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A UES DEVELOPMENT ADOPTION FRAMEWORK FOR MULTIPLAYER
DEVELOPMENT: REPLICATION, SERVICES, OBSERVABILITY, AND LIVEOPS

Abstract. This paper proposes a practical, UE5-centered adoption framework that translates modern software
development methodologies from Web/App, enterprise/heavy systems, Al systems, and contemporary game development
into measurable production practices for multiplayer Unreal Engine 5 (UES) teams. While Agile, MVP, DevOps,
microservices, data-driven development, and architectural patterns are widely discussed, UES multiplayer imposes hard
constraints that are often absent from generic methodology guidance: replication cost and relevance/dormancy
management, server-authoritative state, dedicated server build and deployment operations, online session flows, and
continuous delivery/LiveOps expectations. To address this “methodology translation” gap, we define a software-focused
research design that operationalizes methodology adoption through implementable UES artifacts. a suite of test projects,
multiplayer archetypes, and an instrumentation plugin stack for deterministic scenario execution, controlled network
stress injection, replication observability, and standardized telemetry outputs. We present pilot-format result templates
and case-study tables that connect methodology choices to objective UES indicators, including replication budget per
client, temporal consistency of server simulation steps (server tick rate stability), session join reliability, build-to-playable
time, crash-free server hours, and change lead time. A Lyra-style GameFeature plugin slice is introduced to demonstrate
clean architectural boundaries and auditable iteration throughput via feature lifecycle telemetry tied to CI build
identifiers. The paper synthesizes these results into a staged adoption map that prioritizes replication-first KISS
discipline, multiplayer MVP defined as an operations-capable vertical slice, minimal services before microservice
decomposition, data-driven tuning with safe rollbacks, and modular feature slices for scalable iteration. This framework
is intended as a practical guide for UES multiplayer teams and as a foundation for larger empirical evaluations.

Keywords: Unreal Engine 5, Multiplayer Game Development, Replication Graph, Devops/Liveops, Microservices,
MVP, Data-Driven Development.

Introduction. Modern multiplayer games increasingly resemble always-on software products:
they require reliable session flows, scalable server operations, frequent updates, and telemetry-driven
iteration alongside the traditional demands of real-time interaction, performance, and creative
gameplay [1-3]. Yet many development methodologies originate in domains where latency tolerance,
authoritative state, and network replication are secondary concerns. Unreal Engine 5 (UES) provides
robust networking capabilities. However, the mere availability of replication mechanisms does not
by itself ensure production-level readiness of a multiplayer system. UE5 teams must manage
replication budgets, authority boundaries, dedicated server pipelines, service ecosystems
(authentication, matchmaking, progression, telemetry), and continuous delivery without destabilizing
gameplay [4-9]. Research in game software engineering underscores that games are a distinct
software domain with recurring production challenges, including tooling, pipeline integration, and
the tension between experimentation and engineering rigor [10]. At the same time, software
architecture and operations research provide mature guidance on microservices and DevOps, but
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typically without UES’s replication and dedicated server constraints [11]. This creates a practical gap:
teams know what methodologies exist but lack a UES-specific translation that turns them into
implementable engineering decisions and measurable outcomes.

Current software development methodologies provide useful general guidance for iteration,
architecture, and delivery, but they do not directly resolve the production-specific constraints of
multiplayer Unreal Engine 5 development [12]. In UES multiplayer projects, engineering decisions
are shaped not only by feature scope but also by replication cost, server-authoritative state
management, dedicated server deployment, session reliability, telemetry coverage, and LiveOps
continuity. The research problem addressed in this paper is, therefore, the lack of a UES-oriented
methodological framework that connects general development principles with measurable
multiplayer engineering outcomes.

Purpose. The purpose of this research is to systematically synthesize and operationalize
modern software development methodologies into a practical adoption framework for multiplayer
UES production, where replication, dedicated server operations, service boundaries, and continuous
delivery/LiveOps are first-class constraints.

Literature review. Recent systematic synthesis argues that Game Software Engineering (GSE)
has consolidated into a distinct domain, highlighting gaps in rigor and industrial alignment while
documenting persistent challenges in pipelines, tooling, and production constraints [1].
Complementary work on software architecture for game mechanics shows that reuse and modularity
are possible at architectural levels even when mechanics are highly specialized, reinforcing the need
for patterns that tolerate continuous iteration [2]. Research on architecting microservices emphasizes
that decomposition, coupling, and adoption are complex in practice; benefits come with governance
and operational cost. For online games specifically, systematic mapping and framework-driven
approaches for MMO/MMOG backends show recurring architectural concerns, state, scalability, and
commodity cloud deployment that align with service boundary decisions around the UES gameplay
layer [10].

DevOps literature emphasizes that DevOps is not just CI/CD automation; it is a lifecycle
capability stack that integrates deployment, monitoring, feedback loops, and socio-technical
practices. A recent systematic review mapping DevOps capability to lifecycle phases supports
treating observability and automation as core adoption outcomes rather than optional tooling.

MVP is often framed as a product strategy, but systematic mapping of MVP-related practices
emphasizes feasibility assessment, evaluation, and iteration discipline. For UE5 multiplayer, this
implies MVP must include the operational spine (server build/deploy, session flow, telemetry), not
only a gameplay prototype.

UES documentation explicitly states that replication scalability can become a CPU bottleneck
when actors evaluate each client individually; Replication Graph addresses this by using persistent
nodes and actor lists, enabling large-scale relevance management. Dedicated server documentation
stresses client—server authority as the core multiplayer model. The online subsystem's EOS
documentation reflects the reality that session, identity, and service integration are central to
multiplayer production beyond replication.

Literature provides strong components: GSE insights, microservices and DevOps adoption
research, MVP/Lean practice studies, and UES5 technical constraints, but lacks an integrated, tool-
supported translation for UES5 multiplayer teams. This paper addresses the translation gap by
providing a UE5-centered adoption framework and an evaluation artifact stack that enable measurable
adoption of methodologies.

The scientific novelty of this work lies in proposing a UES-centered adoption framework that
does not describe development methodologies only at a conceptual level but operationalizes them
through platform-specific engineering artifacts, multiplayer archetypes, and measurable production
indicators. Unlike general methodological overviews, the proposed framework links replication-first
design, operational MVP scope, service-boundary decisions, and telemetry-supported iteration to
concrete UES implementation practices. This allows the study to contribute to both a structured
adoption model and a reproducible evaluation basis for future empirical validation.
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Methods. The object of this study is the process of multiplayer game production in Unreal
Engine 5. The study examines the set of methodological and engineering practices that determine
how replication, service boundaries, observability, and LiveOps capabilities are introduced and
evaluated in UES multiplayer teams. Accordingly, the research tasks are to identify mismatches
between generic software methodologies and UES multiplayer constraints, operationalize these
methodologies through reproducible UES artifacts and scenarios, and define measurable indicators to
evaluate their practical applicability.

