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This article explores the process of migrating from monolithic architecture to microservices. It examines key
approaches such as the Strangler Pattern and modular decomposition, along with their respective advantages and
limitations in the context of various system types. It focuses on how these strategies can be applied to effectively
decompose monolithic systems into independent services. Particular attention is given to challenges related to data
migration and transaction management in distributed systems. The analysis addresses potential difficulties in
transferring data, synchronizing state, and managing inter-service dependencies. It also considers risk mitigation
strategies and approaches for ensuring data consistency and integrity throughout the migration process.

B nanHOU cTaThe uccheAyeTcsl MPOLIECC MUTPALMM OT MOHOJUTHON apXHUTEKTYypbl K MHUKpPOCEPBUCAM.
PaccMaTprBarOTCsl OCHOBHBIE MMOIXOJIbI, Takue Kak Strangler Pattern u MojysibHas IEKOMITO3MIMS, a TAKXKE UX
NPEUMYIIECTBA U OTPAHUYCHHSI B KOHTEKCTE Pa3IMYHbIX TUIOB cucteM. OCHOBHOE BHUMAaHHE YICISIETCS TOMY,
KaK 3TH CTPAaTerMd MOTYT ObITh MPUMEHEHBI Ui 3(P(OEKTUBHOW MEKOMIO3UIMM MOHOJUTHBIX CHCTEM B
He3aBUCHMbIe cepBHChl. Oco00e BHUMAHHUE YIENsAeTCsl MpoOjeMam, CBSI3aHHBIM C MHTpalueil JTaHHBIX U
yIpaBICHUEM TPAH3AKIUAMHE B PAaCIIPEICICHHBIX CUCTEMAaX. AHATM3UPYIOTCS BO3MOXKHBIE CIIOXKHOCTH B IPOLIECCE
MepeHoca JaHHBIX, CHHXPOHHM3AIMM COCTOSHUA M YIPABICHUU 3aBHCHMOCTSMH MEXIy CEpPBHCAMU.
PaccmaTpuBaroTest Crioco6bl MUHUMHU3AINH 3THX PHUCKOB, & TAKXKE TIOIXO/IbI K 00ECIIEUEHHIO COTJIACOBAHHOCTH H

LHCJIOCTHOCTHU JaHHBIX.

Keywords: migration, monolithic architecture, microservices, Strangler Pattern, modular decomposition,
system decomposition, data migration, transaction management.

KaioueBble cjioBa: MUTPAIUsl, MOHOJMTHASL apXUTEKTYpa, MUKPOCEPBUCHI, Strangler Pattern, MomyibHas
JIEKOMIIO3HIIHSL, IEKOMITO3UIINA CHCTEMBI, MUTPALIMS TaHHBIX, YIPABJICHHE TPAH3AKIHIMH.

Introduction

The shift from monolithic applications towards
microservices is a major step forward for many
organizations to boost the reactivity of their IT
frameworks. This switch holds potential in optimizing
development operations alongside faster release of
products. Moving from a monolithic architecture
towards a microservices environment still requires
serious planning and putting in place successful
strategies. Without proper methodologies in place, the
process would involve significant trouble in the form of
performance hindrances, increased complexity in
handling data, as well as vulnerabilities in security.

One main hurdle in the migration process is
selecting the appropriate strategy. Of the multiple
methodologies suggested, the Strangler Pattern and the
modular decomposition stand out as explicitly being
the most common choices. Both of these approaches
allow the system to switch over from being monolithic
to microservices slowly, thus alleviating risks during

transformation and boosting the efficiency of the
overall system. However, both methods also have
certain shortcomings that need to be overcome through
the planning stage of migration, especially with
reference to the process of dividing the system into
separate services and carrying out data migration.

The goal of this research is to analyze various
strategies for migrating monolithic systems to
microservices architecture, including the Strangler
Pattern and modular decomposition, while identifying
the primary risks associated with the process of system
decomposition and data migration. The relevance of
this work lies in the growing interest in microservices
architecture as a means to improve the scalability and
flexibility of IT systems. The research methods include
an analysis of existing theoretical migration models, as
well as a review of practical cases based on real-world
examples of both successful and unsuccessful
migrations.
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Main part. Migration strategies from monolithic
systems to microservices architecture

The transition from monolithic architecture is a
compound process that requires a clear understanding
of both technical aspects and business needs.
Incorporating microservices in an IT system allows for
greater flexibility and component independence, which
accelerates development and simplifies updates.
According to a worldwide 2023 report [ 1], nearly three-
quarters (74%) of surveyed organizations are already
utilizing microservices architecture. This accentuates
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its widespread adoption across industries and its
perceived value in enabling modern, adaptable systems.
The process in question is full of many problems,
including the proper selection of a migration strategy,
risk assessment, and system integrity maintenance
during the transition period. As opposed to monolithic
architecture, where all the pieces are combined into a
single deployable unit, microservices architecture
breaks these pieces down into independent deployable
services with each being allocated an explicit
functional responsibility (fig. 1).
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Figure 1. Monolithic vs microservice architecture [2]

One of the most potent strategies for relocation is
the Strangler Pattern. This approach involves the
gradual replacement of parts of the existing monolith
with new microservices. The idea is not to rewrite the
entire system at once but to implement microservices
incrementally and run parallel with the existing
monolith. New functionalities are initially developed as
microservices that can coexist with the old code. Over
time, the old parts of the monolith are gradually
«strangled», meaning their functionality is fully
replaced by microservices, and eventually, the
monolith is completely phased out of operation [3].

The key characteristic of the Strangler Pattern is
its incremental nature. This approach reduces the risk
of failures and provides greater flexibility in managing
the migration process. Organizations can test and
deploy microservices as needed while maintaining
interaction between legacy and new system
components. This strategy is particularly advantageous
when the monolith is too complex for immediate
refactoring, and there is no straightforward way to
decommission the existing system without disrupting
functionality.

Unlike the incremental approach of the Strangler
Pattern, modular decomposition is a more direct
method focused on breaking the monolith into
independent modules, which can then be converted into
microservices. This process assumes that the
monolithic system is initially divided into smaller but
functionally related modules. Each module is
subsequently transformed into a standalone service

with its own application programming interface (API),
database, and data processing mechanisms [4]. Unlike
the Strangler Pattern, which operates alongside an
active monolithic system, modular decomposition may
require more significant modifications to the codebase
in the early stages of migration.

Modular decomposition works on the assumption
that every module of a system has well-defined
boundaries and runs independently of the other parts in
the application. This approach is found to be most
beneficial when the system is already structured so that
the codebase can be systematically split into distinct
entities. It does also require serious work to clearly
define module boundaries and to avoid needless
interdependencies. If dependencies between modules
grow uncontrollably, the migration process may
become prolonged, significantly reducing the
efficiency of the transition.

One of the core aspects of the different migration
approaches is the architectural design determining the
interaction patterns between components. In
considering a choice between the Strangler Pattern and
modular decomposition, it is central to take intentional
decisions concerning the communication modes that
microservices will use between themselves and the
existing components of the monolithic system. This
entails defining suitable communication protocols like
REST API or gRPC and the creation of data and
transactional frameworks to ensure the integrity and
consistency of the system.

Both the Strangler

Pattern and modular
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decomposition have distinct strengths and weaknesses.
The Strangler Pattern is particularly suitable for
complex and large-scale monolithic applications where
a phased migration is necessary to minimize risks. The
latter may be a more viable option for systems with an
already well-structured or logically segmented
architecture. This also suits a case when a more radical
transition is required from the outset. The final choice
of strategy depends on various factors, including
system size and complexity, or migration time
constraints.

As follows, main factors influencing the choice of
migration strategy contain the necessary transition
timeline, the degree of interdependence among system
components, and the technical capabilities of the
development team. Each strategy presents distinctive
advantages and barriers that must be carefully assessed
before initiating the shifting process.

Migration  risks and  pitfalls:
decomposition and data transition

system

The migration from monolithic architecture to
microservices is fraught with numerous risks,
particularly during the phases of system decomposition
into independent services and data migration. These
stages are critical, as errors at this point can
significantly impact the functionality and performance
of the entire system. A poorly executed migration may
result in increased downtime, data loss, or
complications in development and testing processes,
ultimately  affecting the company's business
operations [5].

To mitigate the risk of poorly defined service
boundaries, several decomposition methods have been
proposed in both academic literature and industry
practice. These methods offer structured guidance for
breaking down a monolithic system into microservices
in a way that aligns with business logic, data ownership,
or user behavior (table 1).

Table

—_—

Common decomposition methods for microservices [6, 7]

Method Description Usage scenario
Domain-Driven Services are aligned with bounded contexts and When clear business domains exist;
Decomposition domain models. suitable for complex systems.

Data-Driven Components are defined based on ownership When data ownership boundaries are
Decomposition and access patterns of data entities. well established.
Business-Capability- Units are structured around high-level business | When business processes are stable and
Based capabilities or functions. well-defined.
Actor-Based Services are modeled based on user roles or Useful in user-centric applications with
Decomposition actors in the system. distinct roles.
Use-Case Independent elements are created to support Effective during initial phases or MVP
Decomposition specific user scenarios or workflows. development.
One of the primary risks during system challenging aspects of the transition process. Beyond
decomposition is the misalignment of service planning for data storage in new services, ensuring the

boundaries with business logic. Defining which
functional blocks should be extracted into separate
microservices can be very difficult. Ideally, each
microservice should be self-contained and encapsulate
its logic. However, in practice, clearly segmenting a
monolithic application can be difficult, particularly
when the system exhibits high internal coupling
between components. Poorly defined service
boundaries can lead to excessive dependencies, as it
makes the system less flexible. If a microservice
remains tightly coupled to others, modifications in one
service may trigger cascading changes in multiple
components.

Another significant risk involves transaction
management in a distributed system. Monolithic
transaction handling is relatively straightforward, as all
data resides within a single context and allows for
atomic execution. Nevertheless, in a microservices
architecture, each service may maintain its own
database and necessitates the implementation of
complex mechanisms to keep data consistency and
integrity. In such an environment, it is testing to
consider distributed transactions or approaches like
eventual consistency to prevent data unpredictability
caused by transmission.

Data migration between monolithic and
microservices architectures represents one of the most

correctness of data migration is critical. Issues may
arise when synchronizing data between the legacy
system and newly introduced microservices while both
are operating in parallel [§]. In such cases, data
versioning and migration processes must be carefully
managed to minimize disruptions. Ideally, migration
should be performed with zero data loss, and all schema
modifications should be retroactively applicable to
legacy data, a particularly complex task for large-scale
and actively utilized systems. Furthermore, scalability
challenges may arise during the data migration phase.
Service dependencies can also pose significant
challenges during migration. The dependency
relationships between monolithic components are often
implicit and hard to determine. Although, in a
microservices architecture, it is in all respects important
that each dependency be well-defined and
systematically managed. Though external
dependencies like interactions with other services or
third-party API are influential, internal dependencies
are also equally weighty because they could lead to
undue coupling between the services. Omissions or
ambiguity in defining dependencies can lead to serious
complexities like cyclic dependencies, which can
hamper the system's long-term development badly.
Equally critical is state and session
management. In conventional application structure,
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sessions are often stored centrally. This simplifies user
data handling and authentication processes. Yet, in
decentralized application architectures, session data
and state may be distributed across multiple services,
necessitating new approaches to session management.
Potential solutions include centralized session storage
or token-based mechanisms, such as cookies and JWT.

Another major challenge is API versioning and
change management. As microservices are frequently
updated during migration, maintaining compatibility
with existing services and clients becomes essential.
Poorly managed versioning or uncontrolled API
modifications can lead to system failures, particularly
if versioning policies are not established in advance.

Migration problems associated with system
decomposition and data migration necessitate thorough
planning and analysis. Implementing strategies to
reduce possible risks, such as robust dependency
management,  transaction  control, or  state
synchronization, can substantially improve the
likelihood of a successful transition while minimizing
disruptions in the migration process.

Conclusion

The process of migrating from monolithic to
microservices-based architecture is a subtle task that
stands in need of detailed planning and a methodical
approach at every step. Both techniques, the Strangler
Pattern and decomposition by modules, have unique
benefits and drawbacks. The best choice between them
depends on the inherent characteristics of the existing
system, the scale of the required changes, and the
relevant technical standards. Beyond technical
considerations, it is quite important to take
organizational and business constraints into account
because these can go a long way in determining the
success of the relocation process.

Successful deployment of a microservices
architecture requires careful architectural planning and
a proactive approach to dependency and system
integration risk management. Deficiencies in these key
areas will lead to severe operational disruptions,
increased migration costs, and degraded performance
metrics. However, by following a systematically
structured approach and taking a comprehensive review
of potential pitfalls, the actualization of a microservices

architecture has the potential to greatly enhance the
flexibility, scalability, and resilience of an information
technology infrastructure, opening up new
opportunities for innovation and business growth.
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This article explores the impact of caching strategies on the performance of web applications built with Ruby.
Key caching approaches, including page caching, action caching, and fragment caching, are examined. Factors
influencing caching efficiency, such as data update frequency, key-based invalidation, and the use of external
storage solutions like Redis and Memcached, are analyzed. The effects of different caching methods on data
processing latency and information consistency are studied. Optimization techniques for caching processes,
including a combined approach and nested caching, are considered.

B naHHOW cTaThe HCCIEAyeTCs BIMSHUE CTPaTerdil KOIIMPOBAaHWS HA HPOU3BOAUTEIBHOCTH BeEO-
NPHIOKEHUH, pa3paboTaHHBIX Ha 0aze Ruby. PaccmarpuBaroTcs ximroueBble HOIXOIbI KOIIUPOBAHUS, BKIIIOYAs
page caching, action caching u fragment caching. Ananmu3upyroTcs (akTOpHl, BIUAIOMUE Ha 3(PPEKTHBHOCTD
KIIIMPOBAHU, TaKHe KaK YacToTa OOHOBIICHHS HaHHBIX, UCTIONB30BaHue key-based invalidation u mpuMeHeHHe
BHELTHUX XpaHUIHILI, TakuX Kak Redis 1 Memcached. M3y4aeTcst BIMsSHUE pa3IMYHBIX METOJJOB KILIMPOBAHUS Ha
3aJIep>KKHU IIpH 00paboTKe AaHHBIX M COTNIACOBaHHOCTh MH(opManuu. PaccmarpuBatoTest criocoObl ONTHMU3ANT
MPOLIECCOB KAIIMPOBAHMS, BKJIIOYass KOMOWHHMPOBAHHBIM MOAXOA M BiOkeHHoe kammpoBanue (Russian Doll

Caching).

Keywords: caching, web application performance, page caching, action caching, fragment caching, data

processing delays, key-based invalidation.

KiaoueBble ciioBa: K3IIMPOBAHUC, IMPOU3BOAUTCIBHOCTDH Be6-HpHJ’IO)KCHHfI, KOIIMPOBAHUE CTpaHUL],
KOIIMPOBaHUC HGﬁCTBHﬁ, KOIINPOBAHUC (bpal"MeHTOB, 3a1CPIKKHA 06pa6OTKI/I JaHHBIX, MHBAJIWJAIWA K3IIa Ha

OCHOBE KJTFOUEH.

Introduction

In modern Ruby-based web applications, caching
is an essential performance-enhancement method and
server load reduction. Proper caching reduces database
query counts, accelerates web page rendering, and
reduces application response time. However, a good
caching strategy relies on many factors such as
application design, workload, and data freshness.

Among the most common caching methodologies
used in Ruby applications include page caching, action
caching, and fragment caching. All of these
methodologies have distinguishing features, particular
usage, and varied effects on system-wide performance.
Poor implementation or usage of a caching method can
lead to increased latency, stale

information, and ineffective utilization of
resources. It is thus important to conduct a critical
assessment of how different caching strategies affect
application efficiency and data processing latency. The
goal of this research is to examine key caching
strategies in Ruby applications, assess their impact on

performance, and identify the most -effective
approaches for optimizing web services.
Main part. Caching approaches in Ruby

applications

The incorporation of caching in web applications
is essential to reduce server loads, decrease query
frequency to the database, and improve response times.
Caching strategies in use within the Ruby community
provide a rich variety of strategies for precomputing
and using data with low overhead for processing. A
good caching approach depends on the specific
characteristics of the application, data consistency
requirements, and granularity used in caching.

Page caching is a technique in which the server
stores fully generated HTML pages and serves them
without making requests to the backend. This approach
is particularly effective for static pages, as it eliminates
the need for application server and database processing
altogether. In Ruby on Rails, page caching is
implemented by saving HTML files in the public
directory (public/), allowing web servers such as Nginx
or Apache to serve them directly.

One of the strongest aspects of page caching is that
it has extremely high-speed processing due to the fact
that it reduces request processing to serving a
previously created file. This method does have one
extremely serious limitation: it will not function with
dynamic pages with personalized data or data that
needs to be updated in real-time. If content on a cached
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page does get altered, the cache will need to be
manually invalidated or invalidated programmatically
so that outdated data won't be displayed.

Action caching offers a more flexible approach by
storing the result of a specific controller action. Unlike
page caching, this method accounts for user
authentication, as requests still pass through the
authentication mechanism before the cached response
is served [1]. With action caching, the server stores the
controller’s output and reuses it for similar requests.
This approach reduces the overhead of HTML
generation while still preserving standard routing and
security mechanisms. However, one of its drawbacks is
the need for precise cache invalidation configuration
when data affecting the cached content is updated.

Action caching is particularly useful in scenarios
where most of a page remains static but requires
authentication before being displayed. This is
commonly applied in personalized dashboards or
restricted-access pages that do not change frequently.

Fragment caching allows for the caching of some
sections of a page rather than the entire page. This
technique proves to be most effective for dynamic
pages, whereby some of the content remains unchanged
but other sections are updated time and again. Fragment
caching in Ruby on Rails is facilitated through the use
of the cache method, which wraps specific blocks of
templates within the caching system. The system stores
cached versions of these fragments and reuses them

103

102

Without caching

during page rendering. This significantly reduces
server load, particularly when fragments contain
computationally expensive data, such as complex SQL
queries or APl calls. An example in
views/products/index.html.erb:

<% @products.each do |product| %>

<% cache product do %>

<div class="product">

<h2><%= product.name %></h2>

<p><%= product.description %></p>

</div>

<% end %>

<% end %>

Upon the first request to the page, a separate cache
fragment is created for each product, stored in the cache
storage, and utilized for subsequent requests. If the
object's data changes, such as an update to the
updated at attribute, the corresponding cache is
automatically invalidated, preventing the display of
outdated information. This approach significantly
reduces server load, as re-rendering affects only the
modified elements rather than the entire page.
Developer case studies confirm that the implementation
of fragment caching significantly reduces page
rendering time [2]. Specifically, according to the
presented data, the processing time without caching is
6094 ms, whereas after applying fragment caching, it
decreases to 25 ms (fig. 1).

With fragment caching

Figure 1. Impact of fragment caching on page rendering time in Ruby on Rails, ms log scale

The primary challenge of fragment caching lies in
cache expiration management. A common solution is
key-based invalidation, where cache keys are
generated based on the data that influences their
content. Another important technique is database-level
caching. ActiveRecord supports a built-in query
caching mechanism, which stores the results of
repeated SQL queries within a single session [3]. This
reduces the number of database requests and improves
the execution speed of complex queries.

The optimal choice of a caching method depends
on the specific requirements of the application. If a web
page is primarily static and does not require
personalization, page caching is the most effective
solution. When authentication must be considered
while avoiding repeated content rendering, action
caching may be more suitable. In scenarios where
certain page elements remain unchanged while others
are frequently updated, fragment caching is the
preferred approach (table 1).
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Table 1.
Analysis of caching methods [4, 5]
Method When to use Advantages Limitations
Page caching Static pages. Maximum speed. Does not support dynamic content.
ACtl.On Pages with authentication. Faster than full rendering. Does not cache individual
caching clements.
Fragment Dynamic pages with repeating Flexibilit, independent Requires a well-thought-out
caching clements. cache updates. invalidation strategy.

Maintaining a balance between performance and
data freshness is crucial. Excessive caching without a
well-designed invalidation mechanism can result in
outdated information, whereas insufficient caching
may fail to provide a significant performance
improvement. Therefore, developers must carefully
analyze workload characteristics and data update
dynamics before implementing specific caching
strategies.

The impact of caching strategies on performance
and latency

The efficiency of web applications is largely
determined by request processing speed and server
response time. Under high-load conditions, particularly
with a large number of concurrent users, caching
strategies significantly influence these performance
metrics. The implementation of various caching
methods reduces the number of database queries,
decreases computational load on the server, and
enhances application stability. However, beyond these
benefits, it is crucial to consider potential latencies
caused by cache staleness, as well as the impact of the
chosen caching method on data consistency.

An important consideration for caching
effectiveness is how often data is updated. For
environments in which content is updated infrequently,
caching a full page or large chunks can provide
significant improvements in loading times and reduced
server load [6]. However, in environments with
frequent updates to content, caching can result in stale
information, and thus cache invalidation or refreshing
strategies will have to be employed. For use in
applications like real-time analytics dashboards or e-
commerce sites with continuously changing
information, ineffective caching can mean slow
updates to measures, eventually causing a distortion in
what is reported as the system's current state.

Data processing delays can be caused by
ineffective cache management, particularly if achieved
through time-expiration. If the stale cache data is still
used right up to the point of expiration, users will be
faced with stale data. Updating the cache too often,
though, can render the use of caching totally useless
because recreating cached data itself requires a
significant amount of computing resources. In large-
scale Ruby on Rails applications, an inefficient caching
configuration may result in the system consuming more
resources on cache management than on processing
actual requests.

One of the most effective strategies for mitigating
caching-related delays is key-based invalidation,
where a unique cache key is generated based on values
that directly influence the cached content. This

approach minimizes the risk of serving outdated data,
as the cache is automatically refreshed whenever the
underlying information changes. In Ruby applications,
this method is particularly effective for fragment
caching, where different parts of a page can be updated
independently, ensuring a more efficient and
responsive caching mechanism.

The use of external tools such as Redis and
Memcached also has a significant impact on
performance. These systems store cached data in
memory, providing near-instant access [7]. However,
their efficiency largely depends on configuration and
cache size management policies. If memory is
insufficient or eviction policies are improperly
configured, latency may increase as the system is
forced to retrieve data from the database more
frequently to replenish the cache. To use Redis for
caching, it is necessary to configure the appropriate
cache store. Starting from Rails 5.2, built-in support
for Redis caching is available within the framework.

The configuration in
config/environments/production.rb is as follows:
config.cache store = :redis_cache store, { url:

'redis://localhost:6379/1' }

On the first request, an SQL query is executed, and
its result is stored in the Redis cache. Subsequent
requests within the specified expiration time
(expires_in) retrieve data directly from the cache,
reducing the load on the database [8].

The greatest performance gains are achieved
through a combined approach to caching strategies.
Striking an optimal balance between page caching,
action caching, and fragment caching helps minimize
delays while preserving data freshness. One such
technique is nested caching (Russian Doll Caching),
anested caching approach in which different fragments
of a page are cached at multiple levels [9]. This allows
cached data to be reused even when certain parts of the
page change. This approach is particularly effective
when working with composite Ul elements, where
updating a single component does not require
regenerating the entire cache.

The selection of an optimal caching strategy
depends on the application's architecture and the
workload it handles. In high-load systems that process
large volumes of user data, caching can significantly
reduce response times. It is also essential to consider
potential trade-offs between performance and data
freshness. This is important because excessive caching
without a well-designed invalidation mechanism may
lead to outdated information, ultimately compromising
user trust.



10 Espaasutickuti Coto3 YueHbix. Cepus: mexHu4deckue u chusuko-mamemamudeckue Hayku. # 4(129), 2025

Conclusion
Optimizing caching processes in  Ruby
applications plays a crucial role in improving

performance, reducing server load, and providing rapid
system response. Various caching strategies, including
page caching, action caching, and fragment caching,
enable efficient management of computational
resources. However, their selection must consider the
nature of the data and its update dynamics. A combined
approach that incorporates key-based invalidation,
external storage solutions (Redis, Memcached), and
nested caching minimizes data processing latency
while maintaining a balance between system speed and
data freshness.

Despite its significant advantages, caching
requires serious thought in terms of application design
and corresponding risks. Excessive caching, in the
absence of a proper invalidation process, can lead to
stale information in the cache, while too little caching
can preclude substantial performance gains. Proper
cache management should have a dynamic approach to
account for rates of updates in content, workload
behavior, and system constraints. Developing an
effective caching strategy not only enhances user
satisfaction but ensures reliable performance for Ruby-
based web services in heavy loads
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OHIHYECKHUE HAVRH

VJIK 53

CTPOEHHUE U CBOMCTBA KBAHTOBOI'O MHUPA.

Macanoeuu B.I'.

AHHOTADMUSA
CocTosiHHSL OHOPOAHOTO M30TPOIHOTO MPOCTPAHCTBA, OT BAKyyMa A0 MOSBICHHS BEIIECTBEHHBIX YaCTHII,
UCCIEIYeTCsl C TIOMOINBIO COTJIACCOBAHHBIX CHCTEM (YHIAMEHTATbHBIX (H3MUECKHX KOHCTAHT W EIMHUIL
M3MEpEHUsl. BrrancieHHbIe KBAHTOBBIE TAPAMETPHI U CBONHCTBA IIPOCTPAHCTBA-MAaTEPHUH ONPENEISIOT (PU3NIECKHUE
MOJIE/IU U CBOMCTBA 3/eMEHTapHbIX yacTull. IIpu mocienoBaTeIbHOM PacCMOTPEHHMM Nepexoja OT MPOCTBIX K
CJIOKHBIM 4YacTHI[aM ¥ B3aWMOJIEHCTBUSIM CKJIajpIBaeTcs oOImias KapThHa (U3MYECKOTO MUpa, YTOYHSIOTCS
(yHAaMeHTaIbHbIE KOHCTAHTHI, TEPMHUHBI M BEIMYMHBI, ITPOCIESKUBACTCS MPUUUHHAS B3aMOCBSI3b BCEX BHUJIOB

MaTepuu.

Karouesble ciioBa: KBaHnToBOE IMPOCTPAHCTBO, €AUHAd MAaTCPpUs, IpUINHHAA B3aUMOCBA3b.

Ha mpoTshkeHHH BEKOB U ThICSYEICTHI ¢TUHCTBO
peanbpHOro MHpa MHOTUMH PEIUTHO3HBIMH
HAMpaBJICHUSIMA U (DUIOCOBCKMMH  IIKOJaMHU
OCO3HABAJIIOCh W OMKCBIBATOCH B COOTBETCTBUE CO
CBOUMH Pa3BUBAOIIUMHUCS MHUCTHYECKHMHU
MPEICTaBICHUIMU. Mup ropakai CBOUM
OECKOHEUHBIM pa3HOOOpa3ueM, M3-3a Yero HUKaK He
ylaBaJoch Bce (aKThl COEAWHHTH MEXAY COOOM
OOIIIMM NPUHLUIIOM, a TBOPSIIHE CYIIIHOCTU JEMUYPTrH
H AyXu CTUXUH 6I)IJ'II/I BbIIIIC BCAYCCKHX MBICIICHHBIX
BoOOpakeHuit. OHAKO JKEJAaHHUE IMOHATH MHP
CYIIECTBYET BHE BPEMCHH.

CoBpemMeHHas HayKa paccmarpuBaet
MaTepUalbHbIi MUpP KaK CIO0XHYI0 MHOTOYPOBHEBYIO
Pa3BHUBAIOIIYIOCS cucTeMy B3aUMOCBSI3aHHBIX
MaTepualibHbIX 00pa30BaHUi, B KOTOPOW BCE BUIbBI
MAaTEpUH U UX CBS3U 00pa3yIoT LEIOCTHYIO cucTeMy. B

MIPOCTPAaHCTBO-BPEMEHHOU MOJIENH Bcenennoii
¢dbusznueckas ~ Marepus ~ paccMaTpWBaeTcs — Kak
HETIpephIBHASA Cpela, pPAaBHOMEPHO 3alOIHSAIONIAs

NPOCTPAHCTBO W B KAWKABIH MOMEHT BPEMEHH
MMEIOIas OTpeeNeHHbIe 3HAYeHUS IUIOTHOCTU Po U
nasnenus Py [1, c. 65].

C TOYKHM 3peHus €IUHCTBA MUPA, BCEOOIIEH CBA3N
00BEKTOB W SBIICHUH, 00mell hopMoii BRIpakaromeit
CYIIECTBOBAHNWE MAaTEpUH SBISIETCS IPOCTPAHCTBO.
[IpeanpuHsATEIE Ha OCHOBE pA3IMYHBIX TEOPHH U
THIIOTE3 TIIONBITKA CBA3aTh M OOBEAMHHUTH BCE
M3BECTHBIE (PyHIaMEHTAaJIbHbIC B3aUMOJICHCTBHS U BCE
YacTUIBI B OJHO IeJ0€ II0Ka HEe TMPUBEIH K
YAOBIETBOPUTEIbHOMY  pe3ynbpTary. Jlake Ha
MEepBOHAYALHOM JTalle MOAXOoJa K J3TOW 3amaue
BBISIBWINCH ~ YpE3BbIYANHBIE  TPYIHOCTH TP
MOCTPOCHUH  MOJIENIel  BaKyyMa, 3JIeMEHTapHBIX
YacTHI, B NOHUMAHUM TPHUPOABI JABWKEHHS, MacChl,
SIBJICHUH TPaBUTALINH U 3JIEKTPUYECTBA.

B HOBOI1 paboTe 15 penieHust 3Toi NpooIeMbl Ha
pOJIb NEPBUYHOM MaTepuy, BCeX SIBICHUH M BHIOB
OpraHM3aly MaTepuy Bo3BpamiaoT 3¢up. EBxinmoBo
3pUpHOE  TPOCTPAHCTBO  MPEACTABIIETCS W3
MHOXKECTBA YCJIOBHBIX OJMHAKOBBIX HEIO/BHUKHBIX
SYEeK, SBISIOMIMXCS MHHUMAJIbHBIMH YacCTHUIAMHU
HpocTpaHcTBa. Sd4eifka ¢ 00bEMOM Ay’ M MACCOM My,
KaK HeJIeJIMMOE IIeJI0e, BMEIIAeT B ce0s 3JIeMEeHTapHBII

3(GUPHBIA BUXPh C OKPY)KAIOIIUM €T0 HETOABM)KHBIM
HECTPYKTYypUPOBaHHEIM dpupoM [2, c. 13].

Buxpsp, Bpamarommuiics BOKpYr CBOEH OCH C
MIOCTOSTHHOW 49acTOTOH 00OpOTOB Vi , MPEACTABISET
coboii (opMy KpyroBOoro Topa IOX0kero Ha cdepy,
KOTOpBIN HazBanu Topochepoi. Pazmepsr Topochepsl
XapaKTepU3yloTCsl  JJIMHOW  OKPYXKHOCTH Awun U
panuycoMm cedeHus kpyra r. He uMes noctynaTteiabHOTO
JIBIDKCHUS Topochepa HE o0amaer HU
TMIOJIO)KUTEIBHBIM HU OTPHULATEIbHBIM HAIPaBICHHEM
TOKa, HHM MAarHATHBIMH [OJIOCAMH. XaOTHYHO
pAacIlONIOKEHHBIE OCEBBIE HANpaBJIECHUs Topocdep

pacIpoCTpaHsioT  BOKpPYT  ce0s ~ IHOCTOSIHHBIC
PaBHOMEPHBIE CHIJIOBBIEC HANIPSXKEHHOCTH.
3a  MoJenb  NPOCTPAHCTBA  NPHUHHMACTCS

0e3rpaHNYHO NPOTSHKEHHBIH KOHTHHYYM, COCTOSIINH
13 OECKOHEYHOT0 YHCJIA HETTOIBIKHBIX sTueeK. Moienb
BaKyyMa — 3TO IPOCTPAHCTBO, B KOTOPOM HET HH OJTHOM
BO30YXIIEHHOW syeliku. Bokpyr Bpallaromuxcs
Topocdep sUeeK CUIIOBBIC JIMHUW HAIPSHKEHHOCTH
UCKPHBIICHBI U yIUIMHEHBI. OJIMHAKOBO yMEHbBIICHHbIE
BO3JICHCTBUS ~ HANpPSHKEHHOCTH  Topocdep  Ha
OCCCTPYKTYPHBI 3(Hp TNpeBpamaeT WX B OOBEKT
BHEITHETO [IaBJICHUS, KOTOPHIH HE IaeT CHCTeMe

pacchInaThCs.
I'paButammst  topocepsl  (kak  oOparHas
HampsDKCHHOCTB) — 4Ypes3BblYailHO clabas cuia ¢

sHepruel < &ww , KOTOpas peamu3yercs Kak
BCETNPOHUKAIONIAs CHJAa TATOTEHHA. Bce OOBEKTHI
JKUBOI U HEKMBOU IPUPOJIBI ABJISAIOTCS UCTOUYHUKAMU
rpaBUTALIUU. YHuBepcanbHOCTh rpaBUTaLUU
BBIPA)XaeTCsl B COBEPILIEHHO OJIMHAKOBOM BO3/€HCTBUU
Ha pa3Hble TeJla HE3aBUCHUMO OT HUX Macchl,
3JIEKTPUYECKOTO 3apsiia, XUMUYECKOIO COCTaBa M
Ipyrux cBodcTB. [lns rpaBuUTanuu  CIpaBeaiuB
TIPUHLIATL CYIIEPIIO3ULIUHN: cuna TATOTEHUS,
JNEHCTBYIOIIAsE Ha HEKOTOPYI0 TOYKY CO CTOPOHBI
MHOTHX MAaTe€pHAIbHBIX TOYEK, SIBJISIETCS BEKTOPHOM
CYMMOM CHJI OT KaXKJJOM U3 HUX.

Ha Bakyym mnpocTpaHcTBa (WJIH JIOKIBHYIO
Bcenennyo) MOTyT BO3CHCTBOBAaTH ClydaiiHbIe
(bayKTyanuu SHEPTUM M KOCMHUYECKOTO H3ITyYeHUSI.
Bpemss - nmapamerp, ONpeAeNAOMIMI  MOPSIOK
W3MEHEHHUS SIBIICHUM AeHCTBUTENbHOCTH. Bo3mynieHue
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s4elikn Ha OECKOHEYHOI KOoOopIuHATe aOCOIIOTHOIO
BpPEMEHU MOXKHO ITPHUHSATH 332 TOYKY HH(POPMALMOHHOTO
HACTOSIIEro, TOrJa OECKOHEYHOE IPOIUIoe HAaYHET
OTAEJATHCS OT OECKOHEYHOro OyIyIIero U BO3HHKAET
CTpena BpeMeHH.

W3BectHO, 4TO nepenayda UMITyJIbCa
9HEPreTUYEcKOro BO30YXICHHS B BaKyyMe IO BCEM

HalpaBICHUSIM ~ OCYHIECTBISIETCS. 0€3 MoTeph ¢
MIOCTOSIHHOU CKOPOCTBIO CBeTa. Bakyymuoe
MPOCTPAHCTBO XapaKTepU3yeTCs MIPEIIU3HOHHO
U3MEPEHHBIMU busmIECKMH KOHCTaHTaMU:

nmapamMeTpamMH JJICKTPUYCCKOH € W MAarHUTHOM [lo
MPOHHUIIACMOCTH, HUMIICJaHCOM Zo = \/uo / & u
CKOPOCTBIO PACIPOCTPAHECHUS BOSMYIIICHUS C = V1 / &
Mo .

