres act (prt, ACT ™ ) o (3)
orzact pr (ACTW, prdat ) o ’”zw pr (ACTiac,prknw ) o r;ct pr (ACTiac’prexP ) o
Orzact pr (ACTiac’prdec ) o r2res act (prt,ACTcorgf ) o r3res res (prt’resmod ) o
or 7 (prt’ RE mez)’
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res pr

Ie — BIJHOIIEHHS «MaTH BJIACTUBICTHY, 1110 BCTAHOBJIIOIOTH BIJIMOBIIHICTH

res act

Mmix ydacHukoM [CIIIIP ta iioro BnactuBocTsIMY; 7, — BIJTHOIIICHHS «BUKOHYBATH,

act pr

0 TIOB’sA3y€ CYO’€KT Ta Jit0, SKYy BIH BHUKOHYE; 7, BIJIHOIIIEHHSI «MaTH

res res

BJIACTUBICTHY, 110 3B’SA3YE€ Jit0 3 HOTO BIACTUBICTIO; 7 — BIJTHOIIICHHS «BKJIIOYAE,

110 TTOB’ S3Y€ I1iJIe Ta HOTO YaCTHHH.

bararto BimHOCHH R™"* B (2) CKJIa1a€ThCs 3 MIAMHOKHH BITHOCHUH P13HUX KJIACIB:

res res

coiBmpami R/, °, KOHKypeHuii R, , HeUTpamiTery R, “ , NOBIpH R/, TUCKY 1

coop comp trus
KoH(popMmizMy R/, koopauHauii R, , cnopy R; ™ Ta iHmi R, "™ . IligMHOXUHA

coor disp oth

res res

BIIHOCHH R);, " BBEJI€HA B MOJIEJIb, 11100 3pOOUTH 11 TOBHOIO Ta PO3IIMPIOBAHOIO [224].

Takum 4yrHOM, MHOXKHHA R™ " Moke OyTH MPEJCTABICHO BUPA3OM:

resres __ presres res res res res res res res res
R - Rcoop U Rcomp o Rneut U Rtrus U Rconf o ( 4)

UR}"ES res UR)‘@S res u RVES res

coor disp oth
CkJax BIZHOCHUH 13 MHOXXHMHH R™ " Ta 11 MIAMHOXKUH 3a37aJIErialb HEBIIOMHUM 1
BU3HauaeTbes mig yac podotu ICIIIP 3rimHo 3 mpaBunamu B3aeMoili INT < RES
BHACIIJIOK 11 caMoopraHi3zaiiii. 3a paxyHOK JUHAMIYHOCTI 3B’ SI3KIB M1 €KCIIEpTaMH Ta
camoopranizauii [CIIIIP 3matHa BUpOOJSTH HOBHUM METOH PILLIEHHSA, PEJIE€BaHTHUN
yMOBaM, M0 ckianucs, 1 koHuenryaidbHa monens ICIIIP sk camoopranizoBaHOi
CyTHOCTI, METOJIy BHPIIICHHS CKJIAJHOTO 3aBAaHHI — MOXE OyTH MpecTaBicHa
BHPA30M:
RES} = R™"™ (RES;"" ,RES;" )o...o R (RES]" ,RES]* )o
oR™" (RES;" ,RES/" )o...o R™ " (RES}" ,RES} )o (5)
R™" (RES) ,RES )o...o R™ ™ (RES, ,RES]"; ),

met

ne meton RES) , mo BupoOiaserbest ICTITIP mpu BupimmeHH1 4eproBoro 3aBIaHHs,

met

ABJISIE COOOI0 B3a€MOIOB’SI3aHY CYKYIIHICTh HaOOpiB METOMIB RES , i=1,...,n, 10
BUKOPHCTOBYIOTBCS €KCIIEpTaMH TIPW BHPIMIEHHI 1X YaCTKOBHUX 3aBlaHb. [lpum
BUPIIIIEHH] YePTrOBOTO 3aB/IaHHS IHTCHCUBHICTD 1 CITPSIMOBAHICTh BITHOCHUH R Mix
excnepramu [CIITIP i, BiAmOBiAHO, MIX BUKOPHCTOBYBAaHUMH HHUMH METOJAMU

3MIHIOIOTBCS, IPUBOJIYN 70 BUPOOJICHHS 3T1IHO (5) HOBOTO METOMIY, PEJIEBAHTHOTO
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CKJIQTHOMY 3aBJaHHIO, TOOTO 3’SIBJISETHCS CUHEPreTUYHUM edekT. 30BHIIIHIN MposB
1poro eexty — orpumanHs [CIIIIP pimens skicHille TOPIBHIHO 3 AYMKaMU OKPEMHX
EKCIIePTIB.

BpaxoByroun Bumeckazane, MakpopiBHeBa wmogens ICIIIIP wmoxe Oytu

MpeJ/ICTaBlIeHa B TAKOMY BHUTJISIII:

dss = (PRT, env, INT, DSS, EFF), (6)

ne PRT — muoxuHa ydacHukiB ICIIIIP, mo omucyroThCS KOHIIENTYaJbHOIO
Mozaemo (3); env — cepenonulle, B sikomy 3Haxoautbest ICIIIP; INT — mHOXkuHA
€JIEMEHTIB CTPYKTYpPYBaHHS B3a€MOJI MK €KCriepTamu; DSS — MHOKHHA MOJIeJeH
(5) ICIITIP na MikpopiBHI, IO BIANOBIIaI0Th KOHKPETHUM (YHKIIISIM €KCIEpTIB Y
ICIIITP 1 BigHOCHMHAM, II[0 BCTAHOBHUIMCS MUK HuMH; EFF — MHOXHHA
KOHIIETITyaIbHUX MOjese MakpopiBHEeBUX (kKoiekTuBHUX) edekrtiB B ICIIIIP (Tadm.
1): amanraris ad, Oymepanr bo, XBuis wa, ToMeocTa3 ho, TPYNOBUH €roizMm ge,
TPYIICUHK gt, Moa fa, ebekT PuHrensMana re, caMOHaBYaHHS S/, CAMOOPTraHi3allis so,
CUHEpris se, comianbHa (acumitanis sf. Po3riasHeMo MoKIaaHINIE MOJAENI IUX
MaKpOpiBHEBHX €(EKTIB.

Po3pi3HstoThbes 1Ba BUIM afanTarllii: MacMBHA Ta aKTMBHA. Y MEPIIOMY BHIAJKY
CUCTEMA, 1110 aAANTY€ETHCA, 3MIHIOETHCA TaK, 100 BUKOHYBATH CBOi (DYHKIIIi B JTAHOMY
CepeIoBHUII HaifkpauM YrnHOM. KoHIlenTyansHa MoIeTh TaKO1 aIanTallii € BUpa3oM:

ad, =7" (dss,PRT )or;*“ (PRT, ACT" )or " (ACT env)o
oR“" (DSS, DSS)or/ " (DSS, PR )or? ™ (PR , VAL ) o (7)

orlvalval(VALcr’VALcrgo)’

ne PR — MHOXUHA KpuTepiiB ominku edextuBHocTi ICIIIIP; VAL” — mHOXUHA
3Ha4eHb KpuThuHuXx napamerpis ICIIIIP nna mikpopiBHeBuUX Mopeneit; VAL * —

pr val

MHOXHMHA IIJTbOBUX 3Ha4deHb KputuuHux mnapamertpiB ICIIIIP; »” ™ — BigHOIICHHS

val val

«MaTH 3HAYCHHS»; 7, — BIJIHOIIIEHHS OJIM3HKOCTI JBOX 3HAYECHb.

AKTHBHa ajanTailisi Ma€ Ha yBa3l 3MiHY CEPEJOBHINA 3 METOI MaKCHUMi3allii
KpuTepito  €(deKTHBHOCTI a00 aKTMBHOTO TMONIYKYy TakKOTO  CEpeIOBHIIA.

KonnenryansHa monens aktuBHOI aganTaiiii go ICIITIP:
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ad, =r" (dss,PRT)or;*“ (PRT, ACT )o ;"™ (ACT™ env)o
R/ (ENV,ENV) o " (DSS,P er ) or val (PRcr’ VAL ) o (8)

Orlvalval(VALCV,VALcrgo)Orzresact(dSS’ACTinf)Orlactres(ACTiV!f,enV)’

e ENV < RES — MHOXHWHA 30BHIIIHIX CEPENOBHIN, SIKI MIAXOAATH A pOOOTH
ICIIIIP; ACT™ — muoxuna BrumBis ICIIIIP Ha cepemoBHILE 3aCTOCYBAHHS.
Edextr Oymepanry bo — irHopyBaHHS abo iAeHTH(IKaIlis SK HENpaBAUBOI
iH(opMallii 3 HeIOCTOBIPHUX JIKEPEII:

trus trus

oR" (PRT,PRT),

bo=r{"" (dss,PRT )or;" " (PRT, ACTy )o Ri%." (PRT,env)o

©)

ne ACT) — MHOXHHA i MIOJ0 OTPMMaHHS iH(OpMAIlil, IO BPaxOBYIOTh

trus

BiIHOCHMHU J0Bipu Mk yyacHukamu [CIIIIP, a Takoxx ydacHMKamMu Ta JKEpellaMu
iH(pOopMaIlii 13 30BHIIIHHOTO CEPEOBUIIIA.

BianosinHo A0 Tabn. 1 edext XxBuil wa — MexaHI3M MOLIUPEHHS 17e#l 1 e y
ICIIIIP, siki BiMOBINAIOTH 1HTEpECAM ii WICHIB, [0 BOHU MEPENal0ThCsl YYaCHUKAM
ICIIITP nacammepen 13 «OJMKHBOTO KOJIa» €KCIepTa-IKepesia, TOOTO ydaCHUKaM 3
AKUMHU y €KCIepTa-Kepesia BCTAHOBJIEHO CTaBlieHHs NoBipu. Hanmami mi yyacHuUKuM
MOXKYTb TiepepoOuTu iaero Ta nepenatu ii yuacuukam [CIIIIP 31 cBoro «0mmxHbOTO
KoJiay. @opMaitizoBaHO €(DEeKT XBUJIl 3aITUCYETHCA Y TAKOMY BUTJISAII:

wa=r""" (dss,PRT)or;"“ (PRT, ACT}r, )o Ri%" (PRT, PRT), (10)

I[e ACTitr

e — MHOXHMHA I oo mnepenadi iHdopmallli, 1m0 BpaxoBYHOTb
BiIHOCHHU A0BipH Mik ydacHukamu [CIIIIP.
Konnenryansna monens romeoctasy ho B ICIIIP 3amucyerbcst B HacTymHOMY
BUTJISIL:
ho =" (dss,PRT )or;" " (PRT, ACT" )o """ (ACT™ ,env)o
oR“" (DSS, DSS) oR e (DSS, PR Jor" ! (PR” ,VAL" )o (11)

O’/,Ival val (VALLF , VAL all ) ,

ne VAL™*" — MHOKHMHA JOIyCTUMUX 3HAUEHb KpUTUUHKX Tapamerpis ICTITIP.
Edexr rpynoBoro eroizmy ge nossrae y 3ueBas3i ICIIIIP uinsm cycninbeTBa Ta

okpemoro uinena [CIITIP:
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ge=r"""(dss,PRT)or;" " (PRT,ACT*" )or " (ACT*"” ,PRT ) a2)

o " (ACT™" ,env)o R/ (PRT,PRT),

act res

Ie — BIJHOIIEHHSI «MaTH 00’ €KTOM», III0 3B’S3Y€ JIiF0 Ta 00’ €KT, Ha KU

BOHO CTIPSIMOBAHE.
Edexr rpynicunky gt — npunymierss 1ymok yuyacHukiB ICIIIP, siki Biapi3HAIOTHCS
BiJ1 1yMKH Outbiiocti uieHiB ICIIITP:

gt — r3res res (dSS,PRT) ° rzres act (PRT ACTCOM/ ) act res (ACTconf PRT)
oR“ " (PRT,PRT).

conf’

(13)

Edekt Mmoau fa nonsirae B JOOPOBUIBHOMY IPHUHATTI TOYKU 30pYy Ha mpodiemy,

o710 BCTaAaHOBUJIACA B KOJICKTHBI:

fa=1{"" (dss,PRT )or;"*" (PRT,ACT" )or;“'"" (ACT*, PR*). (14)

BignoBigno o tabn. 1, edekr PiHrensMaHa re — 3HHUKEHHS 1HTEHCHBHOCTI
1HUBITyJIbHOI POOOTH 31 3pOCTaHHSIM YHCEIIBHOCTI TPYIIH:
re:rsresres (dSS PRT) res act (PRT ACTprt) act pr (ACTplt PRef)

15
oy 7" (ACT"" PR o1 " (PR ,PR*), (15)

ne PR? — eQeKTUBHICTb BHMKOHAHHS il NpH IHAMBIAYyadbHIH poOOTI
Bu3HauaeTbes: g koxkHoi ICIIIIP Tta 3aBmaHHs 1HAWBIAyadbHO. 3arajiom, IIif
€(EeKTUBHICTIO PO3YMITUMEMO MOKA3HUK, 1110 BPAXOBYE OIIHKY IIBUAKOCTI MPUHHATTS
Ta SIKOCTI 3alpPOMOHOBAHMX PilllcHb, PRY — e(eKTUBHICTh BUKOHAHHS Jii MiJ Yac
poOOTH Y KOJIEKTUBI; 7" " — BIIHOIIEHHS «OyTH OUTbLIEY.
KonuenryansHa monens camonaBuanust OIIP s/, € Bupazom:
Sldm _ r}res res (dSS,PRT) o rzres act (PRT,ACTW ) Orlact res (ACTiaC,env) o
Rresres (DSS DSS)orrespr (dSS P cr) prval (PRCI"VALCI‘pZ)O

o prval(PRcr VALcrfct) revrev(prt fdb)orivalval(VALcrpl’VALcrfct)o (16)

Orzpr act (resfdb, ACTlrn ) o rlac; res (ACTlrn ’ resrul ) o r3res res (resrul , s ) o

or3res res (res rul res idss ) o 7,3res res (res rul res ifct ) ,

ne VAL™" — MHOXWHA 3aIUIaHOBaHMX 3HAYeHb KpuTepiiB epexkrusrocti ICTITTP

npu BUOpaHiii MIKpOpiBHEBiM Moxeni dss; VAL’ — MHOXUHA (PAKTHMYHHUX 3HAYEHD
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kputepiiB edpexrusnocti ICIIIIP mpu BHOpaHiii MIKpOpiBHEBIN Momenmi dss ; res™ —
HeuiTKa 6a3a 3Hanb OIIP Ha BuOip MikpopiBHeBux mozenei [CIITIP 3 Muoxxunu DSS ;

rul

ACT"™ — WaBYaHHs, KOPUTYBaHHS NpaBmiI HediTKoi 0asu 3HaHb OIIP res™ ; res™ —

npaBuwio HediTkoi 6a3u 3HaHb OIIP Ha BuOIp MikpopiBHeBux moxenei ICIIIP 3

ienv idss

MHOXHUHU DSS ; res" — iH(pOpMAIIis PO 30BHIIIHE CEPEOBUILE; res ™ — iH(DOpMaIis
IpO MIKpOPiBHEBY MOJIENbL dss ; res” — iHdopmamis mnpo (axkTHUHI 3HAYCHHS
kputepiiB epextuBHocTi [CIIIIP 3 0OpaHOoI0 MOAEIITIO dss .

Camoopranizaris ICIIIIP so, ne cneundiunuit epexr, konu koiaexktus [CIIIP Ge3
BUJUMUX TPUYUH CTBOPIOE a00 3MIHIOE B3a€MO3B’SI3KM MK y4YyaCHUKaMU Ta
OprasizailiiiHi CTpyKTypH:

so=1{°" (dss,PRT)or;"“ (PRT, ACT )or " (ACT™ ,env)o

(17)
oR"" (DSS, DSS),

act res

ne #*" — BIJHOIIEHHS «MaTH 00’ €KTOMY JIii Ta HOTO pecypciB; R“™ — MHOXHHA
BIJIHOIIEHb NONIEPEHBOT MIKPOPIBHEBOT MOJIENIl 3 HACTYITHOIO B XO/I1 iX 3MIHH.

EdexT cuneprii se € Hachaigok B3aeMo3B’s13KiB MK ydacHukamu ICIIIIP mig gac
criIbHOI poOOTHM Haa 3aBAaHHSAM, TOOTO TeHepallii OpraHi3alliiHOl CTPYKTYpH,
peneBaHTHOI 3aaaui, mo Bupimyetbes. Januii edexkr y ICIIIIP Bupaxkaerbcs B
OTPUMAaHHI KOJIGKTUBHOTO PIIIEHHS BUINO1 SIKOCTI, HIK Oy/b-sKe 3 1HANBI Ty JIbHUX:

se=r""(dss,PRT)or" ' (PRT,ACT" o1 " ACT™ env)e
Rm res (DSS DSS) res res (PRT’RESdec) o rlact pr( Sdec una) (1 8)

or4res res (dSS resjec) res pr (dSS pr ‘Z]Sl:a) pr pr (prdzza’Puna)’

ne RES“ — wMHOXKMHA DilleHb 3aBaaHHs, nocrasieHoi nepexn ICIIIIP,

3aIPONOHOBAHUX €KCIIEPTAMU B pe3yJIbTaTl IHAUBITyaTbHOT pOOOTH; PR™ — MHOXHWHA

MIOKa3HUKIB SAKOCTI 1HIMBIAyaJbHHUX PIillIEHb €KCIEPTIB; resy. — PillleHHs, BUPOOJIECHE

ICIIITP, BHacTiOK CHIUTBHOT pOOOTH €KCTIEePTIB; pr). — SKICTh PIIICHHS, BUPOOJIECHOTO
ICIIIIP; »“™ — BimHomeHHs, mo noB’si3ye ekcnepra yu [CIIIIP 13 BupoOneHum

PIIICHHSM.
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Sk mnokazano y Tabn. 1, comianbHa dacumitamisa sf nepeadadae MOCUICHHS
JIOMIHAHTHHUX PEAKIIIA Y MPUCYTHOCTI 1HIIMX €KCIEPTIB, TOOTO CIpUsIE TPUCKOPEHHIO
BUPOOJICHHS PIIICHb:

sf =1/ " (dss,PRT ) ory" “(PRT, ACT"™ )0 " " (ACT"",PR"™" ) o

(19)

Orzact pr (ACTprt’PRspc)o ripr pr (PRspc,PRspi)’

e PR¥ — MBUAKICTP BUKOHAHHS Jii M7 9ac 1HAWBIAyadbHOI poOOTi, PR™ —
IIBUKICTh BUKOHAHHS i1 1117 9ac poOOTH Y KOJIEKTHRBI.

Amnani3 BupasiB (7) — (19) noka3zas, Aesiki MaKpopiBHEB1 €(DEKTH B3aEMOTIOB’ I3aHi.
Hanpuxnan, Bupasu (7), (11), (16) 1 (18) MoxyTs OyTu nepeTBOPEH1 3 BUKOPUCTAHHSIM

Bupasy (17) TakuM YHHOM:

adp — 0o rlm pr (DSS,PR”) o rlpr val (PRC,»’VALW) o rlval val (VALcr’VALcr go), (20)
ho =500 " (DSS, PR )or" (PR ,VAL" )or; * (VAL" VAL" "), (21)

Sldm =S0o° rlres pr (dSS,P C”)O ’,.IPV val (PRcr,VALcr pl)o
oR" (PR”,VAL“” ) o gy e (prt fdb) oyl (VAL"’ oy ) .

orzpr act (reSfdh , ACTlm ) ° ]/iact res (ACTlm, resrul ) o }/éres res (resrul’ resienv) °
or;es res ( reSrul , restdss ) o 7.31‘95' res (res""l 7 es!fCt )’
se =500 ’/z‘res res (PRT RESdec) act pr (RESdec Puna)

d
OI/,4res res (dSS reSdf:) res pr (dSS pr ;ibsfa) pr pr (prz:;a,Puna )’

Bupazu (20) — (23) nokasywoTbh, II0 OCOOJMBY Ta OCHOBHY pOJIb CEpen
konektuBHUX edektiB y ICIIIP rpae camoopranizariisi — nepexyMoBa BUHUKHEHHS
1HIMX e(eKTiB, 10 MO3UTUBHO BIUTMBAIOTH Ha pe3yibTaT pobotu ICIITIP, Takux sk

ajlanTalisi, rOMe0oCTa3, CaMOHaBUaHHs Ta cuHepris [241].

8.3.2 MaremaTtuyHa MoJeJib BHPIIIEHHA CKJIAJAHOIO PO3PAXyHKOBOIO
3aB/JIaHHS

Koopaunariist — nporiec, mo BigoyBaetbest B ICTITIP B X011 BUpimeHHs CKIIaTHUX
3aBAaHb 1 MPEJCTaBIs€ MOCIIIOBHICTh aHai3y MPOMDKHUX pPE3YyJIbTATIB PIILICHHS
YaCTKOBHUX 3aBJIaHb Ta BUJIa4l BIUIMBIB, 10 YIPaBistoTh. Koopaunaiist 31HCHIOEThCS

OIIP, mpoTe Moke 1HINIIOBATUCA 1 eKcrepTaMu. Y poOOTI 1HIIIATOP KOOPAUHAIIT —
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OIIP. IMonsttsa «xoopauHaiis» ctocoBHo ICIITIP me He nocnimxyBanocs. BuBueHHs
peansHux [CIIIIP Bu3Haumiio po3poOKy HOBOiI MOJEIl BHPIIIEHHS CKJIAAHOTO
3aBJaHHS Ta METOy MOJICTIOBAHHS PO3B’sI3aHHS CKJIATHUX 3aBJIaHb 13 KOOPAUHAIIIEIO
YaCTKOBHUX 3aBJIaHb 3 METOIO 1X 3acTOCyBaHHS Al npoekTyBaHHsa [CIIIIP.

3aBiaHHs y CHCTEMHOMY MIAXOMl TPAaIUIIAHO PO3TIAAAIOTHCS SIK CHUCTEMH
[235, 237] 3 okpeMux B3a€MOTIOB’SI3aHUX 3aBIaHb, MK SKUMU € 3B’SI3KH, B3a€EMOII.
[Topsinok 3’ennanns Ta B3aemo/li enemeHTiB y ICCIIP Bu3HauaeThes ii CTPYKTYpOIO.

[Mosnaunmo 3aBmaHHsA-cucteMy prb“, a okpeme 3aBmanns— prb". Toni

PRB" ={ prbl,..., prbj’vh} — MHOXXHMHA OKpPEMHUX 3aBlaHb, III0 BXOAATh 10 prbY;
PRB' :{ prb?,..., prb:,u} — MHOXWHA JCKOMIIO3HWIIM  3aBmanb prb" [228];

R' = {rwq |w,q=1...,N,;q # w} — MHOXHWHA BITHOCUH MK OKPEMUMH 3aBIaHHSIMU; N; —

HOTYXHIiCTh MHOXUHU PRB".
Monenb po3paxynkoBoro 3asaanss [CIIIIP npeacraBumo y BUrmisiai:
prb" =< PRB",PRB ,R" >, (24)
a MOJIETTb KOKHOT'O YaCTKOBOTO PO3PAaXyHKOBOIO 3aBAaHHS SIK [228]:
prb" =< GIL', DAT" , MET" >, (25)
ne GL" — xinuesa meta; DAT" — Buxinni nani; MET" — yMOBH, 0 KOHKPETH3YIOTh
sk DAT" nepetBoprorothest Ha GL.

Mogens (24) 3anoBosibHsie BciM BiacTuBOCTsAM ICIIIIP: BoHa ckiamaeThes 3

MHOKMHH €JIEMEHTapHUX 3aBaaHb PRB", Mik SKAMM BCTaHOBJIEHI BiHOCMHU R”;

3B’A3KM OpraHi3oBaHi, IO BiZOOPAXEHO y MHOXHHI JEKOMIIO3HLiH PRB ; TIpH
BUPIIIEHH] 3arajJbHOTO 3aBJIaHHS CHCTEMH OKPEMI €IEeMEHTapH1 3aBAaHHS TIEPEBAKHO
BIJIOKpEMJICH1 BiJl JOBKLUIS Yd MOTr0 cTaH 3aikcoBaHO, TOOTO BUKOHYETHCS BUMOTa
TOro, IO 3B’S3KH BCEPEIHMHI CHUCTEMH Ha0araTo CHJIbHINI, HIXK 13 30BHIIIHIM
cepeoBUIIEM; MMPOCTE MMiICYMOBYBaHHS PIIICHh OKPEMUX 3aBJaHb HE J]a€ BUPIIICHHS
3arajibHOTrO 3aBJaHHs B LijioMy [232, 233].

Mopguens (25) mae Heoniku. OCHOBHHIA — HEpEJIEBaHTHE B1IOOPaKEHHS BiTHOCUH

mix enementamu ICIIIIP. BpaxoByBaTu IMIIE MHOXHMHY BigHOocMH R" Mmixk
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YaCTKOBMMHU 3aBIaHHsAMH HegaocTatHbo. Jlocmmkenus ICIIIIP mokazamm, mio
3/1€01IBIIIOT0 €KCTIIEPTH HECIIPOMOXKH1 J1aTh POoQeEciiiHi PIIlICHHS YaCTKOBUX 3aBJ/IaHb
3 ypaxyBaHHSIM JaHUX MPO CKJIaaHEe 3aBaaHHs, 3aqanux OIIP. 3a3Buuaii He BUCTayae
pecypciB, 30KpeMa 4acy, 1 € MOMUIIKA B TOJIOKEHHI IUJIl. 3MiHA MMOYaTKOBUX yYMOB
Mozeni (24) HeMOoKJIMBa Yyepe3 BICYTHICTh ICTOTHOTO eneMeHTa — o0pa3zy OIIP, sxwuit
BHUKOHYBaB (PYHKIIIIO KOOpJIWHATOpa 1 epeopMyIroBaB 3ajeKHO BiJl CHUTYyallli METU
EKCIIEPTIB.

VY 3anpomnoHOBaHOMY MiAXOMAl PO3B’sSI3aHHS 3aBAAHHS PO3TISIAETHCS HE JIUIIE SK
B1JI00pa)KEHHS TIOCIIIIOBHOCTI BHUPIIICHHS YaCTKOBUX 3aBiaHb, ajie¢ ¥ K cucTeMa 3
KoOpaMHATOpoM prb*, (yHKIiS SKOro — MOHITOPMHI Ta YIPABIiHHS HPOLECOM

BUDIIIEHHS OKPEMMX WYaCTKOBHMX 3aBIaHb prb|,...,prby €KCHEPTaMU MiJ 4ac
KOJIEKTUBHOTO O0OrOBOpEHHS. Koopaunarop OB’ A3aHUI BIJIHOCUHAMU
R™ = {r" Yw=1,.. .,Nh} 3 KO>KHUM 3aBaanusam prb" y ICIIIIP prb* , 3a 1OIOMOTOO SIKHX
30upae iHpOopMaIlilo MPO CTaH MPOIECY BUPIIIEHHS €KCIIEPTOM OKPEMOIO 3aBJIaHHS,
Ta y MEBHI MOMEHTH 4acy BHUJIa€ KOOPAUHYIOY1 BIUIMBH JJIsl 3MIHHM BXIJTHOTO HabOpy
JaHuX: pecypciB Ta 1inei. [Ipu mpoMy MOeNb CKIaHOTO 3aBJaHHS 3 KOOPIUHAIIIEI0
€ BHPA30M:

prb* =< PRB" PRB , prb*,R",R" >, (26)

ne prb* — xoopaumarop; R™ :{rkw | w:l,...,Nh} — MHOXHHH BiTHOCHH MIX
KOOPJMHATOPOM Ta OKPEMUMHU 3aBIAHHIMH.

[TopiBusiHs (24) Ta (26) mokasye, 1o (26) Mae OLIBII 3arajibHUNA XapakTep i
3BOJUTHC 110 (24) npu BiAKKMAAHHI B Mojeni (26) 3aaa4di KoopAUHATOpa, TOOTO y pasi
komu OIIP y ICIIIIP e BWKOHYyE KOOPAMHAII B XOJ1 BHUPINIEHHS CKJIAJTHOTO
3aBlaHHsA. EJIeMEHT-KOOpIWHATOpP MOXe OyTH MPEICTaBICHUN «KOOPIWHYIOUYHM
3aBIaHHSIM» (k-3aBIaHHSIM), sIKa TIOBUHHA OyTH <«JI0JlaHa» B JEKOMIIO3HIIII0
prbu c PRB CKJIaJIHOTO 3aBJaHHs prb", 1mo0 peleBaHTHO BITOOpakaTh B MOEINI

0COOJIMBOCTI 3aB/IaHb TUIAHYBAHHS.
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Hexait MET” :{metl,...,metN } — MHOXHHA YMOB. Toxai Moxke OyTH BHU3HAYEHO
MET

BIJIMTOBIJTHICTD ¥/, :
w,:SOL ® SOL) ® MET" — SOL". (27)
EneMeHTH BiNOBITHOCTI 1, — KOPTEXKI ((soz; lsolzzmety),sol,';) , IpH o =1,...,N,, ;

B=1...Ny; r=L...N __.;n=1..,N,, Je nepiia KOMIOHEHTa — TPUKOMIIOHCHTHHI

BEKTOP, IO CKJIANAETLCA 3 PilleHHs sol,' € SOL| 3aBOaHHsA prb/', pilleHHs sol,’ € SOL,
3aBJaHHS prb, 1 KOOPAMHYIOYOi YMOBH met, € MET' , a Apyra — BUpPILIEHHS sol,

3aBJaHHs prb”.

BianoBinHICTh y, HEe € (yHKII€O, HE MOXXe OyTH 3amKcaHa aHAIITHYHO Ta

oOyucieHa, OCKUJIbKM YMOBHM KOOpAMHAIl Ta pPE3yJbTaTH BUPILIEHHS OKPEMHX
YaCTKOBMX 3aBJIaHb HailuacTille MpeacTaBIeH] MPUPOIHOIO MOBOIO.

Hexaii B pe3ysibTari pilliecHHS 9aCTKOBUX 3aBIaHb prb 1 prb! OTPUMAHO PIIICHHS

hl h 3 h2 h hl h?2 * u .
sol"' e SOL' 1 sol'? e SOL! , npudoMy {(sol1 ,s0l. )}@MET S SOL' , To6TO OTpUMaHi
pilmeHHs sol' 1 sol!'? 3a BCIX met, € MET  He TPU3BOAATH JIO BUPILIEHHS 3aBJaHHA

prb". 3HaKk «S » 03Hayae€ BiICYTHICTh BIIOOPaXKEHHSI MHOKHHH 3 JIIBOI YACTUHH 3HAKY
710 MHOXKHHU 3 MOoro mpaBoi yacTuHu. [Ipu 11boMy HEOOXiIHO TOBTOPHE BHUPIIIECHHS

3aBnanb prb! Ta prb;. Ognak y ICIIIIP wacto Hemae yacy Ha Te, m00 BHpINIyBaTH

3aBJaHHSI HAHOBO, TOMY MIPKYBaHHSI HaJ| CKJIQTHUM 3aBJIaHHAM prb"* po30UBarOThCS Ha
OKpeMi, JIOTIYHO 3aBepIueHi npomikHi ertanu [236, 237], a B KIHIIl e€TaIiB
CUCTEMATUYHO TEPEBIPSIEThCS 1HTETPOBAHUN PE3YJbTAT BHPIIMIEHHS CKJIAJHOTO
3aBJaHHS, TOOTO OpraHi3ye€ThCsl ITEpaTUBHHUM Tmponec. SK HACHiIOK, PIIIEHHS
YaCTKOBOIO 3aBHaHHA prb" (miHii MIpKyBaHHS €KCIEPTiB) TaKOXK PO30MBAIOTHCS Ha
JaCTUHHU.

VY oMy MpUKIIaIi, B IPOIECi BUPIIICHHS 3aBJIaHb prb 1 prb} OyAayTh OTpUMaHi
HACTYIHI IPOMIXKHI PE3yJIbTATH:

hl h1 hl
sol!' = sol'y = ...= sol

o hl
| = sol] N, = sol; ",

(28)

h2 h2 h2 h2 . gh2
soly\” = soly; = ...= sol] ", = sol/y =sol;' ",
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ne Ny, — KUIBKICTh KPOKIB 1Tepallii, Kyiu po30UTI YaCTKOBI 3aBJaHHs; a sol'' 1
sol!? — pe3ynbTaTH PO3B’SI3aHHS YaCTKOBUX 3aBJaHb prb' 1 prb), BIIMOBIAHO, SIKMX

IpUBeJia MOCTIOBHICTh KPOKIB 1,..., Ny

3a miicyMKaMH MepeBIPKU KOOPJIMHATOPOM OTPUMAHUX HA KOHKPETHOMY KpOILIi
pE3yJIbTaTIB BUABISIETHCA AKTYaJbHICTh BIUIMBY Ha XiJ{ PIIICHHS OKPEMUX YaCTKOBUX
3aBIaHb prb! 1 prb} Mg TOro, MO0 Mpollec BUPIIIEHHS CKIJIAJHOTO 3aBaaHHs prb*
OpUBIB JI0 OTPUMAaHHA 3aJaHOro pe3yiapTaTy — MeTu. CaM BIUIMB Ha3BEMO
KOOPIUHYIOUNM, 1 CIIPOIICHHS JaJTi TO3HAYaTHMEMO Pe3yJIbTaT MPOMIKHOTO eTarmy 0e3

MEePIIOTO HIKHBOTO 1HAEKCY, TOOTO sol!'' 1 sol'?, ne [ =1,...,N/.
Hacnigyroun [240], BBeI€EMO MHOKHUHY KOOPAMHYIOUHX BILIMBIB:
E= {e,",...,e,‘f,m }, (29)
7€ o — TUT KOOPJUHYIOUOTO BIUIUBY, & =1,...,6 . PO3rIsIHEMO KOKEH 13 IIIECTH THIIIB.
[aTerpansHa koopauHauigd («a=1) — OIIP BcTaHOBIIOE Ha BXIAHI NapamMeTpu
in!' € IN"' € DAT" 4acTKOBOTO 3aBHaHHS prb! pi3HI OOMEXKCHHS (HOPMATHBH) Ha

MIEBHUM Mep10/1 yacy:
j(inf”(t))dt=inj””, (30)
0

ne in!'" — HOpMATWB U BXigHOTO mapamerpa in''eIN"', i=1,...,N,, ; IN"' —
MHOKMHA BX1THUX TIapaMeTpiB 4aCTKOBOTO 3aBAaHH prb| ; [0,7] — 9acoBwmii iHTEpBaJ.

Uitka koopauHaiis (« =2 ) BCTAHOBIIOE 0OMEXXEHHS Ha BX1JIHI TapaMeTPH YaCTKOBOTO

3aBAaHHS, 00 Y KOXKHUI MOMEHT 4acy / BOHH JIOPIBHIOBAJIM 33/IaHOMY 3HAYEHHIO:

in''(t)=in"">, 31)

i

h1 Set

ae in''(t) — BXIIHUU Mapamerp; in] — 3aJ]aHe 3HAYEHHs MapameTpa; ¢ —

JOBUIBHUI MOMEHT 4acy, KOJIM NEPEBIPSAIOTHCS BUKOHAHHS YMOBH, 7 € [0,+x].