This study adopts a design-oriented, software engineering research approach focused on
methodology translation: we do not test a single gameplay hypothesis but instead construct and
evaluate a practical adoption framework that maps modern development methodologies to the
constraints of multiplayer UES production. The core method is to operationalize methodological
constructs (e.g., MVP, KISS, data-driven development, microservices/SaaS, architectural patterns,
DevOps/LiveOps) into concrete UES artifacts, test projects, plugins, and archetype game modes,
enabling adoption to be examined through repeatable implementation tasks and measurable
engineering indicators. The research dataset is therefore composed of a small suite of UES reference
projects and archetypes that represent common multiplayer production patterns and stress cases, as
well as a modular plugin set that provides scenario orchestration, networking stress injection, and
telemetry. All artifacts are designed to be reproducible, modular, and comparable across teams and
implementation variants.

We use a design-oriented software engineering approach: general methodological principles are
instantiated through UES5-specific engineering practices and evaluated via repeatable instrumentation
rather than one-off review. UES public projects and systems that we employed in the research that
serve as research instruments [4-9], which are detailed in Table 1:

e Project 1 Replication Test Lab: Replication Graph/relevance/dormancy scaling
experiments. (Epic Games Developers).

e Project 2 Dedicated Server Build and Deployment non-interactive dedicated-server builds,
packaging, automated sanity-check test runs. (Epic Games Developers).

e Project 3 Session-to-Match Flow Prototype (EOS-ready): sessions, lobby readiness,
travel, reconnect. (Epic Games Developers).

e Project 4 Data-Driven Tuning Sandbox: Data Assets/Tables + safe config workflows
(feature flags).

e Project 5 Lyra-style Feature Slice Plugin: modular GameFeature plugin slice, clean
boundaries, lifecycle telemetry.

Table 1 — Sample UES test project overview *

Project Purpose Core Ul? Test scenario Output data
technologies
Replication quantify replication graph | 1664 clients server thread time,
Test Lab replication cost custom nodes 1k—20k replicated net send time,
and scalability spatial routing actors (static props, Al | bandwidth per
under controlled pawns, pickups) client, actor
actor counts and dormancy
relevance rules transitions, actors
evaluated vs
actually replicated
Dedicated validate the end- UE dedicated nightly CI builds, build duration,
Server Build | to-end production server build smoke tests artifact size, startup
and loop: build - pipeline and connect/disconnect, time, session join
Deployment package - deploy client-server map travel time, crash rate
- run headless - authoritative crash-free sessions
collect logs model
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Table 1 (continued)

Project Purpose Core UP; Test scenario Output data
technologies

Session-to- | reproduce the real online subsystem | create/join sessions, matchmaking time

Match Flow | multiplayer “front EOS lobby readiness, distribution,

Prototype door”: login - online services matchmaking stub, failure reasons,

(EOS-ready) | session/lobby - EOS map travel and reconnection
match - return. success rate

Data-Driven | demonstrate data- data assets / data | weapon/ability tuning | balance deltas vs

Tuning driven development tables and economy variables | KPI deltas (TTK,
Sandbox and safe runtime config-driven are changed without win rate, ability
tuning “game feature code changes; server- | usage)
toggles” pattern authoritative validation
(aligned with
Lyra modularity)
Lyra-style research modular Lyra sample add a new game mode | change lead time,
Feature production: build a modular or replicated feature in | integration defects,
Slice Plugin | new “experience architecture an isolated plugin with | cross-plugin
slice” as a (plugins, online clear boundaries dependency count
GameFeature-style multiplayer
plugin support, GAS
usage)

* prepared based on the author's work and public research data

As it is essential to study and evaluate the multiplayer side of game development, we focused
on typical first-person shooter session gameplay, co-op PVE instancing, social hub + travel, dense-
zone large world, and live-service event rotation selected to stress different constraints (replication,
operations, services, cadence) (Table 2).

Table 2 — Sample UES game archetypes (multiplayer focused) *

UES game archetype

Purpose

Measurements and data

5v5 Session Shooter
(Lyra-like)

= tests high-frequency replication

» prediction/rollback sensitivity and
strong match flow

= Lyra explicitly targets online
multiplayer and modular best
practices

bandwidth per client, server tick
stability, join/leave recovery, replay
determinism

Co-op PvE “Instanced
Dungeon”

= tresses Al replication relevance,
party management, and deterministic
loot/progression

Al actor relevance (Replication
Graph benefits), instance spin-up
time, persistence writes

Social Hub - Seamless

= stresses session continuity, presence,

travel failure rate, reconnect success,

Travel Lobby party transitions, and service and session migration time;
Experience boundaries (inventory/social) EOS/OSS is typically central here
Large-World (100+ » designed to justify the Replication server CPU cost vs actor density,
Actor Density Zone) Graph and interest management replication relevance hit rate,

dormancy effectiveness

Live-Service “Event
Rotation”

» tests DevOps/LiveOps
= feature flags
= data-driven tuning loops

config rollout safety, metric
instrumentation completeness,
regression rate per release

* Prepared based on the author's work and public research data

Results. Pilot Case Study 1 KISS as replication-budget runs indicate that a “budgeted
replication pass” reduces per-client bandwidth and net send time at higher actor densities by
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increasing dormancy utilization and shrinking replicated state surfaces (Figure 1). These results align
with the purpose of Replication Graph and relevance management: replication scalability requires
systematic list-building and budget discipline rather than ad hoc per-actor replication. Case Study 2:
MVP as an operations-capable multiplayer vertical slice, pipeline measurements show that defining
MVP as “multiplayer vertical slice” surfaces the actual bottlenecks early: cook/build variance, travel
stability, session configuration, and crash causes. Dedicated server packaging and automated smoke
tests are not optional; they are the conditions under which MVP becomes repeatable and measurable.

UE5 Multiplayer
Constraints

Development
Methodologies

KISS (Keep It Simple) Translation Challenges

Replication & Networking

Replication Efficiency & Limits

MVP / Lean Iteration — Dedicated Servers

Microservices & SaaS

Dedicated Server Operations )
= Online Services

Service Boundaries & APIs

Data-Driven Development Il Continuous Integration & Deployment

Continuous Delivery & Monitoring
DevOps & LiveOps

Design Patterns & Modularity

Figure 1 — Methodology-to-UES constraint map (linking each methodology cluster to UES
constraints (replication, dedicated servers, online services, continuous delivery)

Case Study 1 evaluates KISS as a replication-budget discipline in the P1 Replication project.
Table 3 shows that at higher actor densities (10k—15k replicated actors), a targeted “budgeted
replication pass” reduces median bytes/sec per client and net send time while increasing dormancy
utilization, with fewer gameplay regressions. These outcomes are consistent with UES’s scalability
intent for Replication Graph and related relevance/dormancy mechanisms: budget control is achieved
by shrinking replicated state, consolidating RPCs, and prioritizing server-authoritative essentials over
cosmetic replication. The results operationalize the design principle that “simplicity” in multiplayer
is defined not only by code readability but by the size and frequency of replicated state updates.
Values are reported as median per-client over a 3-minute steady-state window (no match flow), with
identical map and Al disabled (Table 3 and Figure 2).