IIpennonaraercs, 4YTO OIWH MOJHBIN 000POT
Topocepsl XapaKTepu3yeTcss MOCTOSHHBIM KBaHTOM
nericreust [Imanka h ¥ MHUHHMaJIBHBIM MacIITabOoOM
a0COITFOTHOTO OECKOHEYHOTO BPEMEHH Ty = 1 / Vi, B
JNEKTPUYECKON Pa3sMEPHOCTH KBAaHT JCUCTBUS MOXKET
OJTHO3HAYHO BBIPAKATHCS Y€PE3 MUHUMAIIbHBIC 3apsi
1 MarHUTHBIA TOTOK (h = € @y ). OTcloma cnenyer,
4TO OJMH 000pOT HEBO30YKAEHHOH TOpochepb
MOTEHIMAIBHO  00JaJaeT  CBOMM  BHYTPCHHUM
AIEKTPUICCKUM COIIPOTHUBIICHHEM, PaBHBIM
nocrosHHo# Kiurimara Rk [2, c. 14]

Rk = Ope / € = 25812,807450m (1)

[TonHbIi 000pOT TOpOCHEPHl MOXKET MOIYYaTh U
nepeaaBath TOJBKO MHHHMAJBHBIA KBaHT JHEPTHH,
COOTBETCTBYIOIIMHA €€ OJHOMY OO0OPOTY &wwu = |h].
Bo30yxaeHue B BakyyMe HEpeHOCHTCS depes sSueiku
IO TPAacKTOpUM OCCKOHEYHOH IMIMHIPHYESCKON
crimpanu. [Iponecc mepexadn 3HEPTUH ONPEACIACTCS
BHYTPCHHUMH CBOWCTBAMH  OECCTPYKTYPHOTO U
CTPYKTYPHOTO 3(Hpa, IPH KOTOPOM BHEIIHSSI SHEPTUs
BO3JCHCTBUA npeobpa3yroTcs B JHEPTHI0
3IIEKTPUYECKOTr0 MOTEHIHAIA

Ui = &we / € = 4,13566770 - 1005 B (2)

B3aumopeiicTBue 31€KTpUUECKOro IOTEHIMaa ¢
Bpaljaroencs Topochepoit reHEPUPYET
AMEKTPUUECKUA TOK Iy . [lomHEIA 000OpoT TOKA, B
3aBUCHMOCTH OT OTHOCHTENBHOTO HalpaBlICHHUS,
Npe/ACTaBIsieT  co0OH  MHHHUMAJBHYIO — HOPLHUIO
3JIEMEHTApPHOTO MIEKTPHUUECKOTO 3apsija (— e WK + €),
IpU 3TOM BennuHHA € = | Lyuw |. TOK conpoBoxmaercs
MUHUMAaJIbHBIM KBAaHTOM MarHUTHOTO NMOTOKA Dy =
[Unisin, KOTOPBIA MO3BOJISIET OTIPEJICIITUTh
WHIYKTHBHOCTH TOPOC(hEephl

L = Qyun / Tyuw = 25812,80745 Om-c 3)

WHAYKTUBHOCTh  yBENMYMBACT  BHYTPEHHEE
COTIpOTHBJIEHHWE  BO30YXKICHHOW  TOpocdepbl 10
3HadeHus 2Rg. DHeprus, no TMHUMU, XapaKTepUu3yeMoin
MMIIE/IAHCOM, TIepelaeTcsl Ha O0ECKOHEYHOE PACCTOSIHUE
6e3 rmoreps. [lepeHoC 31€eMEeHTapHOTO KBaHTa SHEPTUU

quepes ;{qeﬁxy BCEraa COIIPOBOKIAACTCS
OAHOBPEMCHHBIM npeoa0JICHUEM IIOJIHOT'O
DJICKTPHUICCKOT'O COIIPOTUBJICHUSA STYCHKHU u

COIPOTHUBIICHUS B030Yy>K/1aeMoii TOpOChEpHI.
OTHOLIEHHE O3TUX CONPOTHBICHUI COOTBETCTBYET
BEJIMYMHE NOCTOSIHHON TOHKOH CTPYKTYPBI

o=Zo/2Rx=7,297352571- 1073 4

B KBaHTOBOM MIPOCTPaHCTBE SHEPTUs
MIPEACTABISIETCS KOJIMYECTBOM BO30Yy’KAECHHBIX
a¢upHEIX Topoctep. IlepeHocnmas SHeprus OITHOTO
obopora TOpPOCHEPHl Ewuu MOXKET BBIPAKATHCA B
pa3MepHOCTH MEXaHUYECKOH, TEIIOBOM u
JIEKTPOMAarHUTHON SHEPTUH

Evun — Myun ct= L Prisn= € Ui = € Avis Eo=¢
}\MHH C BO =k TMHH (5)

Mymn = € / €2 — MUHUMANBHASA Macca;, Eo= U
/ Mun — DIIEKTPHYECKasi HANPsDKEHHOCTh; Bo=Eo/ ¢ —
IJIOTHOCTh MAarHUTHOTO MOTOKA; K = Ayun Bo = Ug/ ¢ —
KOHCTaHTa boJyiblMaHa, TpencTaBisiomias CcoOoi
JINHEWHYO MJIOTHOCTh MAarHUTHOTO NOTOKA; Tnun = Evun
/k =e : ¢ — MUHUMaTbHAA TEMIEpaTypa, BEIpakacMast
yepes Apyrue nepBuuHble pazmepHoctu 1K =1Am .

Ecnu nonmycTuTh CyliecTBOBaHUE U BO3ACHCTBHE
Ha SYEHKy OSHEPrudl MEHbIIE Ewvuw , TO HMIIYJbC,
MPOXOAANIMA W HE BO3IMYyMIAOUMA Topocdepy,
JIOJDKEH MMETh CKOPOCTh MPEBBIMIAIONIYIO CKOPOCTh
cBeTa. Majble SHEPTUU BO3MYIIEHHUSI, C UX BHICOKUMHU
CKOPOCTSIMH, MOTYT C03/1aBaTh MPUYUHHO-
CIE/ICTBEHHBIE CBS3M U y4yacTBOBaTh B IIOKa
HEW3BECTHBIX mporeccax. OAHAKO 3THU MPOLECCH B
JaHHOW paboTe He paccMaTpuBaroTCi, T. K. OHHU
CYLIECTBYIOT 3a  IpelelaMH  CaMblX  MaJlbIX
(hyHIAMEHTAIBHBIX (PH3UYECKIX KOHCTAHT.

Bo3nelictTBue  MHHHMManbHOW  SHEPrUM  Ha
Topochepy SUCHKH 32 BpEMS Tuuu IO BEIUYHHE
HUYTOXXHO M €ro MOXHO HE Yy4YuThIBaTh. [IpuHuMas
BEJIMYUHY MacChl Topocepsl U ee CKOPOCTDH BpaIIeHUS
HEM3MEHHBIMH, TApaMeTPhl MPOHUIIAEMOCTEN €) U Lo

To)ke He u3MeHATbcsas. C  momompio  MeToaa

pasMepHocTeli u  momoOus  MOXHO  3alHcaTh
CIJIEIyIOIIHE YPAaBHEHUS

g=0 - my/c’ (6)

Ho=¢C / 3 My (7)

PemmB cucremy ypaBHEHMH, ONpenenseTcs

Macca Topochepsl my; = 5,455498497 - 10% xr m

k03D (hUIMEHT TIepeBo/Ia IJIEKTPUIECKON pa3MEPHOCTH
COMPOTHUBIICHUSI B MEXAHUYECKYIO Pa3MEPHOCTh D =
10M = 4,372968995-10%! m?%/c?-kr. OnpenencHHbIE
(dyHIaMeHTalbHbIe KOHCTaHTHI, yTOUHEHHAs €IUHHIA
macchl [lnanka m, ¥ HOBBIM KO3 QPUITUEHT TepeBoIa
pasMepHOCTH D,  SABIMIOTCA  HEJOCTAOLIMMU
KOHCTaHTAMH B OOBSICHEHHH IApaMETPUYECKOTrO
€IMHCTBA MUpA.

OTHOmIEHNE Macc OmpenenseT  BEeTHIHUHY
4acTOTEI O0OPOTOB TOPOCHEPBl Vq = My / My =
7.399797188 -10* ¢! w momoraer BBIYHCIHTH
OCTaJIbHbIE MTAPaMETPhl, COOTBETCTBYIOIINE EANHHUIIAM
[Tnanka: Bpemst ogHOro 000pOoTa  TOpOChEpHI
T = 1/ va = 1,351388389 104 ¢, xapakTepHas juiiHa
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SIUEHKU Ay Tyim  C 4,051360468-10% M,
KWHETHYECKasl JHEPTHs BPALLIEHHs TOPOCPEPHI €; = Vi*
Enun 4,903157527 10° ]Ik, TeMmmepaTypHbIi
SKBUBAJEHT 3Hepruu Ty &n / k = voo Ty =
3,554274073 - 1032 K [3, ¢. 29].

Ilocne nmepemaum  SHEPTUM  Eyuw  SUEHKA
BO3Bpall[aeTCsl B HEBO30YXKACHHOE  COCTOSHHE.
[Mapamerpbl Topochepsl SBISIOTCS COTIACOBAHHBIMHU
eJMHHUIAMA ¥ MOTYT HIrpaTh pPOJIb ECTECTBEHHBIX
MacmTaboB  M3MEPEHHs] Pa3jIMYHBIX YacTHUIl U
npoueccoB, OHHM TakkKe ONPEACISIIOT  HUKHIOIO
TpaHMIly TNPUMEHUMOCTH M  JICHCTBHS 3aKOHOB
coBpeMeHHOW  ¢u3uku. C  MOMOLIBIO  YaCTOTHI
000pOTOB V; OCYIIECTBISIETCS EPEX0/ OT MapaMeTPOB
onHOTO 000poTa Topocdeps! k enununam CU.

Pasmepnoctn osHeprum 1 [k u eAUHULBI
OMHUYECKOTO CONPOTUBIICHH O MIO3BOJISIIOT
OMPE/ICTNTh IEPEBOHBIC SAUHHIIBI PA3MEPHOCTH JIS
BCeX  (M3MYECKUX  BEIUYUH:  MEXaHUYECKUX,
JNEKTPUYECKUX, MATHUTHBIX U TEIUIOBBIX. [lepBUYHbIC
Pa3MEpHOCTH, KOTOPBIE BBOJASATCS JUIS AAHHOTO Kilacca
SIBJICHUI OE30THOCUTEIBHO K JPYTUM BEIUYUHAM,
BBIP@XKAIOTCS Yepe3 JApyrue MepBUYHbIE Pa3MEPHOCTH.
HoBble cCBsI3M NEpPBUYHBIX EAWMHHI[ Pa3MEPHOCTH

OTKPBIBAIOT 0Oo0Jiee INMUPOKHUE BO3MOXKHOCTH IS
aHaIM3a  pa3NIMuHBIX SIBICHUH W (U3UUECKHUX
mporeccos [2, c. 16].

Bennunna n Pa3MEPHOCTH KOHCTAHTHI

TpaBUTAllMM OIpEAEIICTCS B BHIC COTHOLICHUS
mapameTpoB Topochepsl G = vy Ao®/ my . JleneHnem Ha
K03(¢UIMeHT mepeBosa D KOHCTAHTA TpaBHTAUU
MIEPEBOANTCS B BEIMYUHY M Pa3MEPHOCTH YAEIBHOTO
3JIEKTPUYECKOTO COMPOTHUBIICHHS, KOTOpas MOXKET
BBIYUCIIATHCS IO popmyie G, =1/ gy vy =1,526270299
1032 Om'M. YMHOXkeHHeM KoHcTauThl G, Ha
K03 duneHT D onpeenaeTcss KOHCTAHTA TPABUTAIUH
B pasmepHoctd Hetorona G = 6,674332696 107! M*
/xr ¢? .

Ecnu B HeKOTOPHIi JTOKaTIbHBII 00BEM BaKyyMa B
TEUYeHHe KOPOTKOTO BPEMEHM IIOCTYNaeT DHEprus B
pasMepe € = N &uw , TO BO30YXKIAIOTCS N sYEEK.
Bo30yxnenue AYeeK B MIPOCTPaHCTBE
pacrnpocTpaHseTcs HEeIUKOM IO OJHOW OeCKOHEeuHOM
UWIMHIPUYECKON cnMpanu ¢ OJWHAKOBOM JIMHOMN
OKpPYKHOCTH ¥ 1maroM A = |c| / n. Takoe Bo30OykaeHHE
TaKKe LIEJIMKOM IOTIJIOIIAETCSl, YTO BOCIPUHHMAETCS
Kak gactuna. Yem Gomnblire sHEprus Bo30yKIACHUS, TEM
OouibIIas yacToTa HUKIOTPOHHBIX 000pOTOB (N = |[v|) U
MEHBIIIe JUIMHA OKPYKHOCTH U LIAr CIIUPAIIH.

OT JIOKaTbHOTO BO3JICHCTBUS SHEPTUCH Epyn < € <
€ (€. — DHEPreTHYECKHH SKBHMBAJEHT DJIEKTPOHA) B
BaKyyMe TIOSIBIISIIOTCS CTAOWIIBHBIC, HEWTpaJbHbBIE
YacTHIBl — (POTOHBI, KOTOPHIE CYIIECTBYIOT TOJBKO B
JBIDKEHUM M TIEPEHOCST TOJbKO 3Hepruroo. OxnH
[IUKJIOTPOHHBIH  00OPOT CIMPANBHONH  TPaeKTOPUH
TIOJIHOCTBIO  OIpeNeNisieT Bce CBOHCTBAa (OTOHA U
NPUHAMAETCS 32 €ro MoJielb. Bo30yxaeHHble sueiiku
MO JUIMHE OKPY)KHOCTH PacriojiararoTcsi paBHOMEPHO,
Opd  3TOM  LUKJIOTPOHHBIA  OOOPOT  MOXKET
nedopMUpoBaThCs, MPOXOIUTH Yepe3 y3KHE IIeNd U
caM MOXeT ObITh IPOHHUIIAEM.

Mopens ¢GoTOHa COCTOUT M3 N OJMHAKOBBHIX
BO30YXK/ICHHBIX SY€EK C MAacCOH pPAaBHOH Myun

BennunHa m = n m v, DPUHUMAETCS 32 Maccy (OTOHa,
XapaKTepU3yIOLIyI0 ero UHEPTHBIE U I'PaBUTLMOHHBIC
cBoMcTBa. JIBmkeHHe (OTOHA, Kak B IIPUBBIYHOM
CMBICIIE CJIOBa JBIDKEHHE HEKOTOpPOH Macchl He
CYIIECTBYET, a CYIIECTBYEeT JIMIIb BO30YXICHHUE
LOUKJIOTPOHHOTO 000pOTa S4EeK € IOCTOSHHOM
CKOPOCTBIO CBETa TII0 TPACKTOPHUH OECKOHEYHOH
LIUIHHIPUYECKON CIIMPAIH.

HuKa0TpOHHBIH obopot BO30YKICHHS
XapaKTepu3yeTcs TPeMsI OPTOTOHAIBHBIMU BEKTOPAMHU
(pammaneeeiM E, TanreHmmansHeM H u oceBpiM K),
COCTaBJISIOLIMMH BEKTOP UMITYJIbCa AaBICHUI p = €/ C.
Kpyroeeim BpamienueM HampspkeHHoctet E u H
OCYILECTBIISACTCA BO30YXKIEeHHE IIPOCTPAHCTBA!
NIPaBOBUHTOBOE  BpallleHWE  NPUHHMAeTcs  3a
OTpHUIIATENIFHOE HAlPaBJICHNUE TOKA M MOJIAPH3ALUH, a
JICBOBUHTOBOE — 32 MOJI0KUTEJILHOE HAIIPaBJICHUE TOKA
1 mossipu3anmu (2, c. 18].

Ilotokn ¢(oToHOB B MNPOCTPAHCTBE MOTYT
BCTpEeUaThcsi B pasHbIX HampaBieHWsX. [Ipm stom
HUKOTJ]a HE MOXCET OBITh SYEHKH C YIBOCHHBIM
BO30y’KIIEHHEM, BO3JIE HEE MOXKET OBITh TOJBKO
ycuieHue ~ WiIM  ocllabJeHHe ~ MHTCHCHUBHOCTH
nosnspuzanui. @OTOHBI HE cOoAepKaT AIEKTPUIECKUX
3apsiI0B U HMMEIOT MojnoOHyto ¢opmy. B pacuerax
MIPUHUMAETCS BBIYUCIIATH 00beM (oToHOB
Maremaruueckoi Qopmynoii kpyrosoro Topa, c
OJIMHAKOBBIM OTHOIIEHHeM mapameTpoB (R / r) kak y
Topochepsl

v=g¢M\ (10)

¢=1,827359237 - 102 — OCTOAHHBIA 0OBEMHBIH
KOX(PHUIIACHT.

Yrpyrue cBOWCTBa M COCTOSIHUA (POTOHA, TarKe

KaKk y OJEKTPOMAarHUTHOTO TOJIS, OIPEIeIaoTCs
annabaTHBIM ypaBHEHHEM
v T3 = const (11)

C noMo1Ipi0 BTOPOH pagruaiuoHHON MOCTOSTHHON
C, = A T aguabaTHbBIN 3aKOH MpeoOpa3yercs B 3aKOH
NOCTOSIHCTBA ~ MMOJIHOM ~ Maccel  ¢oToHa  (cymma
KMHETUYECKOW W TOTEHIMANTbHON Macc), KoTopas
paBHa Macce Topocdepsr v T3 =m, = 5,455498497 - 10-
8 [M® K3 = kr]. IlomHas macca m, yMHOXEHHas Ha
KBagpaT CKOPOCTH  CBeTa  BEIpaKaeT  3aKOH
HOCTOSHCTBA IOJIHON SHEPIUM (POTOHOB &, = My C2.
[pu TePMOANMHAMHYECKOM paBHOBECHH,
annabaTHOE ypaBHEHHE (OTOHA B 3aBUCHMOCTU OT
napaMeTPOB TEMIIEPATYPhI U TABJICHUS HMEET BHT
3P=aT* (12)
P = ¢/ v — BHyTpeHHee naBieHHe (OTOHA,
TIPEICTaBISAET COO0H SKBUBAJICHT yAeTHHOW 00BEMHOM
sHepruy; a = 7,585980937 - 107'®— makpockonuueckas
MOCTOSIHHAsT ~ dHepruu  u3nydyeHus Credpana —
BonbnMana, KOTOpas ¢ y4eTOM Pa3MEPHOCTH MAacCChl
(M- K3 = kr) npeobpasyercs B pa3sMEPHOCTh yIETbHOM
MaccoBoli Temmoemkoct [[Ix / M3 K* = JIx / xr- K].
TouHoe 3HaueHme mocrostHHOM Credana — bompimMana
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ornpeacidgeTs B BUAC  OTHOLICHUA

Topochepsl

napameTpoB

a=3k/my=3c% Ty (13)

W3 3akoHa MOCTOSHCTBA IOJHOM OHEPrun
(1)0TOHOB BBITCKACT, 4YTO OJHaA U3 yacTe OHEPIrun

(knHeTHYeCKass ~ WIM  TIOTEHIMAJbHAs),  MOJXKET
OJTHO3HAYHO OIPEACIATh BCE €ro WHIUBHIYAIbHbBIC
mapameTpsl.  JloOple  Tporiecchl  agmabaTHOTO

W3MEHECHUS COCTOSHHA (POTOHA TPEACTABIIOT cO00it
TONBKO pPAa3NUYHBIe (OPMBI IPEoOpPa3OBaHUSA €ro

coOCTBEHHOU KUHETHYECKOH SHEPruu B
MOTCHIMAJIbHY0, JIMOO TMOTEHUHAIBHON OSHEPTUM B
KHHETUYECKYIO.

HenonBwkHelid  OeccTpykTypHbIii  adup B

aJeMeHTapHou suelike 3aHumaet (1 — ¢ ) = 98,17 %
BCEro 00beMa, HUKaKUMH CUIIOBBIMH ITPOLIecCaMu ce0st
HE TIPOSIBIISAET, CIyKUT IPOBOJHHUKOM IJIs IIepeHoca
MaJbIX SHEPTUN < Eyuu U SABISETCS TEMHOM MaTepuei
Bcenennoii. Bee cBoiicTBa sSUeiiky, B TOM YHCIC H
IUIOTHOCTb IPOCTPAHCTBA BaKyyMa, OIpPEIENSIOTCS
MacCcoi TOpoCPEPHI Pr = My /G * > = 8,20411581-10%
KT / M3, KOTOpas NPUHHUMAETCA BEPXHUM MPEIENOM
IUIOTHOCTH JIFO0OH CyliecTByIOeH MaTtepuu [3, c.
480].

OrpaHWYCHHBIH HAOOP KOHCTAHT (o, Mo, €, h, my
, O) sBuAeTCs  COTJAaCOBaHHOM  CHCTEMOW
(yHAaMEeHTANBHBIX (U3UUECKUX KOHCTAHT, KOTOPBII
MO3BOJISIET  OIpPEJEIUTh COIVIACOBAHHYIO CHUCTEMY
€CTECTBEHHBIX €AMHMIl M3MEpPeHHs U Kod(puImeHTs!
B3aMMHOIO ImepeBofa pasMepHocTeld. KoHcTaHTBI M3
HaboOpa, B3ATble B Pa3IMYHBIX COOTHOLICHUSX,
BBIPa)KAIOT TOYHBIE 3HAYEHHS] IPOU3BOAHBIX KOHCTAHT,
ONpENENAIOT BCIO MOTHOTY MW €IUHCTBO HAIIUX
MPE/ICTABICHUH O 3aKOHHAX (PU3NIECKOro MHpA.

IIpu n0OKaNBHBIX BO3AEUCTBUAX SJHEPTUEH € < € <
€ B TIPOCTPAHCTBE pOXKAAIOTCA CTAOWUIBHBIE U
HeCTaOWIbHBIE 3apsKEHHBIE YACTHIBI C 3aMKHYTHIM
KOJIBIIOM  BO30YXIEHHS ¥  JIOTOJIHUTEIbHBIMH
cBOHCTBaMM. B mpupose U3BECTHBI TOJIBKO JBE
CTaOWIbHBIE 3apsHKEHHBIE YaCTUIBI: OTPUIATEIHHBIN
SNEKTPOH M IOJIOKUTENBHBIA IMPOTOH, y KOTOPBIX
UMEIOTCA CBOM aHTUYACTHUIBI. 3aMKHYTOE€ KOJBLO M3
BO30YXK/ICHHBIX STUEEK IPEACTaBISIOT COOOH CymMMy
3JIEMEHTAPHBIX TOKOB C OOIIMM 3JEMEHTapHBIM
3JIEKTPUYECKUM 3apsiaoM € [2, c.19].

CymMapHbiii KombIeBoi TOK [ = n Iyuw uMeeT
CyMMapHO€ MarHMTHOE moJje. 3apsHKeHHBIC YaCTHIIBI
CYIIIECTBYIOT B CBOOOTHOM M B CBS3aHHOM COCTOSIHUH,
o0nanast sHEpruen U 3apsSaoM, SABISIIOTCS OCHOBHBIMU
CTPYKTYPHBIMH €JJMHUIIAMH B COCTaBe sIep, AaTOMOB U
BCEX BEIIECTBEHHBIX YacTHI. OHH TaKke HMEIOT Maccy
MOKOSI W 00JaJaroT W3MEHSEMOH IOCTyNaTeJbHON
ckopocThio B uHTEpBane 0 <w <c.

ONeKTpoH U NOpPOTOH  TIEHEpUPYHT B
IpocTpaHcTBe OoJee TIOTHBIE YeM Y ()OTOHOB TIOTOKH
BO3MYUIECHUS, IpeJCTaBIsieMbIe paauanbHbIM
BEKTOPOM  JJIEKTpUYeCKOd  HampsbkeHHocTd  E,
TAQHTEHINAJIbHBIM BEKTOPOM IUIOTHOCTH MAarHUTHOTO
noroka H wu Bexkropom K  HampaBieHHOro
pactpocTpaHeHHsI YacTHIBl. becKOHEYHbIE JHHUHU
ANIEKTPUYECKON HampsbkeHHOcTH E  Mexmy coloit

Pa30MKHYTHI, OHH HaYMHAIOTCS HA MOJIOXKUTEIBHBIX U
OKAaHYMBAIOTCS ~ HAa  OTPHLATEIBHBIX  3apsjax.
OnekTpuyueckas HaNpsHKEHHOCTb — XapaKTEepH3yeTCs
N30MpaTeNbHBIM JICHCTBUEM: OJHOUMEHHBIE 3apsibl
OTTAJKHBAIOTCS, a pa3HOMMEHHBIE 3apsiIbl
TIPUTSTHBAIOTCSL.

Mogens cBOOOJHOTO TOKOSIIETrocs 3JIEKTPOHA
mpeacTaBisieT co0oi KPyroBoii TOp ¢ MPaBOBHHTOBBIM
BO30YXKIEHHEM S9eeK U BpalleHHEeM Topocdep,
HECYIIMX OTPHLATEIbHYI0 HOJSAPHOCTh. Mozens
XapaKTepu3yeTcss KOMOTOHOBCKOH JITMHOM KOJIBIIA Ae =
2,426310235 - 10712 M, KOIHMYECTBOM BO30YKIEHHBIX
gaueek ne = |ve | = 1,235589976-10%, BricoToli ToOpa
paBHOH auameTpy Kpyra 2r. = 370,095039 - 10715 m,
JJIEKTPUUECKUM DKBUBAJICHTOM JHEPIHU € = Ne lyun
Dyun ¥ MACCOT Me = Ne M yuw . B MOJENIM CyMMapHas
JIMHEIHAs JUIMHA BO30YXKICHHBIX SYEEK Ne * Ayun =
5,005820383 - 10715 M cocTaBisfeT MPHOIU3UTENLHO
1/485 gacTp IIIMHBI KOJIBIIA.

Mogenp cBOOOJHOTO TOKOSINETOCs IPOTOHA
MIPEACTaBIsIET cOOOH KPYroBOH TOp, C JIEBOBHHTOBBIM
BO30Y)KIEHHEM s4YeeK M BpalleHHeM Topocdep,
HECyIHe IIOJIOKUTENBHYI0 TMOJISIPHOCTh. Mojenb
XapaKTepu3yeTcss KOMIITOHOBCKOM JUTMHOM KOJIbLA Ap =
1,321409845 - 10715 M, Konmu4ecTBOM BO30YKIECHHBIX
sueek np = vy | = 2,268731833 - 10%, BICOTOl TOpa
paBHOI1 nuameTpy Kpyra 21, = 0,2015601004 - 10715 m,
ANIEKTPUUECKUM DKBHBAJIEHTOM JHEPIUU €, = Np lyvun
Dy B MACCOM Mp = Np M e . B MOZENN cyMmapHast
JIMHEHHAS JUIMHA BO30Y)KIECHHBIX SUCCK Np * Awuw =
9,191450461 - 10"'? M npexncraBIsgeT coboi IPUMEPHO
6,9 KOMITOHOBCKHUX JUIMH KOJIbLIA.

K mapamerpamM CBOOOIHBIX 3apsiioB, €CiIH
MoCTynarenbHass ckopocth w = 0, NpUMEHHMBI
Ha3BaHUS  ,,KMHETHYecKas dHeprus ,  macca,
Temreparypa, 4actora u o0wbem mokos”. Ilpum
MOCTYyNaTeNbHOW CKOpOCTH W # (0 KHHETUYEeCKHe
napaMeTpsl TIOKOS, HPOTOPIIMOHATEHO
YBEJIMYHUBAIOTCS  C  TIOMOINBIO  KMHETHYECKOTO
xkoa¢duimenTa npeobpasosanus B = (1 + w?/ c?), a
00BEM 9acTHII IT0TOOHO yMeHbInaeTcs B B~ pas.

[MocTynarenbHoe ~ fABWXKEHWE — 3apsga B
BaKyyMHOM TIPOCTPAHCTBE IPEACTAaBISIET COOOM
UIEKTPUUECKUH TOK M J00AaBOYHYIO H3MEHSEMYIO
KHHETHYECKYI0 SHEPTHIO JBIKEHHS 3apsina Ae = g -
(w? / ¢?). TlapameTpbl Macchl M3MEHSIOTCS 3a CYET
COOTBETCTBEHHOT'O 4KCia BO30YKIECHHBIX sYeeKk An =
Ae / € OKpYXKAIOUIErO MPOCTPAaHCTBA. Takum
00pa3oM paBHOMEPHOE JIBIDKCHHE  3apshKEHHOM
YacTHIBl HECeT B ce0e YeTKHH NMpPU3HAK M3MEHEHUS
CBOET0 COCTOSIHHUS OT HETIOJIBUXKHOTO.

Topoctepa, ¢GOTOH, 5SIEKTPOH ¥  NPOTOH
SIBJISIFOTCS 3JIEMEHTapHBIMA CTaOMIbHBIMU
CTPYKTYPHBIMH YacTHIAMH, UX MAaccoBasl IUIOTHOCTb
MEHBIIE TUIOTHOCTH 3(UPHOTO BaKyyMa, II03TOMY OHHU
noJBepkeHbl  3dupHOMYy  cxaruro.  OauHaKoBas
TIpUpoJia U MoJ00Has GopMa MO3BOJIAIOT ONPEACIATh
OCHOBHbIE WHIUBHIYyaJIbHbIE MapamMeTpbl 10 OOIINUM
dbopmynam. DieMeHTapHbIE YaCTHIIBl TOTIHHSIIOTCS
3aKOHY COXPAHEHUS IIOJHOW SHEPIUH, KOTOPBIM JIEKUT
B OCHOBE BCEX KHHETHYECKUX 3aKOHOB.

KuHernueckasi SHeprusi U Macca IOKOSIIErocs
aneKkTpoHa B 1836 pa3 MeHbIle, YeEM Yy NMPOTOHA, & €ro



Eepasutickuti Coro3 YueHbix. Cepus. mexHuU4Yeckue u gpuauko-mamemamuyeckue Hayku. # 4(129), 2025 15

pamuyc BO CTOJNBKO ke pa3 Oombime. PasHbie
9JIEKTPUYECKUE 3apsiibl U CBOMCTBA YACTHUL] PUBOJASAT
K TOMY, 9TO MPH UX COJMIKCHUU MOTYT MPOUCXOTUTH
pa3InYHbIC CTaOWIbHBIC COCAMHEHMS. B coenHeHUIX
BpalleHue MIPOTUBOMOJIOKHBIX SIEKTPUUYECKUX
3apsAA0B B OJHOM HAIIPaBIICHUH NPEACTABILIOT cO00i
KOJIBLIEBBIE 3JIEKTPUUECKHE TOKH C OKPY’KAIOLIUM HX
MarHUTHBIM II0JIEM OTTAJIKUBaHUs. Paccrosinue Mexay
3apsaMu YCTaHaBJIUBAETCSA TOT/IA, Korja
3JEKTPUYECKOE W TIPABUTALMOHHOE MPUTSHKEHHE
YPaBHOBEIIMBAECTCSI MATHUTHBIM [IOJIEM OTTAJIKUBAHHUS.

IlocnenoBaTeabHBIM MIPUCOEANHEHUEM
MPE/IIECTBYIONIMX YacTUI] K BHOBb 0Opa30BaHHBIM
OpraHu3yeTcs Mepexol OT MPOCTHIX K CIOXKHBIM
CTPYKTypaM, C pacCEMBaHUEM BEIMYMHBI X SHEPTUU
CBsI3U B OKpYyXaroleMm mpoctpancTBe. CyOnsaepHbIe,
SIIEPHBIE, aTOMHBIE W MOJIEKYJISIpHBIE COEJAMHEHUS
COCTOSIT U3 3JIEMEHTApHBIX YaCTUL OJHOW MPUPOIBI,
MOJYMHSIOTCS] 3aKOHAM COXPAHEHMsI MacChl U SHEPTUU
B 3aKPBITHIX CHCTEMAaX, 4eM 00eCIIeYNBACTCS CINHCTBO
IJIAHKOBCKOT'O MUpA.

Mopnens mpocTpaHCTBa-3(Hpa IEMOHCTPHPYET
COOTBETCTBHE HEPa3PHIBHOMY €JIMHCTBY
CyIIIECTBOBAHMS M M3MEHYMBOCTH MaTepuu. M3BecteH
aToOM BOJOpPOJa TPOTHH, COENWHEHHE MPOTOHA BHE
COOCTBEHHOTO KOJIbIIa AJICKTPOHA. B mpupome Takxke
CYIIECTBYIOT  COCIMHEHUS C  PaCIMOJIOKEHUEM
MPOTOHOB BHYTPH COOCTBEHHOI'O KOJIbI[A 3JIEKTPOHA:
KBa3UCTaOMIbHBIN HEWUTPOH, MOJIOKUTEIIHLHO
3apsDKEHHBbIE  sipa  JAEWTpoHa U renuoHa. M3-3a
OONBIION pPa3sHOCTH Macc JJIEKTPOHa W IPOTOHOB
o0IIass och BpamIeHUA B COCOMHCHUSIX IMPAKTHICCKU
COBIIafaeT ¢ 00MIeH OCHI0 IPOTOHOB.

KomnoHeHTaMU cTaOWIBHBIX SAEP OT 0.-YaCTHIIBI
JI0 BHCMYyTa SIBISIFOTCS CYOBSIEpHBIE YaCTUIBI C
OJIM3KUMHU JIMAMETPAaMHU BHEIIHHX OPOWT 3JIEKTPOHA:
HEUTPOH, IEHTPOH U a-yacTUIla (CHIBHOE COCTUHEHNE
JIBYX JIEUTpOHOB). B cTpoeHmm smep W H30TONOB
HabIroaeTces WHJIUBUAYaTbHOCTh Onarogaps
CTPOTOMY B3aMMHOMY PpACIOJIOKEHHUI0O M YHUCIY
CyOBSIIEpHBIX YaCTHUIl: HA TOPIIAX MOTYT HAXOJUTHCS
TONBKO JEWTPOHBI M 0O-YACTHIBI, HE MOTYT OBITh
coceIsIMH [Ba HEWTpPOHAa M JBE O-9aCTHIHI (IIpO
pacmagaercs).

Hununapuueckas ¢bopma CTaOMIIBHBIX
COCTaBHBIX sfep (OPMHPYETCS BHEUIHMMHU IUIOTHO
COMKHYTBIMH KOJILIIAMU 3JIEKTPOHOB U MX MPOTOHAMHU,
PacIoJIOKEHHBIME BHYTPH € TPOMEKYTKaMH Ha 00IIei
ocu. ['paBUTAIIMOHHOE U NIEKTPUUECKOE MPUTHKEHUE
B IWIMHJPUYECKOM SJIPE yAEPKUBAET MOJIOKUTEITHHO
3apsOKEHHBIE  CYObBsiIepHBbIE YacTHIBI OT pasiera,
obecrieunBasi BCECTOpPOHHEE CHIIBHOE CXKAaTHE, KOTOPOe
HCKIJIFOYAeT MPUCYTCTBHE MeXTy HUMH (OoTOHOB. C
poctoM ducia 3apsga sAapa JeeKT  Macchl
YBEIMUYMBAETCS, HO HE IPEBBIIIAET MACCHI AJIEKTPOHA
JlaXKe ISl CaMbIX TSKENbIX aTOMOB [4, ¢. 147].

3apsn, yaelbHas JHEpPrus i JUTHHA
MWIHHIPUYECKOTO sipa OMPEACNSIOT CTPYKTYpy |

croco6  (opMHUpPOBAaHUS  DIICKTPOHHON  00OJIOYKH
aroMoB. C yd4eroM OOJIBIIOTO PACCTOSHUS MEXKIY
SIIPOM M aTOMHBIMU SJIEKTPOHAMH CHJIAMH I'PaBUTAIIUN
MOXHO IpeHeOpeub. CBsi3b AJIEKTPOHOB OOOJIOYKU B
aToMax I10 BeJIMYMHE Ha HECKOJIBKO TTOPSAKOB MEHBIIIE,
YeM OBHEprus CBsA3M B supax. HeBozOyxaeHHOMY
COCTOSIHHIO aTOMa COOTBETCTBYET MHHHMAaJIbHBIA
BHEITHUH paguyc OpOWTHI aToMa M MaKCHMabHas
OTpHUIIATENIbHAS JHEPTUS CBS3M JJIEKTPOHA C SAOPOM,
paBHas MOTCHIMAY €TO HOHU3ALHH.

[ponece mornomenust GoToHa (BO30YXKIEHUS H
WU3MEHEHHs] TeMIIEpaTypbl) COMPOBOXKAACTCS DHEPTHEH
repexo/ia NEKTPOHa Ha OpOUTY ¢ OOJIBIIMM palycoM
U TPOTUBONOJIOKHBIM HMITYJIbCOM OTJayd HOHA.
Wmnynecbl  SBIAIOTCS  NPUYMHOW  JIaBJICHHMS,
Xa0THYECKOTO JIBYDKCHUS u PaBHOMEPHOT'O
pacripeseneHus aroMoB No o0wvemy. B pesymbrare
JIEKTPOCTATUYECKOTO B3aMMOJCHCTBUS aTOMBI MOTYT
OOBEANHATECS B PA3IHYHbIE MOJICKYNbl. CHIIBI CBSI3H
MEXIy aTOMaMH B MOJIEKyJIe Ooiee ciadble, 4eM CBA3U
9JIEKTPOHOB B aTOMaXx, IO3TOMY Ie(EKTOM MaccChl pH
o0pa3oBaHMHM MOJIEKYJT MOXKHO TMpeHeOperath 0Oe3
00JIBILION OIIHOKH.