[aTepBasibHa KOOpAMHAISA (@ =3 ) BUMarae HaJIEKHOCTI BXITHOTO Tapamerpa

in!' 9aCTKOBOTO 3aBJIaHHA (BUXITHI JaHi) 3aJaHOMY iHTEpBaIY:

in'! e[valh” valr’r'lixi} (32)

min

ne val!l' val!!! — Mexi iHTEpBaY.

min max
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JlinrBictTnyHa koopauHaiiss ( =4 ) — yMOBa, 3aJlaHa MPUPOIHOI MOBOIO.
Koopaunariist 3a 4acoM, CHHXpPOHI3allisl PIIICHHS YacCTKOBUX 3aBAaHb ( a=5) —
BCTAHOBUTH, Yepe3 KU Mepioj yacy MOTPIOHO aTu MPOMDKHUN pe3yabTaT, TOOTO.

soll'", ne [ =1,...,Ny, PE3yNbTaTH BHUPIMICHHS YaCTKOBUX 3aBJaHb BHJIAFOTHCS Uepe3

MIeBHI 1HTEpPBAJIM Yacy:

sol!'! ésolﬁ, (33)

JI¢ T — IHTEepBaJI Yacy, yepe3 SKui BiOyBa€eThCs BUaAAUa PIllICHHS; sol!' 1 sol'| —
pe3ysbTaT BUPIIICHHS 3aBHaHHS prb! TICHA i-ro Ta i+1-To eramy BHpIIICHHS

CKJIQJJHOTO 3aBJIaHHS.

Curtyailito, KOJau JiHIST MIPKyBaHHsSI €KCIIEpTa HE 3MIHIOETHCS, MO3HAYMMO SIK
«MOpOXHIO A110» « =6 . Hanpuknaa, OIIP BBaxae, mo He moTpiOHO BIUIMBATHU Ha
nepedir pillleHHs YacTKOBUX 3aBJaHb e€KcrepToM. OCKUIbKM pe3yJIbTaTH PIIICHHS
YaCTKOBMX 3aBJaHb Hal4acTillle BUIAIOThCS MPUPOIHOK MOBOIO, T€ i KOOPAUHYIOUI

BIUTUBY e,...,ey TaKOXX HalyacTille MpeICTaBlIeHl TaK caMo.
prt

Toni, 3 ypaxyBaHHSAM BHIIECKA3aHOTO, BCTAHOBUMO BiJIITOBITHICTb:

W, {(sollh ' sol! 2)} ® MET" - E, (34)

ne [ =1,...,Ny —1. Sk MakcuMainbHe 3Ha4eHHS 1HJEKCY / BUKOPUCTOBYETHCS Ny
—1, ocKUIbKY TicHs eTamy Nyy BXKe HEMOXKIIMBO KOOPJIMHYBATH BUPIIIEHHS YaCTKOBUX
3aBJlaHb — OTPUMAaHO KIHIICBUU pe3yJIbTar.

EfeMeHTH BifNOBiAHOCTI y, — mapu ((sol,’“',soll“,mety),ej), npu [ =1,... Ny —1;

;/=1,...,NMET,; g=1....,N,,, A¢ nepua KOMIOHCHTA — TPUKOMIIOHEHTHUH BEKTOp, IO
CKIIaJIa€ThCSl 3 BHPIMICHHS sol''e SOL! 3aBmaHHSA prb! , pilIeHHS sol'” e SOL!

3aBJaHHIA prbzh Ta KOOPAMHYIOYOl YMOBHU met, eMET", a apyra — Koopm/IHonqHﬁ
BILIMB ¢ € E . Amnanoriudo (26) sianmosigmicte (34) He € ¢ynkuicro. Bono

0araTo3HayHO, OCKUIBKUA MOXJIMBE 3aCTOCYBaHHS O BITHOIIEHHIO JIO OJTHOTO 1 TOTO XK

YaCTKOBOTO 3aBJaHHs prb" KiIbKOX KOOPJAMHYIOUMX [l ¢ € E Bigpasy.
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OckiTbKM € OOMEXKEHHS Ha KUIBKICTh KpOKiB, TO mpu [ = Ny, Mae OyTH
BI/IITIOBIIHICTB:

W, :{(sol,h ! sol] 2)} ® MET" — SOL'. (35)
EnemenTn BIONOBIAHOCTI Wy, — Mapu BUIY ((sollhl,sol,hz,mety),sol;‘) , ipu [

=1,...Nsot =1; y=1,...,N,_.; n=1...,N,,, i€ TIepIlla KOMIIOHEHTa — TPUKOMIIOHEHTHU
BEKTOP, 110 CKJIAJIAE€TLCS 3 PIICHHS sol' € SOL! 3aBOaHHs prb!, pillieHHS sol’ € SOL,
3aBJaHHA prb) 1 KOOPJMHYIOHOi YMOBH met, € MET , a JIpyra pilleHHS sol, € SOL'
3aBAaHHs met”. SKmo w, HeMae, TOOTO B pe3yJjbTaTl IMOLIYKY €JIEMEHTIB
BUSIBIISIETBCS, 1O w, =<, To OIIP HE0OX11HO 3MIHUTH MHOKHHY YMOB KOOpJIWHAIIIi

MET": BBeCTH HOBi yMOBH Ta BUJAJIUTH YaCTUHY CTAPHX.

BianoBinHiCTh w, — NIAMHOXXHHA MHOXHHH W, C, , OCKUJIbKH €JIUHA
BiJIMIHHICTB Y TOMY, III0 Y y, BKa3aHi KOHKPETHI pe3yIbTaTH BUPILICHHS 3aBaHb prb/
Ta prb) . OCKIJIBKU HE BCI €JIEMEHTH BIAMOBITHOCTI y, MAIOTh SIK IPYTUH KOMITOHEHT
soly € SOL' , K€ 3aJ0BOJIbHAE LI DIIEHHS prb", MO3HAYUMO DAT, MHOXHUHY
€JIEMEHTIB BIJIMOBITHOCTI y/,, Y SIKUX Jpyra KOMIIOHEHTA 3a/I0BOJIBHSE 1T PIIICHHS
prb", DAT, ey,. 3 ypaxXyBaHHAM 3a3Ha4Y€HOIO, a TAKOX BPAXOBYHOYM MOIEIb (25),
MOJICIIb k-3aBJaHHS MO>KHA 3aIMCATH TaK:

prb" =< SOL|,SOL,,y,,DAT, >, (36)

ae SOL',SOL: — BuximHi AaHi IS 3a7adi-KOOpAMHATOpa prb* , BUpa)KeHI
KOMOIHAIIIEKO YKCETI, CIIIB Ta BUPa3iB; DAT, <y, — KIHIEBa METa BUPIILCHHS 3aBJaHHs
KoOpaAuHaTOpa prb*; w, — MHOKHHA YMOB, 1110 KOHKPETU3YIOTh, IK (DOPMYIOTHCS ITiCJIsI

KOXKHOTO KPOKY KOOPAMHYIOY1 BIUIMBH (34), B pe3yJbTaTi 3aCTOCYBAaHHS SKUX TICIIA

OCTaHHBOTO KPOKY MOKE OyTH OTPUMaHO DAT,, .

Ha mizmcraBi 3a3Ha4€HOTO JaMO HACTYIHE BHU3HAYEHHS MPOIECY KOOPAMHAIIT —
iTepatiiinuil (6aratoeTanHuii) Mpouec, B X0/l SIKOro, Micas KoxHoi itepauii OITP
aHaJli3y€ IHTETPOBAaHUM pe3yNbTaT BUPILIEHHS CYKYIMHOCTI YaCTKOBUX 3aBJaHb 1

oOupae KOOpAUHYIOY1 BIUTUBHU JJIs JIiHIT MIPKYBaHb KOJKHOTO 3 €KCIIEPTIB, 3 TUM, 1100
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M0 3aKIHYEHHIO MPOLIECY BUPIIICHHS CKJIAJHOTO 3aBJAHHS OTPUMATH 3arajbHUN
pe3yJbTar ii BUPIIIEHHS MaKCUMAJIBHO.

MoskHa TakoK BiA3HAYWTH, 110 31 301JBIIEHHIM KUIBKOCTI YaCTKOBHMX 3aBJaHb,
aKTYaJIbHICTh KOOpAMHAINT iX BHpIIICHHS 3pOCTa€, OCKIIBKHM KOMOIHATOPHO
301IBIIYETHCST KUTBKICTh BIAHOCHMH (0OMiH iHQOpMaIlii, BUKOPUCTAHHS 3arajbHUX

3MIHHUX YH 3arajJbHUX 00OMEXKEHB) MK 3aBJaHHSIMH-CJIEMEHTAMU.

BucHoBku

1. Y nocnipkeHH1 3apOIIOHOBAHO MaTEMaTUYHI MOJIEIIl YIIPaBIiHHS pecypcaMu
IHTEJICKTyIbHUX CUCTEM MIATPUMKU TPUUHSTTS pilieHb. HoBU3HA 3anmponoHOBaHUX
MATEMATUYHUX MOJIETICH MOJIATAE Y:

y KOMIUIEKCHOMY OIHKCI Tporieci (PyHKI[IOHYBaHHSI IHTEJIEKTyalbHUX CHCTEM
MIATPUMKA TOPUAHATTS  pilleHb. 3a3Hay€HEe JI03BOJSE MIJABUIIUTA TOYHICTh
MOJICITIOBAHHS IHTEJEKTYaJbHUX CHUCTEM TIATPUMKHA TPUUHATTA PIlIeHb IS
MOCJIIIYIOUUX YIIPABIIHCHKUX PIIICHb;

OMMUCl K CTaTUYHUX TaK 1 JUHAMIYHUX TMPOLECIB, 5KI BiIOyBAa€ThCS B
IHTEJICKTyJIbHUX CUCTEMaX MiATPUMKH MPUUHSATTS PIIIICHb;

3MaTHOCTI TPOBECTH MOJETIOBAHHA SK OKPEMO B3STOTO TIPOIECY, IO
B1IOYBA€THCSA B IHTEJEKTYaJbHUX CHUCTEMAaxX MIATPUMKH MPUHHATTS PpIlIEHb, TaK 1
KOMILJIEKCHO TTPOBOJIUTH MOJICTTIOBAaHHS THUX MPOIIECIB, IO B HUX BiJIOYBAIOTHCS;

y BCTAQHOBJIEHHI KOHLENTYyalbHUX 3aJE€KHOCTEH Tpolecy (yHKIIOHYBaHHS
IHTEJICKTyIbHUX CUCTEMHU MIATPUMKH MPUNHATTA pimieHb. Lle mo3Bosise omucaru
B32€EMO/III0 OKPEMHX MOJINIel Ha BCIX eTanaxX BUPIIICHHS PO3PaXyHKOBUX 3aBJ/IaHb;

OMKCI TMPOILECIiB KOOpAMHAIIT Yy TIOPpUAHUX I1HTEIEKTyaJIbHUX CHCTEMax
MIITPUMKA TPUAHATTS PIIICHb, YUM JIOCSATAETHCS TIABUINCHHS JOCTOBIPHOCTI
MPUIHATTS YIPABIIHCHKUX PILLIEHb;

MOJICJIIOBaHH1 MPOIECIB BUPIIIEHHS CKJIAJHUX PpPO3PaXyHKOBHX 3aBIaHb B
IHTEJCKTyAIbHUX CHCTeMaxX MIATPUMKH TPUUHATTSA  pIIIEHb, 3a PaxXyHOK
KOHIIENTYaJIbHOTO OMHCY 3a3HAYEHOTO MPOLIECY;

Y3TOJIPKEHHI TIPOIIECIB MPOBEJACHHS PO3PAaXyHKIB B IHTEIEKTYATbHUX CHCTEMaxX
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MIJITPUMKA  TPUAHATTSA  pillIeHb, YWUM  JOCSTA€ThCS  3MEHIIEHHS  KIJIBKOCTI
O0YHCITIOBAIEHUX PECYPCIB CUCTEM;

2. 3anpomnoHOBaHl MaTeMaTW4yHI MOJENi JOUITbHO BHKOPUCTOBYBAaTH st
BUPIIICHHS 3aBJaHHS YIPABIIHHSA peCypcaMy iHTENEKTyaJIbHUX CHUCTEM ITiATPUMKHU

NPUMHATTSA PIIIEHb, 10 XapaKTEPU3YIOThCSI BUCOKUM CTYIIEHEM CKIIQIHOCTI.
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SECTION 9. MECHANICAL ENGINEERING

DOI: 10.46299/1SG.2025.MONO.TECH.3.9.1

9.1 CucTtemMu peryJIl0BaHHS PaAiajibHOr0 PO3Mipy XOHA

CyvacHe MammHOOYMIBHE BHUPOOHHUIITBO XapaKTEPU3YETHCS  BUCOKUMH
BHMOTaMU JI0 THYYKOCTI TE€XHOJIOTTYHHUX MPOIIECIB, 0 0OYMOBJIEHO SIK 3pOCTaHHSIM
HOMEHKJIATypH MPOAYKIIii, TaK 1 MOTPeOOI0 y MiABUIIEHHI CTa01IFHOCTI MapaMeTpiB
AKOCT1 00poOJIeHNX TOBEpXOHb. OMHHUM 13 TEXHOJOTIYHUX MPOIIECIB, 1€ THYUYKICTh
BIJIIrpa€ BU3HAYAIbHY POJIb, € XOHIHTYBaHHS OTBOPIB. ['HYUYKICTh IILOTO MPOIIECY
MOJISITAa€ y 34aTHOCTI TEXHOJIOTIYHOI CUCTEMHU ONEPATUBHO pearyBaTH Ha BIAXHUJICHHS
reoOMEeTpuYHOi (GOpMU OTBOPY, SIKI BHHHUKAIOTH SK IIICIS TOMNEPE/IHIX ETariB
MEXaHI4HOi 00pOOKH, TaK 1 O€3MOCcepeIHbO 1] YaC caMOTo XOHIHTyBaHHs. Peanizaiis
Takoi BJIACTUBOCTI MOXJIMBA JIMIIIE 32 YMOBU €(EKTUBHOI B3a€EMOJIi €JIEMEHTIB
IHCTPYMEHTAJIbHOT CHCTEMH peryJitoBaHHs pajiaibHoro po3Mmipy (CPPP), sxi
3a0€3Me4yI0Th 3J1aro/KeHy BX1AHY Ta BUXIAHY J1i B mpo1eci GOpMOyTBOPEHHS.

JIns MOCSTHEHHS 3aJIaHMX MOKA3HUKIB TOYHOCTI Ta THYYKOCTI TEXHOJIOTTYHOTO
MpOLIECYy TPAJULIMHO 3aCTOCOBYIOTHCS 1HCTPYMEHTAJIbHI CHUCTEMHU pEryJIOBaHHS
paziagbHOTO PO3MIPY, 0 SIKUX HaJlekKaTh XOHIHTYBaJIbHI FOJIOBKU Ta CTPUKHEB1 XOHU
(anmazHi po3BepTku). BoHu 3xaTHI 3a0e3neuntT HEOOX1IHI apaMeTpyu TOYHOCTI Ta
HIOPCTKOCTI 0OpOOJIIOBAaHOT MOBEPXHI, MPOTE MAalOTh HU3KY CYTTEBUX HENOJIKIB, a
came:

e BIJCYTHICTh NIEPEKPUTTS 30HU Pi3aHHS MPHU 0OpOOIl OTBOPIB 31 CKIATHOIO a00

MEePEPUBYACTOIO MTOBEPXHEIO;

e HEMOXJHMBICTb ABTOMAaTHM30BAHOTO PETYIIOBAHHS pajiaJbHOTO pO3MIPy B

OTBOpPaX MaJIOTo JiiaMeTpa (MeHIIe 35 MM);

o IHTCHCHBHE pyHHYBaHHS aIMa3HO-a0Pa3uBHOTO IIapy B MOMEHT BPi3aHHS,
e HEIOCTaTHS TEOPETHMYHA Ta EKCIIEpPUMEHTalbHAa OIpPaIlbOBAHICTh MPOIIECIB

¢ynkuionyBanus CPPP;
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o oOOMEXeHa NpUAATHICTh JIO0 IHTErpalii B aJanTHBHI CHUCTEMH KEpyBaHHS

IIPOLIECOM XOHIHTYBaHHS.

Y 3B’A3Ky 3 IIUM aKTyaJbHUM € CTBOpPEHHS €()EeKTHUBHOI 1HCTPYMEHTaIbHOI
CHUCTEMH PETYJIIOBaHHS paiaJbHOIO PO3MIPY, 3/1aTHOI 3a0€3MeYnTH CTablIbHY POOOTY
MiJ] Yac XOHIHTYBaHHS NPELUU31HIX OTBOPIB J€TajIei MaIIiH.

[Ipomec XOHIHTYBaHHS, SIK TPaBUJIO, 3MIMCHIOETHRCS Ha BEPTUKAIBHO-
XOHIHTyBaJibHUX BepcTaTax [270-273]. OcHOBHUM poOOYUM PYyXOM Y OLIBIIOCTI TAKUX
BEpCTaTiB € 00epTaHHA IHCTPYMEHTY, TOJl SK PyX MOJadi peani3y€eThCsl Y BUTIIAMIL
3BOPOTHO-TIOCTYMAIBHOTO nepeMIIIeHHS. st 1JIBUIIIEHHS TOYHOCTI
dbopMoyTBOpeHHST Ta 3a0e3meueHHs OOpOOFOBAHOCTI  BaXKKOOOPOOIFOBAHUX
MarepiaiiB, a TAKOXK 3 METOIO 3pOCTaHHA MPOAYKTHUBHOCTI, 10 CKIAAy PyXIB AOJAI0Th
OCIWJIALIMHNYN pyX (kosmBaHHA) [271]. Po3pi3HAIOTE Ba THIW OCHIUISINN: KOJOBUM
Ta OCbOBHM.

KOHCTpYKTMBHA CKJIAIHICTh BEpCTaTa 3HAYHOI MIPOK BH3HAYAETHCS
KOHIIEHTpaIli€ro pyxiB. [1i1 KOHIIEHTpaIli€l0 PO3yMIIOTh 30CEPEIKEHHS BCIX OCHOBHUX
PYXIB IIPOLIECY HA OJJHOMY 3 JIBOX B3a€MOJIIIOYMX €JIEMEHTIB TEXHOJIOTTYHOI CHCTEMHU
(HampukiIaa, Ha I1HCTPyYMEHTalbHOMY ImuHAEN1). [IpoTWieXHUM MiAXOAOM €
nudepeHianlig pyxis, sika MOJIATae B iX po3MoAiial Mk 000Ma eIeMEHTaAMH CUCTEMU
(IHCTpYMEHTOM 1 3aroTOBKOIO), IO JO3BOJISIE CIPOCTUTH KOHCTPYKIIIIO OKPEMHX
BY3JIIB 1 MIBUIIUTHA TEXHOJIOT1YHY THYYKICTb.

Jlns  mpoBeAeHHS CHCTEMHOrOo aHaiizy Ta Kiacudikamii CcydacHHX
XOHIHTYBaJbHUX BEPCTATIB JOUUIBHO CcOpMyIOoBaTH 0a30Bi BUMOTH [0 IX
KIHEMaTHYHHUX CXEM, Cepe]l TKUX:

o 3a0e3MeyeHHs] BUCOKOI TOUHOCTI IPSIMOTO Ta 3BOPOTHOTO PYyXiB IHCTPYMEHTY;

e BHCOKAa TIBUAKOAIS Ta CTaOUIBHICTH pPOOOTH CHUCTEMH PETYJTIOBaHHS
paziaJbHOTO PO3MIPY;

e parioHanbpHa AUdEpeHIalis pyxiB MK eJIeMEHTaMU CUCTEMU;

e HAaSIBHICTH OCITWUTIOIOYUX PYXIB JJIS MiJBUIIEHHS IKOCTI 00pOOKH;

e MOJXJIMBICTb IHTETpALlll aAANTUBHUX CUCTEM KEPYBaHHS MIPOIIECOM.
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Ha ocHOBI 3a3HaueHWX BHUMOI MOXe€ OyTu po3poliieHa Kiacudikairis
KIHEMaTHYHUX CXE€M TPAJUIINHUX XOHIHTYBAJIbHHUX BEPCTaTIiB, SIKa CIyryBaTUMe
OIATPYHTSIM JUIS TIOJAJbIIOr0 BJOCKOHAIEGHHS X KOHCTPYKIINA Ta TiABUILEHHS
e(hEeKTUBHOCTI MPOLIECY XOHIHTYBaHHS.

Knacudikamis KiHEMaTMYHUX CXEM XOHIHTYBaJIbHHMX BEPCTaTIiB 3a BHUIAMU
HAJaHHS PYX1B BUKOHABYUM €JIEMEHTa HaBe/leHa B Ta0mui 1.

OmHuM 13 KIFOYOBUX KOHCTPYKTHBHHUX HEHOJIKIB OUIBIIOCTI TpaauIliiHUX
XOHIHTYBaJbHUX BEPCTATIB € KOHIICHTPAIlisl BCIX OCHOBHUX PYXiB Ha IHCTPYMEHTI.
Takuifi NpUHOMI ~KIHEMAaTHYHOTrO TOOYAYBaHHS MPHU3BOJUTH JO 1CTOTHOTO
YCKJIQJHEHHSI KOHCTPYKIIIT BEpCTaTa, MiABUIIECHHS Yy TIUBOCTI 10 TOXUOOK FOCTYBaHHS
Ta 3HUKEHHS CTa0lIBHOCTI TEXHOJOTIYHOIO MPOIECy. 30Kpema, y BepctaTax Mojienei
31’833, 3H85 Tta 3MS83 BiACYTHI OCHMJIALINHI PyXH, IO OOMEKYE MOXKIHUBOCTI
3a0€e31e4eHHs] BACOKOI TOYHOCTI ()OPMOYTBOPEHHS Ta 3HIKYE €(PEKTUBHICTH OOPOOKH
MarepiaiiB 13 MiJIBUILIEHUMH BUMOTaMH JI0 SIKOCTI nmoBepxHi. [Ipu nboMy Bepcratu, B
KOHCTPYKIIi SIKUX TMepedaueHo OCHWISIINHUN pyX, 3a3BHYail MalTh CKJIAIHY
CTPYKTYpy BUKOHABUUX MEXaHI3MiB, 1[0 YCKJIATHIOE IX BUTOTOBIICHHS, HAaJIaroXKEHHS
Ta 00cmyroByBaHHs. [lepcrieKTUBHUM HaAmpsiMOM YJIOCKOHAJICHHS € nudepeHitiamis
PYXIB MK IHCTPYMEHTOM 1 3arOoTOBKOIO, IO JIO3BOJIE€ peali3yBaTH OCLMJIALINHI
MEepeMIIIEHHS 3a J0MOMOTr0I0 MPOCTUX MEXaHI3MIB, MMiIBUILYIOUU THYYKICTh CUCTEMU
Ta 3MEHIIYIOYM CKJIAJIHICTh KOHCTPYKINi. Cuctema peryjaioBaHHS pajiajbHOTO
po3mipy (CPPP) Bimirpae iro4oBy pojib y 3a0e3nedeHHI CTaOlIbHOCTI Mpolecy
XOHIHTyBaHHA. BoHa npusHaveHa 1y popMyBaHHS HEOOX1THOTO 3yCHIIISI IPUTHUCKY
pi3aJIbHUX 3€peH aaMa3HO-aObpa3HMBHOTO THCTPYMEHTY /10 TTOBEPXHI OTBOPY, a TaKOX
JUTSL pealtizallli pajiaibHOTO MepeMillieHHs OpYyCKiB y mpolieci 00poOku. Kpim 11010,
CPPP 3abe3mneuye BUKOHAHHS TOMOMIKHUX (DYHKITIN: MIBUAKOTO MiABOAY OpPYCKIB 10
MOBEPXHI MICIs BBEICHHS IHCTPYMEHTY B OTBIp 1 iX ONEpPaTUBHOTO BIJBOAY NeEpen

BUXOJIOM 3 0TBOpY [270, 273].
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Taoanna 1
Ne Cxema Bepcrar Kowmriekt Enemenr, Bun Exementn
pyXiB SIKOMY | IPUBOJl | MPOILIECY
HaJIa€ThbCsa y piSaHHSI
pyXx
1 2 3 4 5 6
BeprukanpHuii XoHIHTYyBabHUE BepcTaT Mo, 31833 [270, 273]
1
HIBuakict
OO6epranbpamii b
pizaHHs
Enekrpo-
MEXaHIYHU
[HCcTpyM™MEHTY i
[IpsimMoninifiHMHA
3BOPOTHO- OcrpoBa
MOCTYNATbHUMA nojada
JTOBI'UU
Jlxepeno: chopMOBaHO aBTOPOM 3a
[270,273]
BeprukanpHuii XoHiHryBanpHUM BepctaT Mo, 3H85 1 3M83 [270, 273]
2

Ob6epranbHuii

JIxeperno: chopMOBaHO aBTOPOM 3a

[270, 273]

[IpsmoniniliHui
3BOPOTHO-
MOCTYIAJIbHUI
JOBI'UH

Inctpymenry

Enextpo-| lIBuakict
MEXaHIYHU b
71 pi3aHHA
INpapasmi OcnoBa
IHUN nojgada
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2 | 3 | 4 | 5] 6
XOHIHT'YBaJIbHUNA BEPCTAT 3 KPYTOBOIO Ta OChOBOIO ocimisiiiero [270, 273-275]
A OOGepTanbHMI IBuakicT
b
pizaHHs
[psimomiHiHHUI
3BOPOTHO- OcnoBa
MIOCTYNAJIbHAN rnojayva
JIOBTUH
[psimomiHiHHUI Enextpo-
3BOPOTHO- IncTpymenty |mexaniunu| OcboBa
MOCTYTaTbHUN i OCIIMJIALIIS
KOPOTKHUH
3BOpPOTHO- Konosa
MOCTYTaTbHAN OCIIMIIALLIS
obepTanbHUI
Jlxxeperno: cpopMOBaHO aBTOPOM 32
[270, 273-275]
Bepcrar 3 ockoBOI0O octusiieto [276]
HIBuaxict
Ob6epranbHuii Herani b
pizaHHs
[psimomiHiAHUI
3BOPOTHO- Ochosa
MOCTYTaTbHAN
JOBI'UH frofata
Enexrpo-
[IpsmoniniliHui MEXaHIYHU
3BOPOTHO- . OcboBa
MOCTYIAJIbHUI Incrpymenty " OCIIJIALLIS
KOPOTKUH
;
3BOpPOTHO- } Korosa
Ml MOCTYTIATbHAN .
N OCLIMIIALLIS
Jlxepeno: cpopMOBaHO aBTOPOM 32 obepranbHui
[276]

3a xapakTepoM KepyBalibHOI Aii po3pi3usaoTs CPPP 3a cmocobom cTBOpeHHS
TUCKY Ta peaiizaili paaiajibHOi mojadi. Y MeXaHi3Max I0Jlad BUHUKAIOTh CHUJIU
CTaTUYHOTO Ta KIHETMYHOTO TEPTS MK B3a€EMOIIIOYMMHU TOBEPXHSIMHU EJIEMEHTIB
npuBoay [277, 278]. CtaTuuHe TepTs BU3HAYAETHCS SIK TEPTA MOBEPXOHb Yy CTaHI
CIIOKOI0, TO/1 SIK KIHETUYHE — SIK TePTS i 9ac iX BIIHOCHOTO pyXy. BIuIMB 1ux sBuII

Ha (YHKI[IOHAJIbHI XapaKTEPUCTUKN KIHEMATUYHHX TMap OIMUCYEThCS TMOHATTIM
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(pUKIAHOI 1HEPIIMHOCTI, fKa CYTTEBO BIUIMBAE HAa TOYHICTh 1 CTaOUIBHICTH
epeMIIlCHb.

Amnani3 tpagutiitaux cxem CPPP anma3no-a0pa3uBHOTO iHCTPYMEHTY CBITUUTD
PO HAasIBHICTb HU3KU KOHCTPYKTHUBHO-(QYHKIIOHAJIBLHUX OOMExeHb. /|0 OCHOBHUX
BHMOT, KM TIOBHHHI BiJIMOBIAaTH Cy4acHI CUCTEMH PETYJIIOBAHHS, HAJIEXKAaTh BUCOKA
TOYHICTH 1 IIBHJKOIS MEPEMIIICHHs, MOXKIUBICT POOOTH B yMOBAax aJaliTUBHOTO
KepyBaHHs MPOLIECOM 3 ypaxXyBaHHAM HassBHOCTI KIHEMaTHYHHUX Tap 31 CTATUYHUM a00
KIHETUYHUM TEPTSIM, MiHIMI3allisl KUIBKOCTI KIHEMaTHYHUX JIAHOK Ta 3a0e3MeueHHs
CTaOUIbHOCTI (DYHKITIOHYBaHHS B PI3HOPIJHUX TEXHOJIOTIYHUX CEpeoBHINAX. Yci
tpaauiiitni cxemu CPPP moOynmoBaHi Ha OCHOBI MIKpOIEPEMIIIEHb y peXUMAaX
CTaTUYHOTO Ta KIHETUYHOTO TEPTS, 10 MPU3BOIUTH A0 (IYKTyaIliil 3yCHIIb IPUTHUCKY
Ta HECTIMKMX pPEeXHMIB poOoTH. lle, CBO€ 4Yeproro, YHEMOXKIIUBIIOE €()EKTHBHE
3aCTOCYBaHHSA TaKMX CHCTEM B YMOBax aJalTHBHOTO KEPYyBaHHS TEXHOJOTIYHUM
MPOIIECOM Uepe3 IXHIO PPUKIINHY IHEPIIHHICTh Ta 00OMEXKEH1 AMHAMIYHI BIACTUBOCTI.

[Tonanpmnii pO3BUTOK CHUCTEM PETYNIOBAHHS PaiiajibHOTO PO3MIpy Mae OyTu
CIpSMOBAaHMN Ha KOMIUIEKCHE IOCTI/DKEHHS ICHYIOUMX CXEM, IO MpalioiTh Y
peKUMaxX CTATUYHOTO Ta KIHETUYHOTO TEPTS, 3 METOIO BUSBIICHHS iXHBOT CTa01JILHOCTI
Ta YyTJIMBOCTI; PO3POOJIEHHA HOBHX KOHCTPYKLIM, NPHIATHUX 1O I1HTEerpauii B
aJanTUBHI CUCTEMHU KepyBaHHS 0O€3 ICTOTHOTO YCKJIAJHEHHS CTPYKTYpH; a TaKOX
MIHIMI3aIlil0 KUIBKOCTI (YHKIIOHATBHUX CEPEOBUI, Yy SKUX TPAILIOE CHCTEMA.
Peanizaniss 1ux 3aBaaHb J03BOJUTH CTBOpUTH HOBe MOKoJiHHS CPPP, 3maTHux
3a0e3neunT CTablIbHICTh, TOYHICTH Ta aJaNTUBHICTh MPOIECY XOHIHTYBaHHS

BIIMIOBITHO IO BUMOT CYy4aCHOT'O BUCOKOTOYHOT'O MAIlTMHOOY/IIBHOTO BUPOOHUIITBA.
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Tadoaunga. 2
3B'SI130K M1k
Xapakrep | eleMeHTaMu
Omnuc Bu 3
Ne Cxema CPPP pwmy i | 1 HB(I)[H Kepyro4oi Ta
p y p Y bishl HasBHICTH
TepTs
| 2 3 4 5 6
Mexaniunuii npuBoa nogad CPPP [270, 273
1 Pykositka 3
nepeznae
obepranbHUR pyx
Ha 4epB’STIHY
nepenady 2, KoTpa
obeprae raiiky 1.
laiika 1
HepeMillye TBUHT
7, KOTpui mie Ha
HIPYXKUHY 4.
i .,
3ycuna e TIpyxHiit
TapyBaJIbHOT
I
DYHIHHH 4 Enementu
nepenaeTbcs  Ha i
IUTYHXEp Mexaniunmit | JuckpeTHuit epiL:
Yepp’auHa
peryJIoBaHHS
4 nepenava
paziansHOro
— . I'BunTOBa
| po3Mipy XoHa 8. Hepenaua
i Bennunna p
i 3YCHIUIS, 3 SIKMM
v il i Y ’
- TapyBajbHa
Jlkepeno: copMoBaHo aBTopom | MPYXKHHA 4 A€ Ha
270,273 A
3a [ > ] panianbpHOTO
po3mipy xoHa &
BU3HAYA€ETHCA 32
JOTIOMOTOI0
BKa3iBHHKa 6 Ta
LIKaJIH 5.
I"ppasmiunuii npusog nogay CPPP [270, 273]
PeryntoBanns
paniaabHOTO
4 po3Mipy anMasHo-
—
> abpa3uBHOTO
6 A IHCTpYMEHTa
5 e RS BinOyBaeThcs  3a
L | BN paxyHoK
, ] nepeMileHHs
=% TOBKaya 2 B JKopcTrwuit
N ‘ 0ChOBOMY . .
C1iapasiy- o .
\ HaIIpSIMKY. i ITocTiitauii Enementu
- [Nepemimenns TEpTSL:
N TOBKaya 2 Tiapormmiaap
i e 3IIMCHIOETBCS TTPH
N JIOTIOMO31  IITOKY
/ P rizponmitiHapy 6.
e 3 METOIO
HoTepeKEeHHS
Jxepeno: chopMOBAaHO aBTOPOM | BHBOJY ~aIMasHO-
3a [270, 273] abpa3uBHOTO

IHCTPYMEHTY 3

266



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:

THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

[IponorxeHHs TabIuUIIl 2

PO3THCHYTUMH
Opyckamu
nepeabadeHuit
KOHTPOJIb
CTHCKaHHS
OpyCKIB KiHLIEBUM
nepeMukaudeM 4.

CPPP 3 nuckpernoro nojgayero [270, 273 ]

3a [270, 273]

PO3Mipy XOHa.

IIpu KOXXHOMY
MOJBIHHOMY  XO[i
IHCTpyMEHTa
A-A cymopt (ikcaropa
I N 4 [POBEPTAE
XpamoBe  KOJeco
Ha 3aJaHuil KyT,
npu LBOMY
4epB’siuHa
nepenada KopcTxmii
3IIHICHIOE TIOBOPOT
YepB’SIYHOTO Enementu
KoJreca 4 i TepTS:
nepeMilIeHHs lnopasmiyg- . Ueps’siaHa
PEMITL 7P JuckpeTHnit p
TBHHTOBOTO YIIOpa | HHH nepenada
2 Ha J030BaHy PeiikoBa
BenmunHy.  [lpm nepenada
LBOMY I'BunTOBA
301IBIIy€ThCS nepeaaya
HpOCTIp Ui
TepeMIiIeHHs
IITOKA
T1IPOIHIIIH 1
Jlsxepeno: copMoBaHo apTopoM | L APOMHIIAPY
270. 273 JUIT  KOHTaKkTy 3
3a [ ’ ] HOBUM
TMIOJIO>KEHHSAM
TBHHTOBOTO YIIOpa
2.
Jo3oBanuii rigpomexaniyauii npuso nogad CPPP [270, 273]
IITok
rigporinapy 4
nepeMinrye KOHYC
6, THM caMHOM
POJIUK 3
MePEeMIIIyEThCS
BHU3 o
00yMOBIIEHOM .
Y y Kopcrkuit
KOHYCY. Ie
03BOJISIE  ILTOK
fi OIMIIIHIPA z Enevern
sport ﬂ? INapomexa- o TepTS:
MIPOBEPHYTHUH . N ITocTiitauii o
> HIYHUN PeiikoBa
3y0uaTHii CeKTop
o nepeaayda
2, SIKHAI
. Knunosa
MepeMiCTHTh
nepenayda
TUTyHXep
eryJIIOBaHHS
Jlxepeno: chopmosano aBTopom | P
paziaabHOTO
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[IponorxeHHs TabIuUIIl 2

ImnynibeHuii rigpasniyamii npusoa nogau CPPP [270, 273]
Jns nepemitieHHs
Iy HXKepa
peryIoBaHHs
pazianbHOrO
po3Mipy XOHa Ta
nigBony ii OpyckiB
0 TIOBEpXHi, MI0
00po0ITIOEThCA
3MIHCHIOETHCS TIpU
mojayi MacTuia B
BEPXHIO
HOPOXKHUHY
rigpouminapa 2.
OpHouacHO 3 UM

MacTHIIO 3

HUXKHBOI

MOPOXKHUHHU

WIIHApa  Yepe3

30JI0THUK 3

3IUBAETHCS B OaK.