Table 3 — Game test project replication changes using the KISS method *

Variant Replicated | Avg bytes/ | Netsends | Dormant | Gameplay
actors sec per time actors regressions
client (ms) (%) (count)

Baseline (feature-first replication) 5,000 8,200 2.6 18% 0
KISS (budgeted replication pass) 5,000 5,400 1.9 42% 0
Baseline (feature-first replication) 10,000 15,900 4.7 12% 1
KISS (budgeted replication pass) 10,000 9,800 3.1 38% 0
Baseline (feature-first replication) 15,000 24,700 7.9 9% 3
KISS (budgeted replication pass) 15,000 13,900 4.6 35% 1

* Prepared based on the author's work and public research data
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---- Baseline
— KISS Replication-Optimized

25,000

20,000

15,000

10,000

5,000

1,000

5,000 6,000 8,000

Network Traffic Per Client (byyets/sec)

- Replication
R Budget Gap

11,000 12,000 13,000 14,000 15,000

Replicated Actors

Figure 2 — Example replication budget curve (bytes/sec per client vs replicated actor count
for baseline vs KISS-budgeted variant)

Sample Lyra-style Feature Plugin layout:

Plugins/

GF_Slice CapturePoint/
GF_Slice_CapturePoint.uplugin
Source/

GF_Slice_ CapturePoint/
GF_Slice_ CapturePoint.Build.cs
Public/
CapturePointFeatureAction.h

CapturePointRuntimeSubsystem.h

CapturePointTelemetry.h
Private/

CapturePointFeatureAction.cpp

CapturePointRuntimeSubsystem.cpp

CapturePointTelemetry.cpp
Content/
Experience/
DA_GFA_CapturePoint.uasset

DA_Experience_CapturePoint.uasset

Gameplay/
BP_CapturePointActor.uasset
uI/
W_CapturePointHUD.uasset

(GameFeatureData)
(Lyra Experience Definition)

The pilot results should be read as signals of methodological translation, not as final
performance claims about a specific implementation. Our objective is to demonstrate that widely used
software development methodologies can be operationalized into UES multiplayer—specific
engineering decisions and then evaluated through repeatable, tool-generated measurements. The
consistent pattern across Case Studies 1-3 is that UES multiplayer constraints replication cost, server-
authoritative state, travel/session reliability, and operational stability force trade-offs that generic
methodology descriptions rarely make explicit. In conventional software engineering, KISS is often
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interpreted as reducing code complexity. In UES multiplayer, the pilot data shows KISS is more
usefully treated as a replication-surface minimization strategy: fewer replicated properties, fewer
high-frequency RPCs, and deliberate dormancy/relevance policies. The Replication Budget Lab
outcomes (Table 3) illustrate that improvements in bandwidth and net send time are achieved when
teams treat replication as a first-class requirement with explicit budgets. This reframes “simplicity”
as a measurable systems property: the system is simpler when it transmits less state while preserving
authoritative correctness and player experience.

Table 4 — Game test project replication changes using MVP pipeline approach

Indicator Pilot engineering Observed Notes
target (median/complete)

Build time (server+client) 90 min 74 min/ 96 min | Cook dominates; shader
compilation spikes on cold agents

Package + stage time 20 min 12min/ 18 min | Pak chunking stable; staging
failures tied to disk space

Deploy time (server) 10 min 6 min / 9 min Container start variance;
occasional port conflicts

Session create — join 45 s 31s/58s NAT traversal + session discovery

time variance; one EOS config
mismatch

Map travel + match start 20s 14s/27s Travel hangs caused by asset load
stall on the first run

Session join success rate 95% 96.2% 9 failures: 5 NAT, 3 travel
timeout, 1 auth token expired

Crash-free dedicated 6 h/night 74h/59h 2 crashes: one null ref in post-

server hours login, one memory spike on travel

Change lead time (feature 2.5 days 2.1 days /3.4 days | Cross-plugin dependency review

plugin slice) adds delay; CI queue time
increases p95

A central premise of this research is that multiplayer UES production is shaped by several
practical contradictions that generic development models do not fully address. These include the
tension between rapid feature iteration and the stability of the replication budget, between service
decomposition and operational overhead, and between gameplay experimentation and the need for
deterministic, server-authoritative behavior. The proposed framework addresses these contradictions
by prioritizing replication-aware simplification, staged service adoption, and observability-driven
decision-making as the basis for sustainable multiplayer production.

Consistent with prior multiplayer production literature and industry practice, our pilot results
reaffirm that a “multiplayer MVP” cannot be structurally equivalent to a single-player prototype plus
networking later. Table 4 presents the pipeline outcomes, showing that the dominant failure modes
and delays stem from cooking/build caching variability, travel readiness, session configuration,
reconnect behavior, and crash stability issues that remain invisible if the MVP is defined only at the
gameplay layer. In other words, MVP adoption is validated when a team can repeatedly produce a
playable build, join a session, start a match, and survive a controlled runtime window with sufficient
telemetry to debug regressions. This is a methodological translation of Lean/MVP principles into a
UES production reality: the minimum viable product is the minimum viable operations loop.

The target values presented in Table 4 should be interpreted as pilot engineering thresholds for
an operational multiplayer vertical slice rather than as universal benchmarks for all UES projects.
These thresholds were selected to represent the minimum acceptable level of technical readiness for
repeated build, join, match-start, and monitored runtime execution under controlled multiplayer
conditions. Their role in this study is to provide a consistent acceptance baseline for comparing
methodological choices across features and scenarios, especially with respect to replication cost,
server stability, session reliability, and build-to-playable state work process.
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Discussion. The purpose of this study was to develop and operationalize a UES-oriented
framework for adopting modern software development methodologies in multiplayer production. In
this context, the objective of the empirical component is not to prove universal performance
superiority, but to demonstrate that such a framework can be instantiated through repeatable UES
artifacts, scenarios, and indicators. Therefore, the reported results should be interpreted as pilot
evidence of applicability, measurability, and engineering relevance within the defined production
scope.

This paper addressed the practical gap between general software development methodologies
(from Web/App, heavy systems, Al, and game development) and the rigid constraints of multiplayer
UES5 production. We proposed a UES5-centered methodology translation framework and
operationalized it into a small set of research instruments, UES test projects (P1-P5), archetypes (A1—
AS), and a plugin suite for deterministic scenario execution, network stress injection, replication
observability, and telemetry.