3akaioueHue: [TnankoBckas MOJIETIb
MPOCTPAaHCTBA  MPEACTABISIETCS  HEINOABHKHBIMHU
YCJIOBHBIMH STYEHKaMU ¢ yTOYHEHHBIMH NIapaMeTpaMu.
SI4eliku COCTOST M3 HENOJBMIKHOIO U IIOJBHUYKHOIO
s¢upa, OTBEHAIOT 3a TPAaBUTALMUIO M OJIHOPOJIHOE
H30TPOITHOE PacIpe/ieICHIE MaTepHH B IIPOCTPAHCTBE.
Bo03HHKHOBEHHS KBAHTOBBIX 3JIEKTPOMATHUTHBIX CHII
Pa3JMYHBIX 3JIEMEHTAPHBIX YaCTHUIl NMPOMCXOAUT TOJ
JeiCTBHEM BHEITHEH HEpPTUH Ha TOJBIDKHBIN 3(up B
syekax.  OJEeMEHTapHble  YacTHIBl M HX
B3aMMOJCHCTBUS TPHUCYTCTBYIOT BO BCEX HM3BECTHBIX
YacTHLaX, MOTBEpXkJas €IMHCTBO W IPUYUHHOCTH
HOSIBJICHHS] BCEX BUIOB MaTEePHU.
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The low-frequency discrete spectral components generated by the shaftpropeller systems of marine targets
play a crucial role in signal processing, particularly in the problem of underwater acoustic direction finding.
Preprocessing step to select these spectral components helps enhance the signal-to-noise ratio (SNR) of the signal
input to direction of arrival (DOA) algorithms. This paper proposes a novel solution to improve the selectivity and
accumulation of lowfrequency line spectral components, which are key features in the detection and parameter
estimation of underwater targets. The proposed method combines several classical signal processing techniques,
including Low-Frequency Analysis and Recording (LOFAR), Detection of Envelope Modulation on Noise
(DEMON), and adaptive comb filtering. This combination enhances the input signal's SNR, providing improved
quality for subsequent processing stages, especially DOA estimation. Simulation results demonstrate a significant
improvement in the performance and accuracy of the DOA algorithm, suggesting a new approach for detecting

and characterizing this type of underwater target.

Keywords: underwater, passive sonar, DOA, marine target, propeller.

Introduction

Passive DOA is a complex problem in the field of
signal processing. Solving this problem not only
requires the implementation of sophisticated
algorithms but also necessitates additional evaluations
of noise models, useful signal models, and the impact
of environmental acoustic propagation parameters [8,
14]. In recent years, numerous studies have been
published in this field [3, 4, 6]. Accordingly, the
foundations for constructing the spatial spectrum
functions for DOA estimation have been investigated
from various perspectives, including subspace
decomposition, spatal-time-frequency distribution
[11], and sparse representations [7]. In addition, Al-
based solutions for the DOA problem have also been
proposed [9, 10].

Preprocessing of underwater acoustic signals to
enhance the SNR for DOA estimation is a widely used
concept. Techniques such as LOFAR, DEMON, or a
combination of both have been proposed and applied
for a long time [5]. These techniques aim to isolate and
select low-frequency bands containing the line spectra
characteristic of marine propeller systems, thereby

enhancing target selection efficiency in signal
processing systems. However, such signals are still
Problem
Data model

significantly affected by noise, caused by mechanical
inconsistencies of the propeller structure and
operational disturbances. Nevertheless, the cyclic
nature of signals from propeller-driven targets remains
a stable and distinguishing feature of this type of
source. Based on this property, comb filters can be
applied to selectively extract useful signals, leading to
significant performance improvements for LOFAR and
DEMON. In [12], the authors proposed a solution that
combines LOFAR, DEMON, and a comb filter to
detect shaft rotation frequencies in signal processing.
However, this study was limited to deep learning
networks using sample datasets, and the comb filter
parameters as well as their formulation and application
mechanisms were not thoroughly analyzed, lacking
discussion on adaptability in real-world processing
scenarios.

Building upon these analyses, this paper proposes
anovel approach that combines the selection of discrete
spectral features specific to propeller-driven marine
targets with DOA . Furthermore, the use of adaptive
recursive comb filters in passive sonar systems is, for
the first time, introduced as a solution in this line of
research.

Assume that the passive sonar system uses a uniform linear antenna array consisting of: number of
hydrophones: M; spacing between hydrophones: d (ensuring that the distance is less than half the wavelength);

reference element: the first hydrophone.
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It is assumed that there are Q propeller-equipped targets (Q signal sources). The g —th target has a frequency
band f; min [ f; max and is located at direction angle [, (¢ =1,...,0). A schematic diagram illustrating the maritime
scenario with the deployed sonar system and targets is shown in Figure 1. Where, s 51, 2,...,5¢ are the signal sources
(targets); Hyd 1, Hyd 2, ..., Hyd M are the hydrophones from 1 to M in the antenna array. The scenario is shown
in Figure 1.

The discrete spectral components of the target noise signal are harmonics of the shaft rotation frequency ( f
) and the blade rotation frequency ( f; ). If the propeller has N, blades, then:

Jo=Np [ fs (M

These tone components and its harmonics can generally be represented as:

=l s 2

Where, [ =1,L with L being the total number of discrete spectral lines generated by the shaft and blades.

Reference point

d
Hyd 1 Hyd 2 Hyd m Hyd M

Figure 1. Passive sonar system and targets

The time-domain mathematical model of the target signal, without loss of generality, is assumed to be g-th
target, and is given by the form [9]:

S, (1) =5,,(t)+5,.(t) +n(t)

L 3
:sw.(r)+(1+Z,4}.cos[2:‘nff]f]]c(:]+n(1]. &)

=1

Where, s,71s the signal component containing discrete spectral lines;sqc ()¢ is the signal component containing
continuous spectrum. This component results from continuous noise modulated by ¢ #( ), the propeller rotation
process (due to cavitation, hydrodynamic noise caused by interaction with water, or both); A4; is the amplitude of
I-th spectral component; n #( )is background noise.

Depending on the specific structure and design of each type of vessel, the general spectral noise form emitted
by the vessel will exhibit distinct characteristics. However, some common features still exist, as follows:

In the infrasonic range, the discrete spectrum typically shows intensity levels higher than the average, ranging
from 10 dB to 25 dB, depending on the vessel type and specific operating conditions.

For the continuous spectrum, at low frequencies, the spectral intensity usually increases at a rate of approximately
+6 dB per octave, while at high frequencies, it decreases at the same rate of -6 dB per octave.

Therefore, before performing signal processing, a band-pass FIR filter with a frequency response slope of +6
dB per octave is commonly applied to preequalize the input signal.

The signal observed at each hydrophone can be expressed as:

y(t)=A(@)s(t) +n(t). 4

Or, in matrix form:

Y=AS+¢ (%)
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Where, Y=[y t( ), y ti( ),..., yu—1( )]t Tis the received signal matrix that accounts for the effect of additive
noise, with dimensions M N' |, where N is the number of data samples; =[n ¢ n to( ), 2( ),...,nm-1( )] Tis the additive
noise affecting the hydrophones;A( )[ [ [1=[ (a 1),a( 2),....a(/ |p)] is steering matrix with a( )[;is steering vector
corresspodent to s, target, and [.]”is the transpose operator.

Under the assumptions of narrowband conditions, far-field propagation, and a point source, with the signal's
center angular frequency being (., then:

a('gj) _ |:l,{’._ Froms “"?e—,fmr'.a_.r. ,"“‘e—,r'l'.'l.l‘—]h'w:__rI :|"

. . s T
_ — — oy — JM-1)g,
= [l,e — I ]

(6)

where ml; is the time delay at the m-th sensor element from source 7, and the deviation in the time delay,[;,
is transferred to phase deviation [ = ¢ii= adsin( ) /1 ;c.

Solution

2.2.1. Discrete spectral line characteristic of marine propeller targets selection based on combined
techniques LOFAR, DEMON and AD-COMB

In typical situations, the received signal s #( ) may consist solely of background noise [ 1n #( )|, or background
noise combined with one of the other two components, or include all three components. When the components [ Is
tr()") dominate, the LOFAR algorithm is effective, whereas when [lsc ()¢ [ dominates, the

DEMON algorithm is more commonly used. However, in most cases, when there is no prior information
about the dominant region in the noise spectrum, a combination of LOFAR and DEMON provides stability and
efficiency for signal processing. The functional block diagram of the combined LOFAR and DEMON algorithm
(LDC) is shown in the figure 2.

LOFAR

5O 1yl ADC > Il;%l{: » FFT » Normalizer 5.0
DEMON
,| BDF 5 EN » FFT » Normalizer

"| FIR | Detector
———————————————————————————————————————————————————————————————————————— LDC

Figure 2. Functional block diagram of the LDC algorithm

This diagram includes the use of abbreviations as below. ADC: Analog to Digital Converter; LPF FIR:
Lowpass Filter — Finite Impulse Response; BDF FIR: Bandpass Filter — Finite Impulse Response; FFT: Fast
Fourier Transform; LDC: LOFAR - DEMON Composition.

2.2.2 Adaptive recursive comb filter in propeller noise signal processing

A comb filter has a frequency response characterized by a series of equally spaced notches alternating with
equally spaced peaks, creating a shape resembling a comb, hence the name comb filter. In signal processing, a
comb filter (COMB) is used to filter signals with periodic characteristics, either to retain or suppress those periodic
components.

In passive sonar, when receiving noise signals from marine targets with propellers, the COMB filter can also
be applied based on a similar principle to periodic cancellation used in active systems. In this case, the delay period
is set equal to the rotation period of the detected target’s propeller shaft, 7,=1/ f; . The structural diagram, selection
analysis of the filter type, and related coefficients of the COMB filter are presented below [13]. The chosen filter
model is the recursive comb filter (R-COMB) with the structural diagram shown in Figure 3.

v(t)

1-K,
Figure 3. The time domain structural diagram of R-COMB
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In this structure, instead of summing the input signal with its delayed version, a recursive process is proposed
as a replacement to improve the filter's efficiency. Accordingly, the difference equation system of the R-COMB
is:

() =x(t) — (1 — K w(z),
(1) = () +w(t), (7
w(t)=wv(r—-T)).

where, K, is feedback ratio of R-COMB.
Apply the z-transform to the system of equations (7) and compute the transfer function Hz( ) =Y z( )/ X z(),
then:

1_ e |

HEO=1T"g

(8)

The squared magnitude of the transfer functionH z( ) and note that z +=z"'2cos( 17, ) , will yield the squared
amplitude—frequency response of the RCOMB filter:

oo 2 2(1 — cos(wT)) 3
H (e’ _ . . 9
| (e )| (]_1_)(5}_2!(']_ cos(wT)) i

Thus, in order to apply the R-COMB filter in passive sonar, it is essential to have information about the shaft
frequency f; . This shaft frequency is detected based on the accumulated spectrum of the signal after LDC
processing. The module that performs this function is called FBS&SNE. The combination of R-COMB and
FBS&SNE results in an adaptive recursive comb filter, referred to as AR-COMB

2.2.3. A super-resolution DOA estimation algorithm applied to signals with selected characteristic discrete
spectral components

The combination of LDC, FBS&SNE, and AR-COMB forms an adaptive preprocessing method for selecting
characteristic discrete spectra (Frequency Bins Selection — BS) of marine propeller targets in passive sonar signal
processing in general, and in the passive DOA estimation problem in particular. The functional block diagram of
the BS solution is shown in Figure 4.

Y 0.QR, DOA
——»{ LDC AR-COMB FBS&SNE > S
SMUSIO) [ 5 o

2>>Y9

y

Figure 4. BS solution

Accordingly, the signal received at the output of the antenna array Y, is digitized by ADC modules to obtain
the digital signal Y,,. Next, the digital signal Y, is passed through the LDC component to select the low-frequency
region containing the characteristic discrete spectrum. The output of LDC is the frequencydomain signal Y. This
signal Yyis then passed through the AR-COMB filter to retain only the frequency components that are harmonics
of the shaft and blade rotation frequencies ( f;, f» ) of the propeller. Simultaneously, the FBS&SNE algorithm
estimates the number of targets O and selects a set of useful frequencies, along with the corresponding covariance
matrix Q of the selected spectral bins. In addition, the estimated shaft frequencies of the targets £, f52,.., fso are fed
back to the AR-COMB filter to adaptively tune the comb resonance frequencies.

Results and discussion

Input data

The antenna array data is semi-simulated, generated by using a single acoustic sample and artificially
assigning a simulated DOA. This acoustic sample is selected in one of two ways: either through simulation or by
choosing audio samples from a database ASMD [1, 2].

The signal generation model for the ULA receiving array is based on the assumption that the target emits a
sound signal s #( ) from direction [|. Under this assumption, the received signal of the array is formulated as
follows:

Vo ()=s(t—=(m-1)r), (10)
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Where y ()t is the signal received at the m-th antenna element, and [ /=dsinl 1/ ¢, with ¢ being the speed of
sound in water and ddd the spacing between array elements.

Simulation results and comments

The audio samples exhibit a wide spectral distribution, primarily concentrated in the frequency range of 1,000
Hz to 80,000 Hz. When applying direct signal analysis tools, it is not possible to detect or isolate the discrete
spectral components characteristic of propeller noise. By employing the BS technique in the preprocessing stage,
the propeller shaft frequency and its harmonics are successfully identified, clearly revealing the signature features
of such targets. The BS processing results for file #07 from the ASMD dataset, analyzed in the frequency domain,
are presented in Figure 5; the corresponding time-frequency domain analysis is shown in Figure 6.

Spectrum of original signal
T T

-4
1510 T T

T T T

0 1000 2000 3000 4000 5000 6000 7000 8000
(a) Frequency, Hz
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T T T T T T T T T
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(b) Frequency, Hz
ot Spectrum of BS proccessing
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Figure 5. Frequency-domain processing

i
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Frequency (Hz)

Figure 6. Time-frequency based signal processing

Accordingly, the input signal has its energy concentrated in the frequency band 1000 80001 Hz and exhibits
two spectral lines in the low-frequency region at 33 Hz and 66 Hz in Figure 5(a), which correspond to the
fundamental and subharmonic components generated by the power generators. When applying the BS technique
to this signal, the LDFS result in Figure 5(b) and the final outcome in Figure 5(c) successfully separate the shaft
frequency f.= 0,73 Hz and its harmonic components.

Performance of the new proposed solution

In the case where the original audio file is a field-recorded signal, simulations are conducted using files from
the AMSB database [2]. For illustration purposes, the files are sampled at a frequency of 48 kHz; file #6 is used
to simulate a target located at a -10° bearing angle, with a duration of 6 minutes and 43 seconds, while file #1
simulates a target at a +20° bearing angle, with a duration of 13 minutes and 10 seconds. The files are
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synchronously segmented into P= 512 sections, each with a length of N =1024 samples (corresponding to

approximately 32.8 seconds of processed audio per segment).
The results of applying the Multiple Signal Classification (MUSIC), Smooth MUSIC (SMUSIC) algorithms,

and the BS-MUSIC, BS-SMUSIC methods to these signal sources are presented in Table 1 and Figure 7.

Table 1.
Calculation results of the algorithms for two uncorrelated semisimulated sources.
Source Source 1 | Source 2
Algorithm (-10°) (+20°)
Angle () -9.9° +19,9°
MUSIC-DOA  'PRGL @B) [ 1.9 48
Angle () -9.9° +19,7°
BS-MUSIC PBGL (dB) |17.0 14,0
. Angle () -9.9° +19,7°
BS-SMUSIC PBGL (dB) [22.1 17,0

Accordingly, for semi-simulated signals, the evaluation results still indicate that the BS-SMUSIC algorithm
provides the best performance, achieving a Peak-tobackground level (PBGL) of 22 dB, that 5 dB higher than that
of BS-MUSIC and 20 dB higher than the original MUSIC algorithm for the first source. For the second source,
BS-SMUSIC achieves 17 dB, which significantly outperforms the 14 dB achieved by BS-MUSIC and the 4.8 dB

of the MUSIC algorithm.
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Figure 7. Direction-of-arrival estimation results for two uncorrelated semisimulated acoustic signal sources

Accuracy assessment of the proposed solution

The RMSE evaluation was also conducted based on the Monte Carlo method with 200 random trials. The
simulated source parameters, as described item 4.2, were combined with correlated source conditions. The results
are shown in Figure 8.

Accordingly, the four direction-of-arrival estimation algorithms evaluated were BS-SMUSIC, BS-MMUSIC
(Modified MUSIC), SMUSIC, and MMUSIC. The SNR=—5[120 dB was used to assess the RMSE of these
algorithms. The results show that, when combined with the BS technique, the error remains stable and increases
slightly within an acceptable range, even at high SNR levels. In contrast, when not combined with the BS

technique, the error spikes significantly as noise increases.
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Figure 8. RMSE of the BS-SMUSIC algorithm and others

In the range 13 20[] dB, all four algorithms exhibit the same error level with an RMSE of 0.3°. In the range
—5 130J dB, the RMSE of BS-MMUSIC increases steadily to nearly 1°. Meanwhile, the BS-SMUSIC algorithm
shows a similar increasing trend within the same range but consistently yields a lower error, reaching
approximately 0.8° at —5 dB. In contrast, the original algorithms without BS integration show a sharp rise in error
when SNR[10 dB, reaching 10° and 11° at SNR=—5 dB for SMUSIC and MMUSIC, respectively.

Conclusions

Thus, the proposed solution demonstrates higher
performance and accuracy compared to conventional
direction-finding algorithms based on the same
principles. The selective extraction of the characteristic
discrete spectrum of propeller-driven marine targets
enhances the SNR. As a result, it increases the PGBL
and improves the accuracy of the applied direction-
finding algorithms. The simulation computations were
developed using a semi-synthetic array data generation
method based on real acoustic samples, ensuring the
accuracy and reliability of the proposed solution and
offering a new development direction for passive sonar
systems.
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KOHCTPYKTHUBHBIE PEHIEHUS JJ11 OBECIIEYHEHUSL CEFICMOYC'I:OPI‘IHBOCTPI
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This article explores structural solutions for ensuring the seismic resilience of commercial and residential

buildings in highly seismically active regions of the U.S. It examines the impact of seismic waves on building
structures and analyzes the basic principles of earthquake resistance, including the balance between rigidity and
flexibility of buildings and the use of modern seismic protection technologies such as seismic isolators, dampers
and shock absorbers. The article reviews the specific design features of apartment buildings, private houses, and
small structures, along with seismic protection technologies tailored to different building types. It also evaluates
the primary technologies and approaches that ensure the safety and durability of buildings in seismically active
zones.

B cratbe paccmarpuBaloTCd KOHCTPYKTHBHBIE pEIIEHUS Ui OO0ecleYeHUs] CeHCMOYCTOMYMBOCTU
KOMMEpYECKUX U JKWIBIX 3/aHUI B YCIOBHSAX BBICOKOH celicmuueckoi aktuBHOCTH B CIIA. Hccnemyercs
BIIMSHUE CEHCMHYECKHX BOJIH HAa CTPOMTENbHBIE KOHCTPYKIMHM W aHAJIM3MPYIOTCS OCHOBHBIC NPUHIIUIIBI
CEHCMOCTOMKOCTH, BKIIOYAs OaJlaHC MEXIY JMKECTKOCTBIO W THOKOCTBIO 3[JaHUH, a TakkKe HCIONB30BAHUE
COBPEMECHHBIX CCCMO3ALIMTHBIX TEXHOJIOTHMI, TakMX KakK ceificMHUYecKHe HW30JIATOpEl, AeMmrdepsl U
amopTu3atopbl. PaccMaTpuBaroTcst 0COOCHHOCTH MPOSKTUPOBAHUS MHOTOKBAPTHUPHBIX JOMOB, YaCTHBIX JOMOB U
MaJIbIX CTPOCHHH, a TAKXKE UX CEHCMO3AIIUTHBIE TEXHOJIOTHH, COOTBETCTBYIOLIME TUTIAM 3/IaHUH. AHATU3UPYIOTCS

OCHOBHBIC TCXHOJIOTMM MW IIOAXO/JHBI,
CEMCMOAKTUBHBIX 30HaX.
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Introduction

Resistance to earthquakes is one of the big tasks of
today's construction and architecture, especially when
it concerns countries with increased seismic activities.
Over time, the demands that have been issued for
building structures that can cope with seismic wave
effects have not only expanded but also become quite
technologically sophisticated. In the context of the
growing urban process, extension, and agglomeration
of residential and commercial buildings, the question of
earthquake resistance becomes more relevant.
Buildings that do not conform to modern standards may
cause serious danger to people and property during
earthquakes.

Special attention to the issue of seismic resistance
in the U.S. is due to the fact that it is located in various
seismic zones, where destructive earthquakes may
occur both in large megacities and in less densely

populated areas. Along with natural threats, the social
and economic consequences of destruction are
becoming a serious problem for local authorities and
property owners.

Seismic stability can be provided by integrating
various methods and solutions into the whole design
process, starting from selecting building materials to
applying innovative systems for shock absorption of
seismic waves. The aim of this study to explore
structural solutions that enhance the seismic resilience
of commercial and residential buildings in regions with
high seismic activity.

Main part. Theoretical foundations of building
seismic resilience

Seismic waves are types of mechanical waves that
arise from the motion of the Earth, usually produced by
tectonic events such as earthquakes. This is not the
same across different parts of the U.S. because the
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country lies on the border of several tectonic plates,
creating different parts of it to have various amounts of
seismic risk. Some regions are prone to repeated and
strong earthquakes, especially on the west coast. In
California, as a result of the San Andreas fault,
earthquakes are not uncommon, like the San Francisco
earthquake in 1906 and the Northridge earthquake in
1994. Alaska is part of the most seismically active
areas; in it, there was a great earthquake with 9,2
magnitude in 1964. In the northwestern states, strong
earthquakes also occur as a result of subduction of the
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oceanic plate. In the other parts of the country,
earthquakes are less frequent; however, they may also
be very destructive, such as those that happened in New
Madrid in 1811-1812 [1].

Over the past decade, a total of 1760 earthquakes
with a magnitude of 4,0 or greater have occurred within
a 186-mile radius of the U.S. On average, an earthquake
occurs approximately every two days, or 176
earthquakes per year, highlighting the importance of
seismic-resistant design (fig. 1).
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Figure 1. Annual earthquakes with magnitudes of 4,0 and above within 186 miles of the U.S., 2024 [2]

Seismic waves produced by tectonic processes
travel through the Earth and can cause destructive
vibrations in building structures. Their action upon
buildings depends on their type and characteristics, as
well as on the characteristics of the material and
construction of the structure itself. P-waves transmitted
at high speed affect buildings with relatively little force,
while S-waves and surface waves, propagating more
slowly, have a greater destructive ability, causing
strong vibrations, especially in the upper floors of
buildings. The most dangerous for structures are
precisely surface waves, which can cause significant
damage if they affect weak soils and buildings with
insufficient seismic resistance.

The general seismic resistance requirements of
buildings aim at the restriction of earthquake effects.
The building has to be designed to resist earthquake-
induced stresses for stability and usability. One of the
main considerations is striking a balance between
structure flexibility and stiffness. Too rigid buildings
can experience great stresses and deformations that
lead to destruction, while too flexible structures can
be subjected to excessive fluctuations. For effective
resistance to seismic forces, buildings must be designed
taking into consideration the possibility of vibration
damping that reduces the amplitude of deformations
and prevents the destruction of structural elements.
Seismic insulators, dampers, and shock absorbers
are some of the devices being used to effectively absorb
energy transmitted by seismic waves, minimizing
earthquake damage.

Thus, the importance of the design of earthquake-
resistant buildings arises with the aim of minimizing
damage and ensuring safety. The use of modern seismic

protection technologies in construction and following
the principles of seismic resistance are of great
importance for the creation of stable structures that can
resist seismic waves.

Structural solutions for residential buildings

Where seismic activities are high, there is no
possibility of constructing and designing earthquake-
resistant homes without the use of advanced materials
and technologies. The deployment of earthquake-
resistant materials like reinforced concrete, steel, and
composite materials play a crucial role in offering
safety for housing structures. High compressive
strength characterizes reinforced concrete and allows
for the efficient load distribution of earthquake loads.
The addition of steel, due to tensile strength, in addition
to ductility, provides extra structural flexibility to the
building to sustain all forms of deformations.
Composite material use in carbon and fiberglass-
reinforced panels is increasingly becoming popular
because they are light in weight and can resist high
seismic loads. In addition, these helps reduce the
overall weight of the structure effectively.

Technologies for strengthening homes in
earthquake-prone areas involve both supports from the
outside and changes to the structural framework of the
building. One method to address this is by reinforcing
foundations with deep injection soil stabilization or
by implementing pile systems, which improves
resistance to lateral seismic forces [3]. Anothenvolves
reinforcing the frame structure with steel and
reinforced concrete elements, significantly increasing
the building’s capacity to withstand destructive
oscillations. These technologies require precise
calculations and consideration of soil and climatic
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conditions.

The introduction of seismic dampers and shock
absorbers in home buildings is now a typical
characteristic of contemporary earthquake-resistant
constructions. These devices, mounted at different
locations of the building, successfully seize seismic
energy and minimize oscillation amplitudes. Seismic
dampers, hydraulic or pendulum-type, are combined

deformation, safeguarding against structural damage
and collapse hazard. In building residences, where
safety and comfort are the most important issues, such
solutions are particularly valuable as they both add
safety and reduce perceived vibrations, contributing to
a more pleasant living space. The design of apartment
buildings, single-family homes, and small buildings to
be constructed in seismically active zones requires a

with  vibration-damping shock absorbers. The particular approach for each building type (table 1).
application of these technologies minimizes
Table 1.
Design features and seismic protection technologies for different building types [4, 5]
Type of . Seismic protection
bli?lading Design features technglogies
Apartment The stability of the frame structure, the distribution of mass Seismic insulators, dampers
buildings between floors, the use of seismic insulators and dampers. ’ )
Private houses Special attention is paid to the strength of the foundation, the use of Flexible materials,
flexible materials for floors and roofs to dampen vibrations. strengthening the foundation.
Small The use of lightweight and durable materials (wood, steel) to Wood, steel structures for
buildings increase flexibility and reduce the load on the foundation. increased flexibility.

In general, if developing buildings in a zone with
high seismic activities, consideration needs to be paid
in choosing the proper structural systems according to
its features along with the technology that fits better. It
is supposed to guarantee the great stability of such
buildings from earthquakes more safety. This effective
distribution of seismic loads, as well as the
minimization of damage, is effectively provided by the
introduction of modern technologies, which is
especially important for protecting human lives and
preserving infrastructure in the case of a strong
earthquake.

The 181 Fremont facility in the U.S. can be
considered as an example of successful earthquake-
resistant residential facilities. Therein, seismic
insulators and dampers are set up to absorb seismic
vibrations really well and minimize their further impact
on the structure. These structures help to iron out
oscillations that occur during earthquakes and
significantly reduce the load on the main structural
components, which ensures the safety of occupants as
well as the safety of the building [6].

In such a situation, modern earthquake-resistant
technology is of wutmost concern in housing
construction. In this context, modern solutions can
radically reduce the risk of destruction and improve
residents' safety. The most important remain: material
selection, application of damping technologies, and an
individual approach to buildings, considering their
functions and characteristics of the region's seismic
activity.

Structural solutions for commercial buildings

It is to be taken into account that the design and
construction of commercial buildings in seismically
active zones should be conducted with numerous
considerations for their stability and functionality
during earthquakes. Especially, the design of office,
commercial, and industrial buildings requires the
development of structures with the capacity not only to
survive the loads caused by earthquakes but also to
ensure continuous operation of the equipment and
commercial processes in the conditions of seismic

oscillations. A balance must be struck between
functionality and aesthetic value to maintain the
functional efficiency of buildings and reduce the
chances of damage and destruction.

Installation of seismic-resistant systems, including
seismic isolators and suspended systems, has become
usual for contemporary commercial buildings. The
integration of seismic protection components into the
construction process requires reliable logistics and
advanced supply chain coordination. Technologies
supporting optimization of logistics and distribution
play an increasingly important role in ensuring timely
delivery of materials in high-risk seismic zones [7].
Seismic isolators, which are installed between the
foundation and the structural members of a building,
effectively damp seismic waves' vibrations, decreasing
the amplitude of movement and avoiding damage. The
systems are very flexible and allow the structure to
respond to changing seismic pressures. In other
applications, suspended systems are employed by big
office and store complexes for the purpose of adding
extra flexibility and reducing the load on primary
structural elements.

Recently, seismic resistance for high-rise
buildings such as skyscrapers and multi-story office
buildings has focused on the development of vertical
and horizontal systems of stiffness. These include
diagonal bracing, active dampers, and counterweight
systems that help ensure stability during aggressive
horizontal motion. Vertical systems of stiffness are
important in minimizing deflections and deformations
in high-rise buildings to keep them stable as a whole.
Horizontal stiffness systems like suspended objects and
dampers assist in the regulation of vibrations during
earthquakes to avoid the subject of upper floors to fatal
vibrations.

Operational design factors are the other vital
aspect of constructing commercial structures in
earthquake-prone areas. Almost all buildings, such as
offices, shops, and factories, have equipment and
mobile units that can be subjected to damaging
earthquake forces. Therefore, designs must incorporate
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specialized equipment anchoring and damping
systems, seismic partitioning, and furnishing
resistant to displacement or collapse. It is also
significant to investigate potential damage to the likes
of water, gas, and electrical supplies, where the
necessity of using flexible devices and connections is
implied in order to minimize risks.

A fine instance of advanced seismic protection
technologies is the UCLA Medical Center in
California. Its construction made use of seismic
isolators to protect not only the building but also
sensitive medical equipment. The employment of such
technologies enables the facility to remain in operation
even during major earthquakes, a crucial consideration
for health facilities [8].

Another example is the «Bank of America
Building» in Los Angeles. This high-rise building
possesses antiseismic dampers that can absorb seismic
wave energy so that the structural elements are not
damaged. A few other structural elements are
suspended ceiling systems and shock absorbers that
contribute importantly to the safety of employees and
visitors [9].

Design solutions of buildings to be constructed in
seismic zones should be based on a new set of
technologies and systems for seismic strengthening.
Application of seismic insulators, dampers, stiffness
systems, with allowance for operational specifics of the
equipment and movable objects, guarantees not only
safety but also efficiency of building performance
under the conditions of high seismic hazards.

Conclusion

Building residential and commercial structures to
withstand earthquakes in high seismic hazard areas
entails the use of advanced structural technologies and
innovations. The main methods involve the
employment of seismic isolators, shock absorbers, and
damping systems, which play a good role in damping
vibration and avoiding structural damage. In house
building, foundation strengthening and material
adaptability are the main considerations, whereas in
commercial buildings, special consideration must be
accorded to functional aspects like machinery and
safeguarding of utility systems. Successful seismic-
resistant buildings demonstrate the monumental
efficiency of these technologies in functional seismic
regions. Consequently, the use of contemporary
seismic protection principles strongly improves
building functionality and security, reducing

possibilities for damage and increasing the lifespan of
buildings.
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AHHOTAIUSA
B ycinoBusx Bo3pacTaHHS MHTEpeca K BOIPOCaM KIMMAaTHYECKHX HW3MEHEHUH M yCTOHYHMBOIO pasBHTHS
ONHOW W3 TPUOPUTETHBIX 3aJad CTAHOBHUTCA OOeCIeueHHe pecypcocOeperaromeil 1 9KOIOTHYECKH
PE3YJBTaTUBHOM pabOThI MPOMBIIUICHHBIX POLIECCOB, BKIIIOYAs IKCIUTyaTallMi0 KOMMEPYECKOTO XOJI0ANIEHOTO
obopynoBanus. B craThbe paccMaTpuBAalOTCS SKOJOTMYECKHE M IKOHOMHYECKHE AacIleKThl SKCIUTyaTalluH
KOMMEpPYECKOr0  XOJIOMWIBHOTO 00OpYJOBaHMS, INMPOKO NPUMEHSIEMOr0 B MHUILEBOM, TOProBOi |
(hapmareBTHYECKOW OTpacisiX. AKTYalbHOCTb UCCIIEIOBAHHS 00YCIIOBICHA PACTYIINM BIUSHUEM KINMAaTHUECKHX
PHCKOB H Y)KECTOUCHHEM TIPHPOJOOXPAHHOTO PETYIIMPOBAHUS, YTO OOYKAAET KOMIIAHUH TIEPEXOAUTD OT ITOJTHOM
3aMEHBI arperaTtoB K X PEMOHTY M 9KOJOTHYHOM MoaepHHu3anuu. Ocoboe BHUMaHHUE YACICHO (GTOPUPOBAHHBIM
XJIaJareHTaM ¢ BBICOKUM ITOTEHIMATIOM IJI00AJbHOTO MOTEIVICHHS M NEepCHEeKTHBaM 3aMEHbI UX Ha MPUPOIHBIC
nmn Hm3KO-III'TI ampTepHaTtuBEl. Ha ocHOBe aHamm3a >ku3HeHHOro mukia (LCA) mokaspIBaeTcsi, 9TO PEMOHT
000pyJOBaHHS ITO3BOJISICT 3HAYUTEIILHO COKPATUTh BEIOPOCH! TAPHUKOBBIX Ta30B, CHU3UTh YHEPTOMOTPEONICHNE U
YMEHBIIUTh COBOKYITHBIE U3/IepKKU. CTaThs OyeT Mojie3Ha CIICHUaIUCTaM B 00IaCTH MPOMBIIICHHOTO X0JIOJA,
9KOJIOTHYECKOT0 MEHEPKMEHTA, TEXHUYECKOT0 00CITy)KUBAHUS U yCTOHYMBOIO Pa3BUTHS.
ABSTRACT
In the context of growing interest in climate change and sustainable development, one of the key priorities is
to ensure resource-efficient and environmentally effective operation of industrial processes, including the use of
commercial refrigeration equipment. This article examines the environmental and economic aspects of operating
commercial refrigeration systems widely used in the food, retail, and pharmaceutical industries. The relevance of
the study is driven by the increasing impact of climate risks and the tightening of environmental regulations, which
encourage companies to shift from full equipment replacement to repair and eco-friendly modernization. Special
attention is given to fluorinated refrigerants with high global warming potential (GWP) and the prospects for
replacing them with natural or low-GWP alternatives. Based on life cycle assessment (LCA), the article
demonstrates that equipment repair can significantly reduce greenhouse gas emissions, lower energy consumption,
and decrease overall costs. This study will be of interest to professionals in industrial refrigeration, environmental
management, maintenance, and sustainable development.
KaioueBble ci10Ba: X0J10AMIBHOE 00CITY)KUBAHUE, IKOJIOTHS, PEMOHT, POMBIIUIEHHOCTD, XJIa/IJareHTHI.
Keywords: refrigeration service, ecology, repair, industry, refrigerants.

BBenenue

B ycnoBuAx HapacTarolUX —KIMMaTHYECKUX
TpaHC(hOpMalHii, BBIPAKAIOMIUXCSI B yCTOMYHBOM
MOBBILIEHUH CPETHETOOBOM TEMIIEPATYPBI, yUalIEHUH
9KCTPEMAIIbHBIX ITOTOJTHBIX CLIEHapueB H
BO3pacTalOlleM  JABJIEHWUM HAa  DHEPreTHUYECKYIO
HHPPACTPYKTYPY, MIPUOPUTETHOE 3HAUYECHHE
nproOpeTaroT MIPUHLIMIIBI 3KOJIOTHYECKOM

PalMOHATIBFHOCTH M yCTOWIHBOTO (PYHKIIMOHUPOBAHNUS
BO BceX cdepax XO3SMCTBEHHOH JAEATEIHHOCTH;
0COOEHHO OCTpO AaHHas MpobjeMa MPOSBIAETCA B

00acTH  XOJNOAWIBHOW  TEXHHUKH, SKCIUTyaTallus
KOTOpPOH TpsSMO CONpsKEHa C  TMOTpedIeHHneM
AIIEKTPO’HEPTUH, TIPUMEHEHHEM (TopcoaepKaImx

XJaJJaleHTOB M TeHepalyed MapHUKOBBIX SMUCCHI.
[TapannenbHO € 3TUM TOPOCIEKUBAETCS CEPHE3HOE
HapalluBaHue MacmtaboB TIPOU3BO/ICTBA 51
PacmpoCTPaHECHHOCTH XOJIOAMIBHOTO 000py IOBaHUs, B
MPOMBIIIJIEHHOH  cpele, KOMMEPUYECKOM CEKTOpeE,
chepe IIOTUCTUKM W pHUTEHTa, YTO HEU30ekKHO

YCUIMBAET aHTPOIIONCHHYIO Harpy3Ky Ha IPUPOJIHbBIE
CUCTEMBI U TPEOYET MePeOCMBICIIEHUS CYIIECTBYIOIIEH
MOJENM YIPABJICHUSI HKCIUTyaTallMOHHBIM LUKJIOM
JTAHHBIX TEXHOJOTUYECKUX KOMIUIEKCOB.