MomeHT  OOTUKY

OpyckiB 3

MOBEPXHEI0, IO

00po6IoEThCS KopcTxuii
(ikcyeTbes Tizpassiu- 5

LUTAXOM - JuckperHuii Enementu
KOHTPOJIIO TepTA:
MOTY>KHOCTI,  sIKa Toporwniaap
BUKOPHCTOBYETHCS

€JIEKTPOIBUTYHOM

obepTaHHS

HITTTHETIS

BepCTary. B

npoueci  00poOku
I[)I(CpeJIOZ C(I)OpMOBaHO aBTOPOM | HOTYXHIiCTb, IO
3a [270, 273] BUTPa4a€ThCS
€JIeKTPOIBUTYHOM
3pOCTaE. [Hane
SIBUILIE
BUKOPHCTOBYETHCS
s nojayi
CUTHAITY Ha
BiJJIMKHCHHS
30j0THUKa 3. B
JTAHOMY  BUIAJKY
MacTHJIO 3
rifipoLmIiHApy
MOX€E  3JMBATHUCS

JIIIE yepe3
30JIOTHUK 6 Ta
J103atop 3.

Bcei tpaauiiitni cxemu CPPP (GyHKIIIOHYIOTH HAa OCHOBI MIKpONEPEMIIICHb B

YMOBaX CTATUYHOTO Ta KIHETUYHOTO TEPTS, 110 MOXKE IPU3BECTHU JI0 HECTaIo0i poOOTH.
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Cnin 3azHaunt, 1mo CPPP mpamtoe B pi3HOPIAHUX (PYHKIIIOHAIBHUX
CepeIOBUIIAX.

MoxuBicTh BUKOpUCTaHHS Tpagulliiinux cxem CPPP nanux tumiB B ymoBax
aJanITUBHOTO KEPYyBaHHS HEMOXKJIMBE BHACIIIOK (DPUKIIIHHOT IHEPIIITHOCTI.

KinneBa maHka cucCTeMH peryioBaHHs pajiagbHoro posmipy (CPPP) e
KIIIOYOBUM €JIEMEHTOM, II0 Oe3MocepelHbO BHU3HAuUa€ €(EeKTUBHICTh Ta TOYHICTDH
¢dyHkuionyBanHa Bciei cucremu. Came BoHa 3a0e3nedye OesnepepBHE Ta
KOHTPOJIbOBAaHE 30UIBLICHHS paaiaJibHOTO PO3MIPY I1HCTPYMEHTa BIAMOBIIHO O
TEXHOJIOTIYHUX BHMOT TMPOIIECY XOHIHTYBaHHS. Y TMepeBaKHIA OUIBIIOCTI
KOHCTPYKIII KIiHIIEBA JJaHKA BUKOHYETHCS y BUTJIAJl KIMHOBOTO MEXaHI3MYy, SIKUN
B32€MO/II€ 3 aIMa3HO-a0pa3uBHUMHU OpyCKaMHU Ta YTBOPIO€E KIMHOBY nepenavy. Takuii
M1IX11 3yMOBJICHUM HEOOX1IHICTIO 3a0€3MeYeHHs] BUCOKOI MepeaaBaibHOI 3/JaTHOCTI
IIpY MIHIMaJIbHUX rabdapurax By3ia. KinnHoBa nepenaya jae 3MOry CTBOPIOBATH 3HAUHI
3YCHJUISL PUTUCKY 3a BITHOCHO HEBETUKUX TMEpEeMilleHb BUKOHABYOTO OpraHy, 1o €
0COOJIMBO BaXKJIMBUM Y TIpolieci oOpoOKH, 7€ Ha 1THCTPYMEHT JiIOTh 3HAYHI CHUJIH
pi3aHHS.

Opniero 3 KIIOYOBUX (DYHKIIN KIWHOBOI KIHIIEBOI JIAaHKM € 3/aTHICTh
MPOTUJIIATA CUJIAM PI3aHHs, SIKI BUHMKAIOTh MiJ 4ac (POPMOYTBOPEHHS, 1 BOJHOYAC
3a0e3nevyyBaTy TIaBHE Ta BUCOKOTOYHE pajiaibHEe PO3UIUPEHHS IHCTPYMEHTAIBLHOTO
0JIOKy, 10 BHMAara€ BHCOKOi CTaOUIBHOCTI TEOMETPUYHUX IapaMeTpiB KJIMHA,
MIHIMaJILHOTO 3HOCY POOOYMX IMOBEPXOHb Ta 3a0E3MEUECHHS CTajol KIHEMaTUYHOI
TOYHOCTI YMPOJOBXK YChOTO TEpMIHY eKcruryaTarii. KOHCTpyKIiisi KIMHOBOTO
MEXaH13My NMOBUHHA TrapaHTyBaTH CTAOLIBHICTh 3yCHJUIA NMPUTHCKY HAaBITh 32 YMOB
KOJIMBaHb HaBaHTa)KCHb Ta MIKPOKOJIMBAaHb, BIIACTUBHX IIPOIIECY XOHIHTYBaHHS.

JIyist cucTeMHOTO aHaizy Ta mojanbioi kiacudikamii kinmeBux anok CPPP
JOIIUTBHO  CPOPMYITFOBATH KOMIUIEKC OCHOBHHUX BHMOT, SIKUM BOHHM ITOBHHHI
BianoBigaTu. IlepeayciM 1ie¢ BHCOKa TOYHICTh TEPEMIIICHHS Ta IIBUIAKOMIIS, IO
BU3HAYAIOTh 3/IaTHICTh MEXaHI3MYy OMEPATUBHO pearyBaTH Ha 3MiHU TEXHOJOTIYHUX
napameTpiB. He MeHII BaXIMBOIO € MaKCMMalbHAa IUIOIIA KOHTAKTy MIDXK

B32EMO/IIFOYMMH €JIEMEHTAMH, KA 3a0e31euye piBHOMIPHUA PO3IMO/I1T HABAHTAXKCHHS
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Ta 3MEHUIYE MHUTOMI KOHTaKTHI HAmpyXeHHS, 1[0 TMO3UTUBHO BILJIMBAE HAa
3HOCOCTIMKICTh Ta CTAOUIBbHICTH PoOOTH. KpiM TOro, KOHCTPYKIliS KIHIIEBOI JaHKH
MOBMHHA 3a0e3MeuyBaTH MOJKJIMBICTh 3BOPOTHOTO XOMy Il Yac OOpoOKH, IO
HEOOX1IHO [IJIs peaiizamiii JOMOMDKHHUX TEXHOJIOTIYHUX pPyXiB 1 KOMIIEHcail
MOXJIMBUX MTOXUOOK.

Oco0nuBy yBary npu kinacudikaiiii KiHIEBUX JJAHOK CIiJ] MPUAUIATH XapaKkTepy
pi3alibHOT TOBEPXHI. [CHYIOTH JIBa OCHOBHI THIM TaKUX MOBEPXOHb — JIMCKPETHA Ta
envHa. JluckperHa moBepxHS (GOPMYETbCS OKPEMHUMH —alMa3HO-aOpa3suBHUMU
eJIeMEHTaMu 3 MPOMDKKAMU MK HHUMH, [0 3a0e3Meuye THYYKICTh Y BiJIBEJICHHI
CTPY>KKH Ta 3MEHIIEHHS KOHTAKTHOI IUIOLIl, ajl€é BUMAara€ TOYHOI'O PEryJIOBaHHS
MOJIO’KEHHSI KOYKHOTO efleMeHTa. €1iHa pi3alibHa MOBEPXHS YTBOPIOETHCS CYIIIBHUM
pPAZIOM  pI3albHUX E€JIEMEHTIB, 10 JI03BOJIsi€ 3a0€3MeYuTH OUIbIl  PIBHOMIPHE
HAaBAHTA)KEHHA Ta CTaOUIbHICTH (POPMOYTBOPEHHS, MPOTE MNOTPEOy€e MIABUIIEHUX
BUMOT JI0 TOYHOCTI PEryJIIOBaHHS PajialIbHOrO po3Mipy IO BCIH JOBXHHI MOBEPXHI
KOHTAKTYy.

Ha ocCHOBI 3a3Ha4eHUX XapaKTEPUCTUK JOIUIBHO BUKOHATHU KJAcH(DIKaIlo
icHytoumnx KiHneBux aHok CPPP 3a tumom pizansHo1 moBepxHi Ta POPMOIO KOHTAKTY
3 00poOoBaHOIO TOBepxHer. Taka kiacudikaliisi 103BOJISIE CUCTEMHO OI[IHUTH
(yHKI10HAJIBH1 MOKJIMBOCTI PI3HUX KOHCTPYKIIIM Ta BA3HAYUTH ONTUMAJIbHI BapiaHTH
JUTSI KOHKPETHUX YMOB 0OpOOKH. Y3arajibHeH1 pe3yiabTaTH Kiacudikaiii TpaauiiniHux
kiH1eBux JJaHok CPPP 3a ¢popMOI0 KOHTAKTY 3 MOBEPXHEIO HaBEIEHO B TA0JIHIII 3.

Maiixe Bci Tpamumiitai kiHieBi jJaHku CPPP maroTh B OCHOB1 KIIMH, SIKHIA
nepeadayvae HassBHICTh pOOOTH B YMOBAX CTATUYHOTO Ta KIHETUYHOTO TEPTS, 10 MOKE
MIPU3BECTH JI0 BUHUKHEHHS HecTiiikoi podotu CPPP B winomy.

KinmeBi mapkn CPPP He MamTe MOXIMBOCTI 3a0€3Il€YEeHHS TOYHOI'O
3BOPOTHOTO XOJIy B MpoIeci 0OpoOKHU, IO YCKIATHUTh X BUKOPUCTaHHS B YMOBax
a/IaITUBHOTO KePYBAHHS MTPOIIECOM.

binprricts kiHueBux jgaHok CPPP maioTh many miounly KOHTakTy 3 ajiMas3Ho-
aObpa3uBHUM OpyCKamH, 1[0 HETaTUBHO BIUIMBA€ HA 3JaTHICTb IHCTPYMEHTY

BUIPABIIATA TEOMETPUYH1 TTOXUOKH.
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Taoaunsga. 3
KoHcTpyKTHBH MOXJIHBICTB
Teoperuuna
€ BUKOHaHHS IpsSIMOTO Ta
. N thopma Obmnactp
. . KIHEMaTHYHOI | 3BOPOTHOTO XOXIy
Ne Tun KiHIEBOI JIJAHKU . . KOHTaKTy BUKOPUCTaHH
TapH, K1 0e3 HasBHOCTI .
. B3a€EMO/IIF0YN o
YTBOPIOIOTH (b pukmiiHOT
. oy . X TTOBEPXOHb
PYX PO3THUCKY iHepuiHHOCTI
1 2 3 4 5 6
KiHmeBa 3 0JJHUIM KOHYCOM PO3IIHUPEHHS 3 KPDOMKOBHM KOHTaKkToM [271, 272]
1 He 3amoBinbHe
BHACJIIOK
HasiBHOCTI
MepexiHOTOo
mpoIiecy Bix
CTaTHYHOTO 10
A'I A-A KiHETUYHOTO Bzaemonis
— TepTs, L0 BHYTPIIIHBOT
' CYHPOBOMKYETHC | 1 30BHILIHBOT
) Kiunosuit y sl Ha SIBHICTIO HE KOHIYHOL XOoHIHTYBaHH
‘ BHTIIAAL PpiBHOMipHOTO TTOBEPXHI C S TITyXUX
A = OJTHOTO KOHYCY | PyXy 1 ()aKTHYHO | TIEpPEXOaO0M OTBOpIB
A HE MOXKeE Ha
3a0e3neunTr KPOMKOBHH
TOYHOTO KOHTaKT
[xeperno: copMOBaHO aBTOPOM 3a NpAMOro Ta
(271, 272] 3BOPOTHOT'O PYXy
Kinnesa smanku CPPP 3 oTHUM KOHYCOM pO3IIMPEHHS 3 TUIOIMIMHHUM KOHTaKToM [271, 272]
2 He 3amoBinbHe

i A-A
oD

JIxepeno: copMOBaHO aBTOPOM 32
[271,272]

KnunoBuit y
BUTJIIAIL
OJTHOTO KOHYCY

BHACIIOK
HasIBHOCTI
MePeXiTHOTO
poIiecy Bix
CTaTUYHOTO J0
KIHETUYHOTO
TepTH, 110
CYNPOBOIKYETHC
s Ha ABHICTIO HE
PIBHOMIpHOTO
PyXy i hakTHIHO
HE MOXE
3a0€e31eYnTn
TOYHOT'O
MpsSIMOTo Ta
3BOPOTHOTO

PyXy.

Bzaemopnis
MTOBEPXOHb y
[UIOLUHHOMY

KOHTAKTI.

[Mpenesiiine
XOHIHI'YBaHH
ST OTBOPIB
BHUCOKO1
TOYHOCTI
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[IponorxenHs Tadaui 3

Kinnesa manka CPPP 3 oTHUM KOHYCOM pO3IIMPEHHS 3 chepHIHUM KOHTaKTOM [271, 272]

-y

JDxepesno: copMOBaHO aBTOPOM 3a
[271,272]

Knunoswuit y
BUTTIAIL
OJIHOTO
KOHYCY

He 3anoBinsHe
BHACIIIIOK
HasIBHOCTI

MepexiTHOTO
TpoIIeCy Bix
CTATUYHOTO 0
KIHETHYHOT'O
TEPTs, 10
CYIIPOBOJIKYETh
Cs Ha SIBHICTIO
HE
PiBHOMIpHOTO
PyXy i ¢hakTHIHO

HE MOXE
3a0e31eYnTH

TOYHOT'O
IpsSIMOTo Ta
3BOPOTHOTO

PyXy.

Bzaemonis
MMOBEPXOHb
y
chepuaHOM
Y KOHTaKTi

OpnnouacHe
XOHIHI'YBaHHS
JEKUTBKOX
JIOBI'HX OTBOPIB
MIPY HAsSIBHOCTI
CaMOBCTaHOBJICH

HA OpyckiB

Kinnena nanka CPPP 3 ogHOCcTOpOHHIM KiinHOM [271

272]

=@

[xeperno: copMOBaHO aBTOPOM 3a
[271, 272]

Knunosuit
OJTHOCTOPOHHI

u

He 3anoBinbae
BHACIIIIOK
HasIBHOCTI

NepexiIHOTO
TpoIIeCy Bix
CTaTUYHOTO 10
KIHETHYHOTO
TePTsL, 110
CYIIPOBOKYEThH
csl Ha SIBHICTIO
He
PIBHOMIpHOTO
pyxy i
(hakTHYHO HE
MOXE
3a0€e3IeYnTH
TOYHOT'O
MPSIMOTO Ta
3BOPOTHOTO

PyXy.

Bzaemonis
MOBEPXOHb
[IJIOIMHHOM
y KOHTAKTI.

AOpazuBHE
XOHIHTYBaHHS
otBopiB (10-
25MM)

Kinnesa manka CPPP 3 1BoMa KOHycaMu pO3IIHNPEHHS 3 KDOMKOBHM KOHTAaKTOM [271

,272]

Al

PPPT T

Joxepeno: copMoOBaHO aBTOPOM 3a
[271, 272]

Knunosuil y
BUTJIISAI1 ABOX
KOHYCiB

He 3anoBinbHe
BHACITIIOK
HassBHOCTI

HepPexXiTHOro
poIieCy Bif

CTaTUYHOTO JI0

KIHETUYHOTO
TEpTS, 1O
CYTIPOBOJIKYETHC
s Ha SIBHICTIO HE
PIBHOMIpHOTO

PyXy i hakTHIHO
HE MOXE

3a0€3MeYnTH
TOYHOTO

MPSIMOTO Ta

3BOPOTHOT'O

Bzaemonis
BHYTPIIIHBO
ii
30BHIITHBOT
KOHIYHO1
MIOBEPXHI C
epexoa0M
Ha
KPOMKOBUH
KOHTAKT.

pyxXy.

XOHIHTYyBaHHS
nepepuBYaTHX
MOBEPXOHb
(IUTimEOBHX
HIMTOHKOBHX
OTBODIB)
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[IponorxenHs Tadaui 3

Kinnesa sanka CPPP 3 qBoMa KOHycaMu pO3IIMPEHHS 3 TUIOIMWHHUAM KOHTAaKTOM [271, 272]
6 He 3amoBineHe
BHACJIIOK
HAsIBHOCTI
MepexiTHOro
A b dA  BE npolecy Bij
g i - CTaTUYIHOTO IO .
KIHETUYHOTO B3aemonis
[ZE] BHYTPIIIHBOT 1
N TepTH, MO . ..
Knunosuit 30BHINIHBOT .
. | CYIpOBOIKYETHC . XoHIHI'YBaHHS
“ y BHTIISAII . KOHIYHO{ .
sl Ha SIBHICTIO HE . oTBOpiB (10 20
JIBOX . . MOBEPXHI ¢
N . PIBHOMIipHOTO MM)
o 5 KOHYCIB Xy 1 GaKTHHO MepexoaoM Ha
A Pyxy KOMOiHOBaHU
HE MOXe .
1l KOHTaKT
3a0e3neunTH
Jxepeno: chopMOBaHO aBTOPOM 3a TOYHOIO
[271,272] MIPSIMOTO Ta
3BOPOTHOTO
PyXy.
Kinnesa sanka CPPP 3 npy»xHO-1eopyeMolo Tisib3010 (aJiMa3Ha po3BepTKa abo cTepHeBUi XoH) [271, 272]
9 He 3amoBinbHe
BHACJTIZIOK
HAsIBHOCTI
MEePEeXiTHOTO .
P . Bzaemonisa
TpoIiecy Bix . .
BHYTPIIIHBOT
CTaTHYHOTO 10 . . .
. 1 30BHIITHBOT
KiHETHIHOTO .
. KOHIYHOT Amnmvazae
Kiun y Burnsai TEPTSL, L0 .
TTOBEPXHI C pO3BepUyBaH
KOHYCY CYTIPOBOJIXKYETHCS
g Mepexo10M HS
Ha SIBHICTIO HE a
PIBHOMIPHOTO .
Xy 1 hakTHIHO KPOMKOBHH
pyxy KOHTaKT
HE MOXE
JIxepesno: chpopMOBaHO aBTOPOM 3a sa6e3eTHTI
[271,272]
TOYHOTO
3BOPOTHOI'O PYXY
Kinnesa sanka CPPP 3 rigpaiigyaum po3 TuckoM [271, 272]
10 A A-A lgpocratnunu | 3ajoBiibHE i3-32 Bzaemopnist OpnHouacHe
i ) e i MiHIMi30BaHOT MTOBEPXOHb XOHIHTYBaHH
S———— +H KIJTBKOCTI IUIOIIUHHOMY | 5 AEKITBKOX
Y . netaneii ¢ KOHTAKTI CITIBBICHUX
e T CTaTUIHUM 1 OTBODIB
A—I KiHEMaTHYHUM JTOBTUMH
TEPTSIM. Opyckamu
xeperno: cpopMOBaHO aBTOPOM 3a
[271,272]

Ha omepariisix XOHIHTYBaHHS OTBOPIB JOIIJIBHUM € 3aCTOCYBAaHHS CHCTEM

ABTOMATHYHOI'O KCPYBAHHIA TEXHOJIOTTYHUM nmponecoM, MmO [ga€ 3MOry CyYTTEBO

MIBUIIATH TOYHICTH PO3MIPIB Ta T€OMETPUYHOI (HOpMH 0OpOOITFOBAHUX TTOBEPXOHb.

BnpoBamxeHnHss Takux cuUcTeM 3a0e3neduye CTaOUIbHICTh MapaMmeTpiB 00poOKw,

3MEHIIEHHS BIUIMBY JCCTa01T13yI0UMX YNHHHKIB Ta MiABUIIEHHS PIBHS aBTOMaTH3AIll1
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BUPOOHUIITBA. 3aJIKHO BiJl 3aKOHY Jii, SIKWW BU3HAYa€ MPUHIIUIM PETYJIOBaHHS Ta
KEepyBaHHs, aBTOMAaTHYHI CUCTEMH TMOJISAIOTH HAa YoThpH Kiacu [280, 281].

Jlo mepimioro kiacy HajJeXaTh CHUCTEMH cTaOum3aili, y sSKux 3agaHa mist
OMHUCYETHCA TOCTIMHUMU BenuuMHaMu. OCHOBHUM pexuM iX (QYHKIIOHYBaHHS
CHpSMOBAaHUN Ha 3MEHIICHHS a00 TMOBHE YCYHEHHS MOMMUJIOK, 3yMOBJICHHX €O
30BHIIIHIX 00ypeHb. Taki cucrtemu epeKTHBHI y BHMAJIKaX, KOJIU TEXHOJOTIYHHIM
NpOLIEC XapaKTepU3Y€ThCS BIHOCHOIO CTANICTIO TapaMeTpiB Ta HE3HAYHUMHU
BIIXWJICHHSIMU BiJl HOMiHAJIBHUX YMOB.

Jpyruit Kjiac CTaHOBJISITH CUCTEMH IIPOTPAMHOTO PETYJIIOBAHHS, JI€ 3a/laHa JIis
BU3HAYAETHCS 3a3JJIETiAb BIIOMUMHU (PyHKIIIsSIMU yacy. OCHOBHHMI peXUM poOOTU
TaKMX CUCTEM IOJISTA€ Y 3MiHI PEryJIbOBAaHUX BEJIUYHMH BIJIMOBIIHO JO BCTAaHOBJIEHOI
IporpamMu Ta B KOMIIEHCAIlli MOXUOOK, BUKIUKAaHUX 30ypeHHsMu. [loniOHI cuctemu
Jal0Th 3MOTY peali30BYBAaTH TOYHO BU3HAUEHI KIHEMATW4HI 3aKOHHU, IO OCOOJIMBO
BAXKJIMBO MPU 00pOOIIi OTBOPIB 3 BAPIaTUBHOIO CTPYKTYPOIO TOBEPXOHBb a00 3MIHHUMH
peKMMaMU HaBaHTAXKEHHS.

TpeTiit ki1ac mpeACTaBACHUN CUCTEMaMH CTEKEHHS, B IKMX 3aKOH 3aJIaHO1 JIii €
HeB110MOIO GyHKIIIEI0 Yacy. OCHOBHUHN PeXUM pOOOTHU TaKUX CHCTEM CIPSMOBAaHUN
Ha BIATBOPEHHSI PEryJIbOBAHOI BEJIMYMHU BIANOBIAHO 10 (DAKTUYHOIO 3aKOHY 1i 3MIHH.
Bonu oco61uBo e(heKkTHBHI y BUNAJKaX, KOJU MPOIEC 0OpOOKHU CYNMPOBOIKYETHCS
BHUIMAIKOBHUMH a00 CKJIaJHO MPOrHO30BAaHMMH 3MiHAMHU 30BHIIIHIX YMOB.

YerBepTHii K1ac CTAaHOBJIATH aaITHBHI CHCTEMH KEPYBAaHHS, SKi aBTOMAaTHYHO
3MIHIOIOTh alNTOPUTMHU (PYHKIIIOHYBaHHS KEPYIOUOi YaCTUHU I JOCATHEHHS
ONTUMAJIBHOTO PEXHMY B yMOBaxX 3MIHHUX MapaMeTpiB 00’ekta kepyBanHs. Lli
cucTeMH 3a0e3MeuyroTh HaWBMINMK PIBEHb THYUYKOCTI Ta CTIMKOCTI Mpolecy 3a
paxyHOK 37aTHOCTI JI0 CaMONPHUCTOCYBaHHS JI0 3MIHHUX XapaKTePUCTHUK
TEXHOJIOTIYHOT'O CEpPEeIOBUIIIA.

Y MeranopizalbHUX BEpCTaTax 3 EJIEKTPUYHUMU abo0 TiApaBIIYHUMU
MPUBOIAMHU TSl 3a0€3MEeUeHHS] BUCOKOI TOYHOCTI 00pOOKH HEOOX1AHO MiATPUMYBATU
CTaOUIBbHICTh 3aKOHIB (DYHKIIOHYBaHHS IXHIX By3JiB. O/IHAK HA MPAKTHUII 151 BUMOTa

HE 3aBXKIM BUKOHYEThCA 4Yepe3 HECTaOUIbHICTh IMapaMeTpiB MNPHUBOMIB 1
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HEBU3HAUCHICTh XapaKTEPUCTUK 00’ekTta 00poOku. HectabiibpHICTH mapaMeTpiB
TIPOMEXaHIYHUX Ta €JIEKTPOMEXaHIYHUX IPHUBOIB 3yYMOBJIEHa HHU3KOI (HaKTOPIB,
cepen SKUX — KOHCTPYKTHMBHI HEJOCKOHAJIOCTI OKPEMHX €JIEMEHTIB, BILUIWB
TEXHOJIOTIYHUX TTOXMOOK, KOJMBAaHHS NPHUIYCKy Ha OOpoOKy, 3MIHM THCKY Ta
TeMreparypu po6odoi pinuHu Tomo. HeBH3HaUeHICTh XapaKTEPUCTUK MPOLECY
O0OpOOKM BHHHKA€E SK Yepe3 HEJOCTATHIO alpiopHy iHGOpMAIiio Mpo BIACTUBOCTI
MaTepialy Ta YMOBH pi3aHHS, TaK 1 4epe3 3MIHY IIHUX BIACTUBOCTEH YNPOJOBXK Yacy.

OmgauM 13 HaleEeKTUBHIMMX TMIAXOMIB 0 KOMIIEHCAIlli HeCcTablIbHOCTI
napaMeTpiB AMHAMIYHUX CHCTEM B YMOBax HEMOBHOI BHU3HAYEHOCTI IXHIX
XapaKTEPUCTUK € BUKOPUCTAHHS TMPUHIUIIB aJalTUBHOTO KEepyBaHHA. AJanTUBHI
cuctemu kepyBaHHs (ACK) 31aTHI onepaTWBHO pearyBaTd Ha 3MiHY 30BHIIIHIX Ta
BHYTPILIHIX MapaMeTpiB MPOLECY, aBTOMAaTHYHO KOPUTYIOUM BJIACHI aJTOPUTMHU
pobotu. CaMe TOMY Ha OIepallisix XOHIHTYBaHHS OTBOPIB HAMOUIBII JOUUIBHUM €
3actocyBanHsa ACK, siki MaloTh 3JJaTHICTH /10 CaMOIIpUcTOCyBaHHs [281].

BaxnuBUM YMHHUKOM, IIO 3yMOBIIIO€ MOTpeOy y BUKOPUCTaHHI aJalTUBHUX
CUCTEM, € PO3KUJ PO3MIpPIB Ta TEOMETPUYHOI (DOPMU OTBOPIB Yy MEXkax TOMYCKY, IO
MPU3BOJUTH JI0 HEIOCTAaTHOCTI 1H(OpMaIli Mpo peanbHUl cTaH OOpPOOIIOBAHOI
MOBEpPXHI MiJ Yac BHUKOHaHHA TexHoJsoriuHoi omnepamii. ACK 103BoJsiOTH
KOMIIEHCYBATH 1II HEIOJNIKM ULUISIXOM O€3MepepBHOr0 KOPUTYBAaHHS MapaMeTpiB
IIPOIIECY Ha OCHOBI JaHUX 3BOPOTHOTO 3B’s13Ky. KpiMm Toro, aganTuBHI CHCTEMH 3/1aTHI
BUIPABIIATA THUMNOBI Je(PEKTH TreoMeTpUYHOi (POopMH, Taki SIK OOUYKOINOAIOHICTH,
C1/UT0NOIOHICTh Ta KOHYCHICTh OTBOPIB, @ TaKOX aBTOMAaTUYHO BPaxOBYBATH 3HOC
3epeH OpYCKiB XOHIHTYBAJIbHO1 T'OJIOBKH, MATPUMYIOUYH CTA0ITEHUN KOHTAKTHUN THUCK
Ta TEOMETPUYHY TOUHICTh YIIPOJIOBK YChOI'O LIUKITY OOPOOKH.

[Tomanpmuii  aHami3 eQEKTUBHOCTI BIPOBAHKCHHS aJalTUBHUX CHCTEM
KEepyBaHHS MPOLIECOM XOHIHTYBaHHS OTBOPIB Mepeadadae po3riisijl ICHYIOUUX THUIIIB
ACK, iX CTpyKTypHHX CX€M, IPUHIHUITIB TOOYAOBH Ta (PYHKI[IOHATIbHUX MOXJIUBOCTEH
Yy KOHTEKCTI Cy4aCHUX TEXHOJIOTTYHUX BUMOT.

ACK crabinizanii KpyTHOTO MOMEHTY 3 €JIEKTPOIPUBOJIOM HaBeJeHa Ha puc. 1.
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ACK crabimi3anii CKJIaga€eThCs 3 MOBOPOTHOTO JUHAMIYHOIO CTONTY 1, Ha IKOMY

3aKpIIUTIOEThCSL 00poOoBaHa netanb. Jlo moBopoTHOro croiy | NpUKpITUIeHUN

MOTSHITIOMETPUYHUHN TaTYNK 2, SIKAH 3’ €THAHUNA B CBOIO 4epry 3 oMMeTpoM 3. OMMeETp

3HAXOJIUThCS B €JUHI 1IET1 3 0€3KOHTAKTHUM peryisatop bBPM -11 4.

PerymoBaHHs pamiaibHOTO pO3MIpy 1HCTPYMEHTa 6 3MMIMCHIOETHCS 3a PaxXyHOK

4yepB’AYHOI nepenadi 7, sika IPUBOAUTHCS B 110 IPUBOJIOM 5.

O6ymosnena ACK mpaitoe HacTynHUM 4yuHOM. Jletanb, 1o 0oOpoOIIOeThCS,

3aKPIIUTIOETHCS HA TIOBOPOTHOMY TMHAMOMETPUYHOMY CTOII 1.

s

,/

L

Puc. 1. ACK cra0imizamii
KPYTHOTO MOMEHTY 3

€JIEKTPOIIPUBOIOM .

1 - MMOBOPOTHUI

JTUHAMOMETPHYHUHN CT1JT;

2 — TMOTCHI[IOMETPUYHUI
JaTYHK;

3 — oMMeTp;

4- 0€3KOHTAKTHMI

perynsitop bBPM — 11;
5 — mpusig CPPP;
6 — IHCTPYMEHT;
7 — CPPP
Hxepeno:  chopmoBaHO

aBTOpoM 3a [270, 273]

[Ipy BIOXWJICHHI TOTOYHOTO 3HAYEHHS MOMEHTY BiJ 3a4aHOTO TIPH

HaJallITyBaHHI TOTEHIIIOMETPUYHOTO JaT4YHKa 2, 3’€JHAHOTO 3 CTOJIOM, CTBOPIOETHCS

BUXIJTHUN CUTHAJI, IKHUI BUMIPIOETHCA B 3M1HI ONIOPY B 0OYMOBJICHOMY JaTuMKa, KU

BU3HAYAETHCSI OMMETPOM 3 Ta TEpPEeAacThCsl Ha TMIJACHUIICHHS 10 OE3KOHTAaKTHOTO

perynsaropa bPM-11 4. Ilicns mijcuiieHHs CUTHAJ MEPENacThcsl Ha MPUBLA S, 110

IIPpU3BOAUTE A0 3MCHIICHHA BCIIMYMHU HOI[a‘-Ii IUIYHIKCPpaA pCryIrOBaHHSA paz[ianLHoro

PO3MIpy 10 MOMEHTY CcTab11i3allii KpyTHOrO MOMEHTY Ha 00pOOIIrOBaHii aeTali.
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ACK mnporpaMHOro KepyBaHHSI TACKOM 3 T'IpaBIIIYHUM MIPUBOJIOM HaBEJIeHA Ha
puc. 2

ACK mnporpamMHOro KepyBaHHS THCKOM 3 TiIpaBIiYHUM NPUBOAOM 13
CKJIQJIAETHCSI TTOBOPOTHOTO IMHAMOMETPUYHOIO CTONY 7, HAa SIKOMY BCTAHOBIIOETHCA
netanb. Jlo 00yMOBIEHOTO CTOY MPUETHAHUMA MOTEHIIIOMETPHYHANA JAaTYHUK 9, STKUiA
3’€qHAHUN B CBOIO 4epry 3 ommeTpoM 8. OMMETp 3HaXOOUThCS B €AWHI TIEmi 3
0e3koHTakTHUM peryistop bPM -11 10.

Puc. 2 ACK nporpamHoro
KEepyBaHHS TUCKOM 3

TipaBIiYHUM MIPHUBOJIOM

1 — Kepyouuin

.lw

€JIEKTPOTIIPOPO3MOIUIBHUK; 2 —

|+

]
tﬁw

— T1APOLMIIHIP MpUBOJA

o0OepTanHs MpodiIHLHOrO KyJIauKa;

3 — pO3NOAUTFHUK 3BOPOTHOTO

3B’s13Ky; 4 —  TIAPOHMIIHAD

1

npuBoay 3BOPOTHO —

MOCTYNaJAbHOTO  PyXy; S5 —

npodinbHUN  Kymayok; 6 @ —

IHCTpyMEHT; 7 — TIOBOPOTHUI

JTUHAMOMETPUYHUK CcTin, 8 —

OMMETp; 9 — NOTEHI[IOMETPUIHUN

matunk; 10 — O€3KOHTaKTHHUH
perymnsitop BPM — 11

xepeno:  copmoBaHO
aBTOpoM 3a [270, 273]

PerynoBaHHs paialibHOTO pO3Mipy 1HCTpYMEHTa 6 3/IMCHIOETHCS 32 PaxyHOK
TUTYH)Kepa Ha KiHII, SKOTO 3aKpiMieHui mpodUIbHANA KyIadoK 5 epeMIlIeHHs, KOTo
3M1MCHIOE pEeMKO-TIOpIIeHb TiApouwIiHapy 2. KepyBaHHsS 00yMOBJIECHOTO HIIIHAPY
3MIMCHIOETHCS 32 PaXyHOK €JEKTPOTiApOPO3NOIIbHUKA 1.

ACK mporpamMHOro KepyBaHHS THCKOM 3 TIAPaBIIYHUM MPHUBOJIOM TIPAIFOE

HAaCTYITHUM 4YUHOM. JleTanb, 10 OOpOOIIOETHCS 3aKPIILIIOETHCS HA TOBOPOTHOMY
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auHaAMoMeTpuuHOMY cTodii 7. [Ipu BiAXWJIEHHI MOTOYHOTO 3HAYEHHS MOMEHTY BiJ
3aJJaHOTO MPHU HAJIAIITYBaHHI MMOTEHIIIOMETPUIHOTO JaT9YnKa 9, 3’ €IHAHOTO 3 CTOJIOM,
CTBOPIOETHCSI CUTHAJI PO3Y3TO/DKCHHS, SIKUH BHUMIPIOETHCA B MEPEMiHI OMOpY, sKa
BHU3HAYAETHCSI OMMETPOM § Ta TIepelacThcs Ha MMiJICHICHHS 10 OE3KOHTaKTHOTO
perymaropa 10. Ilicns  migcuiieHHss  CHUTHal — TMEPEAAEThCA  KEPYHOUOMY
EIEKTPOTIAPOPO3NOIITEHUKY 1, KOTpHid 301bITye a00 3MEHIIyEe TUCK y MaricTpati
TAPOUMIIHAPY IPUBOa o0epTaHHs NPOPLILHOTO KyJlauka.