The pilot outcomes should be interpreted as evidence of methodology translation. In UES
multiplayer, KISS is best treated as replication-surface minimization; MVP must include servers,
sessions, and observability to be meaningful; and microservices should be adopted in stages guided
by measured bottlenecks rather than as a default architecture. DevOps/LiveOps adoption becomes
the operational spine of multiplayer development, enabling measurable regression detection and
recovery. Finally, Lyra-style feature slices provide a concrete mechanism to scale iteration while
preserving architectural boundaries, and telemetry enables objective tracking of change lead time.

Threats to validity remain: stress injection may not capture every transport-layer behavior, and
environment configuration affects session results. However, these align with the paper’s central claim
that multiplayer readiness is inseparable from operational and configuration discipline.

Conclusions. This paper presents a UE5-centered adoption framework that translates modern
development methodologies into implementable, measurable practices for multiplayer UES teams.
The main contributions are a methodology translation map grounded in UES constraints; a practical
evaluation artifact stack (test projects) with instrumentation plugins; pilot outcome templates that
connect methodological decisions to objective UES indicators; and a Lyra-style feature slice that
makes modularity and iteration throughput auditable via telemetry.

This study has several limitations. First, the presented evaluation is pilot-scale and is based on
a limited set of reference projects, archetypes, and controlled scenarios rather than on long-term
industrial deployment across multiple production teams. Second, the reported indicators depend on a
specific UES toolchain, configuration, and testing environment, which may affect absolute values and
limit direct transferability to other projects. Third, while the framework emphasizes observability and
LiveOps readiness, it has not yet been validated through prolonged post-release operation, large
concurrency ranges, or cross-studio comparative studies, which remain important directions for future
research.

Future research work will focus on several key points — (1) scale empirical validation across
archetypes and concurrency levels; (2) formalize a boundary decision model for UE gameplay vs
services; (3) integrate replication budget regression gates into CI; (4) extend data-driven
experimentation governance (feature flags, rollbacks, A/B testing) in multiplayer contexts; and (5)
publish a minimal open research toolkit (evaluation system plugin) with sample datasets to support
replication by other teams.
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®PEVMBOPK BIIPOBAI’KEHHSI CYYAHUX METO/IIB PO3POBKH 1151
BATATOKOPUCTYBAILBKUX II'OP HA UNREAL ENGINE 5: PEIIVIIKALIA,
CEPBICH, MOHITOPHUHI' I LIVEOPS

Anomauin. Y yiii cmammi nponoHyemuvcs npakmuyHuti nioxio, opicumoganuti Ha UES ¢petimeopx
BNPOBAOICEHHS, AKULL NEPEeMBOPIOE CYYACHI MemoooN02ii po3pobKku npozpamuozo 3abesneuenns 3 Web/App,
KOPROPAMUBHUX/BAHCKUX CUCIEM, CUCTHEM WIMYYHO2O [HMENeKmy Md CYYacHoi po3poOKu i2op V UMIpIOGaHi
CYUACHUX Memo0onozii po3pobku 015 bazamoxopucmyeaywvkux icop Unreal Engine 5 (UES). Xoua na cvo200Hi
wupoxo suxopucmosyiomocs Agile, MVP, DevOps, mixpocepgicu, po3poOKa Ha OCHOBI OaHUX ma apximexkmypHi
namephu, myromuniecp UES naxnaoae scopcmki obMmediceH s, Ki 4acmo 8i0CYMHI Y 3a2aNbHUX MEMOO0I02IAX:
eapmicms peniikayii ma ynpaseniHHa pelesanmuicmio, autoreactive cmawuis cepgepy, onepayii 3 nobyoosu ma
pOo320pmanHsa 8UOIIEHO20 cepaepd, OHIAUH-NOMOKU cecill i ouikyeanns besnepepsnoi docmasku/LiveOps. [1]o6
VCYHYmMU Yio Npo2aiuny 6 «nepekiadi mMemoooaocii i3 po3poOKu NPUKIAOHO20 NPOZPAMHO20 3a0e3nedeHHs Y
npocmip po3pooKu 8i0eoi2opy», Mu BUSHAUAEMO NPOSPAMHO-OPIEHMOBAHUY OOCTIOHUYLKUL OU3AUH, AKUL 3aNYCKAE
BNPOBAOIICEHHA MemOoOoNo2ii uepe3 peanizoeani apmegpaxmu UES: nabip mecmosux npoekmia, apxemunu 0715
MYTbMUNIeepa ma Cmex iHCMPYMEHMANbHUX N1A2iHi6 Ol GUKOHAHH OemepMIHOBAHUX CYEHapii8, KepoB8aHno2o
68€0EHHA HANPYIICEHb MEpediCl, CNOCMEPedCY8AHOCI penaikayii ma cmaHoapmu308aHux meremMempuiHux
pesyavmamis. [lpedcmasniaemo wabaonu pe3yrsmamis y niiomHomy gopmami ma mabauyi Keticia, Axi n08'a3ynoms
8ubip memooonoeii 3 06'exkmusHumu nokaswukamu UES, 6kitouno 3 6100icemom peniikayii Ha KOAICHO20 KIIEHmA,
CcmaobinbHICMI0 MUKig cepéepa, HA0IUHICMIO NPUEOHAHHS 00 cecii, yacom 30IpKu 00 epu, be3nepediliHuMu 200UHaAMU
cepgepa ma yacom 3miH. Beooumwvca nnacin y cmuni Lyra ona demoHcmpayii 4imkux apXimekmypHux mexic i
nponyckHoi  30amuocmi  imepayiii  uepe3 meremempiio  JHCUMMEBO2O YUKy —00'ckmis, nos'szany 3
ioenmugpixamopamu 360ipxu CI. Pe3yromamu, npeocmasineni y CMammi, CUHME3VIOMbCs Y NOEMAnHy Kapmy
8NP0BAOICEeHHS, AKA Haoae npiopumem memooonozii KISS, opienmosarniii na pennixkayiro, myarvmuniecpromy MVP,
BUSHAYEHOMY SIK GEPMUKANbHUL 3DI3 3 NIOMPUMKON ONepayil, MIHIMATbHUX cepeicie neped PO3KAAOAHHAM
MIKpOCEpSICi8, HANAUIMYBAHHS HA OCHOGI OaHUuX i3 Oe3neyHumMu GiOKamamu ma MOOYIbHI 3Pi3U O3HAK O
Macwmabosarnoi imepayii. L{a cmpykmypa npedcmasnena 1K npakmudHull noCiOHUK 01 6a2amoKopucmy8aybKux
xkomano UES ma sx ocHo8a 018 wupuiux emMnipuiHux oyiHox.