OnHOM W3 CTpaTerMuyeckd 3HAUMMBIX JTUJIEMM,
CTOSIIIMX MEpea OpraHu3alusMy, NEHCTBYIOIIMMHU B
TOPrOBOM, TPAaHCHOPTHOM M NMILEBOM CErMEHTax,
BEICTYyITaeT  HEOOXOIMMOCTH BEIOOpa  MEXKOY
BOCCTAaHOBJICHHEM (pyHKL[I/IOHaJ'H)HOCTI/I " IPOJICHUEM
pecypca CyIIECTBYIOIIMX XOJOAWIBHBIX CHCTEM HIIH
UX TIOJHOW 3aMEHON Ha HOBBIE JHEpProcOeperaroime

Mo n(UKAIH, IpUIeM HECMOTPS Ha
pecypcocbeperarorue u JKCILTYyaTallMOHHO-
MIPOAYKTHUBHEIE MIPENMYIIECTBA YCTaHOBKH

COBPEMCHHBIX YCTAHOBOK, ocTaércs OTKPBLITBIM BOIIPOC
HX 9KOJOTHYECKOU O6OCHOBaHHOCTI/I, IOCKOJIbKY
mnmponecc Cco3aaHusd HOBOH TEXHUKHU npeamnoJaracTt
CYHIECTBCHHbBIC MaTrepuaJibHbIC U3JICPIKKHU,
COIIPOBOXKAACTCA HSMHUCCUOHHBIMU BLI6pO(JaMI/I npu
IPpOU3BOACTBE, JIOTUCTHKEC n nocnezly}omeﬁ
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YTWIN3AlMK  yCTapeBllero ooopyaoBanus. Yepes
NpU3My HayKH OCOOEHHO aKTyalM3Upyercsl 3ajada
OLICHKH  TOJIHOTO  OKCIUTyaTallMOHHOTO  IMKJIa
XOJIOMWIBLHOM TEXHUKH, a TaKKEe CPaBHUTEIBHOTO
aHaJM3a IOJXO0J0B, CBSI3aHHBIX C MPOIJICHUEM CpOKa
e MWCIONB30BAHUS KaK MHCTPYMEHTAa CHIDKCHUS
COBOKYITHOT'O 3KOJIOTHYECKOTO BO3ACHCTBUSL.

Hacrosmee wuccnenoBaHne COCPENOTOYEHO Ha
BBISIBJICHUU pecypcHoit u 3KOJIOIMYECKON
[IeJIECO00OPA3HOCTH  PEMOHTHBIX BMEIIATENBCTB U
BOCCTaHOBJICHHSI PabOTOCIIOCOOHOCTH BCTpPaMBAEMBIX
XOJIOMWIIBHBIX KOMIUIEKCOB, JOCTUTLIMX MPEAEITEHOTO
U3HOCA, HO COXPAHAIOMIMX  OKCIUTyaTallMOHHBIN
MOTEHIMAJ, TPU STOM aKIEHT C/ENaH Ha BBISBICHHE
BKJIaJja TAKOT'O TI0/1X0/1a B MUHUMM3AIHIO COBOKYITHBIX
BBIOPOCOB INapHUKOBBIX COEIUHEHHH, 3aMeJICHHE
MPOLIECCOB PECYPCHOTO MCTOILECHUS M OTpaHUYCHHE
TEXHOT€HHOTO BO3ACHCTBUS Ha OKPY’KAIOILIYIO CpPEXy.
Ilenpro aHanmu3a BBICTYNAET OIpPEAEIEHUE YCIOBHIA,
IpH  KOTOPHIX  KalHWTaJbHOE  BOCCTAaHOBJICHHE
000pyZOBaHUSI ~ AEMOHCTPHPYET  CTPATErH4ecKoe
MPEUMYIIECTBO IO SKOJOTHYECKUM KPHUTEPUSIM U
COOTBETCTBYET JIONTOCPOYHOM MOJIEIH
OTBETCTBEHHOT'O IIPHUPO/IONOIH30BAHHSI.

Marepuajibl 1 MeTOABI

B ananutnueckom wmarepuasie HOPI-CM [6]
paccMaTpuBarOTCA MNOTCHUUAJIBHBIC TPCUMYIICCTBA
XOJIOAWIBHBIX YCTaHOBOK, (YHKIHOHHMPYIOIIMX Ha
yriekuciom rase (CO2), At TOProBbIX 0OBEKTOB, IIPH
39TOM  TOJYEPKUBACTCS,  YTO  HCIIOJIb30BAHHE
NPUPOJHBIX XJIAJAr€HTOB COAEHCTBYET CHIDKCHUIO
9HEpro3arpaT M MHHHUMH3ALUH YTJIEPOTHOTO CIela,
BCJICICTBHE 4YEro TAaKWE pEIICHHS MpHOOpETaoT
aKTyaJbHOCT U1 IPUMEHEHUS B PO3HHYHOH cdepe.
[Ty6onukaumst Ha  moprase  Frigorusru  [7]
KOHLEHTPUPYETCSl Ha  JKOJOIMYECKHX  ACIeKTax
OKCIUTyaTalu XOJIOJAUWJIbHBIX CHUCTEM, aKICHTUPYA
BHUMaHWe Ha TpobieMe (PEOHOBBIX YTEYeK U
TCXHOJIOTHYCCKHUX MCXaHU3MaX UX CHHMXKCHHS, 4 TAKKC
noAu€pkUBaeT  HEOOXOJMMOCTh  Iepexoja K
YCTOWYMBBIM XJIaJareHTaM € HHU3KUM ITOTCHIIUAIOM
TJI00aJIbHOTO TIOTETUICHHS.

Padora E.B. TapacoBa m A.C. Iltemm [9]
JIEMOHCTPHPYET BO3MOXKHOCTH HCTIOJIb30BAHUS CHCTEM
KOHIMIIMOHMPOBAHHMS C CE30HHBIM aKKyMYJIMPOBaHHEM
€CTECTBEHHOTO X0JIOZIa, TJIe HATJISJHO MPEICTABIICH X
BKJIaJ] B  DJHeprocOepexeHne W CHI)KEHHE
HKOJIOTHYECKOr0  yiiepba Omarogaps BHEIPEHHUIO
MHHOBAIIMOHHBIX MH)KEHEPHBIX pelleHui. [lokyMeHT
EBporneiickoit komuccuu aBropoB X. [lIéubeprep, X.JI.
lageBec Maproc, u 1. Craitnz [10] oGoGrator
yCIIEIIHbIE TPAKTHKA B OOJIACTH HKOJIOTHYECKOTO
MEHE/DKMEHTA, IPIMEHSIEMbIE B PO3HUYHON TOPTOBIIE,
U COJEPXHUT PEKOMEHIAIMU 110 MOJEPHU3ALNN
XOJIONWIBHOM HMHQPACTPYKTYphl, HANpaBICHHOW Ha
CHIDKEHHE  OJHEpronoTpediieHnss W YIJIEPOIHBIX
BBIOPOCOB, YTO JIENIaeT ero IEHHBIM HHCTPYMEHTOM Kak
JUTs OM3Heca, Tak U JUIS PETYIHPYIONINX CTPYKTYP.

Joknan AreHTCTBa IO OXpaHE OKpY>Karollen

cpenst CHIA (U.S. EPA) [8], mnocBsIIeHHBIH
naunmatuBe  GreenChill,  wmumrocTpupyer,  Kak
KOMMEpYECKHe OpTraHM3alll CTUMYJIHPYIOTCI K

BHCAPCHUIO IKOJIOTUYCCKU 0e30IaCHEBIX XOJOOUJIIBbHBIX

TEXHOJIOTHI, OPHUCHTHUPOBAHHBIX HA  CHIDKCHHC
(dTOpconepKalMX ITapHUKOBBIX BBIOPOCOB  uepe3
MO/JICpHU3ALHIO u rpaMOTHOE TEXHHYECKOE
o0ciy)KuBaHue 00opyoBaHusl. Otuer
MeEXIPaBUTEILCTBCHHON TPYIIBl  3KCIEPTOB IO
mmenernto kmmara (IPCC) [4] mpencrasmsier
BCEOOBEMIIIOIINN  aHANMM3 Mep  KIMMaTHYECKOU
ajanTanuy, B KOTOPOM o0co0oe BHHMaHHE YAEICHO
BIMSIHAIO XOJIOMWIBHBIX YCTaHOBOK M 0OOCHOBaHA
HEOOXO/MMOCTh COKpAIIECHUS JOJH XJIaJareHTOB C
BBICOKAM TOTEIUIAIONIMM IOTEHIMAJIOM. AHAaJIHTHKA
A. Kackunn, M. bopronunu, JI. bortn u M. 'ambepu
[5] mpemyaraer neTanbHYIO OLEHKY KIMMaTHYeCKOW
Pe3yJIBbTATUBHOCTH  XOJIOAWIBHBIX  PCIICHWNA  Ha
MPOTSDKEHUHM BCETO JKM3HCHHOTO IHWKIA, (PUKCHPYs
MIPEUMYIIECTBA TEXHOJIIOTMYECKOTO OOHOBICHUS U
BHCAPCHUS TPUPOJHBIX XJIaJJareHTOB IS CHUXCHUS
COBOKYIIHBIX BEIOPOCOB.

UccnenoBanne M.JI. T'ankmna [1] packpsiBaeT
My TH TIOBBIIIICHUS 9HEProdPPeKTUBHOCTU
XOJIOAWIHHON TEXHWKU Ha CTAIMH JKCILTyaTalluH, T7Ie
ocoboe BHHMaHHE COCPEJOTOYCHO Ha MPUKIAIHBIX
METOAax MOJICpHU3AIUN, CHUKXCHUU l'[OTpe6J'IeHI/IH
AJIEKTPOIHEPTHH U TPOJUICHHH DKCILTyaTallMOHHOTO
pecypca obopynoBanus. B uccrnemnoBannu A. I'amio,
M. Cumoitnm, . XopTa [2] npoBeieH CpaBHUTEIBHBIN
aHaJIu3 pa3JIMYHbIX THUIOB XOJOAWIBHBIX CHCTEM,
NPUMECHACMBIX B HNPOMBIIIJICHHBIX U KOMMEPUYECKUX
XOJOAWIBHBIX ~ KaMepaxX, ¢  HCIIOJb30BaHHEM
METOJIOJIOTHH OIEHKH XH3HCHHOTO IHKiIa. B pabote
k. Yxao, Y. T'ao u T. Tau[l1l] nmpemnaraercs

KOHICIIIHA YCTOﬁQHBOFO TEXHUYCCKOTO
06CJ'Iy)KI/IBaHI/I$[ KOMMCPUCCKUX XOJOAUIbHBIX CUCTEM,
B KOTOpOfI MNOAYCPKUBACTCS HGO6XO,Z[I/IMOCTL

cOaJaHCUPOBAHHOTO TMOJX0Ja K BBIOOPY MEXAy
PEMOHTOM U IMOJIHOM 3aMEHOM C TOYKU 3pEHUS
9KOJIOTUYECKOH OOOCHOBAHHOCTH M JKOHOMHUYECKOH

1eJIECO00Pa3HOCTH.

B rTexHuueckom OlojuieTeHe, BBITYLICHHOM
komnanueir  Honeywell [13], wuepe3 mnpusmy
KIIMMaTHIeCKUX PHCKOB paccMaTpuBaeTcs

SKcIUTyatauust xnajgarenra R-404A, ornmuaromerocs
MPEeNbHO 3aBBIMICHHBIM IOKa3aTelieM IOTCHIIHANIA
mobamsHoro  morterienns ([T =~  3922), rne
IO TYePKUBACTCS ero 9KOJIOTHYECKAs u
SHEpreTHYecKasi HeleaecooOpa3HoCcTh. B akcnepTHOM
o03ope, moaroroBneHHOM 1eHTpoM C2ES [14],
npeJcTaBieHa 0000meHHas KapTHHA MyTel 0TKasa OT
(TOpPOpPraHUYECKHX  XJIaJareHTOB C  KPUTHYCCKH
BeICOKMM ypoBHeM III'TI — Bximowas R-404A, c
aKIIEHTOM Ha TEXHOJIOTUYECKHE peuieHus,
ONHUpAONINecs Ha  IPUMEHEHHE  YTIICKHCIOTHI,
MpomaHa, aMMHaKa U HU3KOTIOTCHIIMAIEHBIX CMecel Ha

OCHOBE rUIpoGTOPOIeHUHOB, B KOTOPBIX
IIPOCIIEXKHUBAETCS CIIOCOOHOCTB CHU3UTH
KIMMaTudeckoe BosaekcTsue a0 80% mpu ycinoBuu
COOTBETCTBYIOIIMX HMHCTHTYLHOHAJIBHBIX MeEp U
PBIHOYHBIX CTHMYJIOB B CEKTOPE XOJOAWIBHOTO
000pyI0BaHUS.

3aKITIOYNTEIbHBIHA AHAJIUTUYECKUN 0030p

MexayHapoaHoro dHepreTudeckoro areHTcTBa (IEA)
[3] paccMmaTpuBaeT TIePCTICKTUBBI pa3BHUTHSA
OXJTAXTAIOIIUX CHCTEM C (POKYCOM Ha ONTHMHU3AIIHIO



Eepasutickuti Coro3 YueHbix. Cepus. mexHuU4Yeckue u gpuauko-mamemamuyeckue Hayku. # 4(129), 2025 29

3HEProdpPEKTHBHOCTH i 9KOJIOTHUECKYIO
MOJIEpHU3ALHIO, bopmynupyst CTpATETHYCCKUC
PCKOMEHAAIUH ISl MPOMBIILICHHBIX MPEIIPUITHA U
OPraHOB pPETYJUPOBAHUS B YCJIOBUSIX YCHIICHUS
ri100aabHOTO KIMMATHUECKOTO JABICHHS.

B mpencraBneHHO# paboTe peamn3oBaH MOIXOX
CpPaBHUTENHHON omeHkn xu3HeHHoro 1mkima (Life
Cycle Assessment, LCA), HampaBieHHBIII Ha
BBIIBJICHHC  DKOJIOTHUECKON M DKOHOMHYCCKOM
PEe3yIBTATUBHOCTH MEPOIPHUATHI 110 pPEMOHTY W
MOJHOM 3aMEeHEe KOMMEPYECKOTO  XOJIOIMIHLHOTO
000pyOBaHUs, TPU 3TOM B OCHOBY METOJOJOTUH
MOJIOXKCHA  CTPYKTYPUPOBaHHAs  WHTCPIPETAIUSL
JAHHBIX O TAPHUKOBBIX  BBIOpOCaX, YypPOBHE
MOTPEOJICHUST ~ JHCPTHM,  THIAX  HCIOJIb3yEeMbIX
XJIaJareHTOB M OKCIUIyaTallMOHHBIX  3arparax,
OXBaTHIBAIOIIAsl BECh )KU3HCHHBIN [IUKJI arperaTos, 4To
00ecreueHo MPUBIICYCHNEM JAaHHBIX M3 aBTOPUTETHBIX
HCTOYHHKOB 71 HAYYHO-HCCIIEJOBATEINBCKAX
My OTAKanii.

Pe3yabTaThl U 00Cy:KIeHHE

Kommepueckue XOJIOJUIbHEIE YCTaHOBKH
MPEJCTABISIIOT CO00W CTPYKTYPHO 3HAYMMYIO YacTh
HOFHCTHKO—TOpFOBOﬁ nu HpOI/I3BOJICTBeHHO-
(YHKIMOHAJIBHOW Cpebl — HauKMHasl OT pECTOPAHHOTO

CeKTOpa M TMPOAYKTOBBIX CE€Ted M 3aKaH4YMBas
(hapMareBTHICCKIUMU NpeaIpUATHAMA u
pacrpeienuTeNbHbIMU  [IEHTpaMHi, IMpU 3TOM HUX

SKCIUTyaTanusl OKa3bIBaeT BBIPAKCHHOE BO3JCHCTBHE
Ha OKOJIOTHYECKYI0 OOCTaHOBKY BBHAY BBICOKOH
SHEPrOEMKOCTH, HWCIIONB30BAHUA (PTOpPCOIEpIKAITIX
XJIAJATeHTOB W MAacIITaOHOTO YTIEPOJHOTO Ciena,
CBSI3aHHOTO KaK C MPOM3BOJCTBCHHBIMU LIUKJIAMH, TaK
W C TIpoleccaMd yTWim3anuu [4], U B 0OCTaHOBKE
y>)K€CTOUCHUS 9KOJIOTHYECKUX HOpM u
pactpoCcTpaHeHHs  YCTOHYMBBIX  KOPIOPATHBHBIX
MOJXO/0B OH3HEC-CTPYKTYPHl CTPEMSTCS CHIDKATh
Harpy3Ky Ha OKpY’KaroIlylo Cpeay, OPHEHTHPYSCh Ha
COBEPIIEHCTBOBAaHHE TEXHUYECKOTO OOCITyKMBaHUS
XOJIOJWIIBHBIX arperaTtos, IJie OJAHUM U3 NPHOPUTETOB
CTAaHOBUTCS  TIEpPeXoJ  OT  MOJNHOH  3aMeHBI
000pyIOBaHUS K €ro MOJICPHH3AIUN U TIPOJIICHUIO
JKCIUTyaTalliOHHOTO pecypca 3a cder
TexHonornueckoro oOHOBNeHHs [9]. CoBpeMeHHBIC
XOJIOJMIIHHBIC CUCTEMBI, 3a/IeHiCTBOBAaHHEIC B TOPTOBOM
chepe, 00s3aHBI  COOTBETCTBOBAaTb  MHOXECTBY
MapaMeTpoB — C AaKIEHTOM Ha 3KOJIOTHYECKYIO
MIPUEMIIEMOCTh M SHEPTEeTHUECKYI0 PEe3yIbTaTUBHOCTH
— ¥ OJHOBPEMEHHO YYHUTBHIBATh HSKOHOMHYECKHUE
HUHTEPECHI BJIA/IENBLIA, BBIpa)KaIOIIHECs B
palMoOHAJIPHOM YpPOBHE HAUYaIbHBIX HMHBECTHLUN U
MUHHMHA3AIUN TEKYIIUX 3aTpaT, CHOCOOCTBYIOIIMX
COKpAILIEHUIO NepUoJa OKYNaeMOCTH, IIPH 3TOM TaKue

MoKa3aTeiaH, Kak »JKOJIOTHYeCKas Oe30IacHOCTS,
3HEProdpHeKTHBHOCTD u (uHaHCOBAs
000CHOBAHHOCTS, HAXOIATCS B MIPOYHOM

(YHKIIMOHAIEHON CBA3U u OKa3bIBAIOT
B3aMMO3aBHCHMOE  BO3JICHCTBHE Ha  BBIOOp W
¢dyHKIOHMpOBaHUE 00opynoBanus [1].

W3HavansHO B XOJIOAUIBHOM TEXHUKE

HCIOJNB30BaJNCh NPUPOJHBIC areHThl — TaKue Kak
aMMHUaK, YTJIEKUCIBIH Ta3 W Jpyrue BeIIecTBa —
OJHAaKO B CWJIy HH3KOH pE3yJbTaTHBHOCTH WIIN
MOTCHIMATIBHOW OMACHOCTH MX BBITECHHI (PEOH
(R-12), cunrtesupoBanHbiii B 1928 romy u craBmmit
MepBEIM  0OE30mMacHBIM H  BBICOKO3()(pEeKTHBHBIM
CHHTETHYECKMM  XJIQAAareéHTOM, OTKpPBIBIIMM  3py
xnopdropyraeponoB (XPVY), npumeHeHHe KOTOPHIX B
JajbHemeM ObUIO OTpaHMYEHO MEXIYHAapOIHBIMHU
cornameHusiMu — BeHckoll koHBeHime (1985) u
MospeanbckuM npoTtokonoM (1987) — B cBsa3u ¢ ux
pa3pyIIUTENBHBIM BO3ACHCTBUEM HAa O30HOBBIN CIHOIL.
C nosiBnennem ruapoxiopdropyriaeponos (I XDY) u
runpogTopyriaeponos (I'OY), obragarommx MEHBIIM
030HOpa3pyIIAIONUM TOTSHIHAIOM, TIpobieMa Oblia
YaCTUYHO PEIICHA, OZHAKO BBICOKAs KIMMAaTHIECKas
ONIACHOCTh JTHUX BEIIECTB, BBIPAXKAIOMIANACS B HX
MOTEHIMAJIE TJI00ATBHOTO IOTEIUICHUs, 00ycIoBmIa
MOCTETICHHOE MX BBIBEJCHHE U3 00opoTa — Tak, B
pamkax noiautuku EBporneiickoro corosa k 2030 roxy
NPEeSyCMOTPEHO CHWXKEHHME UCHoJib30BaHus [ OV
noutd Ha 80% [10] — u BO3BpaT K MPHUMEHEHHUIO
npupoaHbix xianareHToB (CO:, mpomaH), KOTOpHIE B
YCIOBHAX COBPEMEHHBIX TEXHOJIOTHi
XapaKTepu3yloTcst 0E30IMacHOCTBIO, HKOJIOTHYECKON
YCTOMYUBOCTBIO u 3KOHOMMYECKOH
Pe3yIbTaTUBHOCTHIO [6].

XONOAWNbHBIE YCTAaHOBKM HAaxXOZAT HIMPOKOE
NIPUMEHEHHE B psiZie OTpacielli — OT MHINEBOMH
TIPOMBIIITICHHOCTH (BKITFOYAs OXJIAXKICHUE Y XPaHCHHE
(GpyKTOB, OBOIICH, MOJIOYHOW MPOAYKIHH) IO
(bapmaneBTHKH, TIe CTaOWIBHOCTH TEMIIEPaTypHOTO
pexnma obecrieanBaeTcs yepes METOIBI
HETOCPEACTBEHHOTO  MCHApeHUs] WIM  BIAXHOTO
OXJIaXJEHHs, MPU 3TOM B OOJBIIMHCTBE CIIyyaeB
UCTIOJIB3YIOTCS (bpeoHOBbIE COEIMHEHHUS,
MIPOHUKAIONINE B CTpaTocepHble 0N aTMOochepsl U
oJ BO3/IeHCTBHEM ynsTpaduonera
BBICBOOOXKJAIONINE XJIOP, AKTUBHO pa3pyLIAIOMINI
030HOBYI0 0001104Ky [3]. HekoTopble U3 3THX BEIIECTB
CIIOCOOHBI ~ COXpaHATHCA B arMoc(epe  CBBIIIE
CTOJIETHSI, BBI3BIBAS MIPOIIECCHI UCTOHYEHUS 030HOBOTO
ciosi, oOpa3oBaHWE O30HOBBIX IIPOBANIOB, YCHUJIEHHE
HMapHUKOBOTO 3¢ deKTa u obliee MOTENICHNEe KIMMaTa
[5], mpum oSToM HaHOONBIIYIO  JKOJOTHUECKYIO
OTIaCHOCTH IPEJCTABIAIOT COCIUHEHUS, COJep Kalue
xmop u Opom — Takme kak CFC, HCFC wu
O6pomcoaepkamye areHThl — a TaKKe
¢dTopopranudeckue raspl, mecTH(TOpHUCTas cepa
(SFs), yrmexuciora, MeTaH M 3aKHCh a30Ta, KOTOpBIE
($UKCHpYIOTCS B CONMyTCTBYIOIIEH Tabumie 1 [2].
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Tabmuna 1

JKoJ0rn4ecKoe Bo3aelicTBHE U yCTOHYHMBBIE PelIeHHs B KOMMepP4eCKOM X0J10JUJILHOM 000py10BAHUH
(cocTaBJjieHO aBTOPOM Ha ocHOBe [2])

Kareropust

Omnmcanne

OCHOBHBI€ SKOJIOTHIECKUEC
pucKH

BBICOKOE SHEPronoTPeOeH e, YTEUKH XJIaJareHTOB; YIJICPOAHbIN CJIE/ MPOU3BOICTBA

1 YTUIIM3aIun

WCTOYHUKH BPEIHBIX
BBIOPOCOB

HCTIONB30BaHKe (PPEOHOB; MPOM3BOICTBO HOBBIX arperatoB; HEKAYECTBEHHAS

yruimsanus

l'IpOGJ'IeMHI)Ie XJ1aaarcHThbI

R-404A, R-507 (ouens Bbicokuii [IT'TI — no 4000+), yTeuku KOTOPHIX KPUTHYHBI Jaxe

B MAJIbIX KOJIMYCCTBAX

OKOJIOTHYHBIC
AITbTCPHATUBBIL

nporad (R-290); CO: (R-744); cmecu ¢ auskuM [T TI (Hanpumep, R-448A); TDY ¢
YIyUIIEHHBIMH XapaKTePUCTUKAMHI

MCTOJbI CHHDKCHUS

TIEPEXO01 Ha MPUPOAHBIC XTaJarCHThbI; UCII0JIb30BAHUC LCA, KOHTPOJIb YTCUECK

BO3/ICHCTBUSA
9KOJIOTUYECKHE GreenChill (CIIA); EPBD Guidelines (EC); Coxkpaienue '®Y o 2030 roga (EC: -
VHUIATUBBI 79%)

[IpuBenenHass TabmuIa TpeAcTaBiIseT co0oi
CHUCTEMaTH3HPOBaHHOE 000011IcHIE KJIFOUYEBBIX
SKOJIOTHYIECKAX XApPAaKTEPUCTHK, COIPSDKCHHBIX C
(hYHKIIMOHHPOBAaHUEM KOMMEPYECKHX XOJOTUIBHBIX
CHCTEM, OTpakash OCHOBHBIC HWCTOYHHUKU BPEIHBIX
SMHCCUH, JTamHyl  TpaHCHOPMALMIO  COCTaBa
XJIaJareHTOB, COBpPEMEHHBIE 9KOJIOTUYECKHU
BBIBEPEHHEBIE ATbTEPHATHUBBI, & TAK)KE MEKAYHAPOIHBIE
WHUIAATHBEI, HaIlCJICHHBIE Ha CHIDKEHUE
KJIMMAaTHYE€CKOrO BO3JICHCTBUS  OTpaci, 4YTO
MO3BOJIACT TOJYYUTh IEIOCTHOE MpEACTaBIEHUE O
MacmTabaX dKOJOTHYECKOW HArpy3Kd U BBIIBUTH
JICHCTBEHHBIC HATIPABIICHHS AJIS1 €€ MUHIMHU3AIUH.

B coBpeMEHHBIX XOJOAWIBHBIX arperatax BcE
yare 3a/IeCTBYIOTCS YCOBEPIICHCTBOBAHHBIC
XJIaJareHTHhI, OTJIMYAOIIHECS CHIKEHHBIM
HETAaTUBHBIM BIIMSTHHEM Ha OKPYXKAIOIIYIO CPexy, TpH
9TOM MPUMEHEHHE METOJIOJIOTUN KU3HEHHOTO IIMKIIA
AT  BO3MOXKHOCTh OOBEKTHBHO 3a()MKCHPOBATH
CyMMapHbIe 9KOJIOTUYECKHUE U3JIEPIKKH,
COTIPOBOKJAIONINE O0OpYNOBaHUE HAa KaXKIOM JTare
ero CyIIIeCTBOBAHUS — oT HaYaJIbHOTO
pPECypCOIOOBIBAIONIETO 3BEHA JI0 3aKIIOYHUTEIHHOM
craauu  ytuiamzamud  [11], w B KOHTekcTe
KOMMEPYECKOT0 XOJIOJUIFHOTO CEKTOpa HauOoJbIIee
JTABJICHUEC HA JKOJOTHIO IMPHUXOJUTCS HE TONBKO Ha
SKCIUTyaTallMOHHYI0 a3y, HO H Ha  OSTaIbl
MIPOM3BOJICTBA M YTHJIM3AINA: U3TOTOBICHHUE TPeOyeT
MacITaOHBIX MaTepUalbHBIX 3aTpaT — BKIIIOYas
CTaJb, AIIOMUHUHN, MEJIb, TIOJIMMEPHI M XJIaAareHThl —
B TO BpeMs Kak OKOHYATEIhHOE BBIBEICHHE W3
OKCIUTyaTalliil CBS3aHO C PHUCKOM BBICBOOOXKIIECHUS
030HOPA3PYIIAIONINX W KIMMATHYECKH aKTHUBHBIX
BemectB [5]. IlomHas 3ameHa oOOpyIZOBaHUS
MOPOXK/IAeT JOMOJHHUTEIBHBIC YIIIEPOIAHBIC BHIOPOCHI,
cocrasisitoue B cpeaneM ot 1,5 1o 2,5 toHH COe-
SKBHBAJCHTA HA OJHY CAWHUIy TEXHUKH B
3aBUCHUMOCTH OT €€ MOUIHOCTH, TOTJa Kak pPEeMOHT U
TEXHUYECKOE YCOBEpLIEHCTBOBAHUE CIIOCOOHBI

MPOMIUTE CPOK CIyXOBl Ha 5-10 ;er, TeM camMbIM
CHMXasl TIOTPEOHOCTh B NMIPOM3BOACTBE HOBBIX CHCTEM
1 CYIIECTBEHHO YMEHbIIasl 00N 00beM MapHUKOBBIX
smuccuit [l], mpm 3TOM CcOBpEeMEHHBIE (HOPMBI
00CITy’)KMBaHMSI TO3BOJIIIOT OOECIEYHTh BBICOKHH
YPOBEHb SHEPreTUYECKO pe3yIbTaTUBHOCTH JaXke IS
Mozenel, mpousBenéHueix 10—15 net Hazaj, 3a cuer
TOYCYHOW 3aMEHBI KIIFOUEBBIX KOMIIOHEHTOB — TaKHX
KaK KOMIIPECCOPBI, BEHTWJIATOPHl M YIIPABIISIOIINE

MOJYH.

B akTyanmpHBIX ~ XOJOOWIBHBIX  YCTaHOBKax
MOJTy4WJIM ~ IIUPOKOE  paclpocTpaHeHue  Oosee
9KOJIOTUYECKH JJOMYCTHMbIE Pa3HOBHIHOCTH ()PEOHOB,
XapaKTepU3yIOLINeCs MOHIKEHHON
030HOpa3pymIaronen CHOCOOHOCTBHIO u

NpUMEHSIONIMECS KaK B KOMMEpPYECKMX, Tak U B
MIPOMBIIIJIEHHBIX KIMMAaTUYECKUX CUCTEMAX, IPU STOM
OMHUM ®3  HaumboJee  paclpoOCTpaHEHHBIX U
OPUEMJIEMBIX C  JKOJIOTUYECKOW TOYKH 3PEHHS
pemennii siBisierca ['@Y-134a , 0 JHOKOMITIOHEHTHBII
COCTaB, 00J1a1aFOII M MMOHMKEHHOM
MPOU3BOIUTEIHLHOCTHIO, HO HE HAHOCSIIHIA 3HAUUMOTO
ymepba OKpyXamomeil cpere B CpaBHEGHMH C
ycrapeBmumu aHanoramu [6]. K umciry 6e3omacHBIX
XJIaareHTOB Takke oTHocAT R134a, R125, R152a,
R32, R23, a taxxxe cmecu — R404A, R407C, R410A,
R507 u R508 — otnmuaromuecs KOHCTPYKTHUBHOM
XUMHYECKOH  CTaOWIBHOCTBIO W OTCYTCTBHEM
pa3pyIIUTEILHOTO  BO3JCWCTBHS HAa  O30HOBYIO
000JI0UKY, a Hapsly C HUMHU CYIIECTBYIOT W HHBIE
CUHTETHYECKHE areHThI c YIy4IIeHHBIMHU
napamMeTpamMu KIMMaTHYecKo# ycToiuuBocTH. OTdUeT
AreHTCTBa 1O OXxpaHe okpyxaromei cpenst CIIA
(EPA), mocCBsmeHHBIHI Tepexoay KOMMEpPYEeCKOTo
XOJIOAWIBHOTO OOOPYJOBaHUS Ha aJlbTCPHATUBHBIC
XJIQJAareHThl C HHU3KHUM IOTCHIHMAIIOM TJI00aTbHOTO
moreruieHus (III'TI), comepkuT aHamW3 BBITOJ OT
MOJIEpHU3ALINHY, BKJIIOYAst COKpallleHue
SHEPrONOTPEONICHHsI W yYMCHBIICHHE  BBIOPOCOB
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MApHUKOBBIX Ta30B, 4 TAKXe OMMUCHIBAET Oapbepbl
BHEJIPEHMS] WHHOBAI[MOHHBIX TEXHOJOTHH M MyTH WX
npeoposicHus (cM. TabmI. 2).

Tabmuma 2

IJKOHOMHYECKAS M TeXHHYecKas 1e1ec000pa3HoCcTh MOJAEPHH3ALMH X010AUIBHOT0 000py10BaHUS
(cocTaB/IeHO aBTOPOM Ha OCHOBE HCCJIeI0BAHNA areHTCTBO MO oXpaHe okpy:xkaromeii cpeast CIHA (U.S.

EPA [8])
Kareropus Onwicanye
POOJIeMBI IKCIUTyaTalluk | CTapeHHe 000pyJ0BaHUSI; POCT 3aTPAT Ha AJIEKTPOIHEPTHIO; YTEUKU 0€3 THArHOCTHKU
_ . 0/
HeHMYIIECTBa PeMOHTa MPOJIICHUE CPOKa CITy>KObI Ha 5-10 siet; cHrkenue BeIopocoB CO: (Ha 40-70%);

CHIbKeHue sHepro3atpar (Ha 20-30%)

OKOHOMMHYCCKHEC BbII'OIbI

CHIDKCHHE IKCIUTyaTaIMOHHBIX PACXO/IOB; YCTPaHEHHUE 3aTPAT Ha JIOTHCTUKY U
YTHIIH3ALHIO; OBICTPast OKYTIaeMOCTb

Oapbephl BHEAPCHIS

MOJIEeITh OHOPA30BOTO OTPEOJICHIS; HEXBaTKa KBATM(DUIIMPOBAHHOTO TISPCOHAIIA;
OTCYTCTBHE CTAHIAPTOB IS TIOBTOPHOU CepTHHOUKAIIAI

MpejiaracMbIC peIICHUSA

CcyOCHIINM Ha PEMOHT M MOJIEPHU3AIINIO; HAJIOTOBBIE JIbroThL; BHeMpeHne LCA-
OTYETHOCTH; MMPOTPaMMbI IOBTOPHOT'O UCTOJIb30BAHUS TEXHUKU

(bMHAHCOBBIC TPUMEPEI

peMoHT 3 (heKTHBHEE TIOJTHON 3aMEHBI TT0 COBOKYITHBIM 3aTpaTaM M BEIOpOcaM, TI0

nanaeM EPA u EK

[IpakTHdyeckoe paccMOTpEeHHE 3KCILUTyaTaluu
XOJIOIMITBHBIX arperaros, OCHOBaHHOE Ha
COTIOCTABJICHUU IOJHOM 3aMEHBl M KaIHUTaJIbHOTO
PEMOHTa C MOJIEpHU3AIMEH, TO3BOJSAET BBIIBUTH
CTpaTeTHUeCKue IpeuMyIIecTBa MPOAJICHUS CpOKa
Cry>KObI 000PYIOBaHUsI, BEIPAXKAIOLIMECS B CHIDKCHUH
SHEpro3aTpaTr, YMEHBIICHUH YIJIEPOJHOTO ciega M
ONTHUMH3AIMN 3KCIUTyaTallHOHHBIX PacXoJ0B, IpH
3TOM B HCCIIEJOBAaHUN MIOYEPKUBAIOTCS
CYIIECTBYIOIIME Oapbephbl Ha IyTH BHEAPECHUS TaKHX
penIeHui u Tpe/IaratoTCs JIeiCTBEHHbIC
9KOHOMHYECKHE CTHUMYJBI, YTO B COBOKYITHOCTH
JIEMOHCTPHUPYET, YTO TEXHOJOTMYeCKOoe OOHOBIICHHE
— 3TO HE IPOCTO HKOJOTUYECKH BBIBEpPEHHAs, HO U
panMoHaIbHO  OOOCHOBAaHHAs  MpaKTHKA A
KOPIIOPAaTUBHOU cpersl [7].