ACK crabinizaiii KpyTHOTO MOMEHTY 3 T1ApOMEXaHIYHUM MPUBOJIOM HaBeJICHA

Ha puc. 3

= ]

——

Puc.3 ACK crabinizaiiii KpyTHOTO

MOMEHTY 3 T1JIpOMEXaHIYHUM

IIPUBOJOM

1 — 06pobiroBaHa AeTalb;

2 — IHCTPYMEHT;

3 — mpy»XHO-TIOBOPOTHA IJIaHIIAi0a;

4 — CPPP;

5 — npoceis;

6 — eJeKTPOTiAPOPO3MOAUTLHHUK;

7 — KyJIauoOK;

8 — IpyXuHa;

9 — Kyna4ok;

JIxepeno: chOpMOBaHO aBTOPOM 3a
[270, 273]

ACK crab6um3amii KpyTHOTO MOMEHTY 3 TIIPOMEXaHIYHUM TIPUBOJIOM
CKJIaJIa€ThCSl 3 TMPY)KHO-TIOBOPOTHOI TUTaHIIAOM 3 Ha, SKIA 3aKpITUTIOETHCS
o0pob6roBana aetanb 1. [IpykHO-1TOBOpOTHA TIaHIai0a CKIaaaeThesl 3 NMPYKUHU 8,
KyJauka 9 Ta Kynauka 7, sKUi 3’ €IHAHUM 3 IpOCEIIeM 5.

PerynoBaHHs pagiabHOrO pO3MIpy 1THCTPYMEHTA 3A1MCHIOETHCS MPU JOTIOMO31

TAPOIMITIHAPY 4 KepyBaHHS, SKUM 31ACHIOTH €JIEKTPOT1IPOPO3NOIITILHUKH 6.
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O6ymoBnena ACK mpamroe HACTYyIIHUM YHHOM: Ha TIPOTsI31 IIPOIIECy
XOHIHTYBaHHA THCK OpYCKIB 2 PEECTPYEThCS 3a PEAKTUBHUM MOMEHTOM Ha
00po6usiemMiii netani 1, BCTaHOBIIEHIN HAa IPYKHO-MTOBOPOTHIN mianmmiait6i 3. I1ix xiero
KPYTHOTO MOMEHTY BiJ] CWJI pi3aHHs TUIaHIIai0a MpoBEPTAETHCS HA IEBHUM KYT 1 4epes
KyJa4ok 7 Jqi€e Ha Jgpocenb 5. MacTuio  BiI  TIAPOCHCTEMH  4Yepes
€JIEKTPOT1APONEPETBOPIOBAY 6 Jli€ HA MEXaHi3M PO3TUCKY OpYCKiB 4, B pe3yJsbTaTi
YOro 3MEHIIYEThCS KPYTHUM MOMEHT Ha IIiHAeN1 Beperara. [Inanmimaiita 3 getamito
17 T1€10 IPYKUHU MOBEPTAETHCA y BUXIHE MONTOKEeHHS [271].

ACK crabunizaifisi KpyTHOTO MOMEHTY 3 €JIEKTPOTIIPaBIIYHUM TPUBOJIOM
HaBeJeHM Ha puc. 4

Puc.4 ACK

cTabinizalii KpyTHOTO

MOMEHTY 3
< 4 5 6 — . :
S Sy €JIEKTPOT1IPaBIIYHUM
.‘j Py O :“j' \\
© O o 4 " 1 —  eNeKTPOIABHUIYH
@ TOJIOBHOTO  TMpUBOJA; 2 —
7
‘ IHCTPYMEHT; 3 —
2
TpaHcopmarop; 4 —
\ BUNPAMIIAY; 5 — €JIEKTPOHHUHI
T
\ 010K KEepyBaHHS; 6-

€JIEKTPOT1IpaBIiYHUN KianaH; 7
— TAPOLMIIHIIPY;

Hoxepeno: chopmMoBaHO
aBTOpoM 3a [270,273]

ACK crabim3aiii KpyTHOTO MOMEHTY 3 EJIEKTPOTIAPaBIIYHUM TMPUBOJIOM
CKJIQIa€ThCS 3 EJEeKTPOABUTYHA TOJIOBHA mpuBojga 1, TpaHchopmaropy 3,
€JIEKTPOHHOTO OJIOKY KEpyBaHHS 3 Ta €JIEKTPOTiIpaBIIyHOro KianaHy 6.

PerymtoBanHs paiaqbHOTO PO3MIPY IHCTPYMEHTY 7 3MIMCHIOETHCS 32 PAXyHOK

TAPOUMIIHAPY 7.
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O6ymogiena ACK mpairtoe HacTyImHUM YiHOM. CTpyM, SIKHM CTIO’KUBA€E JIBUTYH
roJIOBHOTO MpuBoja 1 , yepe3 Tpanchopmatop 3 MoJaeThes A0 BUIpsSMIIsYa 4 1 gani
710 €JICKTPOHHOTO OJIOKY KepyBaHHS S, 1e Oy 1e TOPIBHIOBATHCS 13 3aJaHUM CHTHAJIOM.
Skio iCHye pI3HULS MK IIMMH CHUTHaJaMH, TO €JICKTPOTIApaBIIYHUNA KjamaH 6
3MEHIIATH a00 301UIBIINATH MOoAa4l poO0YOi PITUHU B T1APOIMTIHID 7.

HenonikoMm gaHOi CUCTEMU € BUKOPHUCTAHHS JUIsl KEPYyBaHHS BEIHYUHHA CTPYMY
JIBUTYHA TOJIOBHOTO TIPUBOTY.

ACK nporpamMHOTO KepyBaHHS MPONJACHOTO NUIAXY 3 MEXaHIYHUM TPHUBOJIOM
HaBEJICHA Ha puC. 5.

ACK mporpamMHOro KepyBaHHS MPOHACHOTO NHUISIXY 3 €JIEKTPOMEXaHIYHUM
MIPUBOJIOM CKJIAJIA€ETHCS 3 IHCTPYMEHTY 1, SIKUi 3’ €HAHUI 3 TBUHTOBOIO Mepeavyero 3
Ha, sKii 3akpimieHudd goroimmynbcHuil natuuk BE. TMaiika rBuHTOBOi mepenaui 3
po3MillleHa B OCHOBOMY OTBOp1 3yOdartoro kosieca 3yOdartoi mepemaui 2. 3yOuara

nepenaya 2 00epTaeThCs 3a paXyHOK KPOKOBOTO €JeKTpoaBUryHa M1.

23 Puc. 5 ACK nporpamMHoro
KEepyBaHHs MMPOMIEHOI0 IUIXY 3
M1 | €JIEKTPOMEXaHIYHUM MPUBOJIOM
= | L 1 — iHCTpYMEHT;
i 2 ; 2 — 3yOuara nepenaya,

| 3 — rBHHTOBA Nepeaaya;

4 — TTUTIK;

M1 — KpOKOBHI1 €IEKTPOABUTYH;

BE — goroimnynbcHUI 1aTunk

Jlxepeno: chopMoBaHO aBTOpPOM 3a [271]

7
7
’A
7
P

4
A

ACK mporpamMHOro KepyBaHHsS MPOHAEHOrO0 HUISIXY 3 €JIEKTPOMEXaHIYHUM
MPUBOJOM TIpaitoe HacTynmHuM uuHOM. DoroimmynbcHmii natunk BE Bu3Hauae
MOJIO’KEHHS TBUHTA TBUHTOBOI Tepeayi 3 1 MOCKiIae CUTHAJ Ha MPUCTPIA YHCIOBOTO

nporpamHoro kepyBanHs (ITUIIK), sikuii y BiAMOBIIHOCTI A0 OTPUMAHOI'O CUTHAITY
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IPOBEpPTAE BUXIAHUM BaJl KPOKOBOTO eniekTpoABuryHa M1. CykynHicTh 00yMOBIIEHUN
PU3BOAUTH /10 PETYJIOBAHHS PaAialIbHOTO PO3MIPY IHCTpyMeHTa 1.

[Tig gac anMa3zHO-a0pa3WBHOTO XOHIHTYBAaHHS OTBOPIB BUHUKA€E HEOOXIIHICTh
TOYHOTO Ta CTAOUIBHOTO PETYJIIOBAHHS PaliaIbHOTO PO3MIpY IHCTPYMEHTA 3 METOIO
3a0e3MeyeHHs] 3a/laHuX MapaMeTpiB TOYHOCTI PO3MIpiB Ta TeoMeTpuyHoi (opmu
aetani. Bim mporo Ge3mocepeqHbO 3aleKUTh JTOCSITHEHHS HEOOXITHUX JIOMYCKIB,
(dhopMyBaHHS TIPaBWJIBHOI T€OMETPIi OTBOPY, & TaKOXX BIITBOPIOBAHICTh PE3yJIbTaTIB
00poOKH B cepiiHOMY Ta MaCOBOMY BHPOOHHUIITBI. 3a3HaueH! QYHKIIII peami3yroThCs
3a JIONOMOIOK0 CHUCTEM pEeryiioBaHHA paaianbHoro posmipy (CPPP), ski €
HEB1JI’€MHOIO CKJIAJIOBOIO CyYaCHUX XOHIHTYBAJIbHUX IHCTPYMEHTIB Ta KOMIUIEKCIB.

OuixroBanHs sikocTi podoTr CPPP MokiuBe Ha OCHOBI aHai3y AU(PEPEHIITHUX
PIBHSIHB, III0 OMUCYIOTh MOBEAIHKY CUCTeMHU. Takuii MiaXia Ja€ 3MOTy BpaxyBaTH SIK
CTaTWUYHI, TaK 1 TUHAMIYHI XapaKTEPUCTUKU MEXaHI3MIB, & TAKOX OIIHUTHU CTIMKICTb,
TOYHICTh Ta IIBUJKOJIIO CUCTEMH Y pPEATbHUX YMOBaX (DYHKIIOHYBaHHA. 3ajady
nociimxeHHss CPPP gouiibHO po3IiTuTH Ha Bl CaMOCTIMHI Mij3ajadi: CTaTUYHY Ta
auHamiuny. [lepia 3 HUX MOB’s13aHa 3 aHAII30M CTAJIOTO PEXKUMY POOOTH CUCTEMH Ta
BU3HAYCHHSM ii TOYHOCTI y CTATUYHOMY CTaHi. J[pyra — 3 JOCIIIKEHHSIM MMOBEIIHKH
CHUCTEMH B MEPEXITHUX PEKUMAX, 1110 JO3BOJISIE OLIIHUTHU IIBUIKOIII0, IHEPIIHHICTH T
MOYJIMBI KOJIUBAJIbHI MTPOIIECH.

Cratuunuii ananiz CPPP nmae MOXIMBICTH BU3HAUUTH BEITUYUHY MOXHOKH Y
CTaJIOMY PEXHUMI, 11 3aJIEKHICTD B1Jl KOHCTPYKTHBHUX NTapaMeTPIB JJAHOK Ta 30BHIIIHIX
BIUIMBIB, @ TaKOX OIIHUTH 3[IaTHICTb CHUCTEMH MIITPUMYBATH 3a/JaHE 3yCHILUIA
MPUTHUCKY Ta pajlialibHE TOJI0KEHHS IHCTpyMeHTa. [luHaMiuyHui aHai3, y CBOIO 4epry,
JT03BOJISIE€ TOCTIIUTHA YaCOBY PEaKIlil0 CUCTEMU Ha 3MIHY BX1JHOTO CUTHAIIY, OLIHUTH
HAsBHICTh TEPEXITHUX TPOIECIB, IXHIO TPUBAIICTh Ta XapakTep (amepioaudHuid,
KOJIMBAJIbHUM TOWLIO), 10 € KPUTUYHO BAXKJIMBUM Yy IMpPOILIECI BHCOKOLIBHUIKICHOT
00pOoOKH Ta MpHU aJaNTUBHOMY KEpYBaHHI.

He MeHII1 BaXJIMBUM eTanoMm € Kiacudikailis CHCTEM PETyJIIOBaHHS Paj1aJbHOTO
pO3MIpy, sIKa JTI03BOJISIE CUCTEMATU3YBAaTH ICHYIOYl TEXHIYHI PIIIEHHS Ta BU3HAYUTH

ONTUMAaJIbHI KOHCTPYKTUBHO-(YHKIIIOHATBHI CXEMU JIJII KOHKPETHUX TEXHOJIOTIIHUX
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yMOB. ¥ 3aranbHoMy Buriisiii CPPP ckianaeTbest 3 TphoX OCHOBHMX JlaHOK. [IpuBigHa
JlaHKa OTPUMY€E BXITHUN CUTHAJI B1J KEPYHOUOi CUCTEMHM Ta iHiIitoe pyx. KoMrmiekr
nepeaBajJbHUX JAHOK 3a0e3Meuye MepeTBOPEHHS PyXy NMPUBOIY Y HEOOX1aHI1 JIiHIHHI
Ta CHJIOBI TapaMeTpH, BIJMOBIAHO 10 KIHEMAaTHYHUX 1 CHUJIOBUX CITIBBIJHOIICHB
MexaHi3Mmy. KiHreBa naHka 31iiHCHIOE O€3MTOCEPETHE JiHIMHE MepEeMINIeHHS alIMa3HO-
abpa3uBHMX OpYyCKiB Ta BHUKOHY€ CHJIOBY OGYHKIII0O 00poOKku, 3a0e3neuyroun
HEOOX1THMI KOHTAaKTHUN THCK 1THCTPYMEHTA Ha IMOBEPXHIO JICTAII.

Ha ocHOBI 3a3HaueHOi CTPYKTypHOi MOOYIOBM CKJIAACHO 3arajbHy
kinacudikamiro CPPP, ska y3araipHIOE THIIM TIPUBOJIB, BHAM IepelaBaTbHUX
MEXaHI3MIB Ta BapiaHTH KIHIEBUX JIAHOK 3aJE€KHO B 1X KOHCTPYKTUBHHX Ta
¢yHKLIIOHATBEHUX ocobymBocTed. Ll knacudikanis HaBeneHa B Tabnuil 4. Bona €
BIJINPABHOIO TOYKOIO JIJISl TPOBEACHHS MOTIMOJICHOTO aHaJ13y KOKHOTO 31 CKJIAJOBUX
€JIEMEHTIB CHCTEMH 3 BU3HAYCHHSM 1XHIX CTATUYHUX Ta JUHAMIYHUX XapaKTCPUCTHK.
Takuit miaxig 703BOJIsIE BCEOTYHO OLIIHUTH MoTeHMian pi3Hux cxeM CPPP, Buznauntu
iX MPUAATHICTH JI0 IHTETpallii B aAalTUBHI CHCTEMHU KEPYBaHHSI, @ TAKOK OOTPYHTYBATH
HalpsIMKM ~ BIOCKOHAJICHHS KOHCTPYKII 3 ypaxyBaHHSIM BHMOT CYyYacHOTO
BHCOKOTOYHOT'O BUPOOHHIITBA.

[licnst BBEIEHHS OCHOBHUX BH3HAY€Hb 1 Kiacuikaiiii JaHOK CHUCTEMH
perymtoBaHHs pagianbHoro po3Mipy (CPPP) BuHHKae MOXIHMBICTH OUIBII TITUOOKOTO
aHaI3y Ta CHHTE3Y K OKPEeMHX CKJIQJIOBUX €JIEMEHTIB, TaK 1 (PI3MYHHX MPOIIECIB, 110
B1IOYBalOThCs MiJ Yac iX (yHKUIOHYBaHHA. Lle 0coOiMBO BaxiIMBO 3 OIJIALY Ha
XapakTep TepeMillleHb, fAKI peai3yloThCsi B TaKuUX cuUcTeMax. PerymroBaHHS
paaiabHOTO PO3MIPY Y TIPOIIEC] XOHIHTYBAaHHS 3IIMCHIOETHCS 3 BUCOKOIO TOYHICTIO, Y
Jiara3oHi BiJ YacTOK MIKpOHa J0 KUIbKOX MikpomeTpiB [271]. Takuii macmTabd
nepeminieHs Aae miacrasu posrisigatu CPPP sk cucremu manux nepemimens (CMIT)
[304], mo Hakmamae cnenudiuHi BUMOTH JI0 I1X KIHEeMaTUYHUX, CHJIOBUX Ta

,I[I/IHaMiIIHI/IX XapaKTCPUCTHUK.
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Tadoanus 4
HarnimenyBanns DyHKITIOHAIBHE KoncTpykTuBHe
enementis CPPP [IpU3HAYECHHS BUKOHAHHS
[TpuBin 3abe3neuyeHHs mnepeMilleHb | ExexTtpuuni, rigpaBmiuHi i
Ha OCHOBI BX1IHOTO CUTHAJy | THEBMAaTUYHI KPOKOBI
JIBUTYHH.
Kommnekr 3a0e3neyeHHs TmepemilmleHs | 3youata, TBUHTOBA 1 1HIII
nepeaBaIbHIX HEOoOX1IHO1 JTHIAHOT | mepenayi
KIHEMaTHYHHX BEJIMYMHHU, 3 HEOOXITHOIO
JIAHOK IITBUIKICTIO
Kinnena nanka Perymoemuit Hociil | KinuHoBa nepenava cripsikeHa
aIMa3HUX YW a0pa3uBHHX | 3 KOMIUIEKTOM IMPU3MaTUYHUX
3epeH,  SKUM  BUKOHYE | TUT ~ pPO3MIIIEHUX B Ma3ax
00po0OIIsIIOUYy (YHKITIIO ATTHIPUIHOT 000HMHU.

Mauni nepeminieHHs, ikl BUKOHYIOThCSI B MPOIECI PEryIIOBaHHS, SIK MPAaBUIIO,
BiI0yBaIOTHCS 3 HE3HAYHUMH MIBUIKOCTSAMH. Y IUX YMOBAaxX CHCTEMa IPAIliO€ B 30HI
TPAaHUYHOTO TEPTs, KOJU CTAaTUYHE TEPTS MEpPeXoJuTh y KiHetuuHe. [Ipu 1mpomy
Koe(ilieHTH TepTsa HaOyBalOTh 3MIHHUX 3HAY€Hb, IO 3AJICKUTH BiJI MIKpPOT€OMETpii
MOBEPXOHb, CTAaHY 3MalllEHHs Ta JOKaIbHUX MiKpokoJinBaHb. OyHkiionyBanus CMII
B YMOBaX I'PaHUYHOTO TE€PTS 3yMOBJIIOE MOSIBY XapaKTEPHOTO e(PEKTy MepepruBYaCTOrO
pyxy [278].

[lepepuBuacTuii pyx XapakTepU3yEThCS YepryBaHHSAM (pa3 3yNMHUHOK Ta PI3KUX
CKauKiB TIEPEMIIICHHS, 1110 TPU3BOANTH 10 BUHUKHEHHS KOJIMBAIBHUX MpoI1ieciB. Taki
SIBUII]a HETaTUBHO BIUIMBAIOTh HA TOYHICThH MEPEMIIICHHS KiHIIEBOI JJAHKU, OCKLJIbKU
MIKpPOCKQUKH Ta 3alli3HEHHS MOXYTh TMOPYIIyBaTU CTaOUIbHICTh PETYIIOBAHHS
paiaJbHOTO PO3MIpy, 0OCOOIMBO MPHU pOOOTI B peKKUMaX BUCOKOI TOUHOCTI. HasiBHICTh
MepepUBUACTOrO PyXy Oe3nocepeHb0 MOB’si3aHa 3 (PUKIIHHUMHU BJIACTUBOCTIMHU
KIHEMaTHYHUX Tap Ta TMPYXKHUMH JAedOpMaIlisiMd €JIEMEHTIB CHUCTEMH, SIKi
HAKOIMUYYIOThCA y (a3l 3yNMUHKHU Ta Pi3KO BUBUIBHSIIOTHCA Y (a3i cTpuoOKa.

[Ipomiec perymoBaHHS paJiaIbHOTO pO3MIpy BIIOYBAEThCSI B yMOBax
KOPOTKOYACHOCTI fIK 9acy, TaK 1 MIJISAXY TMEPEMIIICHHS, 110 (PaKTUIHO EPEBOIUTH HOTO
y IUIOIIUHY TiepexigHux pexxumib. Lle Bumarae posrisiay po6otu CPPP 3 nunamiunux

MO3UIIIN, aJ[KEe came y MepexiTHOMY TPOLIeCi MPOSBISIOTHCS 1HEPIiHHI, (GPUKIIIITHI Ta
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npykH1 ePeKTH, Kl BU3HAYaIOTh (PaKTUYHY TOYHICTh Ta CTAOLIBbHICTh PEryJIFOBaHHS.
VY 3B’s3Ky 3 MM OCOOJMBY yBary cCiiJi NPUIUIMTH aHali3y AMHAMIYHOI TOBEIIHKU
CPPP tpaauuiifHuX KOHCTPYKTHBHHUX CXEM.

Jlns1 3a6e3nedeHHs 00’ eKTUBHOCTI OLIIHIOBaHHS HEOOX1/THO MEPEBIPUTH CTATICTh
pobotu TpamuuiiHux cxeM CPPP, ski (QyHKIIOHYIOTP y peXHMI MNpPOTPamMHOIrO
KEepyBaHHs MiJHATArO/PKCHHAM 0€3 BUKOPHCTAHHA alallTUBHUX alIropuTMiB. Takuii
aHaji3 J03BOJISE€ BHUSIBUTH BHYTPIIIHI OOMEXEHHS KIACHYHMX KOHCTPYKIIIH 1
BU3HAUUTH CTYMiHb iXHBOI BIJMOBIIHOCTI CyYaCHUM BHMOTaM BHCOKOTOYHOTO
MaIlIMHOOYyBaHHS. 3 I[I€0 METOI pO3MVIAJAIOTBECA OKpeMi JIaHKU CHCTEMHU
BIMOBIIHO 10 Kiacudikamii (auB. Tabm. 4), mo Ja€ MOXIHUBICTH JI€TaIbHO
MPOCTEKUTU BHECOK KOKHOTO €JIEMEHTA Yy 3arajbHy noseninky CPPP.

3 orsiAy Ha BUPIMIAIBHY poiib PpUKIIAHUX siBUIl Y poOoTi CMII, mominsHO
MPOBECTH MOINIUOJIEHUI PO3IIIS CUJI TEPTS, IO JII0Th Y KIHEMAaTUYHUX Mapax 1
COpsDKEHHSIX cucTeMu. Ll1 cuiau BHU3HAYalOTh SIK XapakTep MIKpOIEpEMINIEHb, TaK 1
dbopMy MepexiIHUX MPOIECiB, a OTXKE, € KIUYOBUM (HaKTOpOM y 3a0e3MeueHH1
CTaOUIBHOCTI T2 TOYHOCTI PETYJIFOBAaHHS PaJlaJIbHOTO PO3MIPY 1]l Yac XOHIHT'YBaHHS.

Jlnst 3a0e3medyeHHs] BUCOKOI TOYHOCTI PEryJiOBaHHS pajiaibHOTO PO3MIpYy B
MpolleCl XOHIHTYBaHHS OTBOPIB HEOOXIAHO peaizyBaTh MPHUHLMI CHUIOBOIO
3aMHMKaHHS 1HCTPYMEHTAJIbHOI CUCTEMH PEryJIOBaHHs paaianbHoro po3mipy (CPPP).
Came cunoBe 3aMUKaHHS BH3HAYa€ HAMIMHICTh KOHTAaKTy I1HCTpPYMEHTa 3
00pOoOJIIOBaHOIO MOBEPXHEID, CTA0IBHICTD 3yCHUJIb IPUTHUCKY Ta 30€PEKEHHS 3aJaHUX
rapameTpiB MOJIOKEHHS alIMa3HO-a0pa3uBHUX OPYCKiB y Tiporieci o0poOku. HasBHICTH
MPaBUJILHO CPOPMOBAHOT 3aMKHEHOT CHJIOBOT CXEMHU JI03BOJISIE YHUKHYTH Mapa3uTHUX
nepeMilieHb, KOJIMBaHb Ta CaMOBLIBHUX 3CYBIB 1HCTPYMEHTAJIbHUX €JIEMEHTIB, SIKI
MO>KYTh MPU3BECTHU J0 BIIXUJIECHb TEOMETPUUHHUX ITApaMETPiB OTBOPY.

Posrisiparoun KiHLEBY JIaHKY TpaauiiiiHoi iHcTpyMeHTanbHOoi CPPP, moxna
o0y IyBaTH CXeMy Jii CHJI y TIPOILIeC] PEeTyIIOBaHHS pajliaiIbHOro po3Mipy (puc. 6, a).
Y MOMEHT NO3MIIII0BaHHS Ha KIHIIEBY JIAHKY i€ OchoBa cuiia PZ cripsiMoBaHa y3/10BX
oci iHcTpyMmeHTa. Ilim nmiero 1€l cuiam BiAOYBA€ThCS TMEPEMIIICHHS KIMHOBOTO

eJIeMeHTa, 10 MPHU3BOJUTH JO0 YTBOPEHHS pamianbHOi cuiam PX, copsmoBaHOi
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NEePHEeHAUKYJIAPHO A0 Ocl OTBOpY. PadianbHa cuia, y CBOIO 4epry, MepeaaeTbesl Ha
MOBEPXHIO 00pPOOJIFOBAHOTO OTBOPY Yepe3 KOHTAKTHI JIISHKU aiMa3HO-a0pa3suBHUX
OpyckiB. Y BIANOBIAb Ha 110 pagiaidbHOI CHIM (QopMyeTbesi peakiis omopy RX,
cupsimoBaHa mpotuiexHo a0 PX. Came 1s peakiiss € €JIE€MEHTOM CHJIOBOIO
3aMHUKaHHs, SKe (IKCye CHUCTEMY BIAHOCHO OOpOOIIOBAHOI MOBEPXHi, CTBOPIOIOYU
piBHOBAry Cuil y poOOuoMy CTaHi.

Cuin, sK1 1110Th y KiHIeBii ganii CPPP, matoTh iMmmynbcHUM, TOOTO 3MIHHUH Y
yaci, XapakTep. Y TpoIleci peryjioBaHHA OChOBUHM IMIynbc cuinu PZ, 1o
300paKy€ThCS Ha CXeMl JIiHI€I0 4, BUKIMUKAE YTBOPEHHS BIJIMOBIIHOTO IMITYJIbCY
pamianbHOi cunu PX, sikmit mpencraBnenuit miHiero 7. LI iMImynscH BiANOBIIAIOTH
eTammy KOPOTKOYAaCHOTO TEPEMIIICHHS Ta BCTAaHOBIEHHS 1HCTPYMEHTa y HOBOMY
nosioxkeHH1. [licns 3aBeplieHHs MO3UIIIOBaHHSA OCboBa cuiia PZ crabumi3yeThes, a
CUCTEMA MEPEXOAUTh Y CTATUYHUN PEXHM, 32 YMOBH, 110 pajaianbHa cuna PX>0. Y
bOMY CTaHl KOHTAKT MK 1HCTPYMEHTOM 1 MOBEPXHEI0 MIATPUMYETHCS 32 PAaXyHOK
CUJIOBOT'O 3aMUKaHHsI, 110 3a0e3reuye (pikcoBaHe MOJIOKEHHS OPYCKIB.

[1ix yac 6e3mocepeTHbOr0 3HIMAHHS MPUITYCKY 0ChOBa cuiia PZ 3HMKY€EThCS 10
HYJIS1, OCKUTBKY aKTHBHE TIO3UIIIFOBAHHS MPpUNMHAEThCs. BomHovac pamgiansHa cuna PX
30epirae CBO€ 3HAYEHHS 3aBISKH MPY>KHIM JKOPCTKOCTI CUCTEMU Ta HE3BOPOTHOCTI
KJIMHOBOI mepenayi. OcTaHHS BUKOHYE (PYHKIIIO MEXaHIYHOTO (ikcaTopa, SKUAW
3armo0ira€ CaMOBUIBHOMY 3BOPOTHOMY TMEPEMIIIEHHIO OpYCKIB TiJ JIEI0 peakiii
KOHTAaKTHUX CHJI. TakKMM YMHOM, HaBITh Y BIJICYTHOCTI OCbOBOI'O 3yCHJUIS, CUCTEMA
30epirae HeOOX1THUN KOHTAKTHUN TUCK MIXK THCTPYMEHTOM 1 MOBEPXHEIO IETAJI, IO €
HEOOX1THOIO YMOBOIO CTa0UTLHOTO MIPOLIECY XOHIHTYBaHHSI.

Peanmizallis mpUHIUIY CHJIOBOTO 3aMHKaHHS € KPUTUYHO BAXKIMBOIO ISt
JIOCSITHEHHSI BHCOKOi TOYHOCTI Ta BIATBOPIOBAHOCTI pe3yibTaTiB 00poOku. Bona
3a0e3nedye CTaliCTh MOJOXKEHHS 1HCTPYMEHTAJIbHHUX €JIEMEHTIB Yy 30H1 pi3aHHS,
KOMIICHCY€ BIUIMB MIKPOKOJMBaHb Ta (PUKIINHUX e(eKTiB, a TaKoXX BH3HAYA€E
XapakTep po3NoAlTy HaBaHTaKE€Hb Y 30HI KOHTaKTy. AHaJ3 CUJIOBOi CXEMH KIHIIEBOI
JAHKU JI03BOJISIE HE JIMILE OIIHUTU €()EKTUBHICTh TPAAUIIAHUX KOHCTPYKTHBHUX

pillleHb, a W BHUSBUTH IOTCHIIIMHI 30HU IOKPAIICHHS, MOB’sA3aHl 3 IABUIICHHIM
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MPY>XHOT CTabUIBLHOCTI Ta TOYHOCTI MO3UIIIOBAHHS y MEPEXITHUX 1 CTATUX PEeKUMaX

poOOTH.
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Puc. 6 Cxema AUCKPCTHOI'O CUJI0OBOI'O 3aMHUKaHHA KiHHCBOT JJaHKH

tpanuuiitaux CPPP a) cxema fii cun B KiHLeBiH jaH1i; 0) rpadik aii IMITyIbCY CHIT
npu ¢pyskiionyBanHi CPPP

1 — knuH; 2 — anMa3Ho-a0pa3uBHI OpyCKHU; 3 — KOHTYp MOBEpPXHI 00pOOIIOBAaHOTO OTBOPY;
4 — niHiA 3pocTaHHA iMmynbcy cunu PZ; 5 — minis crabimizanii cunu PZ; 6 — miHisS magiHHS
iMynbey cunu PZ; 7 — niHis 3pocTaHHs iMIyJbcy cuiid PX Ta 3pocTaHHSl Hampy>KeHHA 0X; 8 —
JiHIA magiHHA iMmynbey cuiau PX, sdka cmiBmagae 3 JIiHIEIO 3MIHM TPUIYCKY B IpoIeci
XOHIHTYBaHHsI Ta IaA1HHS Hanpy>XeHHs oX; PZ — ockoBa cuna; PX — paaianeHa cuna; RX — peakis
onopy Ha Jito cuin PX; t — yac; a — yac 3pocTaHHs IMIyJbcy cuian PX B ymMoBax CHIJIOBOTO

3aMHMKaHHS; b — yac magiHHs iMIysbey cuiid PX, akuil cynpoBOIKY€ThCS 3MEHIIEHHSIM BETMYMHU
IPHUITYCK, 10 3HIMA€ETHCS.

Jxepeno: chopMOBaHO aBTOPOM CaMOCTIHHO

Takox, Ipu 3pOCTaHHI IMITYJIbCY OChOBOT CHIIM PZ Ta iMIyJibCy pafiajibHOI CUITU
PX nmpucyTHe po3y3roiyKeHHs, 0 CBIIYUTH PO HASBHICTH 1HEPIIITHOCTI.

[Taninas 3Ha4eHHS pajiaabHoi criid PX—0, 1110 moB’s3aH0 3 MPOIECOM 3HATTS
NPUIYCKY TMpHU3BEAE N0 TOro, IO IMIYJIbC OCbOBOi cuiM PZ 3HOBY mnpuiime

MaKCHMaJbHE 3HAUYEHHS Ta 30UIbLINTH BEJIMUUHY pajianbHOi cuiia PX>0.
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[Tpomikok Yacy mpu MajiHHI IMITYJIbCY padiaibHOl cliid B Mexax 0«—PX>>0 i
BIJICYTHOCTI IMITYJIbCY 0ChOBOi cuiu (PZ=0) 6yne BuzHauatu "cunoBuii modt".

CunoBuii moT - 1e cTaH TpH SKOMY 1HCTpYMEHTalbHAa CHCTEMa
HeBpiBHOBaXkeHa (PZ=0; PX—0).

YMOBU pIBHOBArv CUCTEMHU:

2X=0 RX-PX=0 (1)
>7=0 PZ-RX/tgo=0 (2)

Je: 0. — KyT KIIMHOBOT mepeiayi.

YMmoBa (1) B Oyap sikoMy pasi cTaHl 30€pira€TbCsi MPOTITOM BChOTO TPOLIECY
XOHIHT'YBaHHA. 3MEHILIEHHS cuii PX 1oB’s13aHe 13 3HATTAM MPUILYCKY Oy/1€ BUKJIUKATH
3MeHIIeHHs peakiii RX 1 marpuMyBaTu piBHOBAry.

B Toii jxe yac ymoBa (2) He MATPUMYETHCS B TIPOIIEC XOHIHTYBaHHSI, TOMY IO
npu 3ynuHl nepemimenss knuHa (PZ=0), peakuia RX/tgo>0, 3a paxyHOK Ipyx’HOi
’KOPCTKOCTI CUCTEMHU BU3HAYEHOIO HE3BOPOTHICTIO KIIMHOBOI epeaadi. Takum YMHOM,
cuctemMa OyJie HEBpiBHOBa)KE€HA B HAIIPSIMKY BicCl Z.

Pict imnynecy cuin PZ n1st CTBOpEHHSI CHIIOBOTO 3aMHUKaHHA BiI0OYyBa€eThCS B
yMOBaxX MEPEXiTHOTO Mpoiiecy. Sk Oyj0 BU3HAUEHO, B YMOBAaX MEPEX1THOTO MPOIIECY
KJIMHOBIA JIaHI]l NMpUTaMaHHA IHEPUIWHICTh, KA HETaTUBHO BIUIMBA€E HA IPOILIEC
pEryJIIOBaHHS PaaiaibHOTO PO3MIpY.

OTxe, MOXXHA TPUATH 10 BHUCHOBKY, IO YTBOPEHHI cuiioBui 0T Oyne
CBIJTYUTH IIPO IUCKPETHICTh IMITYJIbCY OCBOBOI CHIIM PZ Ta mocTiitHOT poOOTH B yMOBax
MePEX1THOTO MPOIIECY Y BIAMOBIAHOCTI 0 TOCHTIIKEHb [278,283].

Cucremu perynroBanHs paaiaibHoro po3mipy (CPPP) nanexars 10 BepctaTHUX
CUCTEM, 1110 3a0€3MeUyI0Th BUCOKOTOYHI MEPEMIILIEHHS IHCTPYMEHTAIbHUX €JIEMEHTIB
y Mexax Manux mBuakocted. [lomiOHI cucTeMu 3aCTOCOBYIOTHCS Y BUCOKOTOUHOMY
MalMHOOYyBaHHI, /¢ HEOOXiJHO peai30BYBaTH IMO3UIIIIOBAHHS 3 TOYHICTIO [0
YacTOK MIKpOHA Ta IMpU LbOMY 3a0e3MeuyBaTh CTAOLIBHICTh MPOIECY B yMOBax
HU3BKOIIBUIKICHOTO PYXY.

BignoBigno go nmochimkens [278,283,284], mpuBoau BY3JB BEpPCTATIB, IO

MalOTb BUKOHYBATH MaJil TOYHI HepeMiH_[eHHSI 3 HM3bKMMH IBUAKOCTAMH, ABJIAIOTH
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co00I0 CUCTEMHU, Yy SIKUX BIJIOYBA€THCS MPYKHA B3a€EMO/I1sl KOHTAKTYIOUUX MTOBEPXOHb.
HasBHICTh cvJI TEpTS MK LIUMHU MOBEPXHSIMU 3YMOBIIIOE PO3Y3TO/DKEHHS MK pyXaMH
JAHOK, 5KI (OPMYIOTh KEpPYyHOYH CHUTHAJI, Ta JAaHOK, IO Oe3mocepeaHbho HOro
peani3ytoTb. Lle po3y3romkeHHs € OJHI€I0 3 TOJOBHUX MPUYUH MOSIBU CHEIUBIYHUX
IMHAMIYHUX €(EeKTIB y Mpenn3iiiHuX MexaHi3max.