Kniouosi cnosa: Unreal Engine 5, pospobxa bOacamoxopucmysayvkux icop, epag) pennixayii,
DevOps/LiveOps, mixpocepsicu, MVP, po3pobka Ha 0CHO8I OaHuX.
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CUCTEMA KOMIUVIEKCHOT'O AHAJII3Y KOMYHIKATI/IBHQi IHHOBEJIIHKHA B
INYBJITYHUX JUCKYCIAX HA OCHOBI ATAPU3ALIII MOBIIIB

Anomauin. AxmyanvHicmv 00CHIONHCEHHA 3YMOGNEHA 3POCMAHHAM KIIbKOCMI OHIAQUH-3yCmpiuell ma nyoniuHux
ouckyciu y yugposomy gopmami, wo cmeopioe nompeby 6 A8MOMAMU308AHUX IHCMPYMEHmMAx aHAni3y epynogoi
KomyHikayii. Tpaouyitini memoou pyuHo2o KOOY8AHHS MdA MPAHCKPUNYIL € HAO36UYALHO MPYOOMICMKUMU mMa
cy0'eKmugHUMY, WO 0OMENCYE MONCIUBOCME MACUMAOHO20 OOCHIONCEHHST KOMYHIKAMuUGHUx namepuis. Mema
00CIOMHCeHHS NOA2AE 8 PO3pobYi ma anpobayii KOMNIEKCHOI cucmemu agmomMamu308anH020 AHANI3Y KOMYHIKAMUBHOL
NOBeOIHKU, KA HNOEOHYE CYHYACHI MeXHON02l diapusayii Moeyis, a8MOMAMUYHO20 pPO3NI3HABAHHA MOGU Mad
CIMamucmu4no20 ananizy 01 HAO0AHHs O0emanbHOi Kapmuuu 2pynogoi OuHamiku 6 nyoniunux ouckyciax. Memoou.
Cucmema peanizoéana na oCHO8i MiKpocep8ichoi apximexmypu 3 suxopucmanusam Python 3.10+, FastAPI ma React. /[na
diapuzayii Mo8yie 3acmocosano aneopumm pyannote.audio, w0 NOCOHYE KOHBOMIOYIUHI eHKOoOepU 3 NONEepeoHbO
Haguenumu mooeasimu WavLM. Aemomamuyne po3niznasanus Mosu 30iCHIOEMbCS Yepe3 MPAHcQopmepHi apximexmypu
(Whisper, AssemblyAl, Conformer). Ananiz KOMyHIKAMUBHOI NOBEOIHKU KIIOHAE OOUUCTICHHS. CIMAMUCTIUYHUX MEMPUK
AKMUBHOCMI, Mepedcesull auaniz 63aeMo0ill ma OYiHKY cmuiio KomyHikayii. Pezymemamu. Pospobnena cucmema
YChiwHo iHmezpye diapusayiro Moeyi 3 mounicmio 0o 0.5 ceKyHOU, agmomMamuyHy mpancKpunyio ma 6a2amoeumipHui
aHaniz KomyHikamuenux namepuie. Moodyavua apximexmypa 3abesneuye eHyukicme aoanmayii nio pisHidomenu
sacmocysants. Cucmema cenepye 0emanbhi Yaco8i MIMKU AKMUBHOCMI YYACHUKIB, 8I3YaANi3Y€ PO3NOOLT 4aACY MOBTICHHS
ma HA0Ae KOMNJIEKCHY GHALIMUKY OJi NOKPAWeHHs npoyecie nputinamms piwiens. Ilepcnexmuegu. [lodaneuwiuii po3eumox
cucmemu GKIIOYAE THMe2PAYII0 MYIbMUMOOAIbHO20 AHANIZY 3 YPAXY8AHHAM He8epOaibHOI KOMYHIKaYil, NOKpaujeHHs
cmabinbhocmi pobomu 8 ymMoeax GoHoo2o uymy, OOMeHHy adanmayiro 0isl CheyupiyHux 2anyzei ma nPoBaAONCeHHs
real-time ananizy ocusux ouckycit. Cucmema 8i0KpUBAE HOBI MOICIUBOCI O OOCAIONCEHHS 2PYNOBOI OUHAMIKU 8
KOPNOpamueHoMY, 0C8IMHbOMY MA 0ePHCABHOM) CEKMOPAax.

Knrouoei cnosa: odiapuzayis mosyie, agmomamuyme po3nisHABAHHI MOBU, AHANI3 KOMYHIKAMUBHOI NOBEOIHKU,
wmyuHull inmenexm, nyoaiuHi OUCKycii.

AKTyanabHicTb. OcCO0MMBO aKTyaJbHUMH € JOCHIJKEHHS KOMYHIKaTUBHUX IaTEPHIB Yy
KOHTEKCTI IIU(PpoBOi TpaHChopMallii CycHiabCTBa Ta 301IBIIEHHS KUIBKOCTI BIpTyaJbHUX B3a€EMOJIIN.
[Tannemis COVID-19 3nauHO mpUCKOpHIIa TIEPEXil 10 OHJIAWH-(hOpMaTiB 3yCTpideid, 0 CTBOPHUIIO
HOB1 BUKIIUKY JJIs aHANI3y IPYNOBOi JUHAMIKU B IIU(PPOBOMY CEPETOBUIIIL.

B cBoro uepry, anaiiz rpymnoBoi KOMyHIKallii Biirpae KJIOUOBY POJib y PO3YMIHHI JUHAMIKH
KOJICKTUBHOTO CHPUNHATTS CUTYyAIlil Ta MPUNHATTS PilIeHHS, HAJaroJKeHHI SKICHOTo MyOIiuyHOTro
JTUCKYpPCY 1 eeKTUBHOT KOMaHHOI pOOOTH. 3 pO3BUTKOM IU(PPOBUX TEXHOJIOTIN KUTBKICTh ay/Ii0 Ta

© 2026 Rudensky, R., Kravchenko, V. This article is licensed under a Creative Commons Attribution 4.0
International License (CC BY 4.0). https://creativecommons.org/licenses/by/4.0/ 19



https://orcid.org/0009-0002-3682-9702
mailto:roman.rudensky@nubip.edu.ua
https://orcid.org/0000-0002-8033-3985
mailto:v.kravchenko@nubip.edu.ua

Computer Science Rudensky R., Kravcehnko V.

B1JI€O 3aIKCIB 3yCTpiUeH, TUCKYCIH Ta MyOIIYHIX 0OTOBOPEHB 3pOCTAE EKCTIOHEHITIIHO, III0 CTBOPIOE
notrpe0y B aBTOMaTH30BAHUX IHCTPYMEHTAX iX aHaJi3y.