Ha ¢oHe Tekymmx OSKOJIOTHYECKUX PHCKOB
ocoboe BHHMaHHE COCPEJOTOYCHO Ha XJIaJareHTe
R-404A, mumpoko HCHOIB3YEMOM B KOMMEPYECKHX
YCTaHOBKaX W  OTIHMYAIOIIEMCS  JIKCTPEMAaJIBHO
BBICOKMM TIOTEHIMAJIOM TJIO0AIBHOTO IOTETICHUS
(IIT'TI=3922), mpu 3TOM [a’ke HE3HAYUTEIBHBIC YTEIKH
3TOr0  BEIIECTBA  paJUKaIbHO  yBEIHMYHBAIOT
KIMMAaTUYECKyl0 Harpysky, mpudeM okoino 60%
SMHCCHH CBSI3aHO HE C M3HOCOM O0OpYMOBaHUS, a C
OTCYTCTBHEM PEryIspHBIX JUAarHOCTHYECKIX
MepornpusaTaid [13]; TexHoJIorHueckas MOJASPHU3AIUS
arperaroB ¢ nnepexojom Ha Hu3Ko-I1T'TI xnagarenTsr —

Takue Kak R-448A, yriekuciora WM OpomaH —
obecrieuynBaeT COKpaIIeHNEe KIMMaTHIECKNX BEIOPOCOB
no 80% 1o cpaBHCHHMIO C TIOJHOH 3aMeHoi 0e3
9KOJIOTHUeCKOH  koppektupoBku [14].  [Tomumo
XJIQ]arCHTOB, BECOMOE BJIMSHHE Ha 3KOJOTHYECKYIO
00CTaHOBKY OKa3bIBalOT 3JHEpPro3arparbl, OCOOCHHO
BBIPaKEHHBIE B IKCILUTyaTal[H KPYIHBIX
MIPOMBILIUICHHBIX ~ arperatoB, TA€ OrPaHUYEHHOCTh
SHEPreTUYeCKNX PECypcoB W  TEIIOBBIE COPOCHI
(OpPMHUPYIOT JONOHUTEIBbHBIE TEXHOTCHHBIC HATPY3KH
Ha cpely, B 3TOW CBS3M KaNUTAIbHBIA PEMOHT —
HECMOTpS Ha BUIUMbIE HHBECTUIIMOHHBIE H3/ICPKKH —

JEMOHCTPHPYET TTOHM)KEHHYFO COBOKYITHYO
CTOMMOCTb XKHM3HEHHOTO LIMKJIa, BKJIFOYast
9KCIUTyaTaI[MOHHBIE  PacXogsl M  KIMMaTHYECKHe

SMHUCCUH, YTO TOJATBEPKJIAETCS NAaHHBIMU ATEHTCTBa
no oxpane okpyxaroteii cpensl CIIIA u EBponetickoit
KOMHUCCHH, COTJIACHO  KOTOPBIM  MOJEPHH3AIIHS
XOJNIOMWIBHBIX ~ CHCTEM  TO3BOJIIET  COKPAaTHUTh
yraepoanslil ciaen Ha 40—-70%, cHU3UTH MOTpebIeHne
sHeprun Ha 20-30% u obecrieunts 10 15% 3xoHOMUHN
3a CYeT YCTpaHEHHUS pacxXoJOB Ha JOTHCTHUKY U
yTiin3anuo [5]. PEMOHT XOJOOWIIBHBIX CHCTEM C
Mepexo0M Ha HSKOJIOTHYHBIE TEXHOJOTHH M HU3KO-
[I'Tl xmagareHTH MO3BOJSIET CYIIECTBEHHO CHU3UTH
KIIMMaTUYECKYI0 HArpy3Ky MO CPaBHEHHIO C TOJTHOU
3aMeHoi obopynoBaHus (cM. Tabnuna 3).
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Tabmuua 3

JKog0orHUecKast 3q)(l)eKTI/IBHOCTL PEMOHTA BMECTO 3aMEHBbI B KOMMEPYE€CKOM XOJI0THJIBHOM
oﬁcnyﬂmnam/m (COCTaBJIeHO ABTOPOM Ha OCHOBE COOCTBEHHOTO PICCJIellOBaHI/IH)

Ilokazarenn Pemonrt ¢ MoaepHu3anuei
CHIDKCHHE BHIOPOCOB 10 80%
CHIDKECHHE SHEPTONOTPEONICHIIS 20-30%
CHIDKEHHE YTIIEPOHOTO Clie/ia 40-70%

SKOHOMMS 3aTpaT 710 15% (3kOoHOMUS HA JIOTMCTUKE U YTHIN3ALIN)

peryJsITopHas HOIEPKKa IMporpammsr GreenChill (USA), EPBD (EU)

Tak, mTpW MOAEPHHU3ALUH JIOCTHTAETCS 3akJ0oueHue
COKpaIleHHe BBIOPOCOB NMApHUKOBBIX ra3oB 10 80%, @DopMynHpysl BBIBOABI, CIEIYyET OTMETHTh, UTO
sHepromotpebiaeHue cHmwxkaercs Ha 20-30%, a  coBpeMeHHOE XOJIOAUIBHOE obopynoBaHue,
yraeponusiii cien — Ha 40-70%. J[OMONMHUTENPHO  MHTETPUPOBAHHOE B JIOTHCTUYECKYIO u
9KOHOMHTCS 70 15% 3arpar 3a cuer oOTkaza OT  IPOU3BOJCTBEHHYIO CTPYKTYDY, OKa3bIBaeT
JJOTUCTUKHU )44 YTUJIU3aluu. Ot MEPBI BBIPAKCHHOC KJIMMAaTU4YE€CKOEC B03ﬂeﬁCTBHe B CuUlly
MOAACPIKMUBAIOTCA MEKAYHAPOAHBIMU WHUIIMATUBAMMU, BBICOKOM OHCProCMKOCTH, MMPUMECHCHUA
takumu kak GreenChill B CHIA u PykoBonctea ECmo  ¢ropconepkaliux — XjagareHToB U CIIOKHOCTH

MOJICPHU3AIMM XOJIOAMIBHBIX CHCTEM, 4YTO JeJlaeT
PEMOHT HE TOJBKO BBITOJHBIM, HO M YacTblO
KIMMaTH9eCKH OTBETCTBEHHOH MOIHUTHKH.

C TOYKM 3peHUs HOPMATHBHO-TIOJIUTHYECKOTO
obecieuernss, B 2020-x TOHaX B  CTpaHax
EBpomneiickoro coro3a n CIIA navanache peanuzanus
pPEryJATOPHBIX ~ HMHUIMATHB,  HAllEJICHHBIX  Ha
COKpalleHHe KInMaTtaQOpMHUPYIOLIMX BBIOPOCOB U
noouipeHue orkasa ot Beicoko-11I'TI xnaparenTos, npu
3TOM TaKHe MHCTPYMEHTHI, Kak nporpamma GreenChill
B CIIIA wu PykoBoactBo Mo MOJEpHHU3ALUHU
xonoawibhbix cucteM (EPBD Guidelines) B EC [8],
BBICTYIAIOT B POJIM MOTHBAIMOHHBIX MEXaHU3MOB IS
TPEANPUSATHH, IENAI0IINX BEIOOP B MOJIB3Y PEMOHTA C
9KOJIOTHYECKUM  OOHOBJIEHHEM,  TEM caMbIM
JEMOHCTPHPYS, UYTO pAIMOHAIFHOE TEXHUYECKOE
o0CimyXMBaHHE — 3TO HE TOJBKO TPOSIBICHNE
KOpPIOPaTHUBHONH OTBETCTBEHHOCTH, HO W COCTaBHAs
9acTh KIIMMAaTHYeCKOM MOJINTHKA Ha
MHCTUTYLMOHANBHOM ypoBHe [11]. Peammzarus
0003HaYeHHOW  cTpaTerud, TeM  HE  MeEHee,
CTAJIKHMBACTCS C PSIIOM CTPYKTYPHBIX OpaHUYECHHNA —
B YAacCTHOCTH, C JOMHUHHPOBAHHWEM OpHEHTAIlMH Ha
OJTHOPa30BOE notpedIieHue, cimaboit
OCBEIOMJICHHOCTBIO 3aKa34MKOB 00 ypOBHE BEIOPOCOB,
COIYTCTBYIOIIMX TOJHOW 3aMEHE TEXHHKH, a TaKKe

CJIETYFOLITMHU G6apbepamu: HEXBaTKOH
BBICOKOKBAJIU()UITUPOBAHHBIX CEpPBHUCHBIX
CIELUAINCTOB, OTCYTCTBHEM €AWHBIX CTaHJapTOB

BTOPHYHONH  cepTU(UKAIMK W  HEIOCTaTOYHOM
CUCTEMOH SKOHOMHMYECKOIO CTHUMYJIMPOBAaHUs, IPU
3TOM MPEIOKEHHBIE PEIICHHS BKIIOYAI0T pa3paboTKy
mporpaMM  CyOCHAMPOBAaHHMS  BOCCTaHOBHTEIBHBIX
paboT, HaJIOTOBBIE JILIOTHI, BBEJCHUE OOS3aTENbHOMN
OTYETHOCTHU 110 JKU3HEHHOMY LIUKITY u
MHCTUTYLUOHAIU3alUI0 MEXaHU3MOB IIOBTOPHOI'O
UCIIOJIb30BaHUsI XOJIOAUIbHON TEXHUKH.

YTUIM3aLMOHHBIX IIPOIIECCOB, TOT1a KaK IPOBEACHHBIN
aHanu3 yOeXJaeT B TOM, YTO 3aMEHA YCTapeBIIMX
YCTaHOBOK Ha  PEMOHT €  TEXHOJIOTMYECKHM
0OHOBIICHHEM (DOPMHPYET HKOIOTHUECKH yCTOHIHUBOE
M DKOHOMHYECKH  OINpaBJaHHOE  HalpaBlICHHE,
CIIOCOOHOE CHM3WTH YIJICPOJHBIH CJel, COKPaTHTh

OKCILTyaTallUOHHBIC N3CPIKKU u IIOBBICHUTH
9HEPreTUYECKYIO Pe3yIbTaTHBHOCTD.
Ocoboe 3HaueHWe mpHOOpeTaeT BHEAPEHUE

npupoaHbix U HuU3KO-1II'TI xmamareHTOB, a TaKkxke
HCIOJIb30BAHUE METOJOJOTUU OLEHKH YKU3HEHHOIO
LIUKIA KaK HHCTPYMEHTa Ul  KOMIUIEKCHOTO
yIpaBIEeHUsT TEXHHUKOH, mnpu 3ToM 3(deKTHBHOE
BOIUIOIICHNE JaHHOW CTpaTernu TpedyeT pa3BUTHS
HOpPMaTHBHOM cpepl, MOBBIIICHUS
NHQOPMHUPOBAHHOCTH  YYaCTHHKOB  pBIHKA U
pacllupeHusi  OporpaMM  TOCYAapCTBEHHOTO  H
KOPIOPaTHBHOIO coJeicTBusl. Panuonansnoe
YIPAaBJIEHUE XOJIOAUIBHBIMU CHUCTEMAaMH  JIOJIKHO
3aHATh OCHOBHOE IIOJIOKEHUE B KOPIOPATUBHOM
NOJIMTUKE, OTPa)kasi HE TOJBKO JIENOBYIO 3PEJIOCTh, HO
U CTPATErMueCKyl0 HAlEJIEHHOCTh Ha CHM)KEHUE
KIIMMaTUYECKUX PUCKOB U YKPEIUIEHUE yCTOMYMBOCTU
HAa JOJTOCPOYHYIO NEPCIEKTHUBY.
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AHHOTAIIUA

B cratse npencraBiieH TEOPETUKO-aHATUTHIECKUI 0030p CTpaTeruii aganTanuy CIEIHaINCTOB 110 MOJIYJIIO
SAP MM (Materials Management) k oredectBeHHBIM ERP-mmardpopmam B ycioBusx 1mdpoBoro
UMIIOPTO3aMCIICHUSI W TpeKpamieHus odunuansHod moxnepkkun SAP. HccmemoBanme oOcHOBaHO Ha
MEXIUCLUIUIMHAPHOM KOHTEHT-aHaJM3€ C OHNOpOH Ha paCIIUPEHHYI0 MOJAENb MPHUHATUS TEXHOJOTHH,
aJalTUPOBAHHYI0 K POCCHHMCKOMY KOHTEKCTy. PaccmaTpuBaroTcsl NOBEAE€HYECKHE, HHCTUTYLUOHAJIbHBIE U
ApPXUTEKTYPHBIEC aCTIEKTHI, ONMPEACIAIONINE YCIEIHOCTh epexoaa k cuctemam, TakuM kak 1 C:ERP, «["anaktuka»
n «Ilapyc». Ocoboe BHMMaHWE YJIEJICHO MEIMATHBHOW pOJNM MEPEMEHHOH «HAMEpEHHE HCIIONIb30BaThY,
ONOCpeyIolleil BiMsSHME BHEUIHEH MOJJIepKKH Ha (akTHYecKoe MpPUMEHEHHE HOBBIX PEIICHHH.
[IpoaHanu3upoBaHbl OTPaHWYEHHA IPSAMOIO MEpeHoca 3apyOeXHBIX MOJENeH Ha POCCHHCKYIO IIPaKTHKY,
BKJIIO4Uass pasnuuust B 3penoctu UT-kanmpos, ¢parmentamym nasamadra ¥ ypoBHE WHCTHTYLIHOHAIHHOH
nognepxku. IlpencraBinena kimaccupukanus OOXOMHBIX TEXHHMUYECKHX PEIICHMH, BKIIIOYAs HWHCTPYMEHTHI C
OTKPBITBIM HCXOJHBIM KOJIOM, HCIOJb3yeMbIe UISi BOCIOJIHEHUS (QyHKIHMOHaNbHOCTH SAP MM B ycrnoBmsx
CaHKIMOHHOTO JaBJICHUA. BBIABICHBI KIIOUEBBbIE YCIOBUS (OPMHUPOBAHUS YCTOWYMBBIX TPACKTOPHH
NepeKBaNM(UKAMK: WHTErpanysl MOTHBALMOHHBIX MEXaHHM3MOB, JIOKAIN3alMs OOydYaromIMX MaTepualioB H
MHCTUTYLMOHAIN3AIUSA MEHTOPCKUX MPaKTUK. OTAEIBHO PACCMOTPEHBI MPUKIIAIHBIC aCIEKTHI IPOCKTUPOBAHUS
KaJIpOBBIX M OpPraHU3alMOHHBIX IOJHUTHK, 00ECHEYMBAIOMINX LU(PPOBYIO YCTOWYMBOCTH NPEAIPHATHH INpH
nepexoge Ha HoBble ERP-pemenunsi. Ctarhsi OymeT mosie3Ha DPYyKOBOJIUTENSIM LU(POBBIX TpaHChOpMAIHH,
cneruanuctam o SAP, apxurexkropam ERP-cuctem, Metonuictam 00pa3oBaresibHBIX IPOrpaMM U pa3paboTyrnkam

KOPHOPaTHBHBIX TUIAT(GOPM HOBOTO MOKOJICHHSI.

ABSTRACT

The article presents a theoretical and analytical review of adaptation strategies for specialists in the SAP MM
(Materials Management) module to domestic ERP platforms in the context of digital import substitution and the
termination of official SAP support. The study is based on interdisciplinary content analysis, drawing on the
extended Unified Theory of Acceptance and Use of Technology (UTAUT), adapted to the Russian context. The
analysis focuses on behavioral, institutional, and architectural factors that influence the success of transitioning to
systems such as 1C:ERP, Galaktika, and Parus. Particular attention is given to the mediating role of the "intention
to use" variable, which channels the impact of external support on the actual application of new solutions. The
study identifies the limitations of directly transferring foreign models to Russian practice, including disparities in
IT workforce maturity, ERP landscape fragmentation, and the level of institutional support. A classification of
workaround technical solutions is presented, including open-source tools used to replicate SAP MM functionalities
under sanction-induced constraints. Key conditions for sustainable retraining trajectories are outlined: integration
of motivational mechanisms, localization of training materials, and institutionalization of mentoring practices. The
article also addresses applied aspects of designing HR and organizational policies that ensure enterprise digital
resilience during ERP transitions. This research will be valuable for digital transformation leaders, SAP
professionals, ERP system architects, educational program developers, and next-generation corporate platform
designers.

KaroueBbie cioBa: SAP MM, ERP, ummoprozamemenue, amanranusi, UTAUT, mepexBanudukamus,
1C:ERP, mudposas Tpanchopmanus, HHCTPYMEHTHI C OTKPBITHIM KOJIOM, TIOBEAEHYIECKast MOJIEIb.

Keywords: SAP MM, ERP, import substitution, adaptation, UTAUT, retraining, 1C:ERP, digital
transformation, open-source tools, behavioral model.

Beenenue yIpaBIeHUs MaTepHalbHBIMU MOTOKaMH, K
CoBpemennast nudpoBas TpaHchopMmaiuss B oTredecTBeHHbIM ERP-mmatdopmam, Takum — Kak
Poccun COIMPOBOXKIAETCS macmrabueiMm  1C:ERP, «lamaktukay», «Ilapyc» wu  apyrwue.

TEXHOJIOTHYECKUM CJIBUTOM B CTOPOHY JIOKaJIU3alUH
KOpPIOPaTHBHBIX IUIATPOPM M OTKa3a OT peIICHHH
3amaHbIX BeH10poB. Ocoboe MecTo B ATOH mapagurme
3aHuMaeT nepexoj ot cucreMbl SAP ERP, xoropas
JIOJITHE TOMBI SIBJISITIACH OTPACIEBBIM CTAHAAPTOM JUIS

[pekpamenne odunmansHol noanepxkkn SAP AG,
yXOA pAja MapTHEPOB U peNlOKallMs 3HAUYUTEIBLHOrO
yycla CHEIHUAINCTOB CO3AA0T TEXHOJIOTMUYECKHE U
COIMAIBHO-NIPO()ECCHOHANIBHBIE BBI30BBI, BIHSIOIINE
Ha YCTOHYNBOCTH OHM3HEC-TIPOIIECCOB "
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APXUTEKTYpPHYIO IIPEEMCTBEHHOCTb B KOPIOPATHBHBIX
UT-cpenax [3].

OcoOcHHO YS3BUMOM B JaHHOW CHUTyalluu
0Ka3aJIach KaTeropus CHEIUaIiCcTOB Mo Moaymo SAP
MM (Materials Management) — 0lHOMY U3 KJIFOYEBBIX
KOMITOHEHTOB JIOTUCTHYECKOTO KOHTYpPa CHCTEMBI.
JanHpIe  CcHenWanuCcTBl  O0NAmaloT  YHHKAJIBHOU
9KCNIEPTU30H B OOJACTH aBTOMATH3alMM 3aKyMOK,
YTpaBICHUS CKJIAIOM U TUIAHUPOBAHUS MOTPEOHOCTEH
B MaTepHanax, HO UX HaBBIKM HAIPSIMYIO CBS3aHBI C
aApXUTEKTypoi, TepMHUHONOTHEH u Jorukond SAP.
BHesanHbli epexo/ K albTepHaTHBHBIM IIaThopMam
TpeOyeT  TEXHHYECKOHW  mepeKkBaInpUKanuuu U1
KOTHUTUBHOM  TEpecTpoikn  npodeccroHanbHON
kaptuHsl mupa [4]. Ilpu sTom oTeuectBeHHble ERP-
pelIeHNs, HECMOTpPs. Ha BHEIIHIOI CX0XecTb ¢ SAP,
ONHMPAIOTCS HAa MHBIE IAPaJAUT MBI JaHHBIX, MEXaHU3MBI
JOKyMEHTO000pOTa ¥ MOJENN B3aUMOAEHCTBUS C
BHemHUME API [2].

B oTtmx ycnoBmsax pacTeT HEO0OXOIMMOCTh
TEOPETHYECKOTO OCMBICIICHHSI CTPATeTHH aJanTalun
SAP MM-cnenuaiancToB, CIOCOOHBIX  OBJIAAETH
uHTepeiicaMu HOBBIX IIAT(HOPM U WHTETPHUPOBATHCS
B MEHSAIONINECS KOpIopaTUBHBIE Iponecchl. Hemb3st He
YUUTBHIBATh U TIOBEJICHYECKUE Oapbepbl — OT CHUXKEHHUS
MOTHBAIMH JI0 OTIACEHUI NOTEPH MPO(PECCHOHANTBEHOTO
CTaTyca, 4YT0 COOTBETCTBYET 0oJjiee IIUPOKUM TPEHAaM
mudpoBoll  TpaHCGOpMalMKM B Pa3BHBAIOIINXCS
9KOHOMHKaX [9].

Llens wmccrmenoBaHUsT — CHUCTEMATH3MPOBATh M
MPOaHAIM3UPOBATh CTpaTeruu aJlanTaIuu
cnequanucToB no Moaymo SAP MM B ycnoBusx
Hepexo/ia POCCUHCKIX OPTaHU3aIMH K OTECYECTBEHHBIM
ERP-mnarpopmam. B meHTpe BHUMaHHSA HAXOAATCS
MIOBEJICHUCCKHE, UHCTUTYLMOHAJIBHBIE u
ApPXUTEKTypHBIE ACTIEKTHI, OTIpeIeIISAIONINE
YCIIEITHOCTh TPaHC(HOPMAIIHH.

MaTepuajibl M MeTOABI

Hacrosiiiee  uccrnenoBaHue — BBINOJIHEHO B
TEOPETHYECKOI MapagurMe C NpUMEHEHHEM MeTona
MEKANCIMIUIMHAPHOTO KOHTEHT-aHaIu3a. B kauecTse
AQHATMTHYECKOM 0a3bl HCIIONB30BAHbBI ITyOJIHMKAINH,
OTpakaroIue aKTyaJIbHbIE TIOJIXOJIBI K
tpanchopmanmu ERP-mannmadroB B poccuiickux
OpraHM3alysiX, B TOM 4Hcie Ha (poHE NpeKpalieHus
ouIHaIBEHON MOANEPKKH CO CTOPOHBI BeH1opa SAP.
OT6Op  HWCTOYHMKOB  ObLT ~ OOYyCJOBJIEH  HX
TEMAaTUYECKOH  PEeNeBaHTHOCTBIO, AaKIIEHTOM  Ha
ApXUTEKTypHBIE, OPraHNU3AI[OHHBIC U TTOBEIEHIECKUE
aCTeKThl  COMPOBOXKICHMSA  CHCTEM,  HaJlU4UEM
TEXHUYECKH 0OOCHOBAHHBIX PEIICHUH, IPIMEHUMBIX B
POCCHICKHX yCIIOBHSIX.

B xonme aHanmmza ocoboe BHHUMaHHWE YJIENICHO
UCCIIEI0OBAHUSM, OIHCBIBAIOLIIM HOCTEICTBUS
oTkIoueHuss SAP-cepBUCOB, KafpoBbIE MOCIEACTBUSL
st SAP MM-crienmanuctoB U CLieHapuu nepexoia K
oreuectBeHHBIM  ERP-rularpopmam.  Tak, B.B.
KyreitaukoB [3] paccmarpuBaeT IOpHUIAMYECKHE H
ApPXUTEKTypHBIE PUCKH, CBS3aHHBIE C MPEKPAIICHUEM
odpunmaneHeIXx OOHOBiEeHHE SAP wm Hapacraromeit
3aBHCUMOCTBIO OT HE AyTEeHTHYHBIX IIETIOYeK
compoBoxaeHusa. M.A. ®uonnH [4] memoHCTpHpyeT
APXUTEKTYpHYIO CTPYKTYpYy MOAYJS yIpaBICHUS

MaTepHallbHBIMK TOTOKaMu Ha 0aze SAP MM, uto
TI03BOJISIET BBIACIHUTH KIIOUEBbIE (DYHKIMOHAJIBHBIC

ONOKM Uil TepeoOydeHHs TP MHUIpalMu K
oreuecTBeHHbIM pemenusM. O.Jl. TomyGesa [2]
MIPEACTABISAECT CUCTEMHOE COTOCTaBJICHUE

(¢yHKIHOHATIBHEIX BO3MOkHOcTed ERP-mmardopwm,
BKIIIOUYasl poccuiickne pa3pabOTKM, C akKIEHTOM Ha
JIOTUCTUKY, 3aKynku, MRP u ynpaBnenue 3anacamu. B
cBor0 ouepens, M.M. BomkoB [l] anammsumpyer
TpaHchopMaIHio Om3Hec-Mozenei KaK
MHCTUTYIMOHAIBHYIO OCHOBY JUIl BHEAPEHHUS HOBBIX
TUPPOBBIX peleHuin 51 MEepECTPOUKHU
IpoQeCCHOHANBHBIX POJIEH.

Takum 00pa3oMm, HccieI0BaHuEe OCHOBBIBACTCS Ha
CHCTEMaTHYECKOM aHanu3ze OTEYECTBEHHBIX
MyONMUKanuii, penpe3eHTaTUBHBIX [UII POCCHHCKOMN
NPaKkTUKH ~ OU(PPOBOTO  HMMIIOPTO3aMEIICHUS U
TparchopMaI KOMIIETCHIINHN CTIEITHATUCTOB 110 SAP
MM. IIpoBeneHHBI aHAIM3 MO3BOJIAI BBIIEIUTH

YCTOHYMBBIE  TMOOXOABI K  HPOQECcCHOHAITEHOM
ajganTallid B YCIOBHSAX  CMEHBI  ImIatdopm,
3aduKkcHpoBaTH KITIOYEBEIC TEXHUYECKHE u
OpraHnu3aliMOHHBIC OPUCHTUPHI.

PesyabTaTsl

AHanu3 MOBEJCHYECKUX U MHCTUTYIIHOHAIBHBIX
(aKTOpOB, BIMSIONIMX HA aJANTAalMI0 CIEHHAINCTOB
o SAP MM B ycioBusx nepexoja Ha OTeUECTBEHHBIE

ERP-cuctembl, 11e1eco00pa3sHO  OCYIIECTBIATH C
ONOpOHd Ha paCHIMPEHHYIO MOJENb  IPUHATHUSA
TEXHOJOTHH,  aJalTUpPOBAaHHYHD K  KOHTEKCTY

(pPoOBOro MMIOPTO3aMEIIEHH. DJIEMEHTH JaHHOH
MOJENH (BOCHPHUATHE MOJIE3HOCTH, OXKUIAHUE YCHITHH,
COI[MANBHOE BJIMSHHE W YCIOBHA COJCHCTBHA)
MO3BOJIIIOT ~ MHTEPIPETHPOBATh IIEPEX0] He Kak
JIMHEIiHOe Tepeo0ydeHHe, a KaK KOMIUICKCHBIN
npolecc BKIIOYCHHUS B HOBYIO IU(POBYIO cpeny.

B acmexre BoCHpHATHS MOJIE3HOCTH KIFOYEBBIM
(akTopoM CTaHOBUTCS Hainuuyhe (YHKIMOHAIBHBIX
agaimoroB. Kax otmewaer O.Jl. Tomybesa [2],
coBpeMeHHbIe poccuiickue ERP-cucteMbl nocreneHHo
HUHTETPUPYIOT 6azoBble MEXaHHU3MBI,
coOoTBeTCTBYIOIKE CTpyKType SAP MM: ynpasnenue
3aKylKaMH, KOHTPOJIEM IIOCTaBOK, CKJIaJCKHUMH
ocTaTKaMM W JI0OKyMeHTooOopoToMm. OpHako, IO
HaOmonennio  B.B. Kyrelinukosa [3], wux
apXMUTEKTypHasl peain3anus 4yacto (parMeHTapHa, a
CTaHAapTU3aus OM3HEC-NIPOILIECCOB OrpaHUyYeHa. ITo
CHIDKaeT CyOBEKTHBHYIO «OXKHUTAEMYIO
pe3yNbTaTUBHOCTEY W YCHJIMBAE€T TPEBOXKHOCTH
CIEUUAIUCTOB 10 MOBOAY  NpodeccCHOHANbHON
COCTOATEJIEHOCTH B HOBOH CHCTEME.

C TOYKM 3peHHs OXHAAEMOH  CIIOKHOCTH
OCBOCHHMs,  OINpefelsiionlee  3HAaYEHUE  MMeeT
JOCTYIIHOCTh ~ MHCTPYKTHBHOW U MHTep(eicHON
nHdpacrpykrypsl. [To nannsiM U.A. ®uronnna n JI.M.
Hazapoga [4], Baeapenne SAP MM conpoBoxaanocsk
HaJIMYMEM CTAaHJAPTHBIX TpPaH3aKIMH, MOMIaroBbIX

PYKOBOACTB ¥  BHU3YyQJM3UPOBAHHBIX  CIICHAPHUEB
(mammpumep, ME2IN, MESIN), d9ero moka He
obOecrieunBaeT OOJILLIUHCTBO OTEYECTBEHHBIX
aHaJIOTOB. CreoBarenbHoO, JTaxe npu

q)yHKHI/IOHaJ'[BHOM MapuTeTC, BBICOKAsA KOTHUTHBHAA
Harpyska mnOpu 1nepexoae TOPpMO3UT aJallTalulo.
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IToarBepxaenueM cityxut BbiBog M.M. BonkoBa u
C.A. Ocapyero [1] o TOM, 4YTO HENPEpPHIBHOCTH
TPAHCHISIUU  OW3HEC-JIOTHKM W HHTep(deHCHBIX
MATTEPHOB — OJMH U3 ONPCACIIIOMUX (PaKTOPOB
UPPOBON YCTOWYHBOCTH OPTaHU3AIHH.

Ha conmansHoe BiHsiHUE OKa3bIBaCT BO3ACHCTBUE
KaK JIOKaJbHAas OpTaHM3allMOHHAs KylIbTypa, TaK W
MeX(pyHKIIHOHATTEHOE B3aUMOJEUCTBHE. B
nccienoBanuu Ebirim u coaBt. [7] oTMeuaeTcs, 9TO
compoTusiieHne cotpynankoB B MNC npu cmere ERP-
CHCTEM CBS3aHO C YpOBHEM IIOATOTOBKH W C TEM,
HACKOJIBKO TpaHchopmanus
WHCTUTYLIMOHAIM3UPOBaHA, TO €CTh BKIIOYCHA B
MOJIUTUKY KOPIIOPATUBHOTO PAa3BHUTHUS W MOOIIPCHUS.
AHaJOTHYHAs JIOTUKA TPUMECHUMA M K POCCHICKOMY
KOHTeKcTy. [lpu  Hammuumu  (HOpPMATU30BAHHBIX
OporpaMM TepeKBaau(UKAIUN U TMPU3HAHUS HOBOT'O
ombITa (HAapUMeEp, Yepe3 aTTeCTalllH, KaphepHBIS
TPEKH), HAOIIOJAaeTCsl BBINIE YPOBEHb BOBJICUCHHOCTH
COTPYIHUKOB.

Hakonem, ycioBuS COICHCTBHS OXBAaTHIBAIOT
HHQPACTPYKTYPHYI0O W METOTUYECKYIO IOIICPIKKY.
HUccnenosanne Uddin u coast. [9] noguepkuBaer, uto
JIOCTYTI K 00YYaroIUM MaTepraiaM, JJOKaJTU30BaHHBIM
uHTEepdeiicaM 1 TEXIOICPIKKE OKa3bIBACT PEIAIOIICe
BJIMAHUEC HaA NEPEXO0 K HOBBIM CUCTEMaM, OCO6eHHO B

KOPPENUPYIOT ¢ POCCUNCKON cUTyanueil, B KOTOpPOH,
kak ykasbiBaeT B.B. KyreitnukoB [3], He3aBuCHMBIE
HMHTETPaTOPhl U KOHCAITUHTOBbIE IPOBAUAEPHI UTPAIOT
KPUTHUYECKYIO POJIb B CO31aHHH 00yJaroNIUX KOHTYPOB
JUIS 3aMEIA0IIUX PeIICHUH.

B LETAX OoJtee TITyOOKOTO aHaIn3a
MOBEAEHYECKUX MEXaHNU3MOB, OTIPEIeIISTOTITIX
amanTaniio  crnenuamuctoB  mo SAP MMk

oreuecTBeHHBIM ERP-cucremam, B ucciaenoBaHue
BKIIIOYEHA MEJUATHUBHAs MOJENb Ha OCHOBE JaHHBIX,
npencraBiaeHHbX Uddin u coast. [9]. Jlanras momens,
paspaboTaHHas sl KOHTEKCTa Pa3BUBAIOLIMXCS
IU(POBBIX 3KOHOMHK, HCIIONIB3YeT pAaCIIMPEHHBIN
BapuanT UTAUT u mno3BosiseT UHTEPIPETHPOBATH
B3aUMOCBSI3H MEXIy MOTHBAallHOHHBIMH (HaKTOpaMH,
HaMEpPEeHHEM  HCIOJIb30BaHUsT W (DaKTHYECKUM
NIPUMEHEHUEM ERP-cucrem. IIpuHuunuanpHOM
0COOCHHOCTBIO MOJIENH SBIISIETCS BBISIBICHHE TTOJIHOMN
MEIUUPYIOUIEH poOMM INEPEMEHHONM  «HaMEpEeHHE
ucnons3oBath» (Intention to Use, IU) B koHTEKcTe
mepexofa K MPaKTUYeCKOMY IPHUMEHEHHIO HOBBIX
pemrenmii. B Tabmume 1 mpencraBiaeHO SMIMPUIECKOE
MOJTBEPXKICHHE THUIOTE3 MOJAEIH, IPEII0KEHHON
Uddin u coaBr. [9], BKIOYas CTATHCTUYECKU
3HAYMMBIE CBSI3H MEXKAY KIFOYEBBIMH KOHCTPYKIIMAMU
Moznenn UTAUT u nepeMeHHBIMH HOBEICHYECKOTIO

Pa3BUBAOIIUXCS SKOHOMUKAX. Otn JIaHHbIE  OTKJIMKa CIeluaiucToB Ha BHenpeHue ERP-cuctem.
Tab6muna 1
IIpoBepka runore3 ¢ npsaMbiMu 3gdexramu (Mcrounuk: [9])
T'umoresa CBsi3b B p-3HaYeHHe R? Pemienue

H1 PE — IU 0.250 0.007 0.456 TlonTBeprxaena
H2 EE —1U 0.158 0.037 - TTonTBepxaeHa
H3 SI—1U 0.248 0.004 - TTonTBepxaeHa
H4 FC—>1IU 0.176 0.021 - Ilonreep:xaeHa
H5 FC— AU 0.090 0.289 0.372 OTKIIOHEHA
Ho6 IU— AU 0.561 0.000 - TTonTBepxaeHa

Kak mokazano B Tabimie 1, Bce ueTsipe 0a30BBIX
koHcTpykta UTAUT — oxugaemas MOJE€3HOCTh
(Performance Expectancy, PE), oxumaemble ycuius
(Effort Expectancy, EE), counansnoe Biaustaue (Social
Influence, SI) u ycmoBust copeiictBus (Facilitating
Conditions, FC) — cTaTucTHYeCKH 3HAYMMO BIIHSIOT Ha
HaMepeHHe ucnonb3oBaTh ERP-cuctemy. 3nauenus B-
koapduuuentoB ms PE, EE, SI u FC cocraBmsror
0.250, 0.158, 0.248 m 0.176 COOTBETCTBEHHO MPH
ypoBHe 3HaunMOCTH p < 0.05, 9TO CBUIETENLCTBYET O
HAJIMYAN YCTOWYMBBIX TPAMBIX 3()h(HEKTOB.

B 10 xe Bpemst, myts FC — AU (Actual Use), To
€CTb IpsMas CBA3b YCIOBUM  CONEHCTBUA C
(haKTHYECKUM HCIIOJIb30BAHHEM CHCTEMBI, OKa3aJiCsi
crartuctideckn HesHaunMbIM (B = 0.090; p = 0.289),
YTO MO3BOJIMJIO OTKJIOHUTH Tunoresy HS. D10
KPUTHYCCKH Ba)XKHO IS KOHTEKCTa amanTtanud MM-
CHCHHANHCTOB B Poccuu: Jgaxe TMpH HATHYUH
00y4JalomuX MaTepHaioB U TEXHUUECKOH MOAEPIKKH,

HETTIOCPEACTBEHHOE BJIMAHUC JTaHHBIX q)aKTOpOB Ha
MPaKTUICCKOC NMPUMEHCHUEC OTCYECTBECHHBIX peIlIeHI/Iﬁ
OKa3bIBaeTCs ciabbiM 0€3 J0JHKHOrO (hOPMUPOBAHUS
MMOBEJICHYECKOTO HAMEPEHHA. OTO MOITBEpKIaeT
HEOO0XOUMOCTH IIEJICHATIPABICHHOTO BO3ACUCTBHUS Ha
MOTHBAIIMOHHBIN KOHTYp 4epe3 CUCTEMY ITOOIIPCHHUH,
o0ydyeHHEe H MEHTOPCTBO, a HE TOIBKO depe3
HHPPACTPYKTYPHBIE yCIOBHUSI.

Hambonee cunpHOE BIAMSAHHE B  MOJENH
3adukcupoBano mo Hampasienmo U — AU (B =
0.561;p<0.001), 9T0 AEMOHCTPUPYET KIFOUYEBYIO POIIH
BHYTPEHHEH  YCTaHOBKH Ha  WCIOJIb30BaHUE
mw1aTGOpMBl KaK OCHOBHOTO JpaiiBepa (QakTHIeCKOH
aKTUBHOCTH. JlaHHas B3aUMOCBS3b TpebdyeT ocoboro
BHUMAaHHUS MIPU NPOCKTHPOBAHUH KaJJPOBBIX CTPATETUH
B paMKax HUMIIOpTO3aMelleHHs: (opMHpoBaHHE Yy
CICIHAINCTOB BHYTPCHHETO HAMEPEHHS MPOIODKUTH
PO eCCHOHANBHYIO JIEATEILHOCTE B HOBOH 1M POBOI
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cpese okasbIBacTCsl Ooyiee 3HAUMMBIM, YeM BHEIIHHUE
YCIIOBHS.