Konmm mBHAKICTP KOB3aHHS B KOHTAaKTHUX 30HAaX € HIDKYOIO BiJ] MEBHOTO
KPUTUYHOTO 3HAYCHHS [278], criocTepiraeThCs pi3ko BUpaKeHa HEPIBHOMIPHICTB PyXY
BHKOHABYUX JIaHOK. Takuii pyx HaOyBae CTpUOKOMOAIOHOTO XapaKkTepy 3 YepryBaHHIM
KOPOTKUX (a3 KOB3aHHS Ta 3yNUHOK, 10 NOBTOPIOIOTHCS 3 TIEBHOIO MEPIOJUYHICTIO.
[ToxiOHi siBUILIA € TUIIOBUMHM JJII MEXaHI3MIB TOUYHUX BEPCTATIB, Y AKUX HEOOX1THO
3a0€3Me4YUTH MIKPONIEPEMIILIEHHS 3 IIBUAKOCTAMU y JACKIJIbKA MUTIMETPIB 33 XBUJIUHY
a00 HaBITh MEHIIMUMH. Y IIUX YMOBaX CHJa TEPTs Ta MPYKHI Aedopmallii BiJIrparoTh
JIOMIHYIOUY pOJb, a TMOBEMIHKAa CUCTEMH CYTT€BO BIIXWISETHCA BiJ 17€ali30BaHOT
JIIHIAHOI MOJIEIII.

Xapaktep pyxXy IpH TaKUX TOYHHUX 1 MAJIUX MEPEMIIICHHSIX BIIHOCUTH pOOOTY
cucteMu 10 (DYHKI[IOHYBaHHS y epexiHoOMY pexuMi. [{e o3Havae, 1110 3BUYHI METOIU
CTATUYHOTO aHaJI3y HE JO3BOJISIOTH MOBHOK MIPOIO OMHUCATH TMOBEMIHKY CHUCTEMH,
OCKIJIbKM BU3HAYAJIbHUMU € YaCOBI 3aJIe)KHOCTI Ta IHEPUIAHO-QPUKLIIHI e(hEeKTH, SKi
MPOSIBJISIIOTBCA Y KOPOTKUX YaCOBHX 1HTEpBasiax. BHACIIIOK 1IbOTO (DYHKIIIOHYBaHHS
cucteM Ttuny CPPP HeoOximHO OIlIHIOBAaTH 3 ypaxyBaHHSM JIMHAMIYHHX
XapaKTepUCTHUK, 10 BHUMAarae cCreliaJbHUX METO/IB aHali3y, 3aCHOBAaHMX Ha
PIBHSIHHSIX PyXy Ta ypaxyBaHHI 3MIHHUX TTapaMeTPiB TEPTH.

Ockinbku CPPP cknanaetses 3 psiay MOCIIOBHO B3a€MOTIOB’ sI3aHUX JIAHOK, HA
MOYATKOBOMY €Talll JOCJIJKEHHSI MPOBOJMUBCS aHaNI3 JUHAMIYHUX XapaKTEPUCTHUK
KOXKHOT JIAaHKH OKpemo. Takuil miaxing ga€e 3MOTy 17eHTH(IKYBaTH BIUTMB OKPEMHUX
KOHCTPYKTUBHUX €JIEMEHTIB Ha 3arajibHy MOBEIIHKY CUCTEMH, BUSBUTH MOTEHIIHHI
JpKepesia HecTaOUIbHOCTI Ta OI[IHUTH I1XHIM BHECOK y (OPMYBaHHS MEpPEeXiTHUX
npoiieciB. Pe3ynprati quHaMivHUX TOCHIKEeHb okpemux jaHok CPPP naBeneHni B
A0JaTKy A Ta CIyrylooTh 0a3010 ISl TOJAIBIIOTO MOJETIOBAHHS 1HTErPOBAHOI

MOBEIIHKY CUCTEMH B IIJIOMY.
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Ha mijcraBi [uHaMiqHOTO aHAI3y CKIIAIOBHUX JIAHOK TPATUIIIMHUX KOHCTPYKITIH
CPPP, posrmsinemo cuctemy B 1muioMy. Enextpomexaniuna CPPP (muB. puc. 7)
[272,273,285] cknamaeThecsi 3 KPOKOBOTO €JIEKTPOABUTYHA 1, 3yOuaToi KiHEeMaTHIHOI

napu 2, TBUHTOBOI KIHEMAaTUYHOI Mapu 3 Ta KIMHOBOI NapH 4.

200

100 7
2, 00
-100
-200
-270
-315
0, o
-405
—450 2 1 0 I
10~ 10° 100/ 10 1
w pad/c
2)
0
W, - W,
Sy S,
—~— W’q S

Puc.7 Enexrpomexaniuna CPPP Ta xapaktepucTuka nepexiHoro mporecy
a) KOHCTPYKTHBHA cXeMa; 0) CTpyKTypHa cXeMa; B) MepexiiHa

XapaKTEPUCTHKA; T') JOrapuMiyHO-4aCTOTHI XapaKTEPUCTUKH;

1 — enexTpuUYHUN KPOKOBUH ABUTYH; 2 — 3yOuaTa KiHeMaTH4Ha mapa; 3 — IBUHTOBA
KiHeMaTH4yHa Tapa; 4 — KJIMHOBAa KiHEMaTM4yHa Mapa; 5 — IapHipHa miiBicka; 6 — mepexiaHa
XapaKTepUCTHKA BHUXIJHOI BeNMUYMHU Sx= f(t); 7 — morapudmiuHa aMIUNITYAHO-4aCTOTHA
XapaKTEepUCTHKa; 8 — orapudmivHa (a30BO-4aCTOTHA XapaKTEPHCTHKA;

Jlxepeno: cpopMOBaHO aBTOPOM CaMOCTIHHO

OKpIM KpPOKOBOTO €JEKTPOJIBUTYHA, BXKE€ BIJOMO pIBHSHHS MepeAaBalibHUX
(GyHKIIA KIHEeMAaTMYHUX TMMap B JuHamill. BuszHaunmmo mnepeaaBaibHy (YHKIIIO
KPOKOBOTO €JIEKTPOJIBUTYHA B TMHAMIIIL.

Enextpuunnii kpokoBuit neuryH 1 (B momanemomy EKJI). Bin nmpexncrasisie

PI3HOBHJI CHHXPOHHOTO €JEKTPUYHOTO JBUTYHa, OOMOTKa KEpyBaHHS, SKOTO

30ymKy€eTbes 6aratopazoBor0 CUCTEMOIO MPAMOKYTHHUX IMITYJIbCiB [286,287].
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CknazieMo piBHSIHHS 00€pTOBOTO MOMEHTY, SIKMil CTBOprO€ThCsl Ha Baimy EKJI
[286].

Mo, = My(8) + B 3)

ne: Mg — cunxponizytounit MomeHT EK/I;
0 — reomeTpuuHuil KyT moBopoTy Bamy EK/I;
B — xoedimienT nemndyBaHHSA, OOYMOBJICHUN MPOTUIIEID OOEPTAHHIO,

BHUXPOBUMHU TOKaMHU Ta CTATUIHHUM 1 KIHEMAaTHYHUM TCPTIAM,

!

d . : :
—¢ - KyToBa IBUKICTH BaITy KJI, mepia nmoxiaHa Bij KyTa MopoTy;

PiBHsiHHS 3 BKa3zye Ha 3alieHICTh CHHXPOHI3YIOYOIO MOMEHTY BiJ KyTa
ITOBOPOTY, 115 3aJICKHICTh Oyie 3MIHIOBAaTHUCS B KOHKpeTHO obpanoro tumy EK]I.

BuBenemo piBHsHHS nepenaBaibHoi GyHKii EK/I.

. M,
L= —AdG’ 4)
Ms(0)+B—+

[TpuBeneni piBHssHHS onucytoTh EKJI B ctaTui. 11 O11b1I Je€TanbHOTO aHATI3Y
HeoOx1aHo po3rsiHyTd EKJ] B munamiii.
Jnsa anamzy EKJl B auHamimi HEOOXiJHO CKJIACTH PIBHSHHS PIBHOBard B

JTUHAMILI.

2= My(0) + 22 p 5)

ne: J — MOMEHT 1HepIii;
M. — momeHT onopy Ha Baity EK/I.
Busnaunmo nepenaBanbHy ¢yHkuiro EKJ[ B aguHaminl 3 BpaxyBaHHSIM

IICPCTBOPCHL 3a JlamnacoM 3 mo4aTKOBUMHM HYJIbOBHMH YMOBAMU.

1

_6_ %
W= My (ép+1) (6)

[Ticnss BU3HAYEHHS BCIX THIIIB JIAHOK Ta iX XapaKTepUCTUYHUX pPIBHIHb

CKJIQZIEMO 3arajibHe PIBHSIHHS MepenaBaibHOl (yHKINT enekTtpomexadiuaoi CPPP.

g tgoz(mkp2 +ykp) (J3 +,L13)p 0.5medtgyp -']‘;erl

Sk 1 %k i3 %k lLle %k ﬂ_l (7)
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Omnuparounch Ha PIBHSHHS TepeJaBajbHUX JAHOK Ta 3HAKOYl NPUHIUM il
enekrpomexanigHoi CPPP ckmameMo cTpyKTypHY cXeMmy Jie BKaKeMO BCi 3B’SI3KH Ta
HeoJTiKu (puc.7,0).

JIJis TOJaIbIIoro AOCHIKEHHS HEOOX1THO BU3HAUNTHUCS 3 3HAYCHHSIMH CHJI Ta
THIIINX CKJIAIOBUX. 3BEIEMO BCI JaHi 10 TabJmiIi 5.

Matoui HeoOXiqHI JaHi MOOYIyeEMO TIEPEXiTHY XapaKTepUCTHKY (puc.7,B), Ta

norapudMiuHi XapakTepucTuku (puc.7,r) enexrpomexanignoi CPPP.

Tabmauus S

3MiH1 JBuryn 3ybuara I'BUHTOBA Ta KIMHOBA
napamMeTpd,  OJUHHILS nepejaya nepeaaya
BUMIpPY

J,HwMm 1* - -

B 0,3 - -

s - 0,3 -

As, Hm - 1* -

\|’>° - - 4a5

I't, MM - - 8

Ax, HMm - - 1*

mr, KT - - 1%*

Mg, KT - - 1%*

Kq - - 0.3

fx = = 0.8

Us, MM* - - 342

M - - 0,3

* - Tak, SIK HE BIIOMO 3a SKUM 3aKOHOM OyJie BU3HAYATHCS JaHi napaMmeTpH. JJominbHo st ix
BU3HAYCHHS BUKOPUCTATH METOJ AaNpOKCHMAIlii, IO JIO3BOJUTH BHPA3UTH MapaMeTph B
NPONOPLIHHIN 3a€KHOCTI Y BUIVIAAI MpsIMOi. 3HaYeHHs JaHUX MapaMeTpiB OyAyTh BU3HA4YaTUCS
TAHI'€HCOM KyTa, MK IIPSIMOIO Ta ii MPOEKIII€l0 Ha BiCh. YMOBHO MPHUIIMEMO, 1110 TAaHTe€HC KyTa Oyne
nopiBHIOBaTH 45°, a gk BigoMo tg45°=1.

[lepexinna xapakrepuctuka enekrpomexaniunoi CPPP puc.7, B Bka3ye Ha He
THIAHICTh BUXIAHOI Nii, a camMe 3MIHUM BEJIWYMHU KOHTAKTHOTO THCKY aJMa3HO-
abpa3uBHUX OPYCKIB Ha 00POOJIOBaHY MOBEPXHIO P={(t), 1110 00YMOBJICHO HASIBHICTIO
1HEepIIIMHOCTI, II€ MOB’SI3aHO 3 HASBHICTIO €JIEMCHTIB TepTd B JIaHKax. HasBHICTBH
IHEepIIIMHOCTI MPU3BOJIUTH 10 HECHIBNQAIHHA 3 BXigHOWO giero 0=f(t). YTBopeHe
PO3YTOJPKEHHS BX1JIHOI 0 Ta BUXiTHOT Jii px MPU3BOIUTH JI0 YTBOPEHHS HE CTAJIOTO

(IMIyJIBCHOTO) PYXY, IO MOTIPIIy€E il TOYHICTH PETyJIOBAaHHS PaliaIbHOTO PO3MIpY.
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[IpuurHOIO 00YMOBIJIEHOTO SIBUIIA € HASIBHICTh CTATUYHOTO Ta KIHETMYHOTO TEPTS 3
HEJIIHIMHOIO XapaKTEPUCTHUKOIO B 30H1 MaJUX MEPEMIIEHb

OTtpumMaHni JorapumidHi YaCTOTHI XapaKTePUCTUKH (puc.7 ,T') CBITYATH MPOTE,
o Tmpolec GyHKIIIOHYBaHHS HE BIAMOBIIa€ yMoBaM ctasiocTi. Lle miarBepaKyeThes
TUM, 1110 KpUBa 3MiHU (Da3u MEepeTUHAE PaHillle TPAHUII0 CTATOCTI 3 HIXK KpUBa 3MiHU
aMIUTITyAM TIepeTuHae TpaHuiio crajgocti 4. OOYMOBJICHICTH HE CTaloro
(YHKIIIOHYBaHHS ~ BUKJIMKAHE  HAsSBHICTIO  €JEMEHTIB  TepTd B  JIaHKax
enexkTpomexanigaoi CPPP.

[Nppasniuna CPPP (puc. 8) [274-276, 282] ckiagaeTbcs 3 30J0THHUKOBOTO
TAPOPO3NOAITFHUKA 3, TIAPABIIYHOTO HWIIH/PY 2 Ta KJIMHOBOI KIHEMaTHYHOI napu 1.

Busnaunmo mnepenaBanbHy (yHkmito rigpaBmiyHoi  CPPP, nmma  mworo
MEPEMHOKUMO MepeaBaabHy (DYHKIIIO KIMHOBOI KIHEMATUYHOT [Tapy Ta T1IpaBiIiqHOl
nanku. Crig 3a3Ha4YMTH, 110 NepeaBaibHa (PYHKIS TAPABIIYHOI JJAHKH OMKCYE IO
TIAPaBIIYHOTO LMJIIHJAPY Ta 30JIOTHUKOBOIO TIAPOPO3NOJAUIBHHKA B YMOBax

MEPEX1THOTO PEKUMY.

s, 1 \ k. /v,) (8)

W=k _

bz, tga(mkp2+,ukp) 1 [Vmp : .k, [mpE
— | p +-Z [ p+1
U, \ 2E u,\ 2y

p

Onuparoyuch Ha PIBHSHHS TEpeAaBaIbHUX JIAHOK Ta 3HAKOYl MPUHIMI il
rigpasiiyHoi CPPP ckimanemo cTpykTypHy cxemy (puc.8, 0) Ae BKaKeMO BCl 3B’SI3KH
Ta HEJIOMIIKH.

Jlns mogaapIoro AOCHIIKESHHS HEOOX1THO BU3HAYMTHUCS 3 3HAUCHHSIMH CHII Ta

1HIMX ckianoBux rigpasiaiyHoi CPPP. 3Benemo Bci nani 10 Tabaui 6
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3 || ,
> 50
Sy, MKM 0
al 1,6 A, 00
by | 5 -100 6
N T 112 » -150
3/ 2 ; : -200
0,8 -90
-180 7
0,4 °
?,
4 0 -360 “— - g -
0 05 1 L5 2 25 te¢ 10~ 10° ]0} 10 10
w pao/c
1 6) 2)
Z, W Z, _ A S,

Puc. 8 I'iapasniuna CPPP ta xapakTepucTika nepexiiHoro npoiecy a)
KOHCTPYKTHBHA CXeMa; 0) CTPYKTypHa CXeMa; B) IIEpexXiJHa XapaKTePUCTUKA; T)

JorapuMivHO-4aCTOTHI XapaKTEPUCTUKH;

| — xTMHOBA KiHEMaTHYHA Mapa; 2 — TIAPOIIIIHAD; 3 — T1IPOPO3NOAITIBHIK; 4 —IapHIpHA ITiBICKA;
5 — mepexiJiHa XapaKTEepUCTHKA BHUXIJHOI BeIMuuHHU px= f(t); 6 — norapudmiuHa aMIuITyaAHO-
YacTOTHA XapaKTepUCTUKa; 7 — jorapudmiyHa (pazoBo-4acTOTHA XapaKTEPUCTHUKA.

Jlxepeno: copMOBaHO aBTOPOM CaMOCTIHHO

Tadoauus 6
3MiHI TapamMeTpH, ['iapaBaiuHuit KimuoBa
OJIMHMIIS BUMIPY LWTIHIP nepeaaya
£, Mm? 1* -
vV, mm® 1* -
E, MIla 10 -
My, KT 1* -
My, KT - 1*
Kkq - 0.3
fx - 0.8
Us, MM - 342
1) - 0,3

* - TaK, sIK HE BIJJOMO 3a SIKUM 3aKOHOM Oy/ie BU3HAYaTHCS JTaHl mapaMeTpu. JomiapHo ams X
BU3HAUEHHS BHUKOPUCTaTH METOJ alpOKCHMAIlii, IO O3BOJHMTH BHPA3UTH TMapaMmeTpu B
MPOMOPLIHHINA 3aJ€KHOCTI y BUTIIAAI NMpsAMOi. 3HAYEHHS JaHUX HapaMeTpiB OyIyTh BU3HAUaTUCS
TaHTeHCOM KyTa, MXK TIPSIMOIO Ta ii MPOEKII€I0 Ha Bich. YMOBHO MPHUIIMEMO, 1110 TAaHTEHC KyTa Oye
nopiBHIOBaTH 45°, a sk Bimomo tg45°=1.
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Ha ocHOBI puBeIeHUX JaHUX Ta PIBHSHHS MepeaaBaibHOl QYHKINT OOy IyeEMO
nepexiHy XapakTepUCTUKY (puc. 8, B) Ta jorapu(pmidyHO YaCTOTHI XapaKTEPUCTHKA
(8, ) rimpasmiunoi CPPP. Ha ocHOBI Bka3aHMX XapaKTEPUCTUK BU3HAYMMO HASIBHICTh
CKA4KO-TI0/IIOHOT0 PyXy Ta YMOB CTAJIOTO (PYHKIIIOHYBaHHS.

[Tepexigna xapakrtepuctuka rigpasiiynoi CPPP ( puc.8, B) B Bka3dye Ha He
JMHIAHICTh BUXIAHOI 1ii, a came 3MIHM BEIWYMHU KOHTAKTHOTO THCKY aJMa3HO-
abpa3uBHUX OPYCKIB Ha 00POOJIIOBaHy MOBEPXHIO P={(t), 1110 00YMOBJICHO HAIBHICTIO
iHepriitHocTi B manka CPPP, mo moB’s3aH0 3 HAsIBHICTIO €JIEMEHTIB TEPTA, a caMe
CTaTUYHOI Ta KIHETUYHOI €Heprii 3 HeNiHIWHOI0 XapakTepuctukoro. HasBHicTh
IHEepIIMHOCTI TPHU3BOJUTH JO HECIIBIAIIHHI 3 BXIAHOK mdieto Z,=f(t) y Bursimi
MePEMIIIICHHS 30JI0THUKA T1APOPO3NOIILHUKA. Y TBOPEHE PO3YTOIKEHHS BX1JTHOI Z,
Ta BUXIJHOI JIIi px MPU3BOJIUTH 10 YTBOPEHHS HE CTAJOro pyxy, IO MOTIpHIyE ii
TOYHICTh PETYJIIOBAaHHS PAIIAIbHOTO PO3MIpY.

OTtpumani Jjorapu(mMidHi YaCTOTHI XapakTepucTuku rigpasiaiunoi CPPP (puc.8§,
I') CBIIYaTh MPOTE, 0 Mpoiiec PYHKIIOHYBaHHS HE BIMOBIa€ yMoBaM ctanocTi. Lle
MIATBEPAKYETHCS TUM, 1110 KpUBa 3MiHU a3y NEepeTHHAE paHille TPaHUII0 CTaI0CTI 3
HDK KpUBa 3MIHM aMIUNITYJIU TMEpeTHHAE TpaHuIto ctanocti 4. OOyMOBIEHICTh HE
CTajoro (PyHKIIOHYBaHHS BHUKJIWKAHE HASBHICTIO €JIEMEHTIB TepTs B JIAHKax
rigpasiaigyHoi CPPP.

HaiiGinpimr epexTuBHUM € 3iHCHEHHS NPOIleCy XOHIHTYBaHHS B YMOBax
ajanTailli, OCKUIbKM camMe B TaKOMYy PEXUMI CUCTEMa PETyJIIOBaHHSA PaAialbHOIO
po3Mmipy (CPPP) 3narna HaiiOiubin afieKBaTHO pearyBatu Ha (DakTUYHI T€OMETPUYHI
BIIXUJICHHS 00pOOIIIOBAaHOTO OTBOPY. AaNTUBHE KEPYBAHHS I03BOJISIE aBTOMATUYHO
BPaxoBYBaTH peajibHI YMOBU (POPMOYTBOPEHHS, 30KpeMa 3MIHY MPHUIYCKY,
BiIXuiIeHHS (OpMH, 3HOC IHCTPYMEHTA, a TAKOX 1HIIN (haKTOpH, SIKI BaXXKO TOYHO
nepea0ayuTH Ha eTari NporpaMyBaHHS.

Jns 3aivicHeHHs aHani3zy ctanocti poootu CPPP B ymoBax ajmanrariii He0O0Xi1HO
MpOBECTH Kiacu(ikaiio TpaauiiiHuX amantuBHUX cucteM KepyBaHHs (ACK)

MPOLIECOM XOHIHTYBaHHS OTBOPIB Ta MOOYAyBaTU aJrOPUTMU iX poOoTH. IcHyroul
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ACK, 3ajie’)xHO BiJl MOCTABJICHOT 3a7a4l Ta METOAIB 11 pO3B’sI3aHHS, pealli3yOTh Pi3Hi
3aKOHM KE€PYBaHHS 1 MOJISIOTHCS HA TPU OCHOBHI TUIIH:

o ApanTuBHI cucteMu (QyHKIIoOHampHOTO peryioBanHs (ACDP) —
KepyBaJbHa Jis € PYHKITIE€I0 OAHOTO a00 KITBKOX MapaMeTpiB CUCTEMH. Taki CHCTEMH
3MIHIOIOTh CBOi PEXUMH 3aJICKHO Bl BIIXHIIEHHS KOHTPOJHOBAHMX BEJIWYUH BiJl
3aJlaHUX 3HAYECHb.

o AnanTuBHI cHCTeMH eKcTpemanbHoro perymoBanas (ACEP) —
3a0e3MevyyloTh MIATPUMAHHSI TPAHUYHOTO 3HAYEHHS OJTHOTO UM KIJIBKOX IMapameTpiB
cucTeMu. IxHs po6oTa GasyeThcs Ha MONIYKY Ta YTPUMAHHI ONTHMAILHUX YMOB 32
oOpaHUM MapamMeTpoM (HaIpUKIIaJ, KpyTHUM MOMEHTOM a00 TUCKOM).

. AJanTUBHI CUCTEMH ONTUMaJIbHOro perymoBaHHa (ACOP) —
BpPaxOBYIOTh KOMIUIEKCHUM KpPUTEpii ONTHUMAJIbHOCTI, SKUN BKIIOYAE CYKYIHICTb
OeKUIbKoX (pakTopiB. Ha OCHOBI LIBOrO0 KpHUTEPIO 3I1MCHIOETHCS KOPUTYBAaHHSA
napaMeTpiB KepyBaHHS JUIsl JOCSITHEHHS HAMKPAIUX TEXHOJIOTTYHUX MOKA3HUKIB.

Busnauanbaumu ¢daktopamu, 1o BIUiMBaloTh Ha podoty ACK, € xapaktep
BXIJIHOTO Ta BHXIJIHOTO CUTHATIB. J[JI1 MMOBHOILIIHHOTO aHATI3y Ba)KJIMBO JOCIIIUTH
[UISIX TIEPETBOPEHHS BXIJHOTO CHUTHATY Yy BHXIJHUW, OCKUIBKM camMe Iel MUIsaX
BHU3HAYA€ IIBHUJIKOJIIO Ta TOYHICTh PEAKI[li CUCTEMHU HA 3MIHU TEXHOJOTTYHUX YMOB.
Jlns 3a6e3neuends HaniiHoro (ynkiionyBanHs ACK moBwHHI BiANMOBIIATH HU3II
BHUMOT': YiTKAa BU3HAYEHICTh BX1JHUX Ta BUX1JHUX APAMETPIB; MOKIIUBICTh iX TOUYHOTO
BUMIPIOBAHHA Ta PETYJIIOBAaHHS B 33/IaHUX MEXKaxX; HAsBHICTh CTIMKOI KOPEJIALIMHOI
3JIEKHOCTI MK BXIJHUMH Ta BHUXIJIHUMH CUTHaJaMu (JIiHIHHOT a00 HEIiHINHO);
CTaOlIBHICTH I11€1 3aJIEKHOCTI 3a BIJICYTHOCT1 200 MIHIMAJIbHUX KOJMBAaHb TCTEPE3UCY;
OCHAIIICHICTh CHUCTEMH HEOOXITHUMH €IEeMEHTaMH — YyTTEBUMHU, MOPIBHUIBHIUMH,
M1CUIIOBAIbHUMHU, BUKOHABYMMH Ta KOPETYIOUUMHU.

YyTTeBI €IEMEHTH BUMIPIOIOTh BIIXWJIEHHS PETYJIbOBAHMX IMAapaMETpiB BiJ
3aJJaHUX 3Ha4YeHb a00 pearyioTh Ha 30ypeHHS, NEPEeTBOPIOIOYM iX Yy KepyBaJbHUN
curtail. EneMeHTy nopiBHSHHS BUKOHYIOTh OINEpalliio BiIHIMaHHS a00 CHiBCTaBIECHHS
dbakTHYHUX 1 3adaHuX Benu4uH. [liICHUITIOBAIbHI €IIEMEHTH, BUKOPHUCTOBYIOUH

€Hepril0 CTOPOHHBOTO JKEpesa, 30LIbIIYIOTh MOTYXHICTh KEpyBaJIbHUX CHUTHAJIB.

295



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

BukoHaBui enemMeHTH Oe3Mocepe/IHbO BIUIMBAIOTh HAa PETYIIOYl OpraHu 00’ €kTa
KEpYBaHHs, peanizytoun chopMoBaHi curHanu. Koperytodi eaeMeHT BBOAATHCS AJIs
HAJAaHHS CUCTEMI JOJIATKOBUX BIACTUBOCTEN, HEOOX1THUX JJIs 3a0€3MeUeHHS 3aJaHIX
PEXKUMIB PETYJIIOBaHHS, HANpHUKIaJ KOMIICHCAIlll 1HEPIIMHOCTI YW IIiJIBUIICHHS
CTIMKOCTI.

Ha ocHOBI 3a3Ha4eHHUX MTPUHIINIIIB OO0y 10BaH1 aITOPUTMHU POOOTH PI3HUX THUITIB
ACK, mo 3acTocoBylOTbCA Yy Ipolieci XOHIHTyBaHHSA. Ha pucyHky 9, a HaBeneHO
JITOPUTM cTab1Ti3a1lii KPyTHOTO MOMEHTY 3 BUKOPUCTAHHIM KOPETYIOUOT0 MPUCTPOIO
ta CPPP Ha 0a3i uepB’sMHO-TBUHTOBOI Iepeaayl 3 €JIeKTPOIPUBOJOM aJallTUBHOTO
KepyBaHHA. PucyHox 9, 6 umocTpye ainroputm poOOTH TiIPaBIiYHOI CHUCTEMHU
MPOTrPaMHOro PEryJIFOBaHHS TUCKY 1HCTPYMEHTA B pajiajgbHOMY HanpsiMky ta CPPP
Ha 0a31 pelKoBO-KyJIauyKOBOI Iepeayi 3 riAponpruBOAOM aIaliTUBHOTO KepyBaHHs. Ha
PUCYHKY 9, B TpPEICTaBICHO alTOPUTM CHUCTEMH aBTOMATHUYHOTO KEpPYyBaHHS 3
BUKOPUCTAHHAM TIJPaBIIYHOrO LMJIIHApA OpsMOi Jii 3 APOCENbHUM adalTHBHUM
KepyBaHHsIM. PUCYHOK 9, T' 1eMOHCTpY€ alropuT™ aIaliTUBHOT CUCTEMHU KEPYBAHHS 3
CTPYMOM, CITIOKUTUM €JIEKTPOJABUTYHOM I'OJIOBHOT'O ITPUBOLY, 3 BUKOpucTaHHsIM CPPP
Ha 0a3l TIAPOIWIIHApPA MPsAMOI Jii Ta EJEeKTPOTiAPOPO3NOIIIbHUKA aJdalTHBHO-
MPOrPaMHOTO KepyBaHHs. AJITOPUTM POOOTH CHCTEMHU KEpyBaHHS €IEKTPOIPUBOIOM
3 aganTauiero no nusaxy Ta CPPP Ha 6a3i 3yO0uaTo-rBUHTOBOI Nepenayl 300pakeHo Ha
pucyHky 10.

AHani3 HaBeJACHUX AITOPUTMIB MOKa3ye, IO MEpUIi YOTUPU CUCTEMH MAIOTh
noaiOHy JOriKy pOOOTH Ta BIAHOCHO TIPOCTY CTPYKTYPY, XapaKTEpU3YHOTHCS
HasIBHICTIO OJTHOTO BX1JHOTO Ta OJHOTO BUX1AHOTO mapameTpa. [IpoTe ¢ 3a3HauunTH,
110 Maibke BCl BOHM (QYHKILIOHYIOTh Y PI3HOPIIHUX CEPENOBUIIAX — T1IPaBIIYHOMY,
CJIEKTPUYHOMY Ta MEXaHIYHOMY — IO MO’KE€ MPU3BOJUTH 10 KOJIMBAHb CUCTEMH Ta
3HIDKEHHS i1 IIBUAKOMAII TpPH 3MIHI TEXHOJIOTiYHUX yMOB. I[’dta cucrema Mae
CKJIQIHINTY CTPYKTYPY, OCKIIBKU ONEpYy€e KiIbKOMa BXITHUMHU (CUTHAI Bl Taiimepa,
MOTOYHI KOOPJWHATH 1HCTPYMEHTA) Ta BUXITHUMHU TapaMeTpaMu (TIPOUCHUN IIJISX,
nogava). TakoX BOHA MpaIfoe B JEKUIBKOX (DYHKI[IOHAJBHUX CEPEIOBUINAX, IO

YCKJIa/IHIOE 1i HAJNAaIITYBaHHS Ta 3a0€3Me4YeHHs CTaOIbHOCTI.
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Puc. 9 Anroput™ poboTH
a) cuctema crabuiizanii KpyTHOIO MOMEHTY ¢ pUcTpoeM KoperyBaHHs Ta CPPP Ha 0asi
4yepB AYHO-TBUHTOBOI Iiepeiayl 3 eJIeKTPOIPUBOIOM aJallTUBHOTO KepyBaHHs; O)ripaBiiuHol
CHCTEMH NPOTPaMHOI0 KEpyBaHHs TUCKOM IHCTPYMEHTY B paJiaibHoMy HanpsMky Ta CPPP nHa
0a31 peKOBO-KyJIa4yKOBOI Iepeiayi 3 T1IpOIPHUBOIOM aJaITUBHOIO KEPYBaHHS; B) CUCTEMH
aBTOMaTHyHOro KepyBaHHs Ta CPPP Ha 6a3i ripaBiiuHOro MuIiHApa MPsAMOI Aii 3 IpoCcCeTbHIM
QIaTITUBHUM KEPYBaHHSM; T') aJaliTUBHOI CUCTEMH TI0 CTPYMY, CIIOKUTOTO €ICKTPUIHUM
JIBUTYHOM rojioBHOro npusoay ta CPPP Ha 6a3i rizpouniinapa npsaMoi 1ii 3
€JIEKTPOT1IPOPO3IOAITTFHUKOM aJalITHBHO-TIPOTPAaMHOTO KEPYyBaHHSI

JAKM — nartyMk KpyTHOTO MOMEHTY; Mz — MOMEHT Ha JBHUTYHI T'OJIOBHOTO NMPHUBOAY; Maiax —
3aJJaHuNl KPYyTHUH MOMEHT; Mgx — BIIXWJIEHHS KPYTHOTO MOMEHTY; (2px — BXITHUI CUTHAJ 3MIHU
ornopy; Qs — Omip ABUTYHA; (say — 3al@aHUM OMIp; Pry — TUCK B Timpocuctemi CPPP; A —
npupoieHHs Tucky B riapocucteMmi CPPP; JICC mo KM — natuuk cuiu cTpyMmy MO KpyTHOMY
MOMEHTY; Iz — cula cTpyMy Ha JBUTYHI TOJIOBHOT'O NPUBOAY; lsax — 3a/aHa cuia cTpymy; lex —
BIJIXWJIEHHS CHJI CTPYMY; Pru — TUCK B Tipocuctemi CPPP.
Jlxepeno: chopMOBaHO aBTOPOM CaMOCTIHHO

297



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

OTe, TOJOBHUM HEOJIIKOM PO3TJISHYTHX CHCTEM € Po0OTa B PI3HOPIAHUX
(YHKITIOHATBHUX CEPEIOBUINAX, 0 YCKIATHIOE 3a0€3MeUeHHSI BUCOKO1 CTa0LIbHOCTI
ta mBuakoxdii. Ilicas moOyaoBu anropuTMiB poOOTH MOIUIBHO Kiacu(ikyBaTH
ICHYIOU1 aJalTUBHI CUCTEMHU KEPyBaHHS MPOLIECOM BIIIUIKOBOI aJIMa3HO-a0pa3uBHOT
00poOKM Ta 3BECTH Pe3yJIbTAaTH B TAOIHITIO 7, sIKA JIO3BOJUTH CUCTEMAaTU3yBaTH HAasIBHI

pIIICHHS Ta BUSIBUTH iX NIEpeBaru il HEJIOMIKH.

max Puc. 10 Anroputm poboTH CUCTEMU
KepyBaHHS €JIEKTPUUYHUM MPUBOJIOM 3
ananTaiero o nusixy ta CPPP na
0a31 3y04aTo-rBUHTOBOI Iepeayi 3
€JIEKTPOIIPUBOIOM aJalTHBHO-

POTrPaMHOTO KEPYBaHHS

IR-R.|>S.. Tex — BxomHoW curHan tanmepa; Teux —
BUXITHUN curHai Taimepa; Kirex — moTouHe
3HAYCHHS KOOPJAMHAT 1HCTPYMEHTY; Korex —
KiHLIEBE 3HAYEHHS KOOPJMHAT 1HCTPYMEHTY;

L Fuud | [Fam F' ) R1, Rz — perictpu 3aranbHOro nmpu3Hau€HHs;
max Ssan  — 3aJaHe 3HAYEHHS ULUIAXY, SKUN
nosuHeH npouaun CPPP 3a wac Butpumku

mak

IR,-R,|<S..,

- o .
TauMepy, Fsay — 3a1aHe 3HaUCHHA MOJayl; A—
[( DOHYNiHHSA mu[l_\lepe] NPUPOLICHHA MOAaq1,
b I[)KC]I)CJIOI C(I)OpMOBaHO aBTOPOM CaMOCTIHHO
(" Buxio)

Tpanumiitai  koHcTpykTuBHI cxemu CPPP, mo mnpamooTe B pexumi
IPOrpaMHOTO KEpPYBaHHA IMiJHATAIKOI0 HE 3a0e3MedyloTh JOCTaTHBOI TOYHOTO
PEryJIIOBaHHS PajlajJbHOrO pO3MIpy y 3B’SI3KY 3 HASBHICTIO 1HEPIIMHOCTI B yMOBax
MePEX1THOTO MPOIIECY.