B ymoBax, Koau HasBHMH 3amuC JUCKYCIl HE Ma€ pO3BEAECHHS YYaCHHKIB IO PI3HUX ayJio
KaHanax, abo BiJICYyTHI MeTa/iaHi, AKi MPsIMO BKa3ylOTh KU (parMeHT ay/1i0 OB’ A3aHUH 13 KOXKHUM
YYaCHUKOM, TIepe] MPOBEACHHSAM aHalli3y HEOOXiAHO 3a0e3MeUuTH PO3Mi3HABaHHS YYaCHHKIB Ha
3amucy. Takuil mpolec aBTOMAaTHYHOTO BHU3HAUEHHS "XTO 1 KOJIM TOBOPUTH" B ayJio3ammuci
Ha3UBAETHCSA Jiapu3alliero MoBIiB. Came 11e SBJIsIE€ COOOK0 OJIHY 3 KIIFOUOBUX TEXHOJIOTIH PO3YMIHHS
JMHAMIKA TPYHOBOI B3a€MOJil, OCKUIBKM TpPAIHIiiHI METOAM aHaji3y TpyHoBOi KOMYyHIKamii
0a3yI0ThCSl HAa Py4YHOMY KOJyBaHHI Ta TPAHCKPHIILIi, 10 € HaJ3BHUYAHO TPYIOMICTKMM IPOLIECOM.
Excnepty BuUTpayaroTh TOJWMHHM Ha aHai3 HAaBiTh KOPOTKUX 3amKCiB, M0 poOUTH MacmTaOHe
JOCIIIJKEHHS! KOMYHIKaTUBHUX MTaTEPHIB MPAKTHYHO HEMOXKJIMBHUM. binblie Toro, moacekuit haktop
BHOCHUTH CY0'€KTUBHICTH y MPOLIEC aHAMi3Y, 1110 MOKE BIUIMBATH HA JIOCTOBIPHICThH PE3yJIbTATIB.

JlocsirHeHHsT B 001acTi aBTOMaTUYHOTO po3mizHaBaHHs MoBH (ASR) Ta miapu3sarii MOBIIIB
MPOHILIA 3HAYHY €BOJIOIIIO BiJl CTATUCTHYHUX METOJIB 1 MPUXOBAaHMX MapKiBCbKUX MOJEICH 10
rIMOOKOro HaBYaHHA 1 TpaHCPOpPMEPHUX apXiTeKkTyp. Hapasi BoHM BIIKPUBAIOTH HOBI MOYJIMBOCTI
IUTs aBTOMATH3AIli{ aHaIi3y TPYMOBHUX JTUCKYCIH.

AHaJi3 ocTaHHIX Aoc/igxkeHb Ta myOaikamiii. J{ocnmimkeHHS B raigy3i aBTOMaTHYHOTO
aHaJi3y rPyNOBHUX TUCKYCIH aKTHBHO PO3BUBAIOTHCS MPOTATOM OCTAHHBOTO NECSATUIITTA, 30KpeMa
3aBJIIKUM IIPOrpecy B TEXHOJIOTiAX TiauOokoro HaBuaHHSA. bpenin X. pazom 31 cmiBaBTOpamu [1]
npeacTaBuin pyannote.audio — HEWpPOHHY CHUCTeMy JUIsl Jliapu3aiii MOBIIB, IO cTaja Je-(pakKTo
CTaHJIaPTOM Y raiy3i 3aBJIsSKH BUCOKINA TOYHOCTI Ta MOAYJbHIM apxitekTypi [2]. Pandopt A. 1 koneru
[3] po3pobunu Whisper — TpancopmepHy Mozeib Uisl po3Mi3HaBaHHS MOBH, HaBueHy Ha 680 000
roAnHax 0araTOMOBHHX JIaHUX, IO IEMOHCTPY€E 3HAYHY CTIMKICTh 10 ()OHOBOTO HIyMY Ta aKIICHTIB.
Konexktus HaykoB1iB Ha youi 3 ['ynati A. [4] 3anpononyBanu apxitektypy Conformer, sika noesnye
KOHBOJIFOIIIHI Ta TpaHchopMmepHi mapu s e(QEKTHBHOTO MOJICITIOBAHHS SK JOKAJIBHUX, TaK 1
ro0anbHUX 3aJIEKHOCTEH B ayAiloCHrHali, gocsraioun state-of-the-art pesynbraTiB Ha benchmark
natacetax LibriSpeech.

VY KOHTEKCTI aHajli3y KOMYHIKaTUBHOI MOBeAiHKH, Ao J>k. Ta cmiBaBTOopu [5] mpeacTaBuin
SpeechT5 — yHidikoBaHy €HKOAEP-AEKOACPHY apXITEKTypy Hjisi 0OpOOKM YCHOTO MOBJIEHHS, IIO
JI03BOJIsIE BUKOHYBAaTH MHOKHHY 337124, BKJIIOYAIOUM pO3Mi3HaBaHHS, CHHTE3 Ta aHaJli3 TOHAIBHOCTI.
JlociiskeHHs MOKa3yloTh, 10 IHTErpallis Jlapyu3allii MOBIIB 3 aBTOMaTUYHUM PO3IMi3HaBaHHSIM MOBU
3HA4YHO MOKpAIy€ TOYHICTh TPAHCKPHIILIT B yMOBaX rpyMOBUX AUCKYCiH MOPIBHSHO 3 TpaULITHUMU
nigxonamu. bimein Toro, IMapk T. JIk. ta cmiBaBTOpH [6] 3ampononyBanun AutoVC misa zero-shot
CTHJIICTUYHOT'O MEPEHOCY ToJIoCy, L0 PO3LIUPIOE MOMIJIMBOCTI aHaNi3y KOMYHIKAaTUBHUX CTUIIB Y
MYJBTHMOAATBHHUX TUCKYCiAX 0€3 J0AaTKOBOTO TPEHYBAaHHSI.

OnHak OiBIIICTh ICHYIOUMX pIIIEHb 30CEpeKEeHI Ha OKPEMHUX acleKTax aHalizy — abo Ha
niapu3zariii, abo Ha TpaHCKpUIILii, a00 Ha aHaIi31 TOHAJIBHOCTI. KOMIJIEKCHI cucTeMu, 10 MOETHYIOTh
yci 1i KOMIIOHEHTH 3 MOJKJIMBICTIO JI€TaJbHOTO aHalli3y KOMYHIKaTUBHUX pOJeld Ta MaTepHIB
B3a€MO/I11, 3aJTUIIAI0THCS HEIOCTAaTHHO MPEACTaBICHUMH B HAYKOBIH JiTeparypi. Kpim Toro, icHyroui
piteHHs He 3a0e3MeuyIOTh ITFOBOTO aHAMI3y AUCKYCIH BIAMOBITHO 0 33JJaHUX TEM Y KIFOYOBHX
CIiB, 110 OOMEXY€ MOMJIMBOCTI OLIHKH TNIMOMHHU PO3KPUTTSI OKPEMHX TEeMAaTHUYHUX OJIOKIB Ta iX
MPEJCTaBICHOCTI B KOMYHIKATUBHOMY IPOLIECI.