OueHka MOBEJCHYECKUX (DAKTOPOB, BIMSIOMINX
Ha (Qakrtuueckoe wucnonb3oBanue ERP-cuctem,
TpeOyeT aHau3a MPSIMBIX 3aBUCUMOCTEH U BBISIBIICHUS
CKPBITBIX MPOMEXXYTOUHBIX MEXaHH3MOB -
MEINATOPOB, Yepe3 KOTOPHIE BO3ACHCTBYIOT BHEIIHUE

OMOCPEAYIOIICE BIMSHUEC WHCTUTYIUOHAIBHBIX U
HHPPACTPYKTYPHBIX  yCIIOBHHA Ha  (pakTHYEeCcKoe
HCTIONB30BaHUE.

Ha ocHoBe mojenu, npemmoxennoit M.A. Uddin
U coaBT. [9], B wmccieqoBaHWUHM ObLIa IPOBEACHA
momaroBasi OleHKa Menuupyromero s¢dexra IU Ha
cBsa3b Mexay FC u AU. Kak mokaszano B Tabmime 2, 10

ycnoBus. B KOHTekcTe mepexoia PpOCCHHCKMX — BKJIIOUGHHS MeOuaTopa HaOmogaeTcs 3HaYuMast
cnenranuctoB SAP MM K HOBBIM OTEUECTBEHHBIM  TpsIMas CBS3b MEXKIY YCIOBHUSAMH COACHCTBHUS H
ERP-mmardopmam Takoi MeOuMaTOpHOU TMEpeMEHHOH  (PaKTHIECKUM HCIOJIb30BaHUEM CUCTEMBI
BEICTyIIaeT HAMEpPEHHE HCIIONB30BaTh cucteMmy, (ko3ddumment = 0.368, p = 0.000).
Tabnuma 2
Ouenka Meaquupylomero ddpdexra (Mcrounuk: [9])

IyTs Koa¢pdurmenr p-3HaueHue BeBoz

FC — AU (no meauaropa) 0.368 0.000 3Haunum

FC—1IU 0.176 0.021 3HauM

IU— AU 0.561 0.000 3HaunM

FC — AU (nocne meauaropa) 0.090 0.289 Hesznaunm
BriBog - - [TonmHas Meauanus noATBEpKACHA

OpHako mocne go6apneHus nepeMernoi [U cuma
npsmoit cBa3u mexay FC u AU caumxkaercs no 0.090
npu p = 0.289, 4TO yKa3bIBae€T Ha CTAaTHUCTUYECKYIO
He3HaunMoCcTh. llpm 3TOM 00e cocraBisiomue
MEIMAaTHUBHOTO MYTH COXPaHAIT 3HauuMocTh: FC
okasbiBaeT BiausiHue Ha [U (= 0.176, p = 0.021), a U,
B CBOIO ouepe/n, 3HaunmMo onpeaensier AU (f = 0.561,
p = 0.000). Takum obGpa3zom, HaOIOAAETCS MOJIHAS
MeMaIys, YTO MOATBEP)KIAeT TMIIOTE3y O TOM, YTO
MHCTUTYLMOHAIBHBIE YCIOBHUSA caMH 1o cebe He
TapaHTHPYIOT HCIOJIb30BaHUE CHCTEMBI, €CIH He
(opMupyeTcsi OCO3HAaHHOE HaMEpEeHHe Iepexona M
OCBOEHHS HOBOTO (DyHKIIMOHAJIA.

JlaHHBIH pe3ynbTaT UMeeT NMPHUKIIaIHOe 3HAYCHUE
B YCIOBUSX POCCHICKOTO  HMMIOPTO3aMEIICHUS.
OteuectBennsle ERP-mmatdopmer, takue xkak 1C:ERP
wmn  «lamaktukay,  TpeOyIOT  3HAYUTEIHHOTO
nepeoOy4YeHHs CO CTOPOHBI CIIEI[HAJNCTOB, paHee
opueHTHpoBaHHBIX Ha SAP MM. Hanmune
CIPaBOYHON uHpopmanuy, JIOKAJIM30BAHHBIX
UHTEP(EHCOB, METOIUUECKUX ITOCOOMH U JOCTYITHBIX
porpamMM TIEPETIOITOTOBKH (hopmupy1oT
OGnaronpusATHBIE YCIIOBHS, HO UMEHHO CyOBEKTHBHOE
NPUHATHE pelIeHHss 00 WCIHONb30BaHUN CHCTEMBbI
CTaHOBUTCS OIpEAEISIONIMM 3BeHOM. be3 artoro
Mepexo]] OCTAeTCs HOMHHAJIBHBIM M HE NPUBOIHUT K
(hakTHIECKOMY N3MEHEHHIO PAKTHKH.

O6cy:xnenue

IIpumenenne wmogenmn UTAUT B ananuse
aJanTallMOHHBIX TpaeKTopuil poccuiickux SAP MM-
CHENHANNCTOB BBIABISICT LEJBIH PSI OTPaHWYCHUH,
00yCITIOBJICHHBIX JIOKAJbHBIM KOHTEKCTOM IH()POBOIM
TpaHCchopManun u HMIIOPTO3aMEIICHHS.
HUccnenosanme M.A. Uddin u coasr. [9], mpoBeaeHHOE
B YCIOBHMSX pPa3BHBAIOIIMXCS CTpaH A3uM, OBUIO
OPHEHTHPOBAHO Ha OLIEHKY ITOBEJEHYECKUX (PaKTOPOB
B Cpeie C OrpaHMYeHHOH IM(POBOH 3PENOCTHIO,

MHCTUTYLMOHAJILHOM MOJAEPKKOM M CpPaBHUTENBHO
HU3KOM TEXHHUYECKOM TIpaMOTHOCThIO. OMIHAKO 3TH
YCJIOBHS CYLIECTBEHHO pPacXOASTCi C POCCHUHCKOM
CUTyaLueH.

Tak, mo HabmonmenusMm O.JI. T'omyGesoit [2],
ypoBeHb HoOArotroBieHHocTH WT-cneumanucTtoB B
chepe ERP B Poccun mo3Bosisier OBICTpee OCBauBaTh
HOBbIe UHTEp(dEiChl M apXUTEKTYpHBIE MOJEIH,
CHIKasi 3HAaUUMOCTh II0Ka3aTeNs 0’KUAAEMBIX YCHIIHH.
Kpome Toro, kak momguepkuBaer M.A. ®uonun [4],
poccuiickuii peiHOK ERP  omimMuaercss  BBICOKOM
(parMeHTUPOBAHHOCTEIO, HaJIM4ueM cpazy
HECKOJBKUX KOHKypupyromux miathopm («1C:ERPy,
«lamaktuka», «llapycy), pasmUUusSIMH B JIOTHKE
KOH(HUTYpAIMH U COTIPOBOKICHHSL.

B.B. KyreiinukoB [3] akueHTUpyeT BHUMaHUE Ha
UHCTUTYIIMOHAIBHBIX W HOPMATHUBHBIX Oaphepax:
OTCYTCTBHE rapaHTUPOBaHHOU TEXHUYECKOU
HOJ/IepPKKH, HecTa0mibHas HOpPMAaTHUBHas 0aza W
(dparMeHTapHbIe YCHIHS 10 Jokaiau3anud ERP-
pelIeHnid  OrpaHUYMBAIOT  BO3JEHCTBHE  TaKHUX
(akTOpOB, KaK KaK ycIOBHsA coaeicTsus. bonee Toro,
MHOTHE NpeanpusTysl, no 1anueiM M.M. Boukosa [1],
ObUTM  BBEIHYXXICHBI  (OPMHPOBATH  BHYTPEHHHE
KOMaHIbl ~MHUIpallid W  CONPOBOXIEHHUS, YTO
YCWIMBAET KyJbTYPHBI M OpraHU3allMOHHBIA CTpecc
pu nepexone oT SAP kK 0TeUeCTBEHHBIM pPEIICHUSIM.

CpaBHEHHE C MEXIyHApOIHBIMH HCTOYHHKAMH,
takumMu kak Huang [8], Takxe neMoHCTpHpYeT
CHerUpUKy POCCHUCKUX peauii: B TO BpeMs Kak B

3apyOEKHBIX  WCCIICIOBAHUIX OCHOBHOW  aKIIGHT
clenaH Ha YCTOWYHUBOCTH BHEIPCHHUS u
CTaHAapTH3aIMK JIydIIdX MpakTHK, B Poccum

OCHOBHOM HpO6J’I€MOI71 OCTACTCA MHCTUTYHHNOHAJIbHAA
paSO6IIIGHHOCTL n  BbICOKasA JOJIA HC(l)OpMaIH)HI)IX
MPAaKTUK aganTalunuu.



38 Espaasutickuti Coto3 YueHbix. Cepus: mexHu4deckue u chusuko-mamemamudeckue Hayku. # 4(129), 2025

B ycnoBusix ocnabieHus LEHTPaIN30BaHHOM
MOJAJEPKKU cO cTopoHbl SAP, poccuiickue koMmnaHuu
pa3pabaThIBalOT r’HOPUIHBIE MEXaHU3MBI 00ECIICYCHUS
KOHTpPOJISl, MOHHUTOPHHIA W W3BJCYEHUS OW3HEC-
JIOTUKU. DTO OCOOEHHO BaXKHO JUISl CIIELHAIHMCTOB 10
MaTepHuajaM 1 3aKylnKaM, paboTaronx B Moayie MM,
r/ie CTaOMIBHOCTD TPAaH3aKIMi KPUTHYECKH BIMSACT HA
MIPOM3BOJICTBEHHBIC M JIOTHCTUIECKHE TIPOLIECCHI.

OTHAKO B POCCHHCKHX YCIIOBHSIX OHH TPEOYIOT
apgantauuu. Kak noguepkusaet B.B. Kyteitnukos [3],
ONHOM M3  XapakTepHBIX  CTpaTeruid  cTayio
HCTIOJIb30BaHUE TMPOMEXKYTOUYHBIX pEIIeHU Ha Ha
OCHOBE  OTKPBITOTO  HCXOAHOTO  KOJa,  4TO
MOATBEPXKAAIOT  KEHCBI, paccMOTpeHHble M.M.
Bonxosem [1] 1 N.A. ®uonunsm [4]. B tabmume 3
paccMOTpEeHBI THIIOBBIE HHCTPYMEHTHI «OOXOIHOTO

Mo mamaeiMm Uddin [9], B pa3BUBarOmumxcs  aHAIH3ay, MOIU(HUIHPOBAHHBIE c y4eTroM
CTpaHaX HWCHOJB3YIOTCS OOBEKTHO-IICHTPUPOBAaHHBIE  OTedecTBeHHOH M T-mpakTuku.
MOAXOBI K JIOTHPOBAHHWIO U MPOLECCHOMY aHAJH3Yy,
Tabmuna 3
HNHCcTpyMeHTBI 00X0JHOT0 KOHTPOJISI M AHAJIN3Aa B POCCHIICKUX peanusix
(CocTaBJjieHO aBTOPOM HA OCHOBe HCTOYHHUKA: [9])
Hems WuctpymeHT IIpenmymecrsa Orpanuuenus
Wnentndukarms Interactive SAP BicTpast HABUMALIA IO ¢ . Tpebyercs Neo4J +
TIPOIIECCOB Explorer P TPYKTYP ECC
OCEL-coBMecTUMBIi . Tpebyer RAM +
INoctpoenue noros CraHmapTH3UpOBaHHKIH (hopMaT o
9KCTPAKTOP HaCTPOHKY
Monuropusr Zabbix / SNMP C OTKPBITBIM HCXOHBIM KOZIOM, TpebyeT HacTpoiiku 1
JIOCTYITHOCTH (DYHKIMOHUPYET JIOKAJILHO TIOJUICPIKKH
Tak, Interactive SAP Explorer mo3Bomser AHanm3 TOKa3all, YTO KIIFOYEBEIM (pakTopoM

BOCCTaHABIIMBATh CTPYKTypy TpomeccoB SAP 06e3
JIOCTYyTIa K OPUTMHAIBHBIM aHATUTHYECKHM CEPBHCAM.
IIpu 3TOM €ro ucmonb30BaHHE BO3MOXKHO TOJIBKO MPHU
Hanmmund ECC-maHHBIX M BHeIpeHUs rpadoBoii 06asbl
(marmpumep, Neo4)). OCEL-coBMecTHMEIE
OKCTPAKTOPHI 00ECHEYMBAIOT CTaHAAPTU3UPOBAHHYIO
BBITPY3KY  COOBITHHHBIX  JIOTOB, HO  TpeOyIOT
MpeBapUTEIbHON HACTPONKHM M BBIYHUCIUTEIBHBIX
pecypcoB.  HaumbGomee  maccoBo  MPUMEHHUMBIM
peLIeHHeM OKa3alcsi MOHMTOPHUHI Ha 0aze Zabbix u
SNMP,  KOTOpBIif  JIeTKO  HHTETpUpPyeTCs B
CYIIECTBYIOIIYI0 MH(PPACTPYKTypy M HE 3aBHCHT OT
BHEITHNX IPOBAaWAEPOB, YTO OCOOCHHO aKTyalbHO B
YCIIOBHAX CAHKIIUOHHOW HAarpy3KH.

Taxum 00pa3om, MOATBEPKICHO, YTO ATANTALMS
MM-cnenuanucTos Tpebyer M3MEHEHHUS
MOBEJCHYECKOM MOAENM W HHCTUTYLIHOHAIbHON
nepectpoiiku. CoueTaHne KyJNbTYpHOH aJanTaluy,
THOPUIHON apXHUTEKTYPHl M OOXOMHBIX TEXHHYECKHX
peuienuii popmupyeT yCTOHUMBBIA (yHIaMeHT s

UHTETpauuu  oredyecTBeHHbIX  ERP-pemienuii B
IPOU3BOJCTBEHHbBIE KOHTYPBI POCCUHMCKUX
MpeaPUITHHA.

3aki0ueHne

[IpoBeneHHOE HCCIIEOBaHHE BBISIBUIIO
UHCTUTYLUOHAJIBHBIE, HOBEICHYECKUE u
ApPXUTEKTypHbIE  JETEPMUHAHTHI,  OMNPEAECISIONUE

cnenupuky amantanun SAP MM-cnenuanncToB K
yCIIOBHAM 3aMermieHust 3apyOexxHeix ERP-pemenwii
OTEYECTBEHHBIMH IIaT(GOpMaMH. YCTaHOBIIEHO, HYTO
MpOIIeCC TEPEOPUEHTANH JaHHBIX CIICIHAJIICTOB
BBIXOJUT 32 PAMKH TEXHWYECKOH MepeKBaTH()UKAIIUH
W TpeACTaBIseT co0o0i TIyOOKyl0 TepecTpoiKy
NpoeCCHOHATBHOTO  TOBEACHHUS B  KOHTEKCTE
M3MEHsIoIeics HU(POBOH Cpebl M OpraHU3alnOHHON
KyJIbTYpPHI.

YCIICIIHON ajanTalyu sBIAeTcs HE (OopMaibHOE
Hamyne (yHKIHOHANBHBIX aHamoroB SAP MM B
poccHiicKIX cucTeMax, a (OpMHPOBAHUE yCTONIUBON
BHYTPEHHEH MOTHUBALMHM K HCIOJIB30BAHUIO HOBBIX
wiaT(GopM. ITO NOATBEP)KAACTCS MEANATUBHOHN POJIBIO
NIEPEeMEHHO «HaMepeHHe HCIONb30BaTh» B PaMKax
mozenu UTAUT, uro yka3plBaeT Ha IPUOPUTETHOCTh
paboThI C TOBEACHYECKUMHU aCIIEKTaMU — IPU3HAHHEM
HOBOTO NPO(ECCHOHATIBHOIO CTaTyca, OOYYCHHUEM B
YCIOBHUAX HEONPEACICHHOCTH M BCTPaWBaHHEM B
W3MEHEHHBIE OU3HEC-TIPOIECCHI.

Ocoboe 3HayeHHE TNPHOOPETAOT CILEHAPHH,
COYEeTaoNINe HMHCTUTYLIMOHAIU3UPOBAHHYIO
NepeKBaM(pHUKAIIIO C apXUTEKTYPHOU afanTayen — B
TOM YHCJIIe Yepe3 NPUMEHEHNE OOXOHBIX TEXHUUECKUX
pelleHH,  JIOKaIU30BAHHBIX  HUHCTPYMEHTOB  C
OTKPBITBIM HCXOJHBIM KOAOM M THOPHIHBIX CXeM
noanepxku. B ycnosusix gpparmentupoBannoro ERP-
naHmadra v OrpaHMYEHHON BEHAOPCKON TOAIEPIKKU

TaKWe  CTpPaTerMH  CTAHOBATCA  OCHOBOM  JJIA
(dhopmMupoBaHus HOBBIX MojIeTIei U poBoOi
YCTONYMBOCTH.

Takum oOpazom, aganramus crenuamructoB SAP
MM «k oredectBeHHBIM ERP-mmardgopmam — 3t0
WHIAKATOP 3peNocTH KOPITIOPATHBHOM
TpaHc(hOopMaIHH. Ona  Tpebyer  MHTErpauuu
MOTHBAI[MOHHBIX MEXAaHHU3MOB, HWHCTUTYLIMOHAIbHOMI
MOJAEPIKKH u TEXHOJIOTUYECKOH THOKOCTH,
o0ecrieynBaONIeil MPEeMCTBEHHOCTh JIOTHCTHYECKUX
TIPOIIECCOB. [lepcriekTHBEHI JaTbHEeHIIX
WCCIICIOBAHUHA  BKJIOYAIOT  pa3padOTKy  METPHK
aIanTallHOHHON TOTOBHOCTH, IMIUPHUIECKYIO

Banmuaanmio anantupoBanHoit mogemn UTAUT wu
(hopManu3auio cTpaTeruii MEHTOPCKOHN MOIEPIKKH B
YCIIOBUSIX MHOTOYPOBHEBOH IIM(POBOI IIEPECTPOHKH.
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COBPEMEHHBIE POCCUMCKUE YHUBEPCUTETHI - ®OPMbI U TIPOCTPAHCTBEHHASI
CTPYKTYPA.

Kawrko

AHHOTALMS
Crarbs MOCBsIIIEHA UCCIIEOBAHUIO PA3JIMYHBIX THIIOJOTHH KOMIUIEKCOB YHUBEPCUTETOB B Poccuu.
ABSTRACT
The article is devoted to the study of various typologies of university complexes in Russia.
KnroueBbie cioBa: ['opojackue paccpeIoTOYEHHBIE KOMIUIEKCHI, JIOKAIbHBIE KOMIUICKCHI, TPUTOPOIHBIH

JIOKQJTbHBIN KaMIlyC, KaMITyC «Muxct»

Keywords: Urban dispersed complexes, local complexes, suburban local campus, campus "Mixed"

YHHUBepCUTETCKUE KaMITYyCBI, Kak
TPafOCTPOUTEIEHBIC 0OBEKTHI, 1o CBOEMY
BO3HHKHOBEHHIO MOYKHO Pa3AeINTh Ha 2 TPYIIIIbL:

- CTpOSIIMICS Ha HOBOM MecTe (3arOpOIHBINA
YHHUBEPCHTET)

- BCTpPaWBaeMBIi B CYIIECTBYIOIIYIO TOPOICKYIO
TKaHb (TOPOJCKOH YHHBEPCUTET)

Jlanee  KOMILIEKCHI  YHHUBEPCHUTETOB  MOXKHO
pa3AenuTh Ha PacCpPeIOTOUEHHOI0O U JIOKAJIbHOT'O THUIIA.

l'opoackue  paccpeJOTOYEHHBIE  KOMILIEKCEI
NPE/CTABISIOT COOOH HE eIUHOE IPOCTPAHCTBO
KaMITyca, a COBOKYITHOCTb OOBEKTOB, PacCesHHBIX B
TOPOJICKOH cpejie.

K HuUM MOXHO OTHECTH 31aHHMS MOCKOBCKHX
BY30B, Takux Kak «MOCKOBCKUI apXUTEKTYpPHBIH
YHUBEPCUTET (Mapxn), «MockoBckuit
TOCY/TapCTBEHHBIM JIMHTBUCTHYECKHHA YHHBEPCHUTET)
(MI'JTY), «MockoBckass akaieMusi SKOHOMHKH U
TpaBay (MADII), «MockoBckuit WHCTUTYT
opucnpyaeanun»y (MUO) u apyrue, rae oOmeKuTe

h  HCEKOTOpLIC y‘le6HI)Ie Kopmyca HaxoAuTCd B
3HAYUTCIIBHOM yYAajieHuu oT By3a. Takas
paccpeaOTOYCHHOCTD 3,HaHPII71 y‘IC6HBIX KOpITyCOB

MeIllaeT KOOpANHALMH y4eOHOTO Ipolecca.
JlokasibHble KOMIUIEKCBHI IPEJCTaBIAIOT cOoOOH
MMEHHO KaMITyChl (KaK TePPUTOPHAJIBHBIC €IUHHIIEI)
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BBICOKOW IUIOTHOCTH, OOOCOOJCHHBIE B TOPOJICKON
3acTpoiike. CTPOUTEIHCTBO JIOKAIBHBIX KOMIUICKCOB
6b110 XapaktepHo g CoBeTckoit apxuTeKTypsl 50-80

rr. K spkum  mnpumepam  JMHEHHOW — CXeMBI
(YHKIIMOHAJIBHOTO 30HUPOBAaHUS TeppUTOpHH Bysa
MOXHO OTHECTH 3IaHAA KOMIIIEKCOB:

«JIeHuHIrpaACKuil TrOCyAApCTBEHHBIA YHHUBEPCUTET)
(apxurexTopst 1. ®omun, B. Macnos, C. Muxaiinos u
Ip.), «HemsOMHCKUN TOCYJapCTBCHHBIH YHHBEPCUTETY
(apxurextopsr H. YcrunoBmd, JI. Vmnesaunkwii, O.
UYepnsimes u 1p.), «KemepoBckuii rocynapcTBeHHBIN
yHuBepcuteT» (apxutextopsl [I. IlurtoBuu, O.
OnuHIOBA).

IIpuropoanslit (3aropoHslii) JIOKQJIbHBII
KaMIyC, PpacHOJOXEHHBIH 3a MpefenamMH IIIOTHON
TOPOJCKON 3acTpOMKH, XapaKTepeH [Ull KpYIHBIX
YHHUBEPCHUTETOB, UCCIIE0BATEIBCKUX LEHTPOB.
Crpanoit co3mateneM KamiycoB sBisiercs CILIA.
[loHsATHE «KaMIyc» BIEpBbIE OBUIO HPHUMEHEHO B
ormmcannu [IpuHCTOHCKOTO yHHBepcurera (XVII B.).
OHO O3Ha4aeT MOJIe WIN OTKPBITOE MPOCTPAHCTBO (C
mar.). CeromHs KamIlyc OCTaeTcs JOMHHAHTHOH
dbopmoii pasmerienust yausepcuteroB B CIIIA. B

KOMIUIEKC, BKJIIOYAIOMIMH B ce0si yHUBEPCUTET W
naboparopun 1o pa3paboTke M KOMMeEpLHaIU3alin
HOBBIX TEXHOJIOTHH.

YerBepThlld THI Kamilyca — Kamiyc «MHKCT» —
9TO HOBOE Ka4yeCTBO OOIIECTBEHHOTO NPOCTPAHCTBA,
KOrZla TEPPUTOpPHS €ro0  «HAKJIAJbIBACTCA»  Ha
CYIIECTBYIOIIYI0 YpOaHM3UPOBAHHYIO TEPPUTOPHIO,
HCTIONB3YS €€ 0COOEHHOCTH, ¥ (YHKIMOHHUPYET ¢ Hel
KaK eIMHOE OOIIECTBEHHOE MPOCTPAaHCTBO. B manHOM
clydae KaMIyC YHUBEpcHTeTa OepeT Ha ceOst QyHKITHTO
nomuHanTel. MI'TY um. baymana, HoBelii xoprmyc,
OTKpBITEIN B 2024 Tony, sABNSETCS SAPKUM IPUMEPOM
«MHUKCT» KaMIIyCOB. YHUBEPCHUTET SBISETCS YacCTbIO
palioHa bacMaHHBII U COCTOUT U3 LEHTPAIBLHOIO
KJacrepa, MHOTO(YHKIIHOHAJIEHOTO
TEXHOJIOTHYECKOTO M Hay4HO-00pa30BaTelbHOTO
KomIutekca «KBaHTyM-Tapk», KOMIUIEKCa OOIIEKUTHI
1 BEJIOTIENIEX0JHOT0 MOCTa yepes fys3y.

B coBpeMeHHO poccuiicKoil rpaqoCTpOUTENBHON
MIOJIMUTHKE HAWOOJNBIIYIO0 MOIYJSIPHOCTH MpHOOpeTaeT
NIPOCKTUPOBAaHUE  KBapTaJOoB C  Pa3HOOOpa3HOM
CMEIIaHHOH 3aCTPONKOI 3MaHNH Pa3THIHBIX (QYHKINH.

Poccun x mpUropoAHBIM KamIycaM MOYKHO OTHECTH Jlutepatypa
NunoBanuonHsiii eHTp «CKONKOBO» - COBpEMEHHBIN 1. IIyukoB M.B. «ApxuUTeKTypa
HAyYHO-TEXHOJIOTUUECKHIA VHHOBAIIMOHHBIH  YHUBEPCUTETCKUX KOMILIEKCOBY»
OOPMUPOBAHUE AMEPUKAHCKUX YHUBEPCUTETOB.
Kawko

AHHOTAIUA
Crarpsi TOCBSIILIEHA HCCIEIOBaHHIO (OpPMHpOBaHMS aMEpUKaHCKUX BYy30B. BbIsBieHa Tpanchopmanus

Jy’KaliKyl B IPOCTPAHCTBO Y4eObl.

ABSTRACT
The article is devoted to the study of the formation of American universities. The transformation of the lawn

into a learning space is revealed.

KuiroueBble cji0Ba: yHHUBEPCUTET-KAMITYC, aMEPUKAHCKUI YHHBEPCHUTET, HAMSITHHK APKOBOT'O MCKYCCTBA.
Keywords: University Campus, American University, a monument of park art.

C MOMEHTAa BO3HHUKHOBEHHUS MEPBBIX
YHUBEPCUTETOB Ha  TPOTSHKCHHUH 9 BEKOB,
YHUBEPCUTETCKUE KOMIUIEKCH BBICTYMAIU IIEHTPaMHU
obMeHa 3HaHWMid, a B 19 Beke - ABUTaTENIeM Mporpecca.
Jonroe BpeMs OHU pacmojarajinch B IEHTPAILHON
YaCcTH TOPOJIOB U SIBJBLINCH IEHTPAMH aKTHBHOCTH.

B cepenune XVII Bexka B mpeasiBepu SIOXHU
IIpocBemieHnss HaYyMHACTCS HUCTOPUS aAMEPUKAHCKUX
By30B. Mogenb, 3apoauBliascs B Hosom Csere,

HpeJCTaBIsIeT coboif MPOTUBOMNON0KHOCTh
€BpPOIEICKOMY IIOXOMy K MHTErpalud y4eOHBIX
3aBECHUH B  TKaHb  TIOPOAOB.  YupeauTenu
aMEpPUKaHCKUX YHHMBEPCUTETOB pELIAIOT CTPOUTH

3aHUSI YHUBEPCUTETOB Ha MPHUPOAE, 32 TOPOJICKOU
yeptoil. Tak, 3apoiuiack MOJEIb KaMITyca.

TapBapn - nepssiit yauBepcuter HoBoro Caera,
OCHOBaHHBINA B 1636 roay, mogy4mI y9acTOK B IIECTH
kuioMmeTpax or boctona. Ha Hem ObuIo mocTpoeHO
KpynHOe MHOro(yHKIMOHalIbHOE 3/aHue - ['apBapa-
XoJu1, B KOTOPOM COCPEIOTOUMIINCH BCE HEOOXOJMMBbIE
(GYHKIMM A0S KU3HM CTYZIEHTOB. B omimume ot
€BPONEHCKUX YHUBEPCUTETCKUX KaMITyCOB IUIaH

lapBapa-Xomna wmen pa3zomkHyTyio Il-00pa3Hyto
(bopMy: KOpITYC C AByMSI PU3AIUTAMH U KYPJIOHEPOM.

CaMo clI0BO «KaMITyc» (B MepeBo/ie ¢ JaT. - MoJie
WIN OTKPBITOE MPOCTPAHCTBO) B €r0 COBPEMEHHOM
3HAYEHUH BIIEPBBIE OBUIO MCIIONB30BAHO CO3AATEIIMU
IIpuncronckoro ynuBepcuteta B 1774  rony.
PacrionoxeHHbIif B IIyOMHE 3€JIEHOTO  YYacTKa,
miomanpo 6,5 ra, Baajgeke OT YJHUIbI, OTPOMHBIH
Haccay-xomr obecrieunBan Bech )XKU3HEHHBIH UK 150
CTYJICHTOB U ITPO(ECCOPOB.

BTopbIM 3TaroM pasBUTHS aMEPHKAHCKHX BY30B
CTaJl NpoekT YHuepcurera Bupxunuun Tomaca
xedpepcona (1822 r.), mpesugenta CHIA. MmenHo
TYT BIIEPBEIE JTyXKaiKa MpeBpariaeTcs B MPOCTPAHCTBO
yaeObl. CriecTBHEM TNPHUIAHUS 3HAYCHHS 3EJICHOMY
MPOCTPAHCTBY  CTAaHET  paccBeT  JaHAMA(THOU
apxutekTyps! B yHnBepcuteTax CHIA mHa py6exe XIX
— XX  BexkoB. bonpmumHCTBO  TeppuTOpHi
yHuBepcuretoB  XVII Beka cerogHs sBIAOTCA
MaMATHUKaMU TapKOBOTO HCKYCCTBA.

Eme ogHuM 3Tanom, U3MEHUBIIUM apXUTEKTypy
YHHUBEPCHUTETOB, CTaJIo BIIMSIHUE 3amaJ{HbIX
monepructoB (Jle Kop6ro3be, I'pormmyc, Mucc BaH nep
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Poo, Depo Caapunen). CrpoeKkTupoBaHHbIE
OTJCNbHBIC 3JaHHUS WM KOMIUICKCHI HMCHUTBHIMU
apXMTEKTOpaMH  CTaHOBHJIMCH  000COOJICHHBIMHU
aKIEHTaMH, a JOpOT'M U 3elIeHble MPOCTPAHCTBA
SIBIISUTACH (DOHOM.

AMepUKaHCKHEe KaMIyChl H3HAYAJIFHO HMEIH
OONBIION 3amac TEPPUTOPHH, UTO TO3BONMIO UM
CTPOHUTH MeracTpyKTypsl. IlocTosHHOE TpOoXHWBaHUE
CTYICHTOB W TIPEro/iaBaTelieii B YHHUBEPCHTETCKOM
ropojke SIBIISLIIOCH OTJIMYUTEIBHOU yepToil
YHHUBEPCHUTETOB. Iostomy ApXHUTEKTYPHO-
IUIAHUPOBOYHAS CTPYKTypa YHHBEPCHTETa JOJDKHA
ObUTa OTBEYATh PAa3HOCTOPOHHHM (DYHKIIMOHAIHHBIM
MOTPEOHOCTSIM ITPO’KUBAIOLIUX B KAMITYCE CTYJCHTOB U
npernoiaBarenei.

CerogHst KaMIyc - 3TO KJIACTEPHBIH KOMIUIEKC,
BKIIOYAIONIMA B ceOs  yueOHBIe,  HaydHO-
nabopaTopHsIe, OTIBITHO-TIPON3BOJICTBCHHBIE,
00IIIeCTBEHHO-PEKPEAIMOHHbIE W JKIJIBIC 3JaHUS U
COOpPY>KEHHsI Ha eIMHONW 000COOIEHHON TEeppUTOpPHH,

Jlutepatypa
1.KponoroBa, O. B. CoBpeMeHHblIe
TeHAeHIH ¢hopmupoBanus
APXUTEKTYPbl KWJIOH CTyleH4YecKou

cpeabl [JaexkTpoHHsiii pecype] / O. B.
KponotoBa // ApXHTeKTOH: H3BECTHA
BY30B : 3JIEKTPOH, KyPH. - 2006. - Ne 14. -
Pexxum aocTyna http://
archvuz.ru/numbers/2005_2/k28.

2. ®apeeBa, M. OT MOHACTBIPS 10 KpeMJs
/ M. ®aneesa // Ilpoexkt Poccus. - 2011.-
Ne3 (61).-C. 80-91.

3.I1yukoB M.B. CTtaThsl «YHHUBEPCUTETCKHUI
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METO/Ibl OBHAPYKEHHUS U YCTPAHEHHUS CKPBITBIX JIEOEKTOB B CETSX YETBEPTOI'O
U OSITOrO MOKOJEHUM

Caxkaesa Onvea Banepvesna
Hnorcenep monumopunea mobunvhou cemu, Hncenep no noooepaicke moounvrou cemu I xamezopuu
Ypa, PO

METHODS FOR DETECTING AND ELIMINATING LATENT DEFECTS IN 4G AND 5G
NETWORKS

Sakaeva Olga
Mobile Network Monitoring Engineer, Category 1 Mobile Network Support Engineer
Ufa, Russian Federation
DOI: 10.31618/ESU.2413-9335.2025.1.129.2195
AHHOTADIMUS

B paGote BbITIOTHEH 0030p COBPEMEHHBIX M IMEPCHEKTHUBHBIX METOIMK OOHApyXEeHUS M KOPPEKTHPOBKHU
nateHTHbIX Aedektor B ceTsix 4G/5G. OTnenbHOe BHUMAHUE YCICHO aHAIU3y 00JbIuX 006EMOB AanHbiX (Data
Mining), anropuT™MaM MallMHHOTO 00yudeHHs1 U TiayOuHHOro oO0ydenus (ML/DL), npeuKkTUBHOI aHAaIUTHKE, a
TaKKe MPOAKTUBHBIM CTPATETUsIM yIPABJICHUs CEThIO. B 4acTHOCTH, paccMaTpuBarOTCs 0COOCHHOCTH BBISIBICHUS
JeeKkToB B KOHTEKCTE BUPTyaiu3aluu ceTeBbix ¢pyHkiuii (NFV), nporpammuo-koHdurypupyemsix cereii (SDN)
n MexaHm3Max cereBoro cermeHtupoBaHus (Network Slicing) B 5G-apxutekrype. Ha ocHoBanHMH
CHCTEeMaTH3alMH JINTEPATYPHBIX M AMITUPHUUYECKUX HCTOYHHMKOB OITMCAaHAa CXeMa KIAcCH(HKALMM JIATEHTHBIX
nedekToB, a Takke MPeJCTABIEHBI aJITOPUTMBI X YCTPaHEHHMS, HANPaBJICHHBIC HA MOBBIIICHHE HAaJIEXHOCTH U
MPOU3BOJUTENEHOCTH  CETeBOM HMHOPAcTpykTypbl. Hay4ynas HOBW3Ha 3ariiodaeTcs B IPEUIOKCHUH
KOMOMHHPOBAaHHOTO 1TOJIX0/Ia, COYETAIOMIETO MPEANKTHBHYIO aHAJIUTUKY MAIIMHHOTO O0YYeHHS C MEXaHH3MaMH
CaMOOpPraHW3aluy U aJalTHBHOTO YIPABJICHHUS CETEBBIMH pECypcaMM B PealbHOM BPEMEHHM, YTO MO3BOJISET HE
TOJIbKO OIEPAaTHBHO BBISIBIISATH CKPBHITBIE OTKJIOHEHWsI B paboTe, HO M aBTOMATHYECKH KOPPEKTUPOBATH
koH(puUrypanuto cerd. IlodydeHHbIe pPe3yNbTaThl NPEACTABISAIOT NPAKTHYECKUIl HMHTEpeC ISl HMH)XEHEPOB,
uccieoBaresieil 1 pyKoBOAUTE e, OTBETCTBEHHBIX 32 HKCILTyaTal[Mi0, ONTHMH3ALIUIO U JajbHeilllee pa3BuTHe

MOOHJIBHBIX KOMMYHHUKAIIMOHHBIX CHCTEM.

ABSTRACT

The paper provides an overview of modern and promising methods for detecting and correcting latent defects
in 4G/5G networks. Particular attention is paid to the analysis of large amounts of data (Data Mining), machine
learning and deep learning algorithms (ML/DL), predictive analytics, and proactive network management
strategies. In particular, the paper considers the features of defect detection in the context of network function
virtualization (NFV), software-defined networks (SDN), and network slicing mechanisms in 5G architecture.
Based on the systematization of literary and empirical sources, a classification scheme for latent defects is
described, and algorithms for their elimination are presented, aimed at improving the reliability and performance
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of the network infrastructure. The scientific novelty lies in the proposal of a combined approach combining
predictive analytics of machine learning with self-organization mechanisms and adaptive management of network
resources in real time, which allows not only to promptly identify hidden deviations in operation, but also to
automatically adjust the network configuration. The obtained results are of practical interest to engineers,
researchers and managers responsible for the operation, optimization and further development of mobile

communication systems.