Tpaauiiiini cXeMH aJanTUBHOTO KEpyBaHHsS MiAHATAJAKOI B Mpoleci
XOHIHTYBaHHS HE 3a0e3Me4yloTh JOCTaTHhOI TOYHOI'O pearyBaHHS Ha 3MiHI YMOBHU

pi3aHHs.
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[Tpuunnamu 1HepuitHOCTI CPPP € HasBHICTH HEMOCTIMHOI CHUJIM KIHETHYHOTO

TCPTA 1 3MIHA CHJIM CTaTHYHOTIO TCPTA, N0 € KCPCIIOM IIOMUIIOK PCEr'yJIIOBAHHA

po3Mipy.

Tpaauiiiini

KOHCTPYKTHBHI

CXCMH

CPPP

BHUKOPUCTOBYIOTH

TUTS

(GYHKIIIOHYBAaHHA BXIJHI 1 BHXITHI CHTHAJIH, SKI 3IIACHIOIOTHCS B PI3HOPIIHHUX

(GYHKIIIOHATBHUX CEpPeIOBHUIIAX, a CaMe:

- CJICKTPUYIHUX
- TIAPaBITIYHUX;
- MEXaHIYHUX.
Tadoauus 7
Tur BXigHOrO Tumn nangku Buxinauii curnan CPPP
Buko CUrHary 3BOPOTHOT'O [TpuBin IMepenaBansn | Kinnesa ianka
Ha. 3B’S3KY a JJaHKa
2 3 4 5 6
ACK 3 aganrari€ro mo KpyTHOMY MOMEHTY Ha HIMUHAET] BHpoOy [271]
3MiHa  cHUIU IIeperBopenns [IeperBopenns [TeperBopenn | JliniiiHe
CTpyMy €JIEKTPUYHOIO CHIIM TOKy B |s B JiHIiHE | pagiasbHe
KOTYLIKH BX1/IHOTO CUTHAJy 1 | KyTOBE KyTOBOT'O nepeMilleHHs
IHAYKTUBHOCTI | momayi  ¥oro nepeMilIeHHs nepeMillleHHsT | alMa3Ho-
JaTynKa eJIEKTPUUHY poTtopy 4YepB’ sIYHO- abpa3uBHUX
KpYTHOT'O 00OMOTKY KpPOKOBOTO TBUHTOBOIO OpyckiB 3a
MOMEHTY KpPOKOBOTO JIBUTYHA | IBUTYHA nepenadi paxyHOK
KJINHOBOI
nepeaayl
3mina cwm | IleperBopeHHs [leperBopennst | IleperBopenn | JlinHiiiHe
CTPyMy €JIEeKTPUYHOTO 00’eMHOI mofayi | & B JiHIWHE | paaiajJbHe
KOTYIIKH BXIJJHOTO CUTHaNy 1 poOo40i piJIMHU | KyTOBOI'O HepeMILCHHS
1HAYKTUBHOCTI nmomaya  HMOTO B TiHIHE | IepeMilleHHsT | alMa3Ho-
KpYTHOTO 00OMOTKY KEpyI4Oro MnepeMilieHHs PENKOBO- abpazuBHUX
MOMEHTY r1IpOPO3NOAIIBHUKA| TOPIIHS KYJIaYKOBOIO OpycKiB 3a
1 JIpOCeNto 3TUBHOI TIAPOUUIIHAPY. | Mepeaadeto paxyHOK
Maricrpaii. KJIMHOBOI
repeaadi.
ACK 3 aganralii€ro mo KpyTHOMy MOMEHTY Ha HINMMHEN] iHCTpyMeHTa [272]
3minHa cwm | IleperBopeHHs [leperBopennst | BiacyTtHs Jliniitne
TOKY B OOMOTII | €I€KTPHUYHOTO 00’eMHOI mogayi panianbHe
ACMHXPOHHOTO | BXITHOTO CHUTHaNy 1 poO0oYoi piauHU MepeMileHHs
eJIEKTPOABUIYHA | MoJaya  HOro B JiHiHEe aJIMa3HO-
00MOTKY KEpyIOUOTo MepeMileHHs aOpa3uBHUX
r1IpOpO3NOAIIBHUKA| TOPIIHS OpycKiB 3a
1 ApocCeNto 3JIMBHOI TIPOLMIIHAPY paxyHOK
Maricrpai KJIMHOBOI
nepeaadi.
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Taka pi3HOPIAHICTH JONOMAarae yTBOPEHHIO 1HEPLIMHOCTI 3HAYEHHS CUTHAJIIB
IpU TEePEeXoJil Bii OJHOTO (DYHKI[IOHAJTBLHOTO CEPEIOBUINA JIO 1HIIOTO 1 3HMXKCHHIO
TOYHOCTI PEryIIOBaHHSI.

['mubokuii cucTeMHUN aHaji3 KOHCTPYKTHUBHO-(DYHKI[IOHAJBHUX CXEM CHUCTEM
perymoBaHHs pajiagbHoro po3Mmipy (CPPP) y mporieci XOHIHTYBaHHS! BUSIBIISIE HU3KY
dbyHIaMeHTaIbHUX HAayKOBO-TEXHIYHHX OOMEXKEHb, sIKI BH3HAYAIOTh HEOOXIAHICTDH
KapJAMHAIBHOTO BJOCKOHAJCHHS Mpenu3iiiHoi o0poOku oTBopiB. Kirouooro
npobiemoro Tpaguiiitnux CPPP, mo 1pyHTYyIOTbCS Ha KIMHOBOMY MEXaHI3Mi SIK
KIHIIEBIMA JIaHIll, € HasABHICTb (PUKIINHOI 1HEPUIMHOCTI, SKa BUHUKA€E BHACIHIJIOK
(YHKIIIOHYBaHHS B PEXKUMI MIKPOIIEPEMIIIEHb 32 YMOB CTATUYHOTO Ta KIHETUYHOTO
TEPTS, CTAI0UYM OCHOBHUM JIPKEPEJIOM HECTAJI01 pOOOTH Ta TOMUIIOK peryitoBaHHs. Llei
pEeXUM POOOTH B 30HI TPAHUYHOTO TEPTS MPHU MAJIUX MIBUAKOCTSIX MEPEMIIIEHHS (B1]
YaCTOK MIKPOHA JI0 KUIBKOX MIKPOMETPiB) HEMUHYYE NPU3BOAUTH J10 IEPEPUBYACTOIO
(cTpuOKOMOAIOHOTO) PyXy KIHIIEBOI JIAHKH, 110 KPUTHUYHO 3HIXKYE TOUYHICTh
no3uiiroBaHHg. KpiM Toro, cuiioBa cxema TpajulliiHOI KIHIIEBOI JIAHKU peai3ye
JUCKPETHE CHUJIOBE 3aMUKaHHS, 1 4epe3 HE3BOPOTHICTh KJIMHOBOI Mepenadl MIpu
MPUITMHEHH] OCHOBOTO 3YCHUJUISI CTBOPIOETHCS TaK 3BaHUM "CHIIOBUN MOPT", SIKUU €
MPOSIBOM JUCKPETHOCTI IMITYJIbCY OChOBOI CHJIM Ta TMOCTIHHOI POOOTH CUCTEMHU Yy
nepexigHomMy mpoiieci. JIMHaMiuHUM aHaI3 €JIEKTPOMEXaHIYHUX Ta TIApaBIIYHUX
CPPP niaTBepiKye iXHIO HECTaOUIbHICTh Ta HEAOCTATHIO IBUIAKOII0, OCKUIBKH 1XHI
MepexiiHl  XapaKTepUCTUKU BKa3ylOTh Ha HEIIHIMHICTh BHUXIAHOI mii (3MiHU
KOHTaKTHOTO THUCKY) Ta 3HaYHY 1HEPIIHHICTh, BUKJIUKAHY TUMU K €JIEMEHTAMU TEPTS.
Otpumani jorapudmMidyHi YaCTOTHI XapaKTEPUCTUKH YITKO CBIAYaTh MPO TeE, IO
nporiec (GyHKI[IOHYBAaHHS IIMX CHUCTEM HE BIAMOBIA€ YMOBaM CTajOCTi, OCKIJIbKH
KpYBa 3MIHU (Da3u MEPETUHAE MEXKY CTAJIOCTI paHiiie, HiXK KpUBa 3MIHH aMIUTITYH,
MIATBEPAKYIOUM HECTIKe (PYHKIIOHYBaHHS dyepe3 eneMeHTu Tepts. Lle y cBoro uepry
poOuth iHTerpamito tpaguuiinux CPPP B amantuBHi cucremu kepyBaHHs (ACK)
BKpail Hee(EeKTUBHOIO; iXHI OOMEXeHI JWHaMIYHI BIACTUBOCTI Ta (puKIiitHa
1HEPIIMHICT, YHEMOXXJIUBIIIOIOTh JOCTaTHRO TOYHE pearyBaHHS Ha 3MiHHI YMOBHU

pizanss. bimemie toro, podota TpamumiitHux ACK y pi3sHOpiAHHX (YHKITIOHATHHUX

300



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

CepeNOBHINAX — EIEKTPUYHOMY, TiIpaBIiYHOMY Ta MEXaHIYHOMY — TIOCHIIIOE
npoOJjieMy 1HEPIIMHOCTI CUTHAJIB 1 3HW)KYE 3arajbHy TOYHICTh pPEryJIIOBaHHS.
Buxoasunm 3 mux HEIOMIKIB, TOMATBIINN PO3BUTOK BUMArae po3poOJIEHHS HOBOTO
NOKOMIHHS  1HCTpyMeHTabHUX CPPP, ski mMOBMHHI MIHIMI3yBaTh KIUJIbKICTb
KIHEeMAaTUYHHUX JIAHOK, 3a0e3meuyioun cTaOuIbHy poOOTy Ta MOAOJaHHS (PUKIIITHOT
1HEpLIHHOCTI 06€3 ICTOTHOTO YCKJIaJAHEHHS CTPYKTYpH. [IepCieKTHBHIM HAPSIMKOM €
peanizaliisg npuHOUNy AudepeHiiamnii pyxiB MK 1HCTPYMEHTOM 1 3aroTOBKOIO, IO
T03BOJINTh CHPOCTUTH KOHCTPYKIIIO BepcTara, MIABUIIUTH HOTO TEXHOJOTIUHY
THYYKICTh Ta 3a0€3MeUUTH OCIIWIISIIIIIHI PyXH 3a IOMOMOTOI0 MIPOCTIIINX MEXaHI13MIB,

M1BUIIYIOYH 3arajibHy €()EeKTUBHICTD MPOIIECY XOHIHTYBaHHS.
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SECTION 10. SEA AND INLAND WATERWAY TRANSPORT

DOI: 10.46299/1SG.2025.MONO.TECH.3.10.1

10.1 YaockoHa/ieHHs1 JIOKAJbHUX iHGOpMAaLiHHUX 3B’ A3KIB CHCTEMU YIIPABJIiHHSA
HaBiraminHow 0e3MeKoI0 pyxy MOPCbHKOIro CyJaHa

AHOTALIA

[[Iupoxke BUKOPUCTAaHHS  OEPETOBUX  PAMIOIOKAIIWHUX  CUCTEM IS
3a0e3nedeHHs Oe3MeKr IUIaBaHHs CTBOPIOE YMOBH JIJIs1 BUPILIEHHS 0araTb0X 3aBAaHb 1
3a0€e3ne4eHHs] B3a€MO/Ili CyZieH MK cO0O0I0 1 OEperoBUMH CHCTEMaMH YIMpPaBIIIHHS
pyxoMm cyaeH (CYPC). Onnak aHaii3 4MCICHHUX aBapii, Kl BiAOYBalOThCSA B 30HI
BianoBigansHocTi CYPC, mokasye, 110 npu HasBHOCTI HEOE3NMEKU 31TKHEHHS Mixk
CyJIHaMH B MOp1, O€peroBi CUCTEMU HE BUSBIIAIOTH HAIMIPHOTO 30JIMKEHHS M1 HUMH,
a SKIIO 1 BUSBIAIOTH MOTO, TO 31 3HAYHUM 3ali3HEHHSIM. SIK BUIUIMBA€E 3 aHAJI3y
aBapifHOCTI Ta BUBYEHHS MIPOLIECIB MAHEBPYBaHHS, ICHYIOUa ITPaKTHKa 3a0€3MeUEHHs
Oe3reku pyxy Mae Iy HU3KY HeOMiKiB. BijcyTHs 0a3a nexkiapaTUBHUX JaHUX PO
MaHEBpPEHI BJIACTHBOCTI, HEJAOCTATHbO PO3pOOJIEHA KOHUEIMLIS MPOrHO3yBaHHS Ta
IUTAaHYBaHHS 33/J1aHOTO aJTOPUTMY CHUCTEMHU YIPABIIHHS, a METOAWKA IJIaHyBaHHS
MOPCBKHUX Oreparliii BiICyTHs B3arami. Takox BiACYyTHS CHCTEMaTH30BaHa KOHIIEIIIIIS
KOPUTYBaHHSI pyXy TMpHU 3MIHHUX OOMEXKEHHSX, HeJ0oCcTaTHE 1HGOpMaIlliHe
3a0€e3Me4eHHs PO MOTOYHI TapaMeTpHu PyXy Ta iX BIAMOBIIHICTH TUTAHOBHUM, BIJICYTHI
CUCTEMU MIATPUMKHU TPUUHATTS PIlLICHb.

OCKUIBKM TIOCWJIEHHSI 1HTEerpauii MepeloBUX TEXHOJOrd Yy MOpPCHKI
iH(dOopMaIiiHO-HABITAIIHI CUCTEMHU 30UTBIIMIO PHU3HKK KiOepOe3neku CyjeH,
0COOJIMBO 3 PO3BUTKOM aBTOHOMHHUX CYJIEH, B POOOTI 3BEpHEHO yBary Ha HacCTyIHI
npobnemu: 1. IlopymenHs poboTu cyaHoBoro oOnagHaHHS: KiOepaTakd MOXKYTh
3YMUHUTH OTepallii, CTaBJISIYM TiJ] 3arpo3y PO3KIIAJ] PEHCIB 1 MUIICHICTh JAHITIOKKA
nocTaBok. 2. [TopymieHHs: KOH()1ASHIIHOCTI: Y 3B'SI3KY 3 TOCHJICHHSIM IIPABUII 3aXUCTY
JAHUX BIJCYTHICTh 3aXUCTy CYAHOBOI 1H(pOpMAIIi MOKE TPHU3BECTU 10 IOPUTUIHUX

HaciiakiB. 3. Bukpaaena koHdineHuiiHa iHdopmailis: KOH(IACHIIIHI KOMepIiiHI
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CeKpeTH Ta KOH(DIACHIIHHI JaHI MOXYTh IIOTPAUTA B PYKH 3JIOYUHIIB.
4. TlomkomKeHHST penyTallli: MopyIIeHHsS MOXKEe MIIpBaTH JOBIPY KIIEHTIB 1 JOBIPY
MOpPCHKOi Tanmy3i. 5. ®diHaHcoBa TypOyJICHTHICTh: yCHinmHa KibepaTaka Ha CYIHOBI
iH(opMaIliitHO-HaBIramiiHI CUCTEMH YacTO MPHU3BOJUTH JI0 CEPHO3HUX (HIHAHCOBUX
BTpAT JIsl Cy/IHOIUIABHUX KOMIIaHi#, a TaKOK HAKJIaJaHHA TpagiB.

3rimHo 3 ommryBaHHsSM Komranii NSSLGlobal, 84% wuneniB ekinmaxiB a0o
B3arayii He IPOXOAWIM HaBYaHHS 3 KibepOe3rneku, a0 OTpUMYyBaJId JIUIIE TOBEPXHEBI
3HaHHS 3 IBOTO TNHUTaHHA. baum3pko 64% omuTaHUX MOpSKIB OepyTh Ha cebe
BIJIMOBIJIAJIGHICTD 32 0e3meKy 1H(pOopMalliifHO-HaBITallIMHUX CUCTEM Ha OOPTY CyaHA.
Sk 3'acyBanocs, poOOTOJaBIll HE JOMOMAaraloTb MoOpsSKaM po3i0partucs, 3 SIKUMH
pU3HKaMU BOHU MOKYTh 3ITKHYTHCS 1 SIK iX MOKHA 300 TH.

BignoBimno nmo Pexomenparii MAKO momo kiGepctifikocti  Nel66
(Mixunapoana acoriaiis kilacu(ikamiifHUX TOBapUCTB) TMPEACTABICHO aHaml3
kareropiit I, II, III cynHoBuX 1H(OpMalIiHO-HABITAIMHUX CHCTEM Ta CTYIEHI IX
BPa3JIMBOCTI IIOJI0 KiOepaTaxk.

Ha ocHOB1 iHTerpanbHOro 0OaraToakTOPHOIO KpPUTEPII0 y3rOJIKEHOCTI
Ncux0(i310J0TIYHUX XapaKTEPUCTUK JISTILHOCTI omeparopa Ta (pakTopiB pyxy CyaHa
31MCHEHO KIJIBKICHY OIIIHKY O€3MeKU MaHEBPYBaHHS, sIKa BKJIIOYAE HE MEHIIIE IT'ATH
(hakTOpiB PyXy Ta YOTUPHOX XAPAKTEPUCTUK OMEPATOPCHKOI MisTBHOCTI.

Po3pobnenunii B HOCTIIKEHHI aITOPUTM OpTraHi3allii mpoiiecy MaHeBpYyBaHHS,
KWW TOJISATa€ B MOIIYKY BIAMOBIAHOCTI MK BUXIJIHUMHU JAHUMH Ta HEOOXITHUMHU
3aco0amMu, JI03BOJISIE JIOCATTH OE3MEYHOr0 MPOIeCy YIPaBIiHHSA CyIHOM. Takox

3aMpONOHOBAHO CITOCOOM 3aXMCTy HaBITAIIITHOTO 00IalHaHHS B K1Oep3arpos.
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MMO
AIS
MII33C-72
GPS
OT
CYPC
IT
CYKb
MAKO
JIO
ECDIS

ARPA
PJIC
Kooca
Koo

Kpofci

HEPEJIIK CKOPOYEHbD

MixHapoaHa MOpChKa OpraHizaiis

ABTOMaTHYHA 17IeHTU(]iKaIIiiHA cUCcTeMa

Mixnapoyni [IpaBuiia 3amo6iranHs 31TKHEHHIO CYJIeH Y MOpi
Cucrema rio0aibHOTO MO3UIIFOBAaHHS

OrnepariiftHi TeXHOJIOT11

Cucrema yrpaBJiHHS PyXOM CYJI€H

[Hdopmartiitai TexHOMIOTI]

Cucrema yripaBiiHHS KibepOe3neKoro

MixHapo/iHa acorianis KiacudikaniiHuX TOBAPUCTB
JIronguHa-omneparop

Enextponna kaprorpadiuna HapiramiiHo-1HpopMarliiina
cucTema

3aci® aBTOMAaTHU30BaHOI PaA10JIOKAIMHOT TPOKIIAIKH
Panionoxkariiiina ctasis

KoedimieHnT panxyBaHHs 3a aHaji3aTopamMu

KoedimienT panxxyBaHHs 3a 300€M ITpH 30epiranHi Ta 00pooi
1H(popmarii

KoedirienT pankyBaHHs 3a MIBUJKICTIO BUKOHAHHS
IHTEJICKTyIbHUX (DYHKITIH

KoedirienT pankyBaHHs 3a pe3yabTaTOM MOTOPHUX TTOMHJIOK
VY3aranbHeHU JOKaIbHUI KPUTEPI y3roAKEHOCTI
1H(hOpMaIIHOTO aHaNI3y

VY3aranbHEeHU JOKaIbHUI KPUTEPINA y3roI)KEHOCTI IaM'sTi Ta
MUCJICHHS

VY3aranpHeHUN JTOKAIBHUN KPUTEPIN y3Tr0IKEHOCTI IMBUAKOCTI
Ta HAJIMHOCTI BUKOHAHHS 1HTEJEKTyaTbHUX (PYHKITIH
VY3aranpHeHUN JTOKAIBHUN KPUTEPI Y3roIKEHOCTI
aHTPOITOMETPIi

['moGanbHMil KpUTEP1N y3roKEHOCTI

KoeditieHT panKyBaHHSI TOMUJIOK orlepaTopa

JlokanbHUI KOE(ILIEHT y3rOIKEHOCTI

KoedirmienT panxyBaHHs 3a pe3yabTaTaMid MOTOPHUX MTOMHUIIOK
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BCTYII

Hapiramiitne 3a0e3meueHHs Oe3nekW IUIaBaHHS — CYJICH MOPCBKOTO
TPAHCIIOPTHOTO (IIOTY 3MIIMCHIOETHCS CTaHJIAPTHUMHU METOJAaMU 13 3aCTOCYBAaHHSM
NPAKTUYHO OJHAKOBHX 3a CBOIMHM XapaKTePUCTHKAMH HaBIralifHUX MpHIATiB —
KypPCOMOKa)XKUMKIB, BITHOCHHX JIariB 1 3ac001B JIJIs1 BU3HAYCHHS MiCIISL.

OO6namHaHHg CyJeH TIpOKOMIIacaMHd, €JIEKTPOHHUMH BIJHOCHMMH  Ta
TiAPOAKyCTUYHUMHU  a0CONIOTHUMHU  JlaraMH, pPaJiOHABITAIIMHUMH  CHCTEMaMH,
3acobamMu pajioJiokallii, riI00aJbHUMU CYIyTHUKOBUMHU HABITAI[IHHUMU CHUCTEMaMH,
IHTErPOBAaHUMM HAaBITallIMHUMH CHUCTEMaMM, CHUCTEMaMU YIPABIIHHA KypcoM 1
TPAEKTOPIEIO CyJHa, €IEKTPOHHUMH KapTorpadiuHUMH HaBITalliHO-
iHpopMaIItHUMH CUCTEMaMH BUKJIMKAJIO 1CTOTHI 3MIHM B METOJaX CYJIHOBOIIHHS,
MIPOTE J0 AKICHOTO CTpUOKA — 10 IOBHOI Nepeadl MallMHI YIPABIIHCHKUX PYHKIINA —
MOKU HE Mpu3Beno. Lle moscHIOEThCS THM, 10 METOAM CYAHOBOMIHHS Ta MPUHIIUITHA
oprasizailii MTYpMaHChKOI CIy>KOM Ha CyJHaX O0'€KTUBHO BIJICTAIOTH Bl PO3BUTKY
TEXHIYHUX 3aco01B Hapirauii Ta ynpabiiHHS. CydacHe CyJIHOBOAIHHS 3aJIMIIAETHCS
TUSTIBHICTIO JIIOJIMHM B YMOBaX ITJIBUIICHOT HEOE3MeKH. YCKIAIHEHHS MisSIbHOCTI
CYy4YaCHOTO CyJHOBO/IIS MOB'SI3aHE 3 PO3BUTKOM MEPEKI MOPTIB 1 MOPCHKUX IUISAXIB,
30UTbLIEHHSIM 3arajibHOl  KUIBKOCTI CYJIEH, iX BOJOTOHH&XXHOCTI, PO3MIPIB 1
MIBUJKOCTEH, 30UIBIIEHHSIM [IJIBHOCTI CYZIHOIIJIABCTBA Ta MOSIBOIO
BHCOKOTEXHOJIOTTYHUX 1H(OPMAIIIHO-HABITAI[IHHUX CUCTEM.

Hagiramiiini HeOe3Mekn — 1€ MPUPOJHI Ta IITYy4HI 00'€KTH, pO3TallloBaHi Ha
MOBEpPXHI Ta B IIMOMHAX CBITOBOTO OKE€aHy, IO CTAHOBJATH JUIsl CyJHA peajbHy
3arposy. o mpupomHux HeOe3NneK HajiekaTh: Oeperoma JiiHIS, CTUCHEHI aKBaToOpii
MOPTIiB, MIJTMHU, OaHKHU, prudu, cKeml To1o. Jlo MTyIHUX CIIiJT BIAHECTH: T1IAPOTEXHIUHI
CHOPYAH, 3BAJIMILA IPYHTY, PsiKi, OypoBi Ta MPOMUCIIOBI BULIKH, TIAT(HOPMHU, ONIOpU
Ta JiHIi BUCOKOBOJBTHUX Mepeaay, MiHHI Ta O14HI 3aropoJHKeHHs, TPOTUYOBHOBI Ta
pubaTbChKI MEPEXK1 TOIIO.

[TonepemxeHHs: HaBIraliiHUX aBapiiHUX BUIIAJKIB Yy MOpP1 Ta HA BHYTPIIIHIX

BOJHUX [IUJIIXax CIIOYaTKy 3a6e3neqy€Tbc>1 BCACHHAM CIIOCTCPCIKCHHA, a MOTIM
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KEpYBaHHSM CYJTHOM, IO 31HCHIOETHCS 3 METOI0 MOMEPEKEHHS 3ITKHEHHS CYJIEH,
yaapy, HaBaJiB, IOCAJKA Ha MUIHHY.

Cnocmepedicennss — CyKyITHICTh 3aCTOCYBaHHS 3acO0iB 1 CITOCOOIB IOIIYKY,
BUSIBJICHHS Ta KJ1acudikallli 00'€KTiB 30BHIITHBOTO CEPEAOBHIIA 3 METOIO €()EKTUBHOTO
Ta 6E3MEYHOTO YIPaBIIHHS CyIHOM.

Ynpaeninua — NpURHATTS pillIeHHs 1010 30epekeHHs a00 3MIHU MapaMeTpiB
pyXy cynHa (Kypcy, IIBUJKOCTI), Bijijlada BIJMOBIIHMX KOMaH/, IToJavya CUTHAJIB, iX
BUKOHAHHS Ta KOHTPOJIb 32 BUKOHAHHSM.

CrocTepekeHHsI 3 METOIO TMONEPEPKEHHS aBapifHUX CUTyallill 3 CyJHOM Ha
BHYTPIIIHIX BOJHUX NUISXaX a00 31TKHEHHS CYJIEH y MOP1 BUKOHYETHCS JUIsl TIOBHOI
OLIIHKKA CHUTyalli, B $KIA 3HAXOAMUTHCS BIAacHe cyaHO. Ilpu nbpoMy 3MicTOM
CIocTepexeHHs € 30ip, 00poOka Ta aHaii3 iH(pOpMAIIil PO 30BHIIIHI Ta BHYTPIIIHI
(akTopH, 1110 BIUIMBAIOTh HA CTAH Cy/JHA Ta PO3BUTOK ICHYIOUYOI CUTYyaLli.

Y BCiX BHIAgKax TMEpIIOYEProBe 3aBAAHHS CIIOCTEPEKECHHS IMOJIATAE Y
BU3HAYCHHI, 4YM ICHy€ HeOe3neka 31TKHEeHHs a0o 1HIoi aBapiiiHOi cuTyauii 4u
kioepataku. Komu y CyaHOBOJISI ICHYIOTh CYMHIBH IIOJO0 OE3MEYHOrO0 PO3BUTKY
HasBHOI CHTYaIllli, CITiJT BBOKAaTH, 10 1l PO3BUTOK BeJE JO 3ITKHEHHS CYJIEH, yaapy,
HaBally, MOCAJKU HA MIJIMHY, KIOEp3JI0UMHY a0o0 1HILIOT aBapiiiHOI MO/Iii.

BizyanbHe crnocTtepexeHHsl 3I1ACHIOIOTh OCOOM XOJOBOi BaxTH, a TaKOXK
JOIIMaH, SKUW 3HAXOIuUThbca Ha OopTy. BoHo mnoBuHHO OyTH Oe3mepepBHUM,
KBaT1(PIKOBAHUM 1 HAJIIUHUM.

Jlo Bi3yanbHUX 3aCcO0IB CIOCTEPEKEHHS BIIHOCATHCS ONTHUYHI TEJIEHTaTOPH,
O1HOKTI, MiI30pHI TPYOH, ONITUYHI JAJTEKOMIPH 1 MPOKEKTOPH.

3a 10MOMOT0I0 30pOBOTO CIIOCTEPEKEHHS Peai3yrThCsl JIOIIMAHCHKI criocoOu
CY[IHOBOMIHHS, 1m0 0a3yrThCSd HA OKOMIPHIM OIHII TIOJIOKEHHS CyJIHA IIO0
CYJIHOIUUIaBHOI OOCTaHOBKM Ta HeOEe3NeK, OCKUIbKM 30pOBi 3aco0u Ta crocobOu
JI03BOJIIIOTh OTpUMAaTHU 1H(OpPMALII0 B SBHOMY BUIJISII, O€3MOCEPENHBO OIIHUTH
00CTaHOBKY Ta MPUUHATH HEOOX1AHE PIIICHHS.

JloiMaHChKI CIOCOOM CYJHOBOJIIHHSI HA CYyYaCHOMY €Tarl BUKOPHUCTOBYIOTH 1

TEXHIYHI 3aco0M CIOCTEepEeKeHHS: CyaHOBI pamionokamiiai craniii  (PJIC),
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aBTOMaTH4HY iAeHTU(ikamiiiny cucremy (AlIS), enexktpoHHy kaptorpadiuny
HaBirauiifHo-iHdopmaniiiny cucremy (ECDIS) 1 exonoTu.

Panionokartiiine ciocTepexeHHs BKIIFOYAE: BUSABICHHS 00'€KTIB, BUSHAYCHHS iX
MOJIOKEHHS BIJHOCHO CyJHA 1 BHU3HAYEHHS CTyleHs HeOesneku. PasionokariiiiHe
CIIOCTEPE)KEHHSI He3aMiHHE B YMOBaXx OOMEXEHOi BHUIMMOCTI Ta IUIaBaHHA B
oOmexxeHnx ymoBax. Opmnak iHGopmamis Bim PJIC momo pyxommx 00'€kTiB
MPOSIBIIAEThCS B HEsIBHIM ¢dopmi, a ToMy moTpedye 0OpoOKH, TOOTO BEICHHS
pamioNIoKamiifHOi MpokIaaku. PasionokaiiifHa MpokiIaaka mnepeadadac: BUSHAYCHHS
€JIEeMEHTIB Pyxy 00'exTiB (uUied) 1 iX BIAHOCHUX KypCiB, BHU3HAYEHHS CTYIICHS
HeOe3MeKu 1 ii KUTBbKICHY OIIIHKY, PO3PaxXyHOK MaHEBpY O€3MEYHOr0 PO3XOJKEHHS 1
KOHTPOJIb 3a WOro BUKOHAHHAM. PajionokaniiiHa TMpoKIaaKa 3A1MCHIOETHCS
criocobamu rpadidHOr0 BHPIIICHHS 3a7ad, 10 TEOPETUYHO 0a3yHThCS HAa METOJI
BIJIHOCHOTO pyXy: BpPY4YHYy (3a JONOMOIOI0 MAaHEBPEHOro IJIAHIIEeTa), a TaKOX 3a
JIOTIOMOTOI0 3ac001B aBTOMAaTU3allli BeJACHHS pajaiofiokaiiiiHol npoknaaku (ARPA).
3aragpHUM HEJOJIIKOM 3ac00iB 1 CIOCOOIB BEJCHHS MPOKIAIKU € Te, 0 B HUX
3aKja/ieHa rirnoTe3a Npo CTANICTh €JIEMEHTIB pyXy LIJIeH MICs iX BU3HAYEHHS.

BuxomoM 13 curyariii, o ckiiangacs, cTajio BOpoBaKeHHIM ALS, To6To cuctem
3 aKTUBHOIO BIAMOBIAJIIO, IO MICTATh IHPOPMALIIIO PO E€JIEMEHTH PyXy CyJHA, HOro
kinacudikauiro Ta crtad BiyanosigHo g0 MII33C-72  (Mixunapoani Ilpasuna
3ano0iraHHsl 3ITKHEHHIO cyneH y Mopi). Lle Bukiroyae HEOoOXiTHICTP BU3HAUYCHHS
€JIEMEHTIB pyXy LJIeH 1 MPUCKOPIOE TOSIBY 1H(OpMaIlli B SIBHOMY BUIJISAL 3 BUCOKUM
CTYTIEHEM JIOCTOBIPHOCTI.

Hagirariiina 6e3reka Ha CyaHax 3a0e3Medy€eThCsl KOMIICKCOM 3aXO0/1B, 10 SKUX
CJIIJT BITHECTH:

* mpo(eciiiHy MiATOTOBKY CyIHOBO/IIIB;

* TEXHIYHY CMPABHICTh TEXHIYHUX 3aC001B HaBITalll Ta 3B'SI3KY;

* HasBHICTb HEOOXIJHOIO KOMIUIEKTY CKOPWUIOBaHUX HaBITalliiHUX KapT,
IMOCIOHUKIB Ta JOBIIHHUKIB JJIs IJIABAHHSL;

* 3HAHHA Ta BpPAXyBaHHSA CYAHOBOJISMM HaBIralidHO-TiAporpadiyHuX Ta

T1ApOMETEOPOIOTIYHIX YMOB TUIABAHHS;
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* YiTKy OpraHi3ailifo Ta BUKOHAHHS TPOIEAYP HECEHHS XOJ0BO1 BaXTH;

* CyBOpE BUKOHAHHS NpaBu miaaBanHsa ta MII33C;

* Oe3nepepBHUIM KOHTPOJIb MICIIE3HAXOKEHHS CY/THA.

Cnin mogaTu, 10 HA CyJAHOBOJIIB, KpiM 3a0€3eUeHHs HaBIramiiHoi 0e3nekH,
MOKJIAJEHO OOOB'SI3KM 3 KOHTPOJIIO 332 OCTIMHICTIO 1 HENOTOIUIIOBAHICTIO CYAEH, X
BHOYXO0- Ta MOXKEKHOIO OE3MEKOIO.

Takum YuHOM, MTPOIIEC MOPCHKOTO CYTHOIUIABCTBA, @ 0COOJIMBO CYTHOIIIABCTBO
Ha BHYTPIIIHIX BOJHUX LIISAXaX, CKJIAQAHUN 1 JUHAMIYHUM, MOB'SI3aHUAN 31 3HAYHOIO
KUTBKICTIO 00'€KTUBHUX 1 Cy0'€KTUBHUX (PaKTOPIB.

BinnmoBigHO 10 YUHHOTO 3aKOHOAABCTBA MIATOTOBKA IITYpPMaHiB Ha JaHUM yac
IPOBOAMTHCS 3a JICPKABHUMH CTaHJApTaMH, pPO3POOJICHUMH IS IUBUIBHHUX
cynHoBoAiiB. ToMy MOKHA BBa)KaTy OJIHAKOBUMHU 1 PIBHI TEOPETUYHOT MiATOTOBKHU Y
BIMCHKOBUX 1 LIMBUJIBHUX MOPCHKMX HABUaJIbHUX 3akjafax. Bigpi3HAIOTHCS TUIBKH
TEPMIHA TPAKTUYHOI MIATOTOBKHU: KYpCaHTH UUBUIBHHUX 1HCTUTYTIB CYAHOBOJIIHHA
NPAKTUKYIOTBCS Ha CyJHaX Mailke B I'ITh pa3iB OLIbIIE 3a 4acOM, HDK KypCaHTU
BIMICbKOBO-MOPCHKHUX 1HCTUTYTIB.

[1eHTUYHICTh MOKITUBOCTEH IMITYPMAHCHKUX MPUIIAIIB 1 CTPYKTYPH CHEI1aTbHOT
IITYPMAaHCHKOI MIATOTOBKH Y BINCHKOBHX 1 IUBUIbHUX HABYAJIBHUX 3aKJIa/1aX JO3BOJISIE
BUKOPHCTOBYBATH 1 B SIKIMCh MIpi y3arajbHIOBaTH JA0CBiJ 3a0€3MeUeHHs HaBirauiiHoi
Oe3IeKy IIaBaHHs BINCHKOBUX KOPAOIIB 1 CyJIeH TPAHCTIOPTHOTO (IIOTY.