Meta jgociaimkeHHsl TojsATac B po3poOIll  Ta ampodarii KOMIUIEKCHOI CHCTEMH
aBTOMAaTH30BAaHOTO aHaJi3y KOMYHIKaTHBHOI MOBEIIHKH, KA MIOEIHY€E CydacH1 TEXHOJIOTIT Jiapu3artii
MOBIIiB, aBTOMAaTHYHOTO PO3Ii3HABAHHS MOBHU Ta CTATHCTUYHOTO aHANI3y U HaJaHHS JETaIbHOI
KapTUHU TPYIIOBOI AUHAMIKH B IyOJIYHUX JUCKYCIsX.

PesyabTraTi gociaimkeHHsi Ta ix o0roBopeHHsi. TpaHcdopmepHi apXiTEKTypH, Takl SK
Whisper, peBosoLiOHI3yBalIM Taly3b 3aBIsSKM MeXaHi3MaM yBaru (attention mechanisms), sxi
JT03BOJISTIOTH MOJIeTT1 (POKyCyBaTHCS Ha PeJIEBAaHTHUX YaCTUHAX ayAiocurHany. [le oco6mmBo BaxImBO
mig yac oOpoOKU TOBTUX ayAi03amuciB Ta poOOTH B yMOBaX 3HaAYHOrO (JOHOBOrO mymy. Y Tadum. 1
HaBEJICHO MOPIBHSJIBLHUN aHaii3 mpoBimHUX ASR cucteM, 110 BUKOPUCTOBYIOTHCS B JIOCIIIKCHHI.
KosxHa cucrema Mae yHiKalbHI IEpeBaru Ta ONTUMANbHI CIIEHapil BAKOPHCTaHHS.
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Tabnuys 1 — Iopisusnivha xapakmepucmuka ASR cucmem

Mogen XapakTepuCTHKH Pexomenpaanii 1J1s1 BUKOPUCTAHHS

bararomoBHi nonatku
TpaHckpunuis iHTEPB'TO Ta JEKIii
CybOtuTpu 114 Bifneo

Po6ota 3 mymHuM aymio

Whisper Tpanchopmepra apxiTekTypa 3
MEXaHI3MOM yBaru Jijisi 0araTOMOBHOTO
ASR. IlinTpumye 99 MOB Ta JeMOHCTpPYE
BHCOKY CTIHKICTB /IO IITyMiB

AssemblyAl | Xmapna mnardopma nms ASR 3
MiATPUMKOIO PEaTbHOTO Yacy,
niapu3aiiii MOBIIIB Ta aHAITi3y HACTPOIB

Biznec-3acrocyBanns (call centers)
AHaii3 po3MOB Ta 3ycTpiuen
APIl-inTerpanii

Conformer I'iOpuana apxiTekTypa, o MOEIHYE
KOHBOJIIOMIHHI Ta TpaHC(POPMEpHI IIapu
1151 €(QEeKTHBHOTO MOJICTTFOBAHHS
JIOKaJIbHUX Ta MII00ATBHUX 3AJIEKHOCTEH

BucokoTouHa TpaHCKpUTITis
Kpurnani 3actocyBanHs (MeAHIIMHA, TPABO)
Production cuctemu 3 BETUKUMU pecypcamu

Jlnist 3aiiicCHEeHHS liapu3allisi MOBIIIB, 1[0 € KPUTHYHO BAKIIMBUM B aHAJIi31 TPYIOBUX AUCKYCIi,
BUKOPUCTAHO aJNrOpUTM HaBuUaHHs Oe3 BUMTENs, peaiizoBaHuil B cuctemi pyannote.audio. Lls
cucrema siBisie coboro «state-of-the-art» pimeHHs, MO MOEIHYE KOHBOJIIOIMIMHI EHKOACPH 3
MOTEePETHhO HAaBYCHUMH MojesiMu TUITY WavLM 1jist TOCATHEHHST BUCOKOI TOYHOCTI PO3JIIJICHHS
MOBIIIB. AJITOPUTM PO3/IIEHHS YYaCHUKIB AUCKYCil 300paxxeHo Ha puc. 1.
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Pucynox 1 — Cxema apximexmypu cucmemu pyannote 0as oiapusayii Mo8yie
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[eii anropuT™M CKIIAAETHCS 3 HACTYITHUX €TaIliB:

1. Iapanenvna 0bpobka 6xioH020 cueHany: ayAiOCUTHAI OJTHOYACHO 00poOIsieTbes uepe3 1D
KOHBOJIIOIITHUI €HKOJIep (U1 BUIIYYCHHS aKyCTHYHUX 03HaK) Ta WavLM monens (Juist OoTpuMaHHs
CEMAHTHYHUX MPEJICTABIICHB).

2. Ob6'eonanusn o3nak: pPeE3ylbTaTh 3 000X TUIOK KOMOIHYIOTBbCS JUISI CTBOPCHHS
0araToBUMIPHOTO MPECTABICHHS Ay /IIOCUTHATY 13 MOJAJBIIOK KIACTEPU3AIIIEIO.

3. 3acmocysanna masking network: HEHMpOHHA Mepeka CTBOPIOE MACKH JUIS PO3JIIJICHHS
MOBIIiB HA OCHOBI 00'€/THAHUX O3HAK Ta KIACTEPIB.

4. Tloositinuti 6uxio: CUCTEMa I'eHePYE SIK PO3UICHI ayIIOCUTHAIM JIJIs1 KOYKHOTO MOBIIS, TaK 1
9acOBi MITKH aKTHBHOCTI.

I{s xKOMITJIEKCHA apXiTeKTypa J03BOJIsIE€ €(DEKTUBHO PO3IUIATH HAKIIAJACHI TOJIOCH Ta TOYHO
BH3HAYaTH 4YacoOBi I1HTEPBAIM aKTHBHOCTI KOXXHOTO MOBIIS, 110 € KPUTHYHO BAXKJIMBUM IS
MOAAJIBIIIOTO aHaTi3y KOMYHIKaTUBHOI MTOBEIIHKH.

Cucmema ananizy KOMyHiKamueHoi n08eOiHKU.