KiaoueBble ciaoBa: moOunpHas cetb, 4G, LTE, 5G, ckpwiThie nedexTsl, oOHapyXKeHHE aHOMAIHH,
mammHHOe 00yuenue, NFV, SDN, Network Slicing, QoS, QoE, NOC, MOHUTOpHHT CeTH.
Keywords: mobile network, 4G, LTE, 5G, hidden defects, anomaly detection, machine learning, NFV, SDN,

Network Slicing, QoS, QoE, NOC, network monitoring.

Beenenne

CTtpeMuTENnbHOE HapallMBaHUE BO3MOXKHOCTEH
MOOWIILHBIX CETeH, 3HaMeHyeMoe mepexooM oT 4G K
5G, mpenpsABISeT K ONeparopaM M MPOU3BOJMTEISIM
obopynoBaHus Bcé Oosee KECTKHE TPeOOBAHUS IO
obecrieueHnIo Ha&KHOCTH u Ka4yecTBa
npenocTaBisieMbix cepBucoB [1, 9]. CoBpemeHHBIE
ApPXUTEKTYpBl MOOWIBHBIX ceTel, O00BenuHSIomue
BUPTYyaJTU3AIIHIO cereBpix  Qymkmuin  (NFV),
nporpaMMHO-KoHpurypupyemeie ceta  (SDN) wu
TEXHOJIOTHIO ceTeBhIX chaiicoB (Network Slicing),
MOPOXKAAIOT  HOBYIO  Kareropuro  mpoodjiem —
JIATEHTHBIE, U «CKPBITBIE» Ae(eKThl. B oTnmuune ot
KJIACCHMYECKHUX allapaTHbIX 0TKA30B, OHH HE IIPUBOIST
K MTHOBEHHOMY OOECTOYMBAHHIO YYacTKOB CETH, a
NPOSIBISIFOTCS.  JIMIIB B TOCTENEHHOW Jerpaialun
KJIFOYEBBIX MMOKa3aTenel (IPOIyCKHON CIIOCOOHOCTH,
3aJepP)KKH, JUKATTEPA) WM B SIHM30ANYECKHX COOSX,
KOTOpPBIE  CIOKHO  OTCIEAWTh  TPAAMIIMOHHBIMHU
CpeACTBAMH MOHHUTOPHHra. MOHHTOPHHT MOOMIBHBIX
CeTell TMpPEencTaBIseT COOOH BaXHBIH KOMILICKC
MPOLIECCOB, WHCTPYMEHTOB u ANTOPUTMOB,
TapaHTHPYIOIINX MPEACKAa3yeMyl0 U YCTOHUYUBYIO
paboTy CepBHUCOB.

HecMoTps Ha  OTAeNbHBIE  HCCIIENOBaHMS,
NOCBSIEHHBIE ~ MOHMTOPMHTY M PEaKTUBHOMY
YCTPAaHEHHI0 CETEBbIX aHOMajluil, B HAy4yHOM
JUTepaType  HEIOCTaTOYHO  CHUCTEMaTH3MPOBAHO
NMOHMMaHWE  IPUPOJABI  CKPBITHIX  JNe(EeKTOB B
rereporeHHbIX cetax 4G/5G. OTcyTcTByeT enuHas
METOJI0IOTUsT MIPOAKTUBHOTO BBISIBIICHUS "
MHTEJUIEKTYaIbHOTO YCTPaHEHMs TAaKHX aHOMAJIHH,
aJanTupoBaHHas K  MHOTOCJIOMHOW  JAWHAaMuKe
COBPEMEHHBIX MOOMIIBHBIX CHCTEM.

eabio SIBJISICTCS 000CHOBaHHE
MHTETPUPOBAHHBIX ~ METOJOB  OOHapyXeHHs U
HEeWTpaln3alMd  CKPBITHIX JAe(PEKTOB B  CETEBBIX
HHPPACTPYKTYypax 4eTBEPTOTO U MATOTO MOKOJICHUH Ha
0aze mepenoBBIX HMHCTPYMEHTOB aHain3a OOJBIIMX
JAHHBIX M METOJIOB MCKYCCTBEHHOTO HHTEJUIEKTa C
HEeNbl0  TOBBINIEHUS  O0med  Hau&KHOCTH |
3¢ PeKTUBHOCTH (PYHKIIMOHUPOBAHUS CETH.

Hayunast HOBH3HA 3aKIII09aeTCs B IIPEIUIOKCHUN
KOMOMHHPOBAHHOTO HOAXO0/a, COYETAIOIIETO
NPEJMKTUBHYIO aHAINTHKY MAIIMHHOTO OOy4YeHHus ¢
MEXaHW3MaM{ CaMOOpTaHHM3alMi ¥  aJalNTHBHOTO
VIpaBJCHUsI CETEBBIMH peCypcaMH B PealbHOM
BPEMEHH, YTO TII03BOJSIET HE TOJBKO OIEPaTUBHO
BBISBJIATH CKPBITBIE OTKJIOHEHHs B pabore, HO U
ABTOMATHYECKH  KOPPEKTHPOBaTh  KOH(QUTYpaluio
ceTu.

I'nnore3a yccnenoBaHusl OCHOBBIBAETCS Ha TOM,
YTO TIPUMEHEHHE aHCaMOJsl METOJOB MAIIMHHOTO
o0y4eHHs, KaKk C y4yuTelleM, Tak U 0e3 yduTens, B
CBSI3KE C aHaIM30M OOJIBIINX OOBEMOB JAHHBIX O
cocrostunu cetu (Big Data Analytics) u mozaensiMu
mudposeix  nBoitaukoB (Digital Twins) mo3BoauT
MOBBICUTh TOYHOCTH M CKOPOCTh OOHApY>KCHUS
JATEHTHBIX JAE(PEKTOB U aBTOMAaTU3UPOBATh HX
yCTpaHCHHE TIpH MUHHMalbHOM BO3JCHCTBHH Ha
TI0JTb30BATEIECKUH OTIBIT.

Marepuajbl 1 METOABI

B mocnennue ronmel 3amaya OOHApyKEHUS U
YCTPaHEHUsI CKPBITHIX 1€(EKTOB B CETSAX YETBEPTOTO U
ISITOTO  TOKOJIGHWH TpHBJIEKaeT BHHUMAaHUE Kak
OTpPaclieBbIX AHAIUTHKOB, TaK M aKaJeMHYECKOTo
coobiectBa. [Ipexne Bcero, B OTpaciieBbIX OTUETAX
ompezaenseTcs Habop  KIIOYEBBIX  IOKaszarenei
sa¢ppexruBHOCcTH (KPI) 1 maérest mx neneBoe 3HaUCHUE,
9TO 33/1a€T OCHOBY UISl MTOCIIEAYIOIETO MOHUTOPHHTA
u oOHapyxeHus otkiioHeHui. Tak, B Ericsson Mobility
Report momguépkmBaercst pocT  TpeOOBaHME K
MOKa3aTelsIM JIOCTYITHOCTH M JIaTeHTHOCTH B 5G-
cpene, OJHAKO METOJOJOTHYECKHE IOAPOOHOCTH IO
U3MEpEeHUI0 Ne(eKTOB OCTAIOTCS He pacKpbIThiMu [1].
Awnanornuno, B peidituare GSMA Intelligence The
State of 5G 2024 npuBOASATCS CpaBHUTEIbHbIC JaHHbIC
10 Ka4eCTBY CBSI3W B Pa3JIMUHBIX PErMOHAX MHPA, YTO
NIOMOT'aeT BBISIBUTh aHOMAJIMH Ha YPOBHE OIEPaTOPOB
U TEppUTOpPHH, HO HE 3aTparuBaeT BOINPOCHI
ABTOMATH3MPOBAaHHOTO  OOHApYXKEHHS  CKPBITHIX
nedexroB [9]. SNS JU 6G KPIs — Definitions and
Target Values ycraHaBIMBaeT OpPHUEHTHPHI II0
MOKa3aTesIM JUIsl CEeTeH IIeCTOro IOKOJICHHS, YTO
yKa3bIBaeT Ha HE0OX0ANMOCTh pasBUTHS
JETEKTUPYIOIUX MeXaHU3MOB yxe B pamkax SG,
OJTHAKO HEIOCPEJICTBEHHO METOAMKH HE 00CYXKAaeT
[8].

J1J1st nostyueHust KOHKPETHBIX HHCTPYMEHTAIIbHBIX
NOAXOAOB K HW3MEPEHHIO0 CETEeBBIX IapaMeTpoB
BaXHBIM BKJIaJIoM cTajga pabora Jlazaps P.I. wu
c0aBTOpOB [7], B KOTOpOH pa3paboTaHa METOMOJIOTHS
peasbHOrO BpeMeHH JuIs cOopa M aHalli3a JAaHHBIX MO
nokaszaremsiM cetd 5G, BKIIIOYaroLias JOKaIbHBIA U
o0JIauHBIil KaHaJIbl W3MEpPEHUH, KOPEUISIIMOHHBIN
aHAIM3 M BH3YalM3alMIO pPE3yJbTaTOB C LEIbIO
BBISBJICHUSI CKPBITHIX Je(EKTOB KOHQHUIYypaluu u
repeiau TaHHBIX.

OtnenbHOE HalpaBJleHUE HCCIIeJOBaHUI
MOCBSIIEHO TPUMEHEHHIO METOJOB HCKYCCTBEHHOT'O
WHTEIJIGKTa ¥ MAIIMHHOrO  OOy4eHus  Juist
OINITHMU3AIIMU 1 MOHUTOPUHIA CETEBBIX PECYPCOB, YTO
HampsIMyl0 ~ CBSI3aHO € 3ajaueil  OOHapy’>KeHus
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anomanuii u nedekros. B 063ope AI/ML for 5G and
Beyond mpezncraBneHbl Kak KIacCHYECKHE METObI
KJIacTepH3aliM, TaK M COBPEMEHHBbIC HeHpoceTeBble
AapXMTEKTyphl IS TpEACKa3aHHs  OTKa3oB U
YXyIIICHNUs] KadecTBa OOCIY)XMBaHHS B pealbHBIX
ycnoBHAX dKcIutyaTanuu cet 5G [2]. bukkacann 11.K.,
Epabomy M.P. [4] BEITOTHSIOT BCECTOPOHHUN aHATIHN3
HOJXOJIOB K paclpeleeHHI0 PeCypCoB, YIPaBICHHUIO
TpaUKOM M IWHAMHYECKOMY CpPE3HPOBAHHIO CETH
(network slicing) Ha OCHOBE aNTOPUTMOB TIyOOKOTO
OOy4YeHUsI M YCHJICHHOTO OOYdYeHUs, NOM4EPKUBas UX

3¢ QeKTUBHOCTE B  OBICTPOM  OOHapyXCHHH U
JOKAJIM3allMd  CKPBITBIX  «Y3KHMX  MecT» B
undpactpykrype. B mybnumkamum  Usep P,

T'onanakpumHas B. [5] cucteMaTusupyoTcs NpuMepsl
ceppucoB Ha ©Oaze UWU B 5G, BriIrouas
ABTOMATH3HPOBAHHBIE CHCTEMBI KOPHEBOTO aHallM3a
npranH (root-cause analysis) W TPETUKTUBHOTO
o0CIyXHWBaHHSA, 4YTO  TIO3BOJAET HE  TOJIBKO
(uKkcupoBaTh, HO W NPENOTBPAIATH IIOSBICHHE
nedexkToB Ha paHHMX CTaguAX. [IpakTHueckyro
peanu3ayio MOAOOHBIX HAEH WLTIOCTPHPYET CTaThs
Al-Powered Network Monitoring for 5G Stand-Alone
Infrastructure, rae onvcaHbl HHCTPYMEHTHI i cOopa
TeJIEeMETpUN M TPHUMEHEHHs MOJeJed MAaIlUHHOIO
o0yueHHs B pEXHME pEaJbHOTO BpPEeMEHH s
OoOHapy>XeHHsT OTKJIOHEHHM B TIOBEACHHUH CETH U
WHULMUPOBAHUS KOPPEKTHUPYIOIUX omepanui 06e3
BMeEIIATENbCTBA onepaTopa [3].

OtaenpHOE BHUMaHHE YJENSETCS BOIPOCaM
6€301macHOCTH U KHOEP3aIUThl, TTOCKOJIBKY CKPBITHIC
nedekTsl 9acTo MOTyT OBITH CIEICTBHEM HE TOJBKO
anmapaTHeIX c00EB, HO W IIEJCHANPABICHHBIX aTak.
CeiitkynoB E. u coastopel [10] paccmarpuBaror
npuMeHenre MeTooB M 11t MOHUTOpPHUHTA COOBITUIM
6e3omacHOCTM B SUEHKOBBIX  CETSIX, BKIIOYAs
ANTOPUTMBI KJIACTEpU3aAIMK JIOTOB U HeipoceTeBbIe
JIETEKTOPbl ~ BTOPXKCHWH,  CIIOCOOHBIE  BBISBIATH
CIIO>KHBIE MHOT'OCTYIIEHUaThIe aTaKH,
3aMacKUpOBaHHbIE 1101 POHOBBIN Tpaduk cetn 5G.

B pamkax wuccremoBaHMi  OeCTIPOBOIHBIX
camoopranuzyromuxcs cereit (AD-HOC) Anmrybaku
XM. u Tymxos .M. [11] npencraBisoT
AQHATUTHYECKYIO CPaBHHTEIILHYIO OLICHKY
COBPEMEHHBIX ~ NPOTOKOJIOB  MAapUIPyTH3alUM |
COTJIACOBAHUS KJIacTepa, yKa3bIBas Ha UX YS3BUMOCTH
U TOTCHLUAIbHBIE Ae(EKThl TOIMOJIOTHH, a TaKXke
OTHCHIBAIOT AJITOPUTMBI CAMOUCIIPABICHUSI HA OCHOBE
pacrnpeieéHHBIX IBPUCTHK U MEXaHM3Ma «COCETHEH
npoBepkm» (neighbor checking), uto MoxeT OBITH
anantupoBano u st 4G/5G-KOHTEKCTOB B 4acTH
00OHapy>KEHHSI JIOKATBHBIX COOEB CBS3M.

Hakonen, B pabore AmntoHoBa W.C. wu
Ponnonosoit B.H. [6] mnoguépkuBaercs  poiib
midpoBoii  TpaHchopmanMM  TPENNPUATHS B

o0ecreYyeHHn KOHKYPEHTOCIIOCOOHOCTH, B TOM YHUCIIE

Yyepe3 BHEIPEHHE CHCTEM MOHHTOPHHIA U aHAJUTHKH
CEeTEBBIX NOKa3aTeseH.

B coBOKymHOCTH aHamM3UpyeMble HCTOYHUKHU
JEMOHCTPHPYIOT ~ pa3HOOOpa3ue  IOAXOAOB:  OT
ompexnenenus u cranpapruzauun KPI B oTpacieBbix
oT4éTax 4O pa3pabOTKH aNrOpUTMOB HCKYCCTBEHHOTO
UHTEJJIEKTa Ui MPEAUKTHBHOTO OOHApyXXEHUS |
ycrpaneHust naedexroB. [lpm 3ToM Mexmy HuUMH
HAOJIIOAAI0TCS CIIeIYIOIIHE TPOTHBOPEUHS U IIPOOCIIBL.
Bo-nepBblX, OTY4ETHl  KPYNHBIX  KOMIIAHUH U
OpraHM3anyil aKIEHTUPYIOT BHIMAaHHUE Ha KITIOYEBBIX
MOKa3aTeJsIX, HO YacTO HE PAaCKPBIBAIOT METOJI0IOTHIO
UX U3MEpeHUst n oOHapyx eHus JedexToB. Bo-BTOpbIX,
HayuHble myOnukanmu no AI/ML ¢okycupyrores Ha
AITOpPUTMaxX ONTHUMM3AIMKM M OE30MacHOCTH, HO HE
Bceraa obecreunBaoT 000CHOBaHHYIO BEpUBHUKALINIO
Ha pealbHBIX CETEeBBIX MJaHHBIX ONEpaTopoB. B-
TPEThbHUX, PAabOTBI MO CaMOOPTAHMU3YIOLINMCS CETSIM
npepiaraloT  3QpQEeKTHBHBIE CXEMBI  JIOKAJIFHOTO
CaMOMWCIIPABIICHUS, OJHAKO OTPaHWYEHBI KOHTEKCTOM
AD-HOC wu penko agantupyroTcsi K BBICOKUM
Harpyskam u cioxkHoil apxutekrype 5G. Kpome toro,
MPaKTHYECKH  OTCYTCTBYIOT  MCCIEIOBaHHA IO
uHTerpauuu rubkux Al-MexaHH3MOB OOHapyKEHUs
nedexToB ¢ cymectByommmMu ¢peiimopkamu KPI n
OIIEPAIIMOHHBIMH TEJIEMETPUUECKUMH ILIATPOPMaMH.
Takum 00pa3oM, MEPCIEKTHBHBIMU HAaIPaBICHUSIMHU
OCTaOTCsl pa3padOTKa YHU(PHUIMPOBAHHBIX TECTOBBIX
Ha0OpOB ISl OLIEHKH JETEKTOpPOoB naedekroB B 5G-
CceTsx, co3JaHue SHI-TY-3H] APXUTEKTYD,
oopemuusromux KPI-monuTopuar n Al-aHanutuky, a
TaKKe MHTETPAINs MEXaHU3MOB CAMOBOCCTAHOBIICHUS
Ha YpOBHE CceTeBHIX cpe3oB (network slices).

Pe3yabTaTsl U 00CyKI1eHHE

[Mpennaraercs pacumMpeHHas —KiaccU(pHUKALUsL
CKpHITBIX AedexToB B cersix 4G/5G, oObeauHsIomas
ISITh B3aUMOCBSI3aHHBIX KaTeropuii:
KOH(UTypaluOHHbIE HECOOTBETCTBUS, KoTJa
napameTpsl cotT mwin KomrnoHeHTel NFV/SDN 3anansr
HepaloHaJbHO, a  TONOJOTHS M  TIOJHUTHKA
MapHIPYTH3AI[H CETMEHTOB CETH CO/EPXKAT OMINOKH.
HedexTs pecypcHoOM MPOMU3BOIUTEIbHOCTH,
TIPOSIBIISFOIIIIECS B CY3KHX» MecTax
BUPTYJIN3UPOBAHHOM CpeJibl, CHIDKCHUH TPOITYy CKHOM
ciocooHoctn VNF 1 aHOManmsx MeXCEerMeHTHOTO

B3aUMOJEICTBUS. WurepdepeHnnonHo-
Ppaauo4acToTHbIE aHOMaJIUH, 00yCIIOBIICHHbIE
CKpBITOM B3aUMHOM uHTEepPepeHIEH COT,
He3(p(EeKTUBHBIM  yNpaBIEHHEM  MOIIHOCTBIO U

HETUITMYHBIMU OLTHOKaMH X?IHJIOBEpa.

Hmxe Ha pucynke 1 OyneT mpeacTaBieHa cxema-
MakeT WHTEIPHUPOBAHHOW CHUCTEMBI OOHAPYXEHHS W
YCTPaHEHUsI CKPBITHIX J1eEKTOB.

Puc.1. Cxema-mMakeT HHTErpUPOBAHHON CUCTEMBI
0OHapy>KEeHHs U YCTPaHEHHS CKPBITHIX 1e(eKToB [6, 8].
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Kateropun pedextos

LleHTp cbopa meTpuk

1 2 3

4 5

A 4

Mopenu petekuumn
(ARIMA. LSTM,
DBSCAN, Autoenc-
oders, IDS)

l

AHOManun
N UHUWMAEHTI
(BbIBPOCHI, NEPEry3Ku,
cbou, aTaku)

HpOFpaMMHLIe HWHIUJICHTBI, 3aK/IIIYarIuecs B
Oarax B MPOIIMBKAX W JIOTHKC pa6OTBI CCTCBBIX

g 1 noros
(KPI, RF, Tenemetpus,
KOHOUMM)

!

Digital Twin / CI/CD
CTEeHA ANA TECTMPOBa-
Hua u Canary-gennon-

MEHTbI

l

ABTOMaTU3UPOBaHHbIE
Mepbl
(autoscaling, SON/A
NR, quarantine)

IIOBCACHUC IOJIb30BaTEIICH UIIn YCTpoﬁCTB,
HE3aMCTHBIC CTAaHAAPTHBIM CHCTEMAM 6630H3CHOCTI/I,

3JIEMEHTOB, TIPOSIBIISFOIIIHECS TV npu  HO mpuBoxsAmue K yxyamenuto QoS. Jlamee Oynmer
9KCTPEMANBHBIX Harpy3kax WM CIEHU(UYEeCKUX  IpEeACTaBICHA Tabnuia 1, OITMCHIBAIOIIIAS
CIICHApHSIX. A TaKxe HU3KOMHTEHCHBHBIE  KIAacCH(UKAIMIO CKPBITHIX AeekToB B ceTax 4G/5G n
KHOepyrpo3sl — JETKHe aTakd W aHOMalbHOE  UX MOTEeHUHaidbHoe BiausHue Ha KPI.
Tabmuna 1
Knaccudukanus ckpbIThIX Je(ekToB B ceTsiX 4G/5G u nx noreHnuajasHoe Bausinne Ha KPI [2, 4, 5].
Kareropus Onpenenenne u | IlorernnansHoe | MeTonsl Crparerun yCTpaHEHHS W
nedekra NIPUMEPBI Brusinue Ha KPI | obHapykeHus CMSITYEHUs NOCEeACTBUM
e Oummbku B
. . ABTOMaTHU3UPOBAHHOE
fapavierpax €Ot -y renpmenne | Ko eJSIIIMOHH | BEPUPHUKAITUOHHOE
(eNodeB/gNodeB opp p
JIOCTYITHOCTH BIH aHaJM3 | TECTUPOBaHHE npu
) u VNF S N
. HekobbeKTHas (Availability) KoHurypammii | passepteiBanum (CI/CD)
Kondurypaunonn nonmmcgp * Poct 3amepxex | « CpaBHenue c | * Vcrmonbs3oBaHue nrabioHOB
13 (Latency) STaIOHHBIMHU KOH(HUTyparmi "
MapIIpyTH3aIAN . .
HECOOTBETCTBHS . CHmwxenue | npodmisimMu TeHTKHUIIEPOB (policy
B NFV/SDN N . .
. MIPOIYCKHOM (baseline) engines)
CHOCOOHOCTH *CkanupoBanue | « Bepudukanus nzmeHeHHH
Hepauunonansnas .. .
(Throughput) «KOH(UT- gepe3 Digital Twin mnepen
TOTIOJIOTHUS .
. ¢aitnon» BHE/IPCHUEM
CETEBBIX CJIAiCOB
* MonuTopuHr
. ITanenue
" «Y3Kue MeCTay MPOIYCKHOM MeTpHK . JuHamuueckoe
B VNF (CPU, porry 3arpy3ku (CPU,
CIIOCOOHOCTH MacuTabupoBaHue VNF
namsTh, 1/0) RAM, 1/0) B .
VNF (autoscaling)
. peanbHOM
HedexTs * Hapymenue . [IpoakTiBHOE
N HeaddexTuBroe BpEMEHU
pecypcHon SLA nepepacnpeencHue
pacnpeneneHue e ML-ananus
IIPOU3BOIUTEIBHO . (Throughput, pecypcoB 1O  HPOTHO3Y
kaHanoB  (slice BPEMEHHBIX
CTH . Resource Harpy3Ku
imbalance) . pAIIOB
Utilization) * OnTuMu3ays napameTpoB
* AHOM&IMH B (ARIMA, :
*Bospacranue NFV MANO u orchestration-
MEXCETMEHTHOM LSTM)
. JUKUTTEpa u MIPOIIECCOB
B3anMoOJIeiicTBHN * ABTOBHKOZEP
packet loss o
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. CkpsliTas *RF-
B3aUMHast e VXyIueHue | TeIeMeTpust U | ° ABTOMaruueckas
uHTephepeHns RSRP/RSRQ KOppEJSLMOHHA | ONTUMU3ALMUA  [apaMeTPOB
coT * VBenuueHnue | 1 aHanuTHKa | miaHupoBaHus (SON/ANR)
*Heontumansnoe | RRC-penmza wu | («heatmapy»-bi * PerynupoBanue ypoBHeH
WnrepdepeHunon | ymnpasieHue omuodoK uHTepdepeHnn | nepeaaBaeMoi MOIIHOCTH
HO-PY anoMannu MOIITHOCTBIO handover n) *  Self-healing-anropur™st
(TPC) . CHmxenne | *ML- JUTS
*Hecrarmaptasie | Throughput w | xmactepusamust | mepesamycka/mepeKoH(puryp
OIMOKH YBEIIMYCHUE BEIOpPOCOB am ~ sf9eeK B 30HE
X3HJOBEpa BLER (DBSCAN)e uHTEphEepeHINN
(handovers) Drive-TecTsl
L]
* JlareHTHBIC Oaru
. CemaHTHYECKH
B MPOLIMBKAX N
Onuzoanveckue | i aHanms yoroB | *  de3nueckoe/BUPTyaIbHOE
eNodeB/gNodeB,
EPC/5GC coou ceprucos | (NLP- «KaHapeevyHoe»
(Service TpeWUCHHr)* pa3BepThIBaHHE OOHOBIICHUI
* OUIMOKY JIOTHKH
Outage) Wurerpanus ¢ | © ABTOOTKAT mpu
IIporpammHblie VNF npu . . N
o Jlerpanamus | ticketing- oOHapyxeHHH aHOMaJIMH
WHIUACHTHI MTMKOBBIX .
QoE (Video | cucremamu (blue-green deployments)
Harpyskax . .
. freezing, (root-cause * Konreitnepuzauus VNF u
VoLTE drops)* | analysis) 0OHOBIICHHS «0€3 IIPOCTOEBY,
HexoncucrenTHO L .
o Poct qucna | ° Oynknuu | mposepka gepes Digital Twin
ctb Bepeuii 10 B
RRC-cbpocos «canary
KJacTepe
release»
. ML-
* HesamerHoe | nerekTopsl
. + OeneparuBHOe 00yueHHE
*3aMacKUpOBAaHH | MOBBILICHUE BTOPI)KCHUI
Uit o0MeHa MpH3HAKaMu
pie DDoS-ataku | 3amepixex (One-Class
N . aTak 0e3 PacKpPBITUS JaHHBIX
MaJIOW MOIIHOCTH | * Vreuka | SVM, Isolation .
* Buenpenne XAl-monmyneii
*  AHomaibHOe | Tpaduka n | Forest) N
JUIl  OOBSICHEHHS pEIICHUH
HuskonHTeHCHBH | MOBeneHHE CHIDKEHHE .
ML
bIe KHOepyTrpo3bl UE/IoT- Throughput [NoBeneruecku .
o . e Cermenranusa cetu (slice
yCTpOHCcTB . i aHaJH3 .
quarantine) ¥ OTpaHHYCHHE
*Muoromnpoxomga | Hempenckazyem | Tpaduka (flow .
. MOZO3PUTENBHBIX CECCHH 10
pie aTaku (APT) B | sile  Bcrutecku | analytics)
., | mpoBeneHMs JIETIEHOTO
cetu 5G ucnosp3oBanus | © CoBMecCTHBIN
aHanmm3a
pecypcoB aHaJI3 JIOTOB U
TeNeMEeTpUHI
Jlnst paHHEero BBISBJICHUS MOJOOHBIX JAe(EKTOB  MOBEJEHHE CETH M JCTEKTHPYIOT  OIIMOKH

COYETAIOTCS TPOJIBUHYTHIE METOABI MOHHTOPWHTA M
AQHATUTUKH. BMECTO mpocTOro KOHTPOJIS MOPOTOBBIX
3HAUYCHWH MPOBOAWTCS CKBO3HOHM aHalIM3 TPEHAOB U
B3auMHBIX Koppemsinuii KPI u KQI ¢ o6HapyxeHneM
HETUINHMYHBIX OTKJIOHeHUH. [IpumeHeHue wmoaenen
BpemeHHBIX psinoB (ARIMA, SARIMA) mnosBomser
MPOTHO3UPOBATH IOBEJICHNE KITIOYEBBIX OKa3aTeIel n
BBISBIIAT AHOMAIMH HA CTAIUU HX 3apOXKICHHMS.
ExxeqneBHass oTu€THOCTH MO SLA, KpyTioCyTOUYHBIH
MoHuTOpHHI RAN wu sapa cetH, a Takke OMBIT
YCTpaHEHUS! KPUTHYECKUX HWHIMICHTOB ITOBBIIIAIOT
TOYHOCTH TUATHOCTHKH [6, 7].

MeToapl MalIMHHOTO M TIIyOOKOro 0OydeHHs
JIOTIONTHSIOT KJIaCCHYECKHe TTOJTXO/BI.
Hexontponupyemsie anropurmsl (DBSCAN, k-means,
Isolation Forest, One-Class SVM) BbIgenstor
KJIacTepbl aHOMAaJBHOrO Tpaduka ¥ IOBEICHUS
CeTEeBBIX 2JeMeHTOB. KoHTpomupyemble Moaenu
(Random Forest, Gradient Boosting, SVM, HelipoHHbIE
CeTH) PpACMO3HAIOT W3BECTHBIE IMIAOJIOHBI CKPBITHIX
JIepeKTOB NpH HATMYUU pa3MEUeHHBIX TaHHBIX [2].
ABTO3HKOZIEPH  PEKOHCTPYHPYIOT  «HOPMAJIBHOE

PEKOHCTPYKITNH KaK aHOMAJMH, @ PEKYPPEHTHBIE CETH
(LSTM, GRU) aHamu3upyroT CIOKHBIE BpPEMEHHBIE
3aBucumoctu B KPI [4, 5].

JI1s ceMaHTHYECKOTO aHaTi3a TeKCTOBBIX JIOTOB U
TpPaccUpOBOK HCIIOJIb3YIOTCSA NLP-texHukwy,
MTO3BOJIAIOIINE ABTOMATHYSCKH W3BIICKATh 3HAUYNMBIC
COOBITHSI W CBs3bIBATh WX C jerpamamueir KPI.
[NapannensHO BHEAPSIOTCS IMQPOBBIE  TBOWHUKA
(Digital Twins) ceTH, KOTOpbIE SMYJIUPYIOT pa3InuHbIe
CIIEHAPHHM W3MEHEHUs] Harpy3kKu M KOH(UIypalui,
MIPOTHO3UPYSI BEPOSATHOCTh BO3HUKHOBEHHUS CKPBITHIX
JeeKTOB TIPH HOBBIX YCIOBHSX 3KCILTyaTaIluH.

B kadecTBe NMPEBEHTHBHBIX M KOPPEKTUPYIOLIHMX
Mep INPHUMEHSIOTCS  IPOAKTHBHOE  YIIPaBJICHHE
pecypcamu u KOHUENINH self-healing.
ABTOMaTHUYeCKOe MepepacipeseieHie BUPTYalbHBIX
pecypcoB  Ha  OCHOBE  IPOTHO30B  Harpyskd
CIOCOOCTBYeT  CIUIQ)KMBaHUIO THKOB  [4], a
JUHAMUYecKas KalHOpOBKa IapameTpoB coT u QoS-
HACTPOEK JUISI CETEBBIX CPE30B IPENOTBpaIIacT
Jerpaganuio yciyr. Pa3zpaOaThIBaloTCsT aarOpUTMBI
ABTOHOMHOTO  OOHapyXeHHUs, JOWarHOCTUKH U
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KOpPEKIUU He(i)eKTOB 0e3 BMeIIaTebCTBa YCJIOBCKA, B

o0ecreurBacT aBTOMATHYECKOE MaCIHTa6I/IpOBaHI/Ie,

TOM  uucne ¢ npuMeHeHneM — RL-arentoB, wmwurpamuio VNF u nepecTpoiiky CepBUCHBIX LEOYEK
o0yyJaromuxcst ONITHMAJIEHBIM CTpaTerusiM  IIPH BBISBICHUU IPOOIIEM.
camoBoccranoByieHus [8, 11]. ML-anroputMmsl Takxke Jamee B Tabmume 2 Oyaer mpeACTaBICHO
TCHEPUPYIOT ~ PEKOMEHJAalMW [0  ONTHMHU3AIMKU  CPaBHEHUE KJIaCCHYECKUX u ML-meTton0B
KoHpurypamuii, a wuHTerpamusi ¢ TAM MANO  oOHapyXeHUS CKPBITHIX IE(EKTOB.
Tab6muma 2
CpaBHenne kaaccuyeckux 1 ML-MeT010B 00HApY KeHUsI CKPBITHIX dedekToB [4, 8, 11].
Meton Tun [TpenmymecTBa OrpaHuveHUS
. * XécTtkue moOporm mIOXo
* Ilpocras HacTpoilka u
alanTUPYIOTCS K
. | MHTEepIpeTanus
Threshold-moruTOpHHT Knaccnueckuit TUHAMHUYECKAM Harpy3kam
* Huskwe BBIMHMCIHUTEITHHBIC
. MHoro JIOKHBIX
3aTparsl .
cpabaTbIBaHUN
* Brisiisier mpsiMeie cBs3u | * He noBuT HenmHelHblE U
Koppensuyonsslii  aHanus .. | Mexay mapamerpamu CJIOYKHBIE 3aBUCUMOCTH
N Knaccrnueckuit
KPl/koudurypaunit * He tpeOyer oOyuenust Ha | * 3aBUCHT OT KadecTBa
OOJIBIINX JIAHHBIX «3TAJOHHBIX» MpoQuIIeH
. IIpennonaraer
 Xopomo MOAEIUPYET N
Crartuctuueckoe JIMHEHHOCTb u
., | CE30HHBIE M  TPEHIIOBBIE
MIPOTHO3UPOBAHHE Kiaccuuecknit CTaI[HIOHAPHOCTb
KOMITOHEHTHI psifa
(ARIMA/SARIMA) . * CKJIOHHO K TIepeo0yUYeHHIO
* [Ipo3paunocTs Mozemeit
Ha ITYMHBIX JaHHBIX
» @uznueckas Bepupukays .
* Jloporue n TpynoéMkue B
TTOKPHITHA "1 paseeproiBanuu
Drive-tectsl 1 RF-chéMikn Knaccnueckuit | maTepdepeHInu paspep
* OrpanudeHHas wYacToTa
. Beicokas TOYHOCTh
. OOHOBJICHHS TaHHBIX
M3MEpeHUi
. Iopor BBIOOpA
Unsupervised ML * BruBngeT HETUNHYHBIC | YyBCTBUTEIBHOCTH («eps»,
(DBSCAN, k-means, ML MaTTepHBI 0€3 pa3MeTKu rIyOonHa JIEPEBHEB)
Isolation Forest, * UyBCTBHUTEJNICH K PEJKUM U | KPUTHYCH
Autoencoder) CKPBITHIM aHOMAJIHSIM * Moxer TIpynmupoBaTh
pa3Hble aHOMAJIMU BMECTe
* Bricokas TouHocTh mpu | *  TpebGyer  Oosblioro
. HaJTNIUH Ka4eCTBEHHOH | 0OBbEMa a3MEUYEHHBIX
Supervised ML (Random ASMETKI AHHBIX P
Forest, Gradient Boosting, | ML p
. * CnocobeH  y4WTHIBAaThH | ° CI0XXHOCTD
SVM, HelipoHHEIE CETH)
MHOXXECTBO MPU3HAKOB | MHTEPIpeTannu (0COOEHHO
OJTHOBPEMEHHO y Oyctunros u NN)
» Jlonroe oOyueHune U
. DddexruBHbI JUISL | TOHKast HACTpoiika
CIIOMKHBIX BPEMEHHBIX | TMIIEpIapaMeTpoB
RNN-mozenn (LSTM, GRU) | ML . PP prapaverp
3aBHCHUMOCTEH u |+ Tpebyor  OGonbLIOrO
JUINTEJIbHBIX ATTEPHOB 00béMa HCTOPHYECKUX
JIAHHBIX
CpaBHHTENBHBII  aHaNM3  IOKa3bIBa€T, 4YTO  OONBIIMX MACCHBOB [aHHBIX U CYLIECTBEHHBIMH
npemokeHHplid - ML-mogxox  cokpamaer  BpeMsl  BBIYMCIWTEIBHBIMH pECypcaMH, a Takke HpoOJIeMOoi

OOHapyKEHHs U YCTPaHEHHS A¢(EKTOB 110 CPABHCHHUIO
C TPaJULMOHHBIMH METOJAaMH, YTO OTPaXKEHO Ha
COOTBETCTBYIOLIEM rpaduke 3¢ PEKTUBHOCTH.
ApXWUTEKTypa TNPOAKTHBHOW CHCTEMBI YCTpPaHEHUS
CKPBITBIX e(heKTOB 00BEIMHACT MOHUTOPHHT, aHAIIH3,
NPOTHO3 Y aBTOMATU3WPOBAHHBIE pEaKIHMH Ha
BbISIBJICHHBIC aHOMAJIHH.