3 orjsiay Ha Te, 10 OMmyOJiKOBaHa B MPECi CTATUCTHKA aBapiiHOCTI Ta aHam3 ii
IPUYUH CTOCYIOTHCS JIMILIE MOPCHKOTO TPAHCHIOPTHOIO (JIOTY, TO, BUKOPUCTOBYIOUU
il, MOXHA 3poOWTH OUIBII-MEHII OOTPYHTOBAaHI BUCHOBKM 1 PO MPUYUHH
HaBITaIlIMHUX aBapiil CyJIeH MOPCHKOTO (JIOTY.

Uepes HU3BKY Oprasizalliio ITYpMaHChKOI CIIy>kKOU Ha CyIHI, Yepe3 TOMUIIKY 1
MpoMaxu TpU BUPIINICHH] HaBiramiiHux 3aaaHb, 80-85% Bcix HaBiramiiHux
aBapiiHUX BUMAJKIB HA MOPCHKOMY TPAaHCIIOPTI BIIOYBA€ETHCS 3 BUHU CYAHOBOJIIIB.

B ocHOBI HaBiramiifHMX I1HIUJCHTIB JICKUTh TOPYIICHHS BUMOT KEPIBHUX
JOKYMEHTIB, IO BH3HAYalOTh MpaBUjia 1 OpPraHi3alil0 MTYPMAHCHKOI CIIyKOU 1

PErJIaMeHTYIOTh ii AISUTbHICTD 100 3a0e3MeYeHHs HaBiraliiHoi Oe3mneKH.
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[{i mopymieHHs BiI0yBalOTHCA 3 JIBOX OCHOBHUX NMPUYMH: a00 uepe3 HU3bKHIA
piBeHb MpodeciiiHOT Ta MCUXOJIOTIYHOI MiATOTOBICHOCTI KOMAaHAUPIB 1 IMITYypMaHiB
(HeBMIHHS BUpIIIyBaTH HaBiTaliifHI 3aBJaHHS CYIHOBOJIHHS, IICHXOJIOT1YHA
HECTIMKICTh, IO MPHU3BOJAMWTHL [0 NMPUMHATTS HENMPaBWIBHUX pillleHb), abo uepes
0€3BINOBIIaJIbHE CTABJICHHS MOCAA0BUX 0CI0 MITYpPMAHCHKOT CITyKOU 10 BUKOHAHHS
CBOiX 00OB'SI3KIB y MOPI.

Sk mokazanu YMCIICHHI JOCHIKCHHS, BEJIMKa KUIBKICTh aBapii MOPCHKHX 1
PIYKOBHUX CyACH BIOYBa€ThCS 4Yepe3 BIUIMB JIOACHKOTO (hakTopy, TOOTO BHACIIIOK
MOMMJIOK, TOMYLIEHUX IPU KEPYBaHHI CYAHOM.

3a CTaTUCTUKOIO, MAJIOMIPHI CyJHA € HaWOUIbIl HeOe3MeYHHMHU Ha BOMAL. 3
METOI0 3a0e3NeueHHs1 O€3MEKH KUTTS JoJeH, Kl OepyThb ydacTb y MOPCHKOMY
TPAHCIIOPTHOMY IMPOLIEC], a TAKOX HOPMAJIbHUX YMOB JKUTTENISJIBHOCTI €KIMaxy,
MDKHApOJIHI OpraHi3alii OpUHIM KIJbKa KOHBEHIIH, KOHTPOJb HaJ BUKOHAHHAM
AKUX TIOKJIaJeHO B TEpIIy dYepry Ha JepkaBy. Bci kommaHii-CyJHOBIACHHKH,
TISJIBHICTh SIKUX IMIITae JAep)KaBHIA peecTpalnii, 3000B's3aHI BIPOBAKYBATH
KOMIUIEKC BCTAHOBJICHMX 3aXHMCHHUX 3aXOJIB BIAMOBIJHO JI0 CHUCTEMH YIpPaBJIIHHS
0€3MeKO0I0 CY/ICH, siIKa B 000B'A3KOBOMY IMOPSIJIKY BKJIHOYA€ OXOPOHY HABKOJUIIHBOIO
cepeoBUIIA BiJl 3a0pyIHEHHS.

CyaHOIIaBCTBO, SIK 1 1HIN Taily3l TpPaHCHOPTY (3aJI3HUYHMM, aBIalllHUM,
KOMEpPIIMHUN aBTOMOOITFHUN TPAHCIIOPT), TMpaIoe IUI0A000BO Oe3nepepBHO.
BcTranoBneHi B MDKHapOJHUX KOHBEHI[Is1X MixkHapoaHoi Mopcbhkoi opranizaiiii (IMO)
Ta MixkxHapoaHoi opranizarii mpari (MOII) oOMexxeHHs TpUBaIOCTI poOOUYOTO JHS Ta
BIJIMOYMHKY BBA)XAIOTHCS OCHOBHMMH BUMOTAMH JIO YIPABIIHHS PU3MKAMU BTOMHU
[306], 1m0 BCTaHOBJIOIOTH MIHIMAJIBbHI CTaHAAPTH BIAMOBIAHOCTI MIKHAPOIHUM
nepeBe3eHHsAM. YHHHI HOPMAaTHBHI aKTHU JOMYCKalOTh MakcuMyM 14 roguH pobortu
npoTIroM 24 roavH 1 MakCUMyM 72 roauHu pobotu mpotsarom 7 axiB [307, 308].
[IpaBuna IMO TakoXx BCTaHOBJIIOIOTH MiHIMaJIbHI NEPIOAX BIANOYMHKY, SIKI MOBUHHI
cTaHoBUTH He MeHIue 10 ronuH y Oyap-skuil 24-roauHHui nepio i 77 rogus y Oyab-
akui 7-nennuii nepioa. [lepioa BIAMOYMHKY MOXHA PO3IUTUTH HE OUIbIIIE HIXK Ha JBa

Mepioin, OJWH 3 SIKUX MOBUHEH OyTH TpuBaiicTio He MeHIe 6 roaun [308]. HenasHi
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JOCIIIKEHHS MOKA3aJIH, 1110 JOTPUMAaHHS [IUX HOPMATUBHUX BUMOT Y MOPCHKIiH ramys3i,
SK TIPaBWJIO, TIOTaHE, MPU I[bOMY CIOCTEPIraroThCs BIAMIHHOCTI y (PaKTHMUHHX 1
3apeecTpPOBaHMX ToMHAX poboTu Ta BigmounHky [309, 310, 311].

OCKUIBKM CYJTHOIUIABCTBO (PYHKI[IOHYE B YyMOBaX BHCOKOI KOHKYPEHIIIi,
CYJIHOBJIACHUKH Ta/ab0 omeparopy 3MyIIEHI MParHyTH €KOHOMIYHOI e(EeKTHUBHOCTI,
1HOJIl 32 paXyHOK CKOPOYEHHS KUIBKOCTI WiEHIB ekinaxy Ha cyaHi [312]. Ockiiabku
MOPSIKM TparHyTh BIOPATUCS 3 MIABUIICHUMU BUMOTAMH Yepe3 3MEHIICHHS
YUCENBHOCTI €KiMaxy, BOHHU, OTXKE, MIJAI0ThCS OUTBII KOPCTKUM yMOBaM poOOTH
[313]. Exkcrmuayarariifini acmekTH, IOB'S3aHl 3 CYIHOILIAaBCTBOM, CTalOTh OILJIBII
MpoOJIeMaTUYHUMH B TIOPIBHSHHI 3 1HIIUMHU Taly3sMU 3 TaKUX MPUYHUH, SIK: TOPTrOBI
MOJI€JIl, JIOBKMHA MOPCBKOTO MPOXOAY, pOTallis MOPTIB 1 KOPOTKUW MEpioj yacy,
IPOTATOM SIKOTO CYJIHO 3aJIMILIAETHCS B MIOPTY, 1 BCE 1€ CIIPUSIE CKOPOUEHHIO MEP10IIB
B1IHOBJNIEHHS1 MOpsKiB. [309, 310]. Bee OunbII IHTEHCUBHMM XapaKTep CyIHOIUIABHUX
orepauiid 03Havyae, o MOPSKAM JIOBOJUTHCS MPALFOBATH JAOBI1 1 HEPETYJISIPHI FOJIMHA
MIPOTSTOM TPUBAIUX MEPIOJIIB YACY 1 4ACTO MIIIAI0THCS; OOMEXEHUH 1 MepepUBYACTHIA
COH, IIIBUKO 3MIHIOIOTHCS 3MiHH, BUCOKE HAaBAaHTA)KECHHS, TIOTaH1 3BHYKH Xap4uyBaHHS,
MOTaHI YMOBH CHY, COIllaJIbHA 130JISI1is 1 BIACYTHICTh YITKOTO MOJLTY MK pOOOTOIO 1
Bianounnkom [310, 313-316].

[loTouHl BUMOTM [0 CyAHa Ta yMOBM pPOOOTM B MOpl Ha JaHUM dac
PO3IIIAIAI0THCS SIK MPOOJIEMHI, CTBOPIOIOYH CUTYAIIII0, SIKa HE 1a€ MOPSAKaM JIOCTaTHIX
MOXJIMBOCTEN 17151 BiAMOYnMHKY Ta cHy [309, 317, 318]. Haliuacriiie MOpSIKM TOTOBI
mpaioBat, OyAay4yu Jdy’Ke€ BTOMJIEHHMHU, TOMY IO II€ BBOKAETHCA «MPOPECIHHUMY.
[upoko mommpeHa TymMKa Mpo Te, M0 BTOMAa «IPUXOAUTH 3 POOOTOIO», X0ua 1 He
BIIHOCHUTBCS IO MOPCHKO1 Taity3i, 0€3yMOBHO, MOIIMPEHA B HiH, IO YCKJIAJHIOE IS
MOPSIKIB BU3HAHHS BTOMH SIK MIPOOJIEMH 1 BKUTTS BIIMOBITHUX 3aX0/11B. L{e «3aranse»
eKiNaXx< y MacTKy MOTaHoi BIIMOBIAHOCT1, OCKUJIBKY BiH BiJluyBa€ ceOe BIAMOBIJaIbHUM
3a yIpaBJIiHHS BJIACHOIO BTOMOIO Ha OopTy cyzaHa [318, 319], mo poOUTh HUHIIIHI
MIIXOMW 10 yOpaBiiHHS BTOMOIWO HeeexktuBHUMH. OTKe, BHUKOPUCTAHHS
OaratopiBHEBOI 3aXMCHOI CTPATETIi AJIs1 yIIPaBIiHHA MOB'I3aHUMH 3 BTOMOIO pU3HKaAMU

Ha MOp1 Ma€ BUpimaabHe 3HaueHHs. [le m03Bosie crpaBisTrcs 3 BTOMOIO TaK camo,
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IK 3 OyJb-SKOI 1HIIOK CYJIHOBOK HEOE3MEKOH, BUKOPUCTOBYIOUHM X1,
3aCHOBAHUM Ha OLIHII PU3UKY, PU HAJICKHIN MIATPUMII KOMIaHii.

Bunka mmdpoBa TtpaHchopMallis B MOPCHKIM 1HAYCTpii cTae medanl
BOKJIMBIIIIOD TEMOK Yy THUTAHHAX 3a0e3nedeHHs iHdopMaliiHOi  Oe3meku
(x16epOesmexkn) B peiicoBOMY IIUKIII MOPCHKOTO CyIHA. 30UIbIIEHHS aBTOMAaTH3alii Ta
1u(poBizallii J03BOJIAIOTH MpoIlecaM KepyBaHHS CyJHOM OyTH OUTbII epeKTUBHUMH.
Tomy, KpUTHYHO Ba)KJIMBHUM 3aBJIaHHAM 3 KiOepOe3nekr MoperjiaBaHHs € ONTUMI3allis
orepalliid ynpaBJIiHHS CYJHOM 3 BUKOPUCTAHHSIM HOBHUX 1H(GOPMAIIHHUX TEXHOJIOTIN
(IT) Ta uudposux pimens [320-321].

Konuenmii iHpopMaliiiHO-HaBIrallIMHUX CUCTEM PO3pOOJSIIUCS B TEPiOJ
HU3bKOI MPIOPUTETHOI 3HAYYLIOCTI MUTaHb KibepOesneku. HoBl Tumu pusuKy B
MOPCBKIN THOPACTPYKTYP1 YCIIIIHO JOCIIIKYIOTHCS MPOBIIHUMU KpaiHaMu B Taly3i
KiOepOe3neku Ha mopi, TakuMu sik Hopgerisa, BenukoOpuranis, @panuis ta CIIA.
OcobOnmBa yBara NpUAUBIETBCA PO3POOIl 3aCTOCYBAaHHS METOJIB OI[IHKM PHU3HKIB
KiOepOe3neKy, MOHITOPUHTY Ta BHUSBIICHHIO KiOepaTak Ha MOPCHKI iH(opmariiiiHi
cuctemu [322-323]. BpaznuBumu A0 KiOepaTak MOXYTb OyTH HACTYIIHI CUCTEMHU:
HaBITalIfHOTO MICTKa, BAHTAXXHUX OIEpaIliid, pyxXy Ta eHEpreTHYHOTO MEHEKMEHTY,
KEpyBaHHS JOCTYIIOM Ha CYJHO; OOCIYrOBYBaHHS MACAKUPIB; MEPEXKI 3arajibHOro
KOPUCTYBaHHS; COLIAJILHOTO 3a0€3MEeUeHHs eKiNaxy; pagio3B'si3Ky Ta KOMYHIKaIlii.
Taka BpaznuBICTh CHCTEM HacamIiepe]] MOB'si3aHa 3 BIAKPUTICTIO KaHAJIB Tepeaadi
1H(dopMarii, BIACYTHICTIO a00 00MEeXEHUM KU (PYBaHHAM JIJaHUX Ta Ay TEHTU(DIKaIIIi.

Ockinbku cymyTHukoBa cuctema Hapiramii (GPS) » mxeperom manux mpo
MiCIIe3HaXOKeHHs cyaHa, a came, ECDIS Ta AIS, 1i MokHa BiIHOCHO JIETKO
3arnymutu. [IpencraBnenuii y HaykoBiit po6oTti [310] SWOT-anani3 («Strengthsy —
cuibHI cTopoHH, « Weaknesses» — citabki ctoponu, «Opportunities)» — MOXKIHBOCTI,
«Threats» — 3arpo3u) ciyx06u AlS, miaTBepKye, 110 11l CHCTEMH MOXKYTh OyTH JIETKO
mipoOJieHl, BHACIIJIOK YOro0 HEMHHY4Yl HEraTMBHI HACHIAKU JJIs  Oe3MeKu
CYIHOTIJIaBCTBA.

ABTOMaTH4yHa 1JleHTU(]IKalIiHa CcUCTeMa € CTaHZapTOM 3B'A3KY, SKUH

BUKOPUCTOBYIOTH CyJIHA JJI Tiepeaadi iHdopmariii mpo ix micuiesHaxopkeHHs. OHax,
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OCKUIbKH MoBijomsieHHS AIS He 3ammdpoBaHi Ta He aBTeHTH(IKOBaH1, BOHH MOXYTh
OyTH TepexoIuieHl Ta MAPOOJeHI 3J0BMUCHUKAMH, IO MOXE IMPHU3BECTH 0
kibep3arpo3 Ta MMOBIpHOCTI 3idiiicCHEeHHA Kibepatak. Y pocmikeHHi [324].
3aMpONOHOBAHO O€3MeuHy, THYYKY, BIANOBIJIHY CTaHIApPTy Ta 3BOPOTHO CYMICHY
CTpyKTypy aBTeHTudikamii Auth-AlS myst 3aXucTy mMpoKOMOBHUX MOBiTOMIIEHD AlS.
Bona BuKOpHCTOBY€ iCHYIOYl HalilHI KpUOTOrpadiuyHi iHCTPYMEHTH, BKJIIOYAIOYU
TESLA Ta ¢insTpu biiyma Ha OCHOBI X SIKOCT1 O€3MEeKH CyMICHOCTI TeXHOJIOT1i AlS.

OCHOBHI HEIOJIIKH CYAHOBHMX 1H(OpMaLIHHUX CHCTeM Oe3MeKH MOoKa3aHl B
poboTti [325]. HemonaBHi IHIMAEHTH, BPa3IUBOCTI Ta 3arpo3u, IO CTOCYIOTHCS
Ki0epcucTeM Cy4aCHHMX CYZEH, € A0CI HE3PO3yMUIMMHU JJIsl CYJHOIIaBHUX KOMIIaHii,
TOMY WUMOBIPHICTh KPUTUYHHUX HACIIJKIB MOAAIBIINX aTaK 3aIUIIAETHCA MUTAHHIM
«KOJINY», & HE «SKIIIO».

KibepcucreMu cy4acHUX CyJIeH KIACH(PIKYIOTbCS $IK CTaHAAPTHI CUCTEMHU
iHpopmamiitnux TtexHosorid (IT) abo cucremu onepauitHux Ttexuosorid (OT),
MOB'SI3aHUX 3 €KCIUTyaTalli€lo Ta yIpaBliHHIM. 3110M [T-cucteM Moxke MaTu cepilo3Hi
penyTaliifii Ta gpiHancoBl Hacaiaku. OJIHaK, 3a3BUYAli, 11€ HE BIUIMBA€E HA OC3MEUHY
poboty cyneH. Y Toi ke yac cuctemMu OT MEHIN 3aXMINEHI Ta OMpambOBaHI IOJI0
KibepOesneku, ToMy Kibeparaka Ha 0opToBi cuctemMu OT Moke MOCTaBUTH M1 3arpo3y

0e3MeKy Cy/IHa Ta eKIMaxy.

10.1.1 IHOOPMAIIMHA BA3A HABITAIIMHUX ®AKTOPIB
YIIPABJIIHHA CYJJHOM

10.1.1.1. 3a0e3neyenHs kiOepOe3nexku omepauiiHux Ta iHGOpMaLIHHUX

TEXHOJIOTIil CHCTEeM YNPABJIHHS CYTHOM

301IbIIeHHST KIOCPIHIIMJAEHTIB BIUIMBAE HA MIXKHAPOJHE CYJHOILJIABCTBO 1
poOuTh K10epOe3neKy OAHIEI0 3 HAWBAKIIUBIMINX MTPo0sIeM Ha Mopi. ist 3a0e3neueHHs
0e3Meku eKkcrutyaTalii cyjieH [326-327], ekinaxky Ta naca)XupiB BBOASITHCS MMPABUJIA TA

3aKOHM, 1110 BUMAraroTh BiJl CYyTHOBJIACHHUKIB, OTIEPATOPIB Ta MEHEKEPIB BPAXOBYBATH
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kibeppusuku. Taki mpaBwia BkiaoueHi g0 KepiBHunTBa MixkHaApOAHOT MOPCHKOL
opranizaumii (MMO, IMO) 3 ympaBiaiHHA MoOpChbkUMHU KiOeppuszukamu MSC-
FAL.1/Circ3 Ta equni Bumoru MixHapoaHoi Acorrianii Knacudikamiitanx ToBapucTs
(MAKO) oo xi6epbe3neku.

Pe3ynbpTar Mi>KHApPOJHOTO Tay3eBOTO CIIBPOOITHUIITBA BigoOpaskeHOo B [328-
329] pexomennariix MAKO (IACS), sika 27 kBiTHS 2022 poky omyOiKyBaia HOBI
yHidikoBani Bumoru (Unified Requirement, UR) moao kibepOe3nexu, a Takox 3MiHUA
1o Pexomennartii Ne 166 (Rec. Ne 166), a came: UR E26 (KiGepcriiikicTs cyneH, Cyber
Resilience of Ships); UR E27 (KibepcTiiiKicTh CyqHOBUX CHCTEM Ta 0OJIaJHaHHS,
Cyber Resilience of on-board Systems and Equipment).

Bumora UR E26 HamisieHa Ha 3a0e3nedeHHs KiOepOe3NeKu 1HTErpyBaHHS
onepaniiHux Ta 1IHPOPMAIIHIX TEXHOJOT1H y MEpEeXy CyHa ITiJ1 Yac MPOEKTYyBaHHS,
OyIlIBHUIITBA, BBEJICHHS B EKCIUTyaTallil0 Ta BKJIOYa€ iIeHTUdIKAIII0 00Ja HaHHS,
3aXHUCT, BUABIICHHS K10€paTaK, pearyBaHHs Ta BIJHOBJICHHS.

Bumora UR E27 cnpsmoBaHa Ha 3a0e3ME€U€HHS 3aXHUCTy CTOPOHHIMH
MOCTa4YaJIbHUKaMu 00JIaJIHAHHS Ta PErJIAMEHTY€ BUMOTH JI0 KIOEpPCTIKOCTI OOPTOBUX
CHCTEM, a TaKOK PO3pOOKY HOBHUX IPUCTPOIB JJO BIPOBAKEHHS Ha OOPTY CYy/IEH.

[Topanu Rec. 166 [330] MicTATh HOpMATHUBHI BUMOTH MIATPUMKH KiOEPCTIMKOCTI
CyJIeH MPOTATOM yChOTO TEPMiHY eKcIlyatallii. BoHn BKkITt049aroTh moOy0By CHCTEMHU
yopasiiaHs  kibepoOesnekun (CYKDB) Bigmoimno no IlociGHmka 3 ympaBiiHHS
MopcbkuMu  Kibeppuckamu (Lupkymnsp IMO MSC-FAL.1/Circ.3) Ta Pe3omouiero
MSC.428(98) — «YmnpaBiiHHS KiOeppucKaMu B MOPCHKIN Taly3l B paMKax CHCTEM
yrpaBiiHHS 6e3nekoro» [331]. 3rigHo 3 BuMoramu Komirery 3 6e3neku Ha Mopi (MSC)
y CXBaJICHIA CHCTEMI YIpaBiiHHSA O€3MEKO0 Mae BPAXOBYBATUCSA YINPABIIHHA
Kibeppu3ukamMu 1 BOHU OyJid HAJIC)KHUM YMHOM BPaxOBaHI B CHCTEMaxX YIPaBIIHHS
oe3mnekoro micis 1 ciuns 2021 poky.

Bignosigno no Pexomenmaiiii MAKO Ne 166 BBeI€HO TEPMIHOJIOTIIO «SKICTh
nanux» (Data Quality) - CykymHICTh A1, COpIMOBaHUX Ha 3a0e3MedyeHHs Oe3MeKu
JaHUX, 10 TEHEPYIOThCs, 00pOOIIOIOThHCS, MEepeNatoThes 1 30epiraloThes B MpoLeci

eKcIuTyaTarii OOpTOBMX KOMITIOTEpHHX cucTeM. J[0 TepMIHONOTIT «SIKICTh JaHUX
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Hanexath HactynHl: 1. Kondinenuiiaicte (Confidentiality) — HemocTymHicTh Ta
3aKpUTICTh 1HGOpMAIlli JJi1 HEaBTOPU30BaHMX o0ci0 4u mporeciB. 2. LlimicHICT
(Integrity) — 30epekeHHS NPaBWIBHOCTI Ta IMOBHOTH akTuBiB. 3. JlOCTymHICTH
(Availability) — pmocTymHICTP Ta TOTOBHICTH JO BHUKOPHUCTAHHS Ha 3alMT
aBTOPU30BAHOTO KOPUCTYBAaya.

Takox y Pexomenmamii Bm3HaueHo Kareropii (I, II, III) cymHoBuxX
KOMIT'FOTEPHUX CUCTEM Ta CTYIEHS iX BPa3IMBOCTI MO0 SKOCTI IAHUX:

Kareropis L. Tunosi byHKIii CUCTEM: MOHITOPHHT JUISI
iH(dopMaIiHUX/aAMIHICTpaTUBHUX 3aBlaHb. lle cucremu, BuUXiJ 3 Jaay SKUX HE
Mpu3Bee A0 HEOE3NMEeYHUX CUTYyalllll aJisi Oe3MeKu JIoJuHU, Oe3NeKu CyaHa Ta/abo
3arpo3u JIOBKIJLIIO.

Kareropiss 1I. TunoBi ¢yHKIii cHCTeM: CHUTHai3aIlisi Ta MOHITOPHUHT;
KOHTPOJIbHI ~ (PYHKIIi, HEOOXITHUX WIATPUMKMA CyAHAa Yy WOro HOPMaJIbHUX
eKCIUTyaTallliHuX 1 3aceleHux yMoBax. lle cucreMu, BiIMOBA SIKHX MOE 3PEIITOIO
MIPU3BECTH J10 HEOE3MEUHUX CUTYyalllil NIl O€3MeKu JIOANHU, Oe3MeKu Cy/iHa Ta/ado
3arpo3u HaBKOJHUIIHBOMY CEPEIOBUIILY.

Kareropis III. Tunosi QyHKIIT cucTeM: yrpaBiaiHHS 175 MIATPUMKH PyXy CyaHA
Ta KEPMOBOTO yNpaBIiHH; QyHKIIT O6e3neku cyaHa. Lle cuctemu, siki MOKYTh HETalHO
MPU3BECTU JI0 HEOE3MEUHUX CUTyalld s O0e3neKu JII0JUHU, O0e3MeKu CyaHa Ta/abo
3arpo3u HaBKOJUIITHHLOMY CEPEJIOBHIILY.

[Ipomiec ympaBiiHHS CyJHOM OOYMOBJIEHUN BIJICYTHICTIO JIOCTATHHOTO
Y3TOJPKEHHS  CHUCTEMHUX  KOMIIOHEHTIB — 1H(opmaliiiHoro 3abe3rnedyeHHs,
HaBiraiMHuxX (akTopiB yMOpaBliHHS Ta TICUXO(]I310JOTIYHUX XapaKTEPUCTHK
CYJHOBOIIS Ta, SIK HACJIIJIOK, TOMIJIOK Yy Horo misix [332].

CyaHOBOIIY TIPU yTIPABIIHHI CYJTHOM TIPAIIO€ 3 BOMAa BUAaMu iHGopmarlii —
MpOIEAYPHOIO Ta JekjapaTuBHOW0. IlpomenypHa iHdopmallis 3acHOBaHa Ha
aJITOPUTMAX J1H CyJTHOBO/IS, TTOB'SI3aHUX 3 MPOLIECOM YIIPABIIIHHS Ta KOMaHAaMU, 110
BinatoThes. [leknaparuBHa iHdopmarltis moOyoBaHa Ha TAHUX, 3 SKUMU TIPAITIOE TIPH
upoMy. Taki JaHi pa3oM YTBOPIOIOTH iH(poOpMaliiiHy 6a3y. [lapameTpu MOXyTb OyTH

MIPE/ICTABIICHI y BUTJISIII BEKTOPIB, MAaTPHIlb, CIIHCKIB UM 1€pApXIYHUX CTPYKTYp. Jis
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CTBOPEHHSI CIIELIAJIbHOI CUCTEMHU 3aXUCTYy AaHUX CJiJ OpraHi3yBaTH BIOPSIKOBAHE
yIpaBJIiHHS BEJIMKOI KUTBKICTIO 1H(pOpMaIlii B 6a3ax JaHUX MPO CYJIU Ta BILUIUBU HA
Hux. Taka cuctema J103BOJIUTh, TPU HEOOX1THOCTI, BUITYUaTH iX 13 6a3u, Moau(iKyBaTh
Ta 3HOBY 30epiraTu y 3MIHCHOMY BHUTJISI]II.

OcHOBHOIO MPOOJIEMOI0 B OpraHizaiii iHGOpPMyBaHHS KalliTaHa Ta EKiMmaxy €
BIJICYTHICTb PO3IMO/LITY 32 PIBHEM Ba)KJIMBOCTI.

3 pO3BUTKOM 1H(POPMALIIMHUX TEXHOJOTIH 3a0€3MeueHHs MPOIIeCy YNpaBIiHHS
BUHUKJIA (hopMa mojianHs iHpopMmallii, sika 00'eqHaNa MPOLUEAYPHUI 1 IeKIapaTUBHUN
Bun. Ilpum Hecraui HajexHoi iH(poOpMAaIlii YNpaBliHHA MPOIECOM MaHEBpPYBaHHS
MIPOBOJIUTHCA METOJIOM CHPOO 1 MOMHIIOK, IO MOXKE OyTH HACIIJIKOM 30UIbIICHHS
MMOBIPHOCTI MOMMJIKM Ta aBaplMHOIO IHIMJAECHTY. MeToau OoTpuMaHHA 1HQopMalii
PO XapaKTEPUCTUKHU CYJHA Y TPOLIEC] YIPABIIHHS PO3pOOJIECHO HEJOCTATHHO, Yepes
BIICYTHICTh HQJICKHMX HOPMATUBHUX JOKYMEHTIB SIK HAaI[lOHAJbHUX, TaK 1
MiKHapoHuX. [IpoTe, BOHM BU3HAYAIOTh 3MICT 1 OpMY MPECTABICHHS JAHUX IS
MJIaHYBaHHS 33J]JaHOTO AJITOPUTMY YTPaBIIHHSA CyAHOM. BijcyTHicTh 3ac001B 00JIIKY
JaHUX MPO JAMHAMIYHI BJIACTUBOCTI NPH IUIaHYBaHHI MAaHEBPYBaHHsS BKa3ylOTh Ha
aKTyaJbHICTh PO3POOKM CHCTEMAaTHM30BAaHOI KOHIICMINT oOpraHizamii CcHUCTeMHU

YIPaBIIHHS PyXOM CyAHAa.

10.1.2. IHOOPMAIIMHE 3ABE3NEYEHHS ITPOIECY
MAHEBPYBAHHS
10.1.2.1. Knacudikauisa inpopmaniiHuX NOTOKIB JJs1 OWIHKH Oe3meKH

MaHeBPYBAHHA Cy/JHA

Jliis 3a0e3nedyeHHs IpoLecy YIpaBiIiHHSI poOOTOI0 Cy/IHa HEOOXiHA HACTYIHA
iH(dopMalisa: BIJOMOCTI MPO CYAHO; 30BHIIIHI YAHHUKH BIUTUBY; KOPCTKI Ta 3MIHHI
oOMEXeHHs, 3aco0M HaBIramiiHoro oOnaaHaHHS; (QYHKUIOHATIBHI OOOB'A3KU
orepaTopa-CyaHOBOIIA 3 opraHizarlii oOpoOku iHpopMmallii Ta 1i BUKOPUCTAHHS. Y
[bOMY KOHTEKCTI TMOHATTS «iH(pOpMaIlis» MOXKHA OXapaKTEepU3yBaTH JIBOMA

MOHATTAMU: 1) BUOIP MOXKIMBHX HEOOXITHMX CHUTYaIlli 13 BEIUKOI KIJTBKOCTI PIBHO
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WMOBIpHHMX Y1 HEPIBHO WMOBIPHUX MOKJIMBOCTEH; 2) BUOIp, iHPopMallii, SKy MOKHA
CIPUIHSATH Ta 3amaM'TaTu.

OyHK110HATBHI 000B'S3KM CYAHOBO/IIS MIPH yIPaBIiHHI BU3HAYAIOTh BUMOTH JI0
pIBHS HMOT0 37aTHOCTI BUKOHYBAaTH IHTEJEKTyallbHI Iii 3 00poOKH iH(popMaIiitHuX
notokiB. Kimacugikariisi Takux MOTOKIB MPHU yNPaBIIHCHKUX MpOIecax y percoBOMY
UK CyJHa mpeacTaBieHa puc 2.1.

Ha cyuwacHux cyaHax iHdopmalis 3 MaHEBPYBaHHS Ta yIpaBJIiHHS,
po3ocepekeHa MICTKOM, He 3aBXK/IM MPEJICTaBICHA Y BUTIIAI JCKIapaTUBHUX JTaHUX
1 moTpiOHA 11 00poOKa SISt IPUHHATTS pillieHb. 3 i€l MPUYUHY 1H(OPMAILiF0 HEOOX1THO
M0/IaBaTH B IHTEPIIPETOBAHOMY, CTPYKTYPOBaHOMY, 3B'I3HOMY Ta aKTUBHOMY BUTJISII,
110 CYTTEBO 30UIBIINTH IBUIKOIIO YIIPABIiHHS.

OcHOBHOIO MPOOJIEeMOI0 B Oprasizaiii iHGOpMyBaHHS KalliTaHa Ta EKIMaxy €
BIJICYTHICTh PO3MOJLIY 3a piBHEM BaxuBOCTi. [Ipy nouMaHCBKIA MPOBOILI OOCST
iH(popmanii 30UIbIIYETHCSA, NPOTE BOHA TAaKOXK HE po3noauigerbcs. Ha wmicTky
30CepeKeHo 1H(pOopMaIiitHO-po3nopaI4y iH(OpMaIlito, HaBIraliiHy, TOCIOAapChKY
Ta KoopauHaliiny. [Ipy iboMy 4acTo KamiTaH 1 JOIIMaH BIABOJIKAIOTHCS BiJl pOOOTH
13 3a0e3MeUeHHs IPollecy MOpEeTJIaBaHHs Ha 1HIIN BUIHU TisTbHOCTI. e mpu3BoauTts 10
TOTO, IO BiIOYBAEThCS TIEpEPBa y CIIOCTEPEKECHHI 32 HABKOJHUIITHIM OTOYCHHSIM, JCSIKa

1H(pOopMaIis CIPUITMAETHCS 13 3aMI3HEHHSIM 1 € Pe3yJIbTaTOM HEaJIeKBATHUX KOMaH/.
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Kuaacugikaunis
iHpopmaniitHux
NOTOKIB BOHHUX

NLJIAXiB

30BHILIHI
3A MICIIEM
TIMOXO/’)KEHHS BHYTPILIHI
r 3BAYAIHI
3A PEXKUMOM » ABTOMATHYHI
BUKOPUCTAHHSI _
| VIIPABJISIFOYI | CHELIMAJIBHI
> PEKOMEHJIOBAHI
3A .
NPU3HAYEHHSIM —{p| CHUTYALIIHI
l» HOBOCTHI
— |cynHo-cyaHO
"> TIPUBATHE —
JUCTYBAHHS | CYIHO-BEPET
3A
BUJAMM CHCTEM, | BEPET-CYIHO
IO 3B’SI3YIOThCS S ———
MOCTIIHI | BEPEr-BEPET
3A HET'AMHI
MEPIONYHICTIO
_®YKIIIOHYRAHHSI PETYJISIPHI
BHITA JKOBI
— 3 IEH3YPOIO
3A ’t 3
CTYHEHEM "
3AXHIIEHOCTI
BE3 OBMEKEHb
3 IIAIIEPOBI
3A BUIAMH I
HOCI ~ ——{»| EJEKTPOHHI
THOOPMATIIL ——
3MILIAHI
3A |->\ BXITHI
CITPSIMOBAHICTIO
|->\ BUXIITHI

Puc. 2.1. Knacudikanis iHpopmManiiHux NOTOKIB BOJAHHUX HUIAXIB [pO3p00IEHO

10.1.2.2 KonTpoas Hajg

aBTOpPaMHU |

iHpopMmaniiiHuM 3a0e3MeYeHHAM NOTOYHMX

napaMeTpiB pyxy CyJlHAa NPH OpraHizauii mpouecy MaHeBPYBaHHA Ta AiAJILHOCTI

omeparopa

2.2.1. Kpumepii y32003cenocmi YUHHUKIE pYXYy mMa NOKA3HUKIE JHOOUHU-

onepamopa

[To kanamax 3B'S3Ky HaAXOAuTh 10 25 BUAIB 1H(OpMAIli, IO CTBOPIOE

HaIPY>KEHICTh y po0oTi MicTKa (puc. 2.2).
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Crijzt 3a3Ha4YMTH, 110 OCTAHHIM YacoM Y 3'SIBUJIMCH KiOepaTaku Ha HaBiramiiiHoO-
iH(popMaIIiiiHl CUCTEMHU CYJIeH 3 METOI0 3JIOMY HaBIraIifiHOi CHUCTEMH, OTPUMaHHS
JOCTYITy 10 KPUTUYHO BAXKJIMBUX JTAaHWUX, BIPOBA/KCHHS IIKIJIMBOTO TPOTPAMHOTO
3a0e3Mne4eHHs], TIYIIHHS Y1 CTBOPEHHS MEPEIIKO/ CUCTEMaM, BHACIIIOK YOTO CyAHAM
JOBOAMUTHCS MIOBEPTATUCA JI0 TIOPTY Uepe3 MpobsieMu 3 iX HaBiralifHUMU CUCTEMaMH.
Heo0ximHo 3BepHYTH 0COOIMBY yBary, 1o Bcs iH(OpMaIlis € BiIKPUTOIO 1 MOKe OyTH
BUKOpPHCTaHa KiOEP3IOUHHIISIMHU.

Sx moka3dye BUKOHAHWW aHA3 TPOIECY YMPABIIHHSI POOOTOI0 CyaHA Ta
MOMWIOK y nisix mmoaunu-ornepatopa (JIO), skuii HUM Kepye, BOHH OOyMOBJIEHI
B1JICYTHICTIO JIOCTaTHBOT'O Y3TO/KEHHS TPHOX CKJIAJ0BUX YaCTUH MIPOLIECY: 30BHIIITHIX
oOMexeHb; (akTopiB pyxy; NMcuxo@i3ioNoriyHux xapaktepuctuk JIO sk enemeHTa
CUCTEMH.

KinbkicHa oniHka Oe3nekd MaHEBpPYBaHHS MOKe OyTH 31iiCHEHa Ha OCHOBI
BEJICHHS IJI00AJIBHOIO IHTETPAIILHOIO 0arato(akTOPHOTO KPUTEPIKO Y3TOIKEHOCTI
McUx0(i310J0TIYHUX XapaKTEPUCTUK JiSUILHOCTI orepaTopa Ta (akTopiB pyxy, L0
BKJIIOYA€ HE MEHIIE T'ATH (PAKTOPIB pyXy Ta HOTUPHOX XapaAKTEPUCTHK OMEPATOPCHKOT
IISJTBHOCTI.

[Tomunku onepaTopa BUHMKAIOTh y IMPOILIECI OTPUMAHHS 30pOBOi 1H(popMallii,
yepe3 HEOOXIJTHICTh ii OOpOOKM Ta XapaKTepu3yIOThCS 300MH B YIpaBJIiHHI Ta
BTpaTtoro opieHTyBaHHs [333]. [l ofHO3HAYHOTO CIPUHHATTS 1H(POpMaIIii HEOOX1THO

il 00poOJISITH Ta MOAABATH ONEPATOPY Y BUIIISAAI IPOLETYPHUX THCTPYKIIIH.

10.1.3 AVITOPUTM BU3HAYEHHSA KOE®ILICHTA
V3rOoJ)KEHOCTI AJIs1 KIBKICHOI OIITHKHU BE3IEKHA
MAHEBPYBAHHA

JIns KOpUTyBaHHSI IUIAHOBOI TPAEKTOPIl PyXy CyJHA, y CHUTyallii 3MiHU
30BHINIHIX BIUIMBIB Ta 3MIHHUX OOMEXEHb, OMEpaTopy MOTPiOHO 3AiNCHIOBATH
00poOKy JeknapaTuBHOI 1H(OpMaIIii, [0 HAIXOAUTh, 3 KOHTPOJIIO HaJ MapaMeTpaMu

MpoIleCy YIPaBIiHHSA, IO MPU3BOAUTH JIO0 TOMHUJIOK B YIPaBIiHHI TMPOIECOM
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MaHeBpyBaHHA. [IIBUAKICTP Ta HAMIWHICTh YXBaJlGHHS PIIIEHHS 3aJICKUTh Bij
IHTEJIEKTyaJIbHOI AISUTbHOCTI OMepaTopa, HU3bKUN pPIBEHBb SIKOT MOXKE MPU3BECTU JI0
MMOMUJIOK y TOTPUMAaHHI MPaBuJI miaBanas. OTke, aHTPOTIOMETPUYHI XapaKTePUCTUKU
oreparopa BILUTUBAIOTH MTPOLIEC YIIPABIIIHHS CYy/IHOM 1 BUMAraloThb OKPEMOTO aHajli3y Ta
JOCIII>KEHHSI.

besneka maHeBpyBaHHSI He 3a0e3leuyBanacs 4epe3 BiJCyTHICTh HEOOXITHUX
BIJIOMOCTEH MNP0 MaHEBPEHI XapaKTePUCTUKH CyJHA, SK 00'€eKkTa YNpaBIiHHS Ta
BIJIMOBITHUX JaHUX MPO MOTOYHHUI CTaH BiJl TEXHIYHUX 3aCO0IB CyJTHOBOIIHHS, IS
KOHTPOJIIO HaJ| MPOIECOM PyXy B OOMEKEHMX ymMoBax IulaBaHHs. Ha e BkasyloThb
MOCaJKu Ha IPyHT y 46,8% 13 173-X BUMaKiB, PUUHITHX JIO aHAJI3Y.

Yepes HenocTaTHe iH(OpMaIiiiHE 3a0€3MeYeHHs] TPOLECY CYJHOBOJIIHHS, 11032
CYJIHOM 1 Ha caMOMY CYJiHI, BIJICYyTHICTb METOJIB Ta CIOCOOIB KOHTPOJIO 3 OOKY
OeperoBUX CUCTEM HaBIraliitHOTO 00JIaIHAHHS HE JO3BOJIUIIA OMIEPEIUTH MOCAIKU HA
IpyHT (47%) Ta HaBayK Ha OEPEroBl CHOPYAM Ta 3HaKU oropoxi (17%).

Henocrarnim BusiBuiocs i indopmaiiiiine 3a06e3reyeHHs TOTOYHUX TapaMeTpiB
pyXy Ta TIOJIOXKEHHS CyJHA, BIICYyTHICTh METOAWKH IIONEPEIHBOTO TUIAHYBAHHS
YVIOpPaBIIHHS, CUCTEM MIATPUMKHU MPUHHATTS PIIICHHS Ta aJIrOPUTMIB i omeparopa
MIpH YNPaBJIHHI MAHEBPYBAHHSIM, 1110 HE JO3BOJIMIIO ONEPEUTH 3ITKHEHHA Y 15,0%,
nocaaky Ha MutMHY y 47% Ta HaBanu B 17%.

Takuii aHami3 J03BOJIMB MPOBECTU PAHKYBaHHS MOMUJIOK OIlepaTtopa 3a Horo
NCcUxo(i310J0TITYHUMU XapakTepucTukamMu: y 47% BUIAJKIB MPUUYUHOK aBapiiHOi
noii Oyiau MOMMIIKM aHamizaTopiB; y 21% — uepe3 3001 mpu 30epiranHi Ta 00pooiIr
iHdopmarii; y 18% — depes 3001 npu npuiHATTI pimieHHs 1 B 14% — MOTOpHI TOMUJIKH,
3yYMOBJIEH] IIPALIe3aTHICTIO OTIEpaTopa.

JInst  OIIHKM CTYINEHs BIUIUBY KOXHOI XapaKTEpPHCTHKH oOlepaTtopa Ha
Y3rOJKEHICTh PyXy BBEAEMO KOE(DILIEHTH paH)KyBaHHS — 3a aHaii3aTopaMu K, 3a
300emM mpu 30epiranHi Ta o0pobui iH(opmamii K, 332 MBUIAKICTIO BUKOHAHHS
1HTENEeKTYanbHUX QYHKIIHN K. 1 32 PE3yJIbTaTOM MOTOPHUX HOMUIIOK Kyyeumn

ONiHIOIOYH Y3TO/I)KEHICTh, BBEIEMO TPU KPUTEPIi Y3rOHKEHOCTI YUHHUKIB PYXY

Ta MMOKa3HUKIB ONEepaTopa — JIOKAAbHUL, Y3d2albHe Ul 10KabHul 1 2nooanvHutl [340].
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Jlokanvni Kpumepii y3200xcenocmi XapaKTEPU3YIOTh PIBEHb Y3TOIHKEHOCTI
KOXHOI XapaKTEePUCTUKHU OTepaTopa 3 BIAMOBIIHUMHU (pakTopamu pyxy. [XHs 3aranbHa

KUTBKICTh JopiBHIOE 20. YMOBHI Mo3Ha4eHHsI Koe(ilieHTiB HaBeaeH] B Ta0. 3.1.

Ta6amnus 3.1 JlokanpHi KOeIIiEHTH y3rOIKEHOCTI

dakTopu pyxy Amnanizatopu | [lam’sTh IHTeHeKTyEP.IBHl AHTponoMeTpis
byHKIil
HIBUIKICTE Kua K Kui K asr
Kypc Kia Kin K K ar
ey | Kawa | K Kui Ku e
Tpackropis Kipa Kipn Kopi Kip anr

[Ipu y3rojpkeHOCTI OJHOrO (akTopy PyXy 3 OJHIEHD XapaKTEPUCTHKOIO
oreparopa BiH NpuiiMae 3Ha4YeHHs, piBHE 0,2, a IpH BIACYTHOCTI — BiH A0PiBHIOE 0.

Y3azanvneni noxkanvui xkpumepii y3eooixcenocmi iHdoOpMaIiHOTO aHATIZY
ta wMucieHHs (Kg,), IIBHJIKOCTI Ta HaIIHHOCTI

mam'sTi BUKOHAaHH:

(Kan),
IHTENIEeKTyanbHUX (PyHKIINA (Kygy,) 1 anTponomerpii (Kuum) XapakTEpU3YIOTh CTYIIHb
Y3TOJIPKEHOCTI KOYKHOT XapaKTEPUCTHKHU orepaTopa 3 ycima (akropamu pyxy. Koxen
3 HUX NpuiiMae 3HaueHHs, piBHe [305, c. 1]. I[Ipu y3romxeHocTi 0IHOTO (GaKTopy pyxy
3 BIAMIOBIAHOO XapaKTepUCTUKOX Koy, Kooy Kpyns Kanm = 0,2; 180X — 0,4; TpbOX — 0,6;
qotupbox — 0,8 1 1,0 — mpu moBHOMY 30iTYy.

I'nobanvnuii kpumepiit y3zoosncenocmi (K. € [0; 1 BinH. o11]) xapakTepusye
CTYMiHb y3T0JI)KEHOCTI BCIX XapaKTePUCTHUK JISTILHOCTI OTiepaTopa 3 ycima (hakropaMu
PYXy CyJlHa, IPEICTABIICHUMH Y BUTJISI/II OKpeMHX KoeDimieHTiB. SKIIO r1o0abHMA 1
y3arajibHeH1 JIOKaJbHI KpUTEpli JOPIBHIOWOTH OJWHUIN, TO 1€ O3HA4ae, II10
3a0€3Meuy€eThCs Y3TOKEHICTh CKJIQJ0BHX IMPOIIECY MAHEBPYBAaHHS 1 CTBOPIOIOTHCS
MepeyMOBH TSI HOTO TapaHTOBAHOI OC3ITEeKH.

Bukonanuii aHami3 mokasye, IO OIIHKH BEIMYMUH JIOKATHHUX KPHUTEPIiB
Y3TOJIPKEHOCTI, 3aCHOBaH1 Ha MPUITYIIEHHI MPO PIBHOWMOBIPHICTH MO, HE 30BCIM

KOpPEKTHI. 3 Ii€i NPUYMHH NPU BU3HAYEHHI 3HAYEHb KOEQILIEHTIB Y3TOKEHOCTI

HEOOXI1THO BpPaxOBYBaTH MMOBIPHICTh MO/IIi 32 KOKHOIO XapaKTEPUCTHKOIO, IMIJISTXOM
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MHOEHHSI y3arajJbHEHHMX JIOKAIbHUX KpUTEpIiB Ha Koe(ilieHT paHxyBaHHs. Tomi

aHAIIITHYHA 3AJICKHICTD JIUISI BU3HAUCHHS K5, MATHME BUTJIS;
_ V4 5
Kyar = i=1(Kp>+<i " lj=1 Knoxij)a (1)

ne i — uucio xapaktepuctuk oreparopa (i € [306,c. 4]); j— uucno hakropiB pyxy
J € [306,c. 5]; K,y — KOedilieHT paHKyBaHHSA MOMIIIOK omepaTtopa ; Ky —
JIOKaJIbHUHN KOe(IMIEHT y3roKeHoCTl (Tadm. 3.1).

CrpykTypHy cxemy anroputmy [340] Bu3HaueHHs KoedilieHTa 3a (GOPMYIIOI0
(1) maBeneno Ha puc. 3.1.

3 iH1oro 00Ky, HEOOX1THO BPaXxOBYBATH SIK PE3YyJIbTATH aHAJI3y aBAPIHHOCTI,
Tak 1 pe3yJbTaTh BUBYEHHS IMCHUXO(I310JOTIYHUX XAPAKTEPUCTUK OlepaTopa, II0
noTpedyIOTh JOJATKOBUX JOCIIIKEHb.

Po3rnsaHyTi HEOOXigHI Ta JIOCTaTHI YMOBHM JO3BOJISIIOTH  PO3MOYATH
OOIPYHTYBaHHsI TNpOILIECY T'apaHTOBAaHOI Oe3neku MaHeBpyBaHHs. I[liIroToBKy a0
MaHEBPYBaHHS 1 HOTO BUKOHAHHS PO3TIISIATUMEMO 3 YOMUPbLOX emanie:

- IUIaHYBaHHS TEPEMIIICHHS 3 YypaxyBaHHSAM JKOPCTKUX OOMEXKEHb Ta
JIOBrOCTPOKOBOTO MPOTHO3Y MapaMeTpiB T1IPOMETEOPOJIOTIUHUX YMOB IIJIABAHHS;

- YOpaBIiHHS MPOLECOM PYXy BIAMOBIJAHO 0 MONEPEAHBOrO IJIaHy Ta HOro
KOPUTYBaHHS 32 (PaKTHUHUMHM IMapaMeTpamMu T1IPpOMETEOPOJIOTIUHUX YMOB IIJIABAHHS,

- BUKOHAaHHA MOPCBKHMX OINEpaliii Ha MOYAaTKOBUX Ta KIHIEBUX AUISHKAX
EePEexXOy.

OcoOnUBICTIO TEPIIOTO €Tany € MOXJIMBICTh BHPIIIEHHS 3aBJaHb MOYATKY
MJIaBaHHSA, 1HII MOXKYTh BUKOHYBATHUCS JIULIE Y MPOLIEC] YIIPaBIIHHS.

Opranizaiiiss mporecy MaHEBpPYyBaHHS Ta HOT0 BHUKOHAHHS SIBISIOTH COOOIO
IIJIECIPSIMOBAH1  1HTEJIEKTyallbHI Jii omepaTopa, 1 Ha KOXHOMY WOro erari

BUPILIYETHCS MIEBHE KOJIO 3aB/IaHb.
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Puc. 3.1. CtpykTypHa cxema aIropuTMy BU3HAYEHHS KOE(IIIEHTA Y3T0IPKEHOCTI IS
KUIBbKICHOT OILIIHKM Oe3neku MaHeBpyBaHHs. [1o3HaueHHs OJIOKIB: 1 — y3rosKeHHS 3a
JIOKQJIbHUMU KPUTEPIAMHU; 2 — y3TOKEHHS 3 ypaxyBaHHAM ITOMHIIOK orepaTopa;3 —
rio0anbHe Y3TOKCHHS IePEMIIICHHS;
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[Ticnst Toro, sIKk monepeIHIN MaH CKIaAeHO, MOKHA MPUCTYNATH 10 BUKOHAHHS
HACTYMHOI'O0 €Tally MaHEBPYBaHHS — YIpPaBIiHHA IpoiiecoM mnepexony. s ioro
peasizaiiii HeoOXiIHO:

- 3[1MICHUTH BUKOHAHHSA MOPCBKOI1 orepaliii 3 BUXOy 3 TOPTY;

- YTOUHUTH TapaMeTpH TiAPOMETEOPOJOTIYHUX (PAKTOPIB 1 CKOPUTYBATH
MOTIPABKU, IPUIHSATI 32 TPOTHOCTHYHUMH JTAHUMU;

- BBECTH B POOOTY MPUCTPIN YIpaBIiHHSA KypcoM (pyuHU a00 aBTOMATHYHHH),
HaBIramiiHi MPUCTPOi 3 BU3HAYCHHS MICIS CYHA, OIIHKN HABITamiifHOI 0OCTAaHOBKH 1
BU3HAYCHHS MOMEHTY IOSIBU 3MIHHUX 0OMEKEHb PyXy Cy/IHA.

[Ipy BU3HAYEHHI MICIA 1 HASBHOCTI BIAXHMJICHHS CJiJl YTOYHUTH MPUYUHU, IO
BUKJIMKAJIU 3MIIIEHHS, 1 CKOPUTYBATH Kypc 0€3 3MiHM MOYAaTKOBOIO IUIAHY 3 TaKUM
PO3paxyHKOM, 11100 CyZIHO BUHIIIO B HACTYNHY MapIIpPyTHY TOUKY.

[Ipu nosiBi 3MIHHHUX OOMEXEHB CJIIJT BU3HAUYUTH, UM ICHY€ HEOe3MeKa 3ITKHEHHS,
a, BIJMOBIHO, 1 HEOOXIAHICTh 3MIHIOBATH MapaMeTpu pyXy. SKIO BOHA ICHYE, TO
KOPUTYETHCS TTOYATKOBUM IJIaH MIJISTXOM 3MIIIEHHS] HACTYIHOT OJHI€T a00 JIEKIIbKOX
IUIIXOBUX TOYOK Y OIK JIIHIT TIOCTaBKM BaHTaXy (JIIHII MEPEMILIEHHS M1 MOPTaMHu).
ITicns 1poro 3MIHIOETBCS Kype 1/a00 MIBHUAKICTH JJIs TOrO, MO0 3a0e3MeUHuTH
PO301KHICT 1 BUKOHAHHSI CKOPUTOBAHOTO 33JaHOTO AJITOPUTMY YIIPABIIiHHS.

OCKUTBKH TPH MOSIBI 3MIHHUX 00OMEXEHb 3pOCTae 00CAr onepaTopchbkoi podoTu
3 00poOku 1H(popmallii, ocoOIMBO TpU TUIaBaHHI B OOMEKEHHWX YMOBax, MpHU
oOMeXeHId BHUJIMMOCTI 1 HAsBHOCTI I1HTEHCUBHOIO CYJHOIUIABCTBA, BHHHUKAE
HEOOXITHICTh HASBHOCTI IHIIIOTO OMeparopa, SKUH O€3MOCEepPEeNHbO 3AMHATHI HE
YIPaBIIHHAM, a TUIBKH 00poOKOI0 1HGOpMAIIii 1 TIATOTOBKOIO JaHUX.

TakuMm 4MHOM, rapaHTOBaHy Oe€3IeKy YINpaBliHHA MaHeBpyBaHHsAM [334-337]
nepeadavaeThCsl 3a0€3MeUUTH 3a PaxXyHOK MIABUIIICHHS PIBHS MOIH(OOPMOBAHOCTI Ta
IIBUJIKOMIT cuUcTeM OOpoOKu 1HQopMaIllii 3 MOJAJBIIOK PO3POOKOI0 aJITrOPUTMIB
OTIePaTOPCHKOT AISTTLHOCTI HIJISTXOM:

® CTPYKTYpYBaHHSI TAKTUYHUX 1 OTMEPATUBHUX 3aBJaHb, PO3POOKH aITrOpPUTMIB
1HTEJIEKTyalIbHUX 11l orepaTopa Mpy IUIaHyBaHHI Ta YIPaBIiHHI PyXOM CYy/HA;

®pO3pO0KH aAIrOPUTMIB 1 MPOTpaM pO3paxyHKYy IMPOTHO30BAHOI Oe€3MeqHOi
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IIBUJKOCTI B PI3HUX YMOBAaX IJIABAaHHS,

®[UTaHyBaHHS MOPCHKUX OIIEpalliii iIHBEPCHUM METOJIOM;

® CTBOPEHHSI CUCTEMHU MIATPUMKH MPUHHATTS PIIIeHb 1010 MAHEBPYBaHHS;

®pO3pOOKH aJITOPUTMIB TIOTOYHOTO KOHTPOJIIO PO3ODKHOCTI Ta CHOCOO0IB
KOPHUTYBaHHS CIIOYATKY 33JJaHOI TPAEKTOPIT;

#pO3pOOKH ANTOPUTMIB TOTOYHOT'O KOHTPOJIIO MiCII€3HAXO/KEHHS, BKIIIOYAI0UN
KPUBOJIIHIMHUAN PyX 1 Bi3yalsli3allilo MOTOYHOI CUTYyalii po30i’KHOCTI 3 CyJHAMH, SIKi

HeOe3eyHO MAaHCBPYIOTh.

10.1.4 AJITOPUTM OPI'AHI3ALII MPOLIECY MAHEBPYBAHHSI

10.1.4.1 ETanu niAroToBKHM /10 NpoLecy MaHeBPYBaHHSA

Jlnst 3a0e3mnedeHHsT MaKCUMAJIbHO MOXIJIMBOI Y3TO/DKEHOCTI (PaKTOPIiB PyxXy 1
KOPCTKHX, @ TAKOXK 3MIHHUX OOMEXEHb, PO3IISTHEMO MOCIHIIOBHICTh (POPMYBaHHSA
3aJJaHOTO AJITOPUTMY Ipolecy MaHeBpyBaHHs. (DyHKIIOHYBaHHS CyJHa, K 00'e€KTa
VIpaBIiHHS, BU3HAYAETHCS BUJOM BUKOHYBAaHUX POOIT 1 HOCUTH IIJIECHPSIMOBAHHIA
xapakTtep. TUMNOBUMM MpUKIAAOM Takoro (yHKI[IOHYBaHHS € BHUPIIICHHS 3ajadl
IUTAaHYBaHHS TakuUM CHOCOOOM, SIKMM JI03BOJIMTH JOCATTH IIOCTaBJICHY METY
nepeMIlIeHHs 3 JeSKOi MOYaTKOBOI (PIKCOBAHOI CUTYAIlil 10 KIHIIEBOI.

Bci 3aBiaHHs n1aHyBaHHS IEPEMILIEHHS 3 TIOYaTKOBOTO (PIKCOBAHOTO B IIJIbOBE
KIHIIEBE IMOJIO0KEHHS BUKOHYIOTH Y MPOCTOPI CTaHIB B YMOBAaX JKOPCTKUX 1 3MIHHUX
oOMEXeHb NpPHU HASBHOCTI 30BHIIIHIX MO BIJHOWIEHHIO A0 O0'€KTa yIpaBIiHHSA
BILJTUBIB.

OCKUIBKH MPOTITOM YChOTO 4Yacy pyXy CYAHO MEPEMIIIAEThCA 31 3MIHHUMHU
napameTpamMu (Kypc, IIBHAKICTh, MOJIOKEHHS B MPOCTOpPi), OynemMo BBaXXaTH, LIO
MaHEBPYBaHHS B11I0yBa€TbCA Ha BCbOMY IEPEXO/i, MPOTE€ BOHO MA€ PI3HUHN XapakTep,
3aJIEKHO BiJ MOT0 MO3UIII MO BIAHOWIEHHIO 10 MYHKTY BIAXOMY 1 MPUXOJY, a TAKOX
XapakTepy HaBITalllifHUX YMOB.

[Tporiec MiArOTOBKM 1O MAaHEBpPYBaHHS 1 WOTO BHUKOHAHHS IPOIOHYETHCS

pO3IIIAJIaTU SIK TaKHWi, 110 CKJIAJAEThCA 3 YOTUPHOX €TaliB: IJIAHYBAaHHS IMPOIECY
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IEPEMILLIEHHS 3 YpaXyBaHHSAM >KOPCTKUX OOMEXEHb 1 JIOBIOCTPOKOBOI'O IPOrHO3Y
napaMeTpiB T1IPOMETEOPOJIOTIYHUX YMOB IIJIaBaHHS; YNPABIIHHSA MPOLECOM DPYXY
BIJIMOBIAHO IO TIONEPEAHBOrO IIaHy 1 HOro KOPUTYBaHHS 3a (PaKTUYHUMU
napaMeTpamMy T1IPOMETEOPOJIOTIUHUX YMOB IUIABaHHS; KOPUTYBAHHS IOYATKOBOTO
IUTaHY TPU MOSIBI 3MIHHUX OOMEXEHb B MPOIIECi MEPEMIIICHHS; BUKOHAHHS MOPCHKHIX
omepalliii Ha MOYaTKOBUX 1 KIHIIEBUX AUIMHKAX mepexomy. OcoOmuBICTIO TEPIIOTO
€Taly € MOKJIMBICTh BUPIIIEHHS 3aBIaHb /0 MOYATKY, 1HIII MOXYTbh BUKOHYBAaTHCS
TIIBKA B TPOLIECI YIMPaBIiHHA, Y 3B'A3KY 31 3MIHOIO CTaHy CyJHA, OOMEXEHb 1
30BHILIHIX BILJIUBIB.

Ha nepuomy erari Juist 3aJaHOTO OYaTKOBOI'O CTaHY BU3HAYAETHCSI CMUCIIOBA
CTpyKTypa 0a3u BUXIJHUX J@HUX, TOOTO CTAaBUTHCS CTPATETIYHE 3aBJAHHS II0A0
IPOTHO3YBaHHS CMNOCOOIB YMpaBIiHHSA Ta CKJIAaQy CUCTEMH MaHEBPYBAaHHIL.
VYKpynHEeHuN anropuT™M i omeparopa 3 Oprasizaulii MpoLecy MaHEBPYBAHHS

HaBesieHo Ha puc. 4.1 (IIT — muisixoBa To4ka).
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1
Mouartok
2
KapTu, HaBiraujinHi 6 T
. aK
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OBroCTPOKOBUIA NPOTHO!

norogHUX YMoOB, NYHKT obmexkeHHsA
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—3 — 7 8 .
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npomixHi LTy, WT;,..., WT,. i napameTpamm NOrogHUX ymosB. i po36ixkHocTi. Kopuryiotb
KiHuesy LWT.. PospaxoBytotb CKnapaloTb cxemy NOYaTKOBUIA NNIaH PyXy B HACTYMHi
Kypcu i siactani mixk WT. MaHeBPYBaHHA ANIA CNiAYBaHHA LUT 3 ypaxyBaHHAM cuTyauii
Cknapatorb Tabuiio Kypcis | 3 KiHuesoi LUT Ha akipHy 36/MKEHHs | MaHeBpy
BlAcTaHen CTOAHKY abo B nopt po36ixHocTi
— 4 _I'Ii?nﬂ OYHEHHA BMAY MOPCbKOI 10
BusHavatotb aarty ivac BUuxoay. yT Ay P CKnap‘ame cxemy
CKNapaloTb cxemy onepauji NpUCTyNalTb A0 3axXxo4y SR
MaHeBpYBaHHA Npw Biaxo4i Big, noprt. Micna 3akiHYeHHA | ETETTR AT e
npudany i po suxoay & LWTo. LIBAPTYBaHHA NPUCTYNAIOTb A0 2 "
B BUPiLEHHA NOTOYHUX 3aBAaHb AKIpHY CTOAHKY 360 B NOpT
30BHilUHiX BNAUBIB i NONPaBOK P ',q
3 BaHTaXKHMMM onepalismu

— 5 11 —
MNicna Buxoay B LWT, C KiHeu,
PO3paxoByOTb MOMEHT )
NoYaTKy NOBOPOTY Ha HOBMIA

Kypc i NOBTOPIOIOTb Npoueaypy
ANA KOXKHOI HacTynHoi LWIT

Puc. 4.1. YxkpynHeHui#l airopuT™ opraHizailii MaHeBpyBaHHS

[ToTiM TPOBOASITH JEKOMIO3UIIID KOXKHOTO 3aBJaHHS 1 NEPEXOoliTh Bij
BUXIJIHUX JI0 €JEMEHTAPHUX 3aBJlaHb, 10 MPU3BOJAUTH JI0 BHUPILMICHHS TaKTUYHHUX
3aBAaHb 00 YTOYHEHHS JUISHOK ILUISAXY, PO3PAaXyHKY IOMNPABOK HA 30BHIIIHI
BIUTMBH 1 IJIAHYBAHHS 33/IaHOTO aJITOPUTMY YIIPABIIHHS PyXOM CyIHA.

[Ticns moOyJIOBM TIMOTE3W BUPIIMICHHS €JIEMEHTAPHUX 3aBJaHb BHUHHUKAE
HEOOXIJTHICTh PO3POOKH TEXHOJIOTIUHOTO MPOIECY BUKOHAHHS MAaHEBPYBaHHS, SIKUN
MOJIATA€E B MOIIYKY BIAMOBIHOCTI MIX BUXIAHUMHU TaHUMH 1 HEOOXITHUMH 3ac00aMu
11 TOCATHEHHS MOCTaBJICHOI METH.

B pe3ynbrari BUpIMIEHHS CTpaTeriyHUX 1 TAKTUYHUX 3aBJlaHb, a TAKOX MICIsS
pPO3pOOKM  TEXHOJIOTHi  MaHEBPYBaHHS  OTPUMYIOTh  3aJaHUNl  aJrOpPUTM
(yHKIIIOHYBaHHSI TIPOIIECY YIpaBIiHHS MepemMilieHHsM cyaHa. [Ipu mpomy Ha erari

BUPIIIEHHS CTPATETTYHNX 1 TAKTUYHUX 3aBJIaHb MAHEBPYBAHHS XapaKTEPUCTUKHU CyTHA
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NPAKTUYHO HE MPHUCYTHI, TOMY TakKi 3aBJlaHHS MOXXHA BBa)XaTH TUMOBUMH. Y HHX
BPaxOBYIOThCSl TIIBKUA >KOPCTKI OOMEXEHHS 1 XapaKTEPUCTUKU TOJIOBHOI CHIJIOBOI
ycTaHoBKH. [Ipy mepexojil 10 TEXHOJOTIYHUX MPOIECIB 1 JEKOMITO3MINT BUXI1THUX
3aBJAaHb Ha €JEeMEHTapHI BUHUKAE€ HEOOXIJHICTb BpaxyBaHHS MaHEBPEHUX
XapaKTEPUCTHK JJIS I€TaIbHOTO TIaHYBaHHS PYXY.

BupimenHs 3a3Ha4eHUX 3aBJaHb JOCATAETHCS MUISIXOM BUKOHAHHS PI3HUX Aii
3a MEBHUX OOCTaBMH 1 B PI3HUX YMOBaxX 3a PaxXyHOK BHUKOPUCTAaHHS aJTOPUTMIB
IHTEJICKTyaIbHOI AisUThHOCTI. OCOOIUBICTIO MPOIIECY MaHEBPYBAaHHA € TOW (akT, 10
MOTIEPE/IHE TUIAHYBAaHHS MOXKe OyTH 3M1MCHEHE TUIbKH 3 ypaxXyBaHHSIM >KOPCTKHUX
00OME>KeHb 1 MAKPOMIOKA3HUKIB 30BHIIIHIX BIUIUBIB, Y SIKUX BIJJOMI TUIBKH MPOTHO3M X
IMOBIPHICHUX XapaKTEPUCTHK. 3MIHHI OOMEXEHHsI HEBIAOMI B3araji, TOMy BOHU HE
MOXYTh OyTH BpaxoBaHI MpU TOINEPEAHbOMY IUIaHYBaHHI Ta PO3pOOIN 3aJIaHOTO
anroput™My (YHKIIOHYBaHHSI MHPOLECY YIPaBIiHHA MaHEBpaMH. 3a3BU4Yail yac Ha
BUKOHAHHS MMONEPEIHBOI0 TUIAaHYBAHHS HEOOMEXKEHMI, 1 OrlepaTop BU3HAYaAE HOTO caM
3a 00CSTOM HEOOX1THOT pOOOTH.

OcKUIbKM B TIPOIIECl YMPaBIiHHS MAaHEBPYBAaHHSM JOBOJUTHCS 3MIHIOBATH
3aJlaHUi aJITOPUTM 32 YTOYHCHHUMH TapaMeTpaMH 30BHINIHIX BIUIMBIB [338-339],
KOpPUTYBATH MOT0 MPH MOSIBI 3MIHHUX 0OMEKEHB 1 BUPIIIYBATH TEXHOJIOT1YH1 3aBIaHHS
3aHOBO, TO Y OIepaTtopa € 0OMeXeHUM Yac Jjisi BAKOHAHHS TaKoi pOOOTH, OCKIJILKH BiH
3aMHATUI yNpaBliHHAM MaHeBpamu. lle ICTOTHO YCKJIaJHIOE BUKOHAHHS MOTO
IHTEJNEKTyaIbHUX [ Yy 3B'3Ky 3 HEOOXIJHICTIO 0O0poOJATH 3HA4YHO OlIblle
iHdopmarrii, o0csAr AKOi MOXKE TMEepPEeBUIyBATH TMCUXO(I310J0TIUHI MOXKIUBOCTI

omneparopa oo 1 CIPUMHATTSL.

BUCHOBKHA
VY IOCKOHAJIUTH CUCTEMY YIIPaBIIIHHS HaBITaI[iiHOIO OE3MEeKOI0 MaHEBpPYBaHHS
MOpPCBHKOTO cyaHa [335] MOXIMBO 3a paxyHOK BBEJIEHHS HOBUX €JIEMEHTIB 1
oprasizaiii npsMoro abo 3BOPOTHOTO 3B’SI3KY MI’K CHCTEMOIO YIIPaBIIHHA 1 00’ €KTOM
yopaBiiHHsS, a came: 1. [ns migBumenHs iHdopmaniiinoi kidepoesneku [341-347]

VOpaBIiHHS CYJIHOM Ha MICTKY BCTAaHOBUTH I1H(OpPMAIIHHUNA TIOCT, B SIKOMY

328



INFORMATION TECHNOLOGIES, ENGINEERING, TRANSPORT AND CONSTRUCTION:
THE LATEST TECHNOLOGIES IN THE DEVELOPMENT OF SCIENCES

30CepeIUTH BCIO 1H(MOpMAIliI0, 110 HAaIXOIUTh, CTPYKTYpYyBaTH ii 3a KaTeropiero
BXJIMBOCTI Ta MPU3HAYEHHSM, 3a0€3MEUMBIIM HAJCKHUN 3aXHUCT MPU MHPUIOMI,
nepemadi, oopoOiti Ta 30epiradHi. 2. CKOpPOTUTH 00CST TEpPEeIaHuX BIJOMOCTEH Y
BIIKpUTHUH edip, U1 TOTEPeKEHHS BUKOPUCTAHHS 11 KIOSP3JIOUMHIISIMHU.

3 MOSIBOI0 aBTOMATU30BAaHUX 1MEHTH(IKAIAHUX CUCTEM TOUYHICTh BU3HAUCHHS
MOJIO’KEHHS Cy/IHA ICTOTHO 30UTbIINIACS, IO JO3BOJIAE€ 3MEHIIUTH MOXUOKH OIIHKU
napameTpiB 30JuxKeHHS. Y 3B'SI3KY 3 BIJCYTHICTIO BIANOBIIHUX aJTOPUTMIB OI[IHKU
Hebe3neku 3iTkHeHHS B O6eperoBux CYPC 1 HeAOCTaTHHOIO TOUHICTIO PO3PAXYHKY
napameTpiB HaKOPOTIIOi PO301KHOCTI BOHU HE MOXKYTh IMOMNEPEKATH HaJAMIpHE
30JIMKEHHS CYyJIeH B 30H1 BIATOBIIAIBLHOCTI 1 po3pobutH iM pexomenaiii [348-349].
3 1€l OpPUYMHMA TOPIBHAJIbHA OL[IHKA TOYHOCTI OOYMCIIEHHS MapaMeTpiB
HaWKOPOTIIIOro 30JIMKEeHHSI B CyTHOBHX 1 6eperoBux PJIC, a Takok Mpu BUKOPUCTAHHI

nannx AIC e akTyanbHOIO.
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