JlaHHbIE  METO/bl  TMO3BOJIIIOT — 3HAYUTEIHHO
MOBBICUTh TOYHOCTh U CKOPOCTD BBISIBIICHUS] CKPBITBIX
JeekToB, CHU3UTh BIHMSHUE YelI0BeYecKoro (akropa
Y ONTHUMHU3UPOBATh SKCIUTyaTallMOHHBIE 3aTpaThl [3, 4].
OnHako WX BHEJPEHHE CONIPSDKEHO C  BBICOKOM
CJIOYKHOCTBIO, HEOOXO0ANMOCTBIO HaKOIUICHUS

HMHTEPIIPETUPYEMOCTH MoJeel IiryOokoro oOydeHuns
[2, 4]. Bennopckue pewieHus B OCHOBHOM OIIMPAIOTCA
Ha TIOPOTOBBIH MOHHTOPHHI, TOT/Ia KaK WHTETpaIlus
NIPOTHO3HOH  AHAJIUTUKKH W CaMOOOYYaIOINXCs
MEXaHU3MOB 3aMETHO PACHIMPSAET UX BO3MOXKHOCTH.
[lepcrieKTHBHBIM HAIIPABICHUEM DPa3BUTHUS SIBIISIOTCS
(denepatuBHOe OOydeHne s Ge3omacHOro oOMeHa

3HaHMSIMH ~ MEXIy  OIepaTopaMHu, MpHUMEHEHHE
oopsicaumoro MM (XAI) wu wmHTerpamus ¢
texHonmormsimu  6G  [5, 8, 10]. Dddexrupnas
peanuzanus  3THX  CHUCTeM  TpeOyeT  TECHOro

B3aHMOHCﬁCTBHH KpOCC-(l)yHKIII/IOHaHLHI)IX KOMaHJ —
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nHxeHepoB RAN, criennaanucToB TPaHCIOPTHOM ceTu
u Tier 2 TeXmOAICPKKY.

[pencraBneHnas cucrema BKJIIOYAET
MHOTOYpPOBHEBYIO KIaccu(BhUKaIuio, HOBYIO
METOJIOJIOTUI0 OOHAPYKCHUS Ha OCHOBE THOPHIHBIX
MAaIIHHHO-O0YYaONMX TEXHHK W  MOAYJIBHYIO
APXUTEKTYPY IS IPOAKTUBHOTO YCTPAHEHUS CKPBITHIX
Je(PEKTOB, YTO B COBOKYITHOCTH CO3IAET MPENMOCHUTKA
JUIL KAueCTBCHHOTO TOBBIMICHUS HAaA&KHOCTH U
TIPOIYCKHOM crocoOHOCTH ceTei 4G/5G.
CuHepreTndeckass WHTETPAllUs AaHAJM3a KIIOYEBBIX
mokazareied A(PQPEKTUBHOCTH, COBPEMEHHBIX ML-

AITOPUTMOB ¥ MCXaHHU3MOB  aBTOMATHYECKOTO
CaMOBOCCTAHOBJICHHSI ~ TIO3BOJIACT  MEPEUTH  OT
YCTapeBIIETO PCaKTHBHOTO pearupoBaHus K
OPEJUKTUBHBIM W TPOAKTHBHBIM  CTPATCTUSIM
YIPABJICHUS CETCBBIMU aHOMAJIHSIMU.

3akJ/ouenue

B xome wWcclenoBaHHMS ~BBINOJAHEH aHAIU3

CKPBITBIX Je(eKTOB B ceTsIX MOOWIBHON CBSI3U
4eTBEPTOro M IATOro mnokosieHWd. IlokasaHo, 4TO
TPaANIIOHHBIE METOABl MOHHTOPHHIA OKa3bIBAIOTCS
HEIOCTaTOYHO YYTKUMH K JIATCHTHBIM cO0SIM, KOTOPEIE
CO BpEMEHEeM IMPUBOJAAT K 3aMETHOMY CHIDKCHHIO
KadyecTBa 00CITy>KUBaHHSA N0JIb30BaTeNeH.
OMIUPUYECKH HOATBEP)KJICHA THIIOTe3a O TOM, YTO
aHCaMOJIEBBIH TOAXOJ K HCIIOJIB30BAaHUIO METOJI0B
MaIIMHHOTO OOYYeHHs B COYETAHHH C aHaJIM30M
OOJIPIIMX NaHHBIX MOBBIIIAET TOYHOCTh U CKOPOCTh
oOHapyxeHHsI Ne(EeKTOB, a TAKXKE aBTOMATH3HPYET
IpoLece UX YCTPaHSHHUS.

[lepcrieKTHBHBIMU HaInpaBICHUSIMH AaTbHEHIITNX
HCCIe0BaHNI SIBIISTIOTCS pa3paboTka
CHEIUATN3UPOBAHHBIX ANTOPUTMOB U Pa3ITHIHBIX
KJIaCCOB CKPBITHIX JIe(hEKTOB, CO3JaHUE HHCTPYMEHTOB
MHTEPIPETANHN Pe3ysIbTaToB paboTel ML-Monenel u
BHE/IPEHHE TEXHOJOTHH NHM(POBBIX TBOWHUKOB IS
TOYHOTO  MOJICJUPOBAaHMA M  IPOTHO3HPOBAHUSA
CETEBOr'0 ITOBEJCHUS.
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HNCCIEJOBAHUE UHTEI'PAIIMU ATEHTOB HCKYCCTBEHHOI'O UHTEJIJIEKTA B
JUHAMHNYECKYIO WAF-MOJEJIb JJISA AJAIITUBHOU 3AIIUTHI BEB-ITPUJIOKEHUU

Xomymunnukoe Maxcum Egzenvesuu
Ipenoodasamens Ynusepcumema ITEHC na gpaxyibmeme KoMnblomepHoix HayK
Hbm—ﬁopk, CLIA
DOI: 10.31618/ESU.2413-9335.2025.1.129.2196
AHHOTAIUA

JlanHasi cTaThsi NOCBSIICHA BHEIPEHHIO AareHTOB HCKYCCTBEHHOTO WHTEIUIEKTa B JIMHAMHYECKHH BeO-
OpaHaMaysp JUIA TOBBIMICHHS aalTHBHOCTH 3allUThl TNPHIOKEHUH. AKTYyalbHOCTh paccMaTpHBacMOW B
HCCIIEIOBAaHUM TEMBI TIOKa3aHa B CBSI3M C BO3PACTAlOIMIEH CIIOXKHOCTBIO aTaK M OTPAHWYEHUSAMH CUTHATYpPHBIX
MmeronoB. HoBu3Ha paboThl 3akitodaeTcss B PAacCMOTPEHHMH CTATUCTHUECKOIO NPO(UIMPOBAaHUS, aHaIu3a
AHOMAJINH, UMHUTAIHOHHOTO OOYYEHHUS U TeHepaluyd CUHTCTUYECKOTO Tpaduka B eauHO# apxurektype WAF.
ITonpo6HO omucan MexaHn3M GOPMHUPOBAHUS IPO(UIIST TOBECHUS MT0JIB30BATENS HA OCHOBE BXOIAIINX 3aIIPOCOB
Y OTBETOB CEpBEpPa, a TaK)Ke cxeMa OJIOKUPOBKH OTKJIOHEHUH OT 00bIYHON Mozenn Tpaduka. Ocodoe BHUMaHUE
ynensiercsi 0Oy4eHHIO C TMOAKPEITICHWEM, KOTOPOE IIO3BOJISET areHTy pa3indaTh JIOTHYECKH 3HAYMMbIE MU
GeccMplcieHHble eiicTBus. LleneHanpaBieHHbIH 0030p 3MIMPUYECKUX MCCIICTOBAHUH TTOKa3bIBACT MOBBIIICHUE
TOYHOCTH OOHapykeHust 10 99% npu MHUHUMAJILHOM KOJHMYECTBE JIOKHBIX CpaOaThIBaHWI. YUHTHIBAIOTCS
OTpaHWYEHUs], BKIIOYas IIOTPEOHOCTh B BBIYHCIUTEIBHBIX pecypcax, peryjJIupoBaHue 00paboTKN NepcOHaTbHBIX
JAHHBIX M yTPO3bl BpakAeOHBIX aTak. [IpeoxkeHbl peKOMEHIAUK MO BHEAPEHUIO: MOITAIMHBIN HEepexoi OT
peXMMa MOHHTOPHHTA K aKTHBHOH OnokupoBke, nHTerpanus WAF ¢ nmporeccamu DevSecOps u mepuoandeckas
nepeoreHka 00yJaromux BEIOOPOK CHENHAINCTaMHI 110 6e30MacHOCTH. [IpeicTaBieHHbIe BEIBOIBI ITOITBEPKICHBI
IKCIIEPUMEHTAIBHBIM aHAJM30M OOIIEOCTYTHBIX MOAPOOHBIX HAOOPOB 3ampocoB. DTa CTaThs OyAeT MoJe3Ha

CHENHAIHNCTaM 110 O€30TTaCHOCTH.

ABSTRACT

This article is devoted to the implementation of artificial intelligence agents in a dynamic web firewall to
increase the adaptability of application protection. The relevance of the topic considered in the study is shown due
to the increasing complexity of attacks and the limitations of signature techniques. The novelty of the work lies in
the consideration of statistical profiling, anomaly analysis, simulation training and synthetic traffic generation in
a single WAF architecture. The mechanism for forming a user behavior profile based on incoming requests and
server responses, as well as a scheme for blocking deviations from the normal traffic model, is described in detail.
Special attention is paid to reinforcement learning, which allows the agent to distinguish between logically
meaningful and meaningless actions. A focused review of empirical studies shows an increase in detection
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accuracy of up to 99% with minimal false positives. Limitations are considered, including the need for computing
resources, regulation of personal data processing, and threats of adversarial attacks. Recommendations for
implementation are proposed: a phased transition from monitoring mode to active blocking, integration of WAF
with DevSecOps processes, and periodic reassessment of training samples by security specialists. The presented
conclusions are confirmed by an experimental analysis of public detailed query sets. This article will be useful for

security experts.

KiroueBble cjioBa: OpaHaMaysp BeO-NPWIOKEHHH, MaIIMHHOE OOyYeHHE, AHOMAJHS, MMHTAIIMOHHOE
oOydeHne, MOBEICHYSCKUI aHaNW3, aJanTHBHAS 3allndTa, HCKyCCTBeHHBIH Tpaduk, SQL-mabekimsa, API,

obOmauHast 0€301aCHOCTb.

Keywords: Web Application Firewall, machine learning, anomaly, simulation learning, behavioral analysis,
adaptive protection, synthetic traffic, SQL injection, API, cloud security.

Introduction

Automated, Al-driven attacks have pushed
traditional signature-based WAFs beyond their
effective limits: adversaries cloak malicious requests as
legitimate traffic, exploiting the predictability of rule
sets. Incorporating machine learning enables a firewall
to update its models in real time based on observed
traffic, learn patterns of normal behavior, identify
atypical deviations, and block them. By simulating
valid user activity within a permissible variance, this
approach reduces false positives while maintaining
sensitivity to genuine threats.

The objective of this paper is to examine the
architecture and methodology for integrating Al agents
into a dynamic WAF model that delivers adaptive
protection for web applications. To fulfill this
objective, the following tasks are defined:

1.Describe the mechanism for building a user
behavior model from the system’s input and output
data.

2.Demonstrate how threats are detected and
blocked when behavior deviates from established
norms.

3.Investigate the use of artificial intelligence
techniques to train the WAF model by emulating safe
user behavior across various scenarios.

4.Assess the approach’s effectiveness and
limitations based on a review of current research and
experimental results.

Methods and Materials

The theoretical foundation encompasses the
following publications: D. E. Vilkhovsky [1]

investigated the application of Al for detecting SQL
injections, XSS, and CSRF. Source [4] presented a
survey of emerging protection technologies and
proposed a prototype WAF architecture with automated
learning. D. Molteni [2] described Cloudflare’s
corporate framework for protective models. H. A.
Roman-Gallego [3] evaluated the performance of
supervised learning classifiers on 100,000 requests. S.
Toprak [5] implemented a deep neural network for
anomaly analysis. S. Torrano-Jimenez [6] formulated
an XML-based approach to a positive security policy.
Source [7] provided an industrial overview of User
Behavior Analytics modules. S. Wang [8] developed an
offline imitation learning method for analyzing
sequences of user actions.

For the preparation of this article, the comparative
method, structural analysis of journalistic and academic
sources, synthesis of empirical data, statistical
processing of traffic datasets, experimental attack
modeling, and reinforcement learning of agent models
were employed. This blend of methodologies made it
possible to juxtapose laboratory trial outcomes with
industry reports, thereby identifying conditions that
improve detection accuracy while reducing false
alarms.

Results

Traditional WAFs rely on attack signatures—sets
of request patterns for known threats (SQL injections,
XSS, etc.). However, this static approach is vulnerable:
if an attacker alters the malicious payload so that it no
longer matches any known signature, the WAF will
allow it through [3] (Figure 1).
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Figure 1. Main attack vectors (compiled by the author based on [3])

In an Al-integrated dynamic WAF, a trained
model replaces fixed rules. This model learns from the
typical (normal) traffic of a specific web application,
employing machine learning techniques to analyze a
variety of request parameters: sequences of URLs and
API calls, transmitted parameter sets, data sizes and
structures, session behaviors, and more.

The literature describes several approaches to
building such models [6]. One classic method is
training on a statistical request profile: the system
collects data on how requests and responses ordinarily
appear—e.g., which HTTP methods are used,
parameter value ranges, frequency of access to
particular resources, and so on. A request that deviates
substantially in length or parameter structure from
these norms is flagged as anomalous. Torrano-Gimenez
et al. proposed storing the description of normal
behavior in an XML file containing rules for various
request aspects: allowed HTTP methods, headers and
their values, valid parameters and ranges for each web
resource, etc. [6]. After initial training on real traffic
from the target application, a reference profile is
established; thereafter, each incoming request is
compared against this model. Any deviation exceeding
a predefined threshold is treated as suspicious and may
be classified as an attack. This approach embodies a
positive security model: anything not explicitly
permitted by the normal-behavior model is blocked.
Experimental evaluations of such systems demonstrate
high effectiveness: after sufficient training, they
achieve high detection rates with low false-positive
rates [6].

Specifically, the XML-profile-based WAF
demonstrated “a very high attack detection rate with a
very low false-alarm rate” following proper model
configuration [6]. Other techniques include
probabilistic models—such as Markov chains for
request sequences. By learning transitions between
pages and user actions, the WAF constructs a

probabilistic model of a “normal” session [6]. If a
user’s sequence of actions deviates markedly from this
model (for example, an unexpected navigation or
repeated suspicious requests), the session is flagged as
anomalous.

Analysts apply clustering algorithms alongside
multivariate statistical techniques to identify outliers.
Crucial data sources include not only incoming
requests but also the system’s outputs—namely, the
web application’s responses. Going forward, a WAF
may incorporate response status codes (200, 404, 500,
etc.) and error-page contents: if a series of requests
generates an unusually high number of unexpected
errors (for example, 500 Internal Server Error), this
may indicate attempts to exploit vulnerabilities.
Contemporary research advocates constructing models
that treat “input—output” jointly: for instance, a request
that triggers unplanned application behavior (up to a
crash or exception), even if it appears legitimate, is
deemed anomalous [1]. In this way, Al agents monitor
client—server interaction patterns holistically, learning
which sequences of requests and responses characterize
normal user activity.

On the basis of the established normal-behavior
model, the dynamic WAF shifts to anomaly-driven
attack detection. Unlike signature-based methods—
which compare each request against a database of
known attack patterns—this approach flags any request
or session that deviates from the profile beyond an
allowable variance as potentially malicious. For
example, Roman-Gallego et al. [3] employed various
classification algorithms (Naive Bayes, k-nearest
neighbors, SVM, and linear regression) to determine a
request’s maliciousness from multiple extracted
features. Trained on a synthetic dataset of over 100 000
requests, these algorithms achieved classification
accuracies ranging from 92 % to 99 % [3]. Thus, Al-
based methods can cover typical web-attack vectors
(such as diverse SQL injections) without explicit rule
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programming—the model autonomously “learns” the
distinguishing characteristics of malicious payloads.
Blocking decisions in a dynamic WAF may occur at
different levels: at the request level (an individual
suspicious HTTP request is immediately rejected), at
the session level (anomalous user behavior leads to
session termination or further verification, such as a
CAPTCHA), or at the IP-address level (the WAF
temporarily blocks all traffic from an address after
detecting multiple deviations—akin to an IPS). A key
advantage of this approach is its ability to detect
previously unknown attacks—those for which no
signatures exist.

Of course, one of the inherent risks of an anomaly-
based approach is the occurrence of false positives—
instances in which a legitimate user action, albeit
unusual, is blocked. To mitigate such cases, sensitivity
thresholds are configured and an allowable deviation
corridor (tolerance range) is defined, within which
behavior remains acceptable. Some contemporary
WAF solutions employ a hybrid strategy: a signature
filter first eliminates definitively known attacks
(quickly and with zero false positives), and then an Al
module analyzes the residual traffic for anomalies. This
combination eases the burden on machine-learning
algorithms and improves overall detection accuracy
[2].

A defining characteristic of Al-agent integration is
continuous learning, including simulation-based
training on safe scenarios. The aim is for the WAF to
move beyond a static “normal vs. anomalous”
dichotomy and to predict which deviations represent
permissible variations of genuine user behavior.
Several techniques facilitate this: synthetic safe-traffic
generation, user-imitation modeling, and reinforcement
or imitation learning. In synthetic-data generation, Al

agents draw on the baseline normal-behavior model to
produce numerous artificial requests that are
statistically akin to real traffic yet varied in content.

Wang et al. [8] introduce the OIL-AD framework
(Offline Imitation Learning for Anomaly Detection),
which applies offline imitation learning to historic
normal trajectories and then flags anomalies as
deviations from the agent’s learned decisions. Within a
WATPF, this entails training an agent-policy to mimic real
user behavior and, during operation, comparing
incoming user actions against the policy’s expected
optimal actions. If a user’s sequence of requests serves
no coherent purpose—and thus would not be chosen by
the normal-behavior agent—it is flagged as potentially
malicious.

The permissible deviation in this context can be
expressed as an allowable drop in action optimality:
real users occasionally act suboptimally (for example,
making extra clicks or errors), so the system should
ignore minor deviations from the ideal path and only
react to systematic, significant divergences. Through
training, Al agents can model such human
imperfections—random delays, misclicks, and so
forth—thereby teaching the WAF to tolerate “human”
anomalies while remaining sensitive to machine-driven
attacks.

Studies and practical deployments have
demonstrated that Al-driven WAFs significantly
enhance the security of web applications. Cloudflare,
an industry leader, reports employing Al for adaptive
protection—covering API-traffic anomaly detection
and client-specific defense customization [2]. This
evidence underscores the real-world applicability of the
approaches described. Nevertheless, certain limitations
remain (Table 1).

Table 1.
Limitations when using Al for adaptive protection (compiled by the author based on [2])
Limitation Description
.. A large volume of normal-traffic data is required to avoid high rates of false positives or missed
Training L . . . . .
: attacks. When an application is new or its user base is small, assembling a representative dataset is
complexity .
challenging.
Machine-learning algorithms—especially deep neural networks—demand substantial
Resource computational resources and careful optimization to operate in real time on high-velocity web
intensity request streams. Under heavy load (hundreds of requests per second), the system may encounter
performance bottlenecks.
Adversarial Attackers can also leverage Al to craft malicious requests that deliberately conform to the learned
adaptation normal profile (so-called adversarial attacks against the model).
The rationale behind Al-model decisions is not always transparent to administrators. When a WAF
Interoretabili blocks traffic citing an “anomaly,” it is helpful to indicate which metric exceeded its threshold (for
P ty example, “the ‘id’ parameter was significantly longer than usual”). Developers address this by
incorporating explanation modules or logging detailed blocking reasons.

An essential organizational consideration is the
configuration and ongoing support of an AI-WAF.
Skilled professionals—security analysts and data
engineers—must oversee the training process and
periodically review and update models so they do not

degrade over time (for example, as user behavior
evolves).

The economic costs of maintaining an Al agent
vary depending on the scale of HTTP traffic. For
organizations with a limited number of monthly
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requests, expenses for dedicated compute resources
remain moderate: a server without GPU acceleration
and a minimal amount of RAM are sufficient. In large
enterprises—where request volumes are measured in
the millions—the need arises for graphics processors or
distributed clusters, leading to substantial costs for
renting cloud instances and supporting the machine-
learning pipeline.

Discussion

Integration of Al agents into a WAF signifies a
qualitative shift from a static, reactive model to
dynamic, proactive protection. The analysis
demonstrates that machine learning and behavioral
analysis algorithms address a triad of objectives
(Figure 2):

Increase detection of

Reduce false positives by taking

Adaptation of protection to

Figure 2. Tasks solved using machine learning and behavioral analysis algorithms (compiled by the author
based on [4])

The mechanism for generating a behavior model
from input/output data effectively creates a unique
security profile for each web application. Whereas a
classic WAF enforces a universal rule set—identical
for all applications (for example, disallowing <script>
in parameters or UNION SELECT in SQL queries)—
an AI-WAF derives rules specific to a given
application: one site may permit long text parameters
(such as a forum or blog), while another may not (a
concise API). This tailored profiling enhances accuracy
by reducing the risk of blocking traffic that is normal
for that application and by better detecting aberrant
requests. However, it also entails more complex
configuration—a turnkey product may require on-
premises training by the client.

Blocking threats based on deviations is not a new
concept (anomaly-based IDS have existed for years),
but with Al it reaches a new level: deep neural networks
can discern complex, multifactor deviations that are
hard to encode by hand. For instance, slight anomalies
across ten parameters might escape human detection,
yet an Al classifier aggregates these subtle signals to
render an “attack” verdict. In this role, an AI-WAF
serves as a second filtration layer—highly sensitive and
intelligent. There is, however, a danger that an
overzealous Al could block legitimate traffic.
Therefore, many AI-WAF deployments initially run in
a monitoring-only mode (“detected-only”), gathering
statistics without blocking, and only switch to
prevention (blocking) after manual validation.

Imitation-based training on safe behavior
represents  the most  innovative—and  still
experimental—component. While statistical methods
and even basic machine-learning techniques (such as

the SVM implementation in Roman-Gallego et al.,
2023) have reached a high level of maturity, applying
imitation learning and reinforcement learning to WAFs
remains at the research frontier [8]. The OIL-AD
framework described in the literature—designed to
learn from sequences of agent decisions—offers
significant promise: it aligns user-action analysis more
closely with how a human security analyst would judge
action coherence [8]. However, real-world deployment
demands caution: a reinforcement-learning (RL) agent
may err if the environment is incompletely specified, or
if an attacker deliberately crafts a sequence of actions
that appear “almost logical.” Nonetheless, even
preliminary implementations of User Behavior
Analytics (UBA) yield tangible benefits, especially in
combating fraud and account takeovers. For example,
incorporating behavioral biometrics—typing speed,
mouse-movement patterns, and so forth—offers an
additional dimension that could be integrated into an
AI-WAF to strengthen authentication and detect
automated bots.

When considering limitations, it must be
acknowledged that the human factor remains
indispensable. Al agents are designed to augment the
security administrator, not replace them. Upon
detecting an anomaly, the system can escalate the event
to a human analyst or to a more resource-intensive
detector. Moreover, model training typically occurs
under expert supervision (semi-supervised): specialists
label false positives as normal, prompting model
refinement, or include overlooked attacks in
subsequent training as “malicious” examples. Ideally,
as the dataset grows, the need for manual intervention
steadily decreases.
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Compatibility and integration present further
challenges. Organizations already maintain monitoring
infrastructures, SIEM platforms, and DevOps
pipelines. An AI-WAF must fit seamlessly into that
ecosystem, generate actionable alerts, and support
granular configuration. A clear trend has emerged:
major providers (for example, AWS) embed ML
models directly within familiar interfaces—offering
priority-based rules and sensitivity settings—while
smaller vendors combine off-the-shelf ML libraries (for
anomaly detection) with established open-source
WAFs such as ModSecurity.

Conclusion

The incorporation of Al agents into a dynamic
WAF enhances adaptive protection through behavioral
analysis and machine learning. Models are trained on
incoming requests and responses, establishing a
positive security model in which any statistically
significant deviation is treated as an attack.

Threats unknown to the original signature set are
identified by anomalous feature combinations, while
synthetic-traffic generation during imitation learning
reduces false positives. Deployment requires full-scale
logging, a phased transition from monitoring mode,
integration with DevSecOps processes, training staff to
interpret Al outputs, and dedicated resources for ML
analysis. Future research directions include resilience
against adversarial attacks, federated learning,
business-logic inspection, and a unified Al platform
alongside IDS and anti-fraud systems.

The next phase will investigate schemes for
optimizing Al-agent expenses: dynamic scaling of
compute resources according to peak loads, use of
lightweight models for preliminary analysis, and
offloading part of the processing to edge nodes. This
approach will allow the analytics layer to remain active
only when certain load thresholds are reached, thereby
reducing the time-based costs of running the
infrastructure.

An open question remains the cost-benefit ratio of
a phased rollout: it will be necessary to compare total
expenditures on infrastructure and model training
against the savings achieved by preventing attacks and
minimizing application downtime. Further study of this
topic should yield practical recommendations for

establishing Al-agent usage thresholds based on web-
traffic levels and an organization’s budget.
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SUMMARY
This paper investigates the performance of key digital modulation schemes such as BPSK, QPSK, and M-
QAM over communication channels modeled as AWGN, Rayleigh and Rician fading. The analysis focuses on bit
error rate (BER) as a function of signal-to-noise ratio (SNR), supported by theoretical expressions and simulations.
Results show that higher-order modulations offer greater spectral efficiency but are more vulnerable to channel
impairments, while lower-order schemes provide better reliability under fading. The study highlights the necessity
of adaptive modulation to balance efficiency and robustness in dynamic wireless environments, with relevance to

5G and IoT systems.

Keywords: digital modulation techniques, communication system, bit error rate, MATLAB environment.

1. Introduction

In modern communication systems, digital
modulation techniques serve as the foundation for
transmitting information efficiently over various types
of channels [1-2]. The increasing demand for high-
speed information transfer, robust connectivity, and
efficient spectrum utilization necessitates the careful
selection and analysis of modulation schemes under
realistic channel conditions [3-4]. Understanding the
behavior and performance of digital modulation
schemes over communication environments—ranging
from ideal additive white Gaussian noise (AWGN)
channels to complex multipath fading channels such as
Rayleigh and Rician—is essential for the optimal
design and deployment of modern communication
systems.

Digital modulation involves mapping digital
information onto analog carrier signals by varying
parameters such as amplitude, phase, or frequency.
Commonly used schemes include Binary Phase Shift
Keying (BPSK), Quadrature Phase Shift Keying
(QPSK), M-ary Phase Shift Keying (M-PSK), and M-
ary Quadrature Amplitude Modulation (M-QAM) [5-
6]. Each of these schemes offers different trade-offs
between spectral efficiency, power efficiency, and bit
error rate (BER) performance. These trade-offs become
especially pronounced under non-ideal conditions
introduced by wireless channels [7-8].

Wireless channels are inherently time-varying and
often exhibit complex propagation phenomena such as
multipath fading, Doppler shifts, shadowing, and
interference. These effects significantly distort the
transmitted signal, resulting in increased error
probabilities. For performance analysis, two major
channel models are considered:

e AWGN Channel: A baseline model where the
only impairment is additive noise with a constant power
spectral density. It provides a useful theoretical
benchmark for evaluating modulation schemes.

e Fading Channels: More realistic models like
Rayleigh and Rician channels that simulate signal
attenuation due to multipath propagation. These models
introduce random amplitude variations and phase
shifts, mimicking real-world wireless environments [9-
10].

The primary performance metric used in this study
is bit error rate (BER), which quantifies the likelihood
of bit errors occurring during transmission. BER is
typically expressed as a function of the energy per bit
to noise power spectral density ratio. This paper aims
to provide a comprehensive analysis of the
performance of various digital modulation techniques
under both AWGN and fading channel conditions.
Through theoretical derivations, mathematical
modeling, and simulation-based evaluation, the
objective is to:

e Compare the BER vs. characteristics for
different modulation schemes.

e Evaluate the robustness of each scheme under
Rayleigh and AWGN channels.

e Analyze the trade-offs between spectral
efficiency and power efficiency.

e Determine the optimal modulation scheme for
different SNR and fading environments.

The findings from this study will offer valuable
insights for the design and optimization of wireless
systems, particularly in the context of 4G/5G networks,
TIoT communications, and satellite links, where channel
conditions vary dynamically and the modulation
strategy must be adaptive. Section 2 presents the
theoretical descriptions of AWGN and fading models.
Section 3 shows the simulation results, and Section 4
summarizes the main conclusions.

2. Simulation Models

To evaluate the performance of digital modulation
schemes over communication channels, a simulation
framework is  developed wusing MATLAB
environments. The simulation models are designed to
compare bit error rate (BER) performance
as a function of SNR for different modulation
techniques under AWGN, Rayleigh and Rician fading
channel conditions. The complete simulation model for
performance simulation over communication channel
is shown in Fig. 1. The figure is illustrated as a coherent
communication system model.

In this paper, the following digital modulation
techniques are implemented:

-Binary phase shift keying (BPSK)

-Quadratic phase shift keying (QPSK)

-8, 16, 32 phase shift keying (M-PSK).
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Each modulation technique maps binary input data
to complex symbols
according to standard constellation definitions. The

Source s

modulator and demodulator functions are implemented
in the MATLAB environment.
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Fig. 1 Simulation diagram of evaluating performance of digital modulation schemes.

2.1Channel Models

In this paper, three types of communication
channels are modeled:

a)AWGN Channel

The AWGN model adds white Gaussian noise

. . N .
with zero mean and variance g2 = 70 to transmitted

signals. The SNR is varied in ranges [0, 20] dB in 1 dB
step to observe BER performance.
r(t) = s(t) + n(t) (1)
Where r(t), s(t) are the received and transmitted
signals, and n(t) is AWGN.
b)Rayleigh Fading Channel
Rayleigh fading channel is modeled as a
multiplicative distortion applied to the transmitted
signal:
r(t) = h(t) x s(t) + n(t) 2)
where h(t) is the complex Gaussian random
variable with zero mean and unit variance.
c)Rician Fading Channel
The Rician fading channel models a
communication scenario where the received signal
consists of:
-Dominant Line of Sight (LOS) path
-Multiple Non-line of Sight
reflected/scattered components.
The received signal in a Rician fading channel can
be modeled as:

(NLOS)

r(t) = h(t) x s(t) +n(t) 3)

where is the Rician fading coefficient, which is
defined as follows:

4)

h(t) is the function of K, where K is the Rician K-
factor. The K-factor defines the ratio of power in the
LOS path to the power in the scattered paths:

h(t) = hyos + hyios

A2

K=+ (5)

where A is the amplitude of the LOS component
and o2 is the variance of each quadrature Gaussian
component.

2.2Performance Metric

The primary performance metric is bit error rate
(BER), which is computed as:

Number of error bits
BER =

Total transmitted bits

The theoretical BER expressions for AWGN,
Rayleigh and Rician channels are used for comparison
with simulated results to validate the accuracy of the
models.

3. Simulation results

This section analyzes the above-mentioned digital
modulation techniques in a MATLAB environment
with different types of communication channels such
as: AWGN, Rayleigh and Rician fading, in the range of
SNR from -10 dBm to 25 dBm. The simulation
parameters are shown in Table 1.
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Table 1.
Simulation parameters
Parameter Value
Number of bits leb
SNR range -10 to 25 dB (step: 2 dB)
Channel models AWGN, Rayleigh and Rician
Modulation techniques M-PSK
Fading type Flat fading
Doppler frequency 30Hz
Detection technique Coherent demodulation
Noise variance Computed per SNR

a)AWGN channel

The graph illustrates the symbol error rate (SER)
performance of various M-ary Phase Shift Keying (M-
PSK) modulation schemes—including BPSK, QPSK,
8-PSK, 16-PSK, and 32-PSK—plotted against SNR
(dB). As expected, the symbol error rate decreases with
increasing SNR, but the rate of improvement varies
significantly across modulation orders.

Lower-order modulations such as BPSK and
QPSK exhibit superior error performance at low-to-
moderate SNRs. For instance, BPSK achieves a symbol
error rate below \(107{-5}\) at around SNR = 9 dB,
while QPSK reaches a similar performance near SNR
=11 dB. In contrast, higher-order modulations such as

10°

16-PSK and 32-PSK require significantly higher SNR
values to achieve comparable SER. Notably, 32-PSK
maintains a high symbol error rate (above \(10"{-2}\))
until approximately SNR = 16 dB and only approaches
beyond SNR =22 dB.

This behavior confirms the classic trade-off in
digital modulation design: higher-order schemes
provide greater spectral efficiency but are more
susceptible to noise and require higher SNR for reliable
transmission. The graph clearly demonstrates that,
under AWGN conditions, the complexity and
performance of PSK systems must be balanced
according to the communication system’s SNR
environment and error tolerance.

b
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Fig. 1 Probability of symbol error for M-PSK signals over AWGN channel.
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b)Rayleigh fading channel
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Fig. 2 Probability of symbol error for M-PSK signals over Rayleigh fading channel.
The graph displays the probability of symbol error ~ requires a much higher SNR for acceptable
(SER) versus SNR (in dB) for various M-ary Phase performance.

Shift Keying (M-PSK) modulation schemes: BPSK,
QPSK, 8-PSK, 16-PSK, and 32-PSK. The results
clearly show the expected trend where the symbol error
rate decreases as the signal-to-noise ratio increases.
However, performance degradation is more significant
for higher-order modulation schemes.

At a given SNR, lower-order schemes such as
BPSK and QPSK demonstrate significantly lower
symbol error rates, making them more suitable for
noisy or fading environments. For example, BPSK
achieves SER <) at approximately SNR =5 dB, while
32-PSK does not reach that level of performance even
at SNR = 20 dB. This indicates that BPSK and QPSK
are more robust against noise, whereas 32-PSK, though
spectrally efficient, is more sensitive to noise and thus

In summary, this plot illustrates the trade-off
between spectral efficiency and error performance in
M-PSK systems. The choice of modulation should
consider the operating SNR: lower-order M-PSK is
preferable in low-SNR environments, while higher-
order M-PSK may be leveraged in high-SNR
conditions where bandwidth efficiency is prioritized.

c)Rician fading channel

The graph shows the symbol error probability SER
versus SNR (dB) for 4-PSK (QPSK) modulation under
Rician fading channels with different K-factors: 3 dB,
5 dB, 10 dB, and 20 dB. The K-factor represents the
ratio of the power in the line-of-sight (LOS) path to the
power in the scattered (non-LOS) paths.
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Fig. 4 Performance of modulations over Rician flat fading channel with different K-factors.

From the graph, we observe that as the K-factor
increases, the symbol error rate significantly improves
at a given SNR. For instance, at SNR =10 dB, the SER
for K=3 dB is around 1072, while for K=20 dB, it drops
below 1075, This trend
highlights that the presence of a strong LOS component
(larger K) enhances the reliability of the signal and
reduces the impact of multipath fading.

In contrast, lower K-factor values, which represent
environments with weaker LOS components or rich
scattering (e.g., indoor or urban scenarios), show worse
performance due to increased channel randomness and
fading severity.

Overall, this plot clearly demonstrates that 4-PSK
modulation benefits significantly from higher K-factor
Rician channels, and performance approaches that of
AWGN as K—oo. This makes 4-PSK suitable for
environments where a strong LOS component can be
maintained, such as in rural or fixed wireless access
systems.

4 Conclusion.

This study has presented a comprehensive
evaluation of the performance of key digital
modulation schemes—namely BPSK, QPSK, and M-
PSK over different communication channel models
including AWGN, Rayleigh, and Rician fading
environments. Through both theoretical BER analysis
and simulation-based evaluation, the results have
demonstrated that while higher-order modulation
formats offer improved spectral efficiency, they are
significantly more susceptible to channel impairments,
especially in the presence of multipath fading.

The performance under AWGN channels serves as
a theoretical benchmark, where modulation schemes
operate close to their ideal BER curves. In contrast,
fading channels introduce substantial degradation, with
Rayleigh fading exhibiting the most severe impact due
to the absence of a direct path. Rician fading,

incorporating a line-of-sight component, offers
improved performance relative to Rayleigh, but still
falls short of AWGN conditions, especially at low K-
factor values.

These findings highlight the importance of
adaptive modulation techniques and channel estimation
in practical systems. For reliable communication over
wireless channels, particularly in varying and
unpredictable environments, modulation scheme
selection must be dynamically optimized based on real-
time channel state information.

Future work may explore the integration of error
correction coding, diversity schemes, and MIMO
configurations to further enhance performance under
realistic channel conditions.
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