KomyHikaTuBHa IOBE/IIHKA B TPYIIOBUX JIUCKYCISIX MOXE OyTH OXapaKTepru30BaHa yepes3 Kibka
KITFOUOBHX ACIIEKTIB, SIKI MiIAI0THCS KUTbKICHOMY aHalizy. Po3po0iiena Meromonoris 6a3yeThes Ha
iHTerparii CTaTUCTUYHUX METOJIIB, MEPEKEBOr0 aHaII3y Ta MAIIMHHOTO HABYAHHS U1 BCEOIYHOTO
PO3yMiHHSI TPYTOBOI TWHAMIKH. B Ta0i. 2 OKpeciIeHO OCHOBHI MOBEIIHKOBI aCIIEKTH Ta BiIIOBIIHI
METO]IM aHaJi3y, K1 OyJIM afanToBaHi 1uig poOOTH 3 pe3yIbTaTaMHi aBTOMAaTUYHOI Alapu3allii MOBIIIB.

Tabnruya 2 — Cucmema KOMNIEKCHO20 aHANI3Y KOMYHIKAMUBHOI N08EOTHKU

IloBeniHKOBHH ACNIEKT CyTb aHajizy Metoau Ta miaxoan

Yac i akTHBHICTB y BusHauenHs piBHS 3aimydeHocTi KoxkHoro | [limpaxyHOK 4acy MOBIICHHS,

po3MoOBi YYacHUKA, BUSBJIICHHS JOMiHyBaHHs a00 aHaJi3 1may3, CTaTUCTHKA
MACHUBHOCTI B OOTOBOPEHHSIX AKTUBHOCTI

Pouxi Ta aigepcTBo BusiienHs HehopMallbHUX JTiIepiB, AmHaii3z B3a€MOJIii, BUSIBICHHS
PO3yMiHHS TOTO, XTO 1HIIIIIOE i71el Ta BeZie | BIUIMBOBUX YYaCHUKIB,
00TrOBOpEHHS MepeKeBUi aHai3

Ctnab koMyHikaumii Ominka cxiagHOCTI oAyl iHdopMartii, AHaji3 cJI0BHHKA, OL[iHKa
npodeciiHOCTI MOBH, aIarnTallii mij CKJIQJHOCTI MOBH, YACTOTHHI
ayIUTOPII0 aHami3

Cucrema CHpoeKTOBaHA 3a MPUHIMIIAMH MIKPOCEPBICHOI apXITEKTypH, M0 3a0e3reuye
MaciTaboBaHiCTh, HAIIHHICTD Ta JIETKICTh MIATPUMKU. ApXITeKTypa BKJIKOYAa€E TPU OCHOBHI PiBHI:
piBeHsb npencrapienns (frontend), pisens 6i3nec-noriku (backend) Ta piBens ganux (puc. 2).

Cuctema po3po0seHa 3 BUKOPUCTaHHSM Cy4aCHOTO TEXHOJIOTIYHOI'O CTEKy, 10 3abe3mneuye
BHUCOKY TPOAYKTHUBHICTh Ta MacmTaboBaHicTe. Backend peanizoBano Ha Python 3.10+ 3
¢petimBopkom FastAPI nns crBopennss RESTful API, skuii Oymo oOpaHO uepe3 BHCOKY
MPOAYKTUBHICTh, aBTOMAaTUYHY TI'€HEpaIil0 JIOKyMEHTallli Ta HaTUBHY HIATPUMKY aCHHXPOHHOTO
nporpamyBanHs. Frontend noOynoBano Ha React a1t CTBOpeHHS iHTEpakTUBHOTO BeO-iHTepdeiicy 3
MiATpUMKOIO real-time oHoBneHb uepe3 WebSocket 3'eqnanns. J{ns 3a6e3neueHHs mopTadeabHOCTI
Ta KOHCHCTEHTHOCT1 PO3TOPTAaHHS Y PI3HUX CEpeIOBHUINAX 3aCTOCOBAHO KOHTEHHEpH3allito Ha OCHOBI
Docker, a Nginx BHUKOpHUCTOBY€ThCS SIK reverse proxy s OajJaHCYBaHHS HaBaHTaXKEHHs Ta
o0CiTyroByBaHHsl CTaTWYHUX ¢aitniB. Jns peamizamii (yHKIIOHATy MAIIMHHOTO HaBYaHHS
iHTerpoBano cremianizoBani AI/ML 6i6morteku: pyannote.audio mms miapuzaiii, AssemblyAl as
xmapHoro ASR, Pydub ta MoviePy ans 06po0Oku meniadaiinis, NLTK nist ananisy Tekcry.

3anpornoHoBaHa CUCTEMa peajlizye OararoeTanHy Mpoueaypy HMiArOTOBKH Ta 0OpOOKH JaHMX,
noOy/10BaHy 3a MPUHIUIIOM IOCIiOBHOTO NEPeTBOPEHH BXiJIHOI iH(popMalii BiJ HeOOpOOIECHOTO
MEJIIaKOHTEHTY JI0 CTPYKTYPOBAHOI aHATITUKA KOMYHIKATHBHOI moBemiHKHW. Llel mporec mokHa
PO3IUIMTH HAa H'SITh OCHOBHUX (a3, KOXKHA 3 SIKUX BHpillye crienudivni 3aBraHHS 0OpoOKH Ta
30aradyeHHs JaHUX.
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Pucynox 2 — Mixpocepsicna apximekmypa cucmemu ananizy KOMyHiKamueHoi no8eoinKu

Dasza 1: 3aeanmadnxcenns ma nonepeous obpooka. Cucrema npuiiMae ¢aiiin y MUPOKOMY
cnekTpi popmaris, BKItouaroun ayaiopopmaru MP3 ta WAV, a takox Bineopopmatu MP4, AVI ta
iHIII nomynspHi ¢opmartu. Ha 1iboMy erami BUKOHYETbCS Bajijallis 3aBaHTakeHUX (ailimiB ams
MEepeBIpKM iX LUIICHOCTI Ta KOPEKTHOCTI CTPYKTypH. KiltouoBUM KpOKOM € HOpMaizaiis
ayJlloCUTHAY, 110 BKJIFOYA€ MPUBEICHHS BCIX BXiTHUX (ailniB 1o equHoro sample rate 16kHz, sxuit
€ ONTUMAIBHUM JIJIsl OUIBLIOCTI MOJENell aBTOMaTUYHOTO po3Mi3HaBaHHS MOBHU. Jlyig BineodaiiniB
BUKOHYETbCS aBTOMATHYHA EKCTPAKI[isl 3BYKOBOi JIOPIXKKH 3 TOAAIBIIUM ii 30€peXeHHAM Y
npoMikHOMY (hopmaTi Ayt 00poOku. [[01aTKOBO 3aCTOCOBYIOTHCS aJITOPUTMH (PibTparlii OHOBOTO
IIyMY /7S iBUILEHHS SKOCT1 BX1IHOTO CUTHAITY, 10 KPUTHYHO BaXKJIMBO JUIsI TOYHOCTI MOIAIBIINX
eTamiB Aiapu3auii Ta TpaHckpuniii. CuctemMa TakoX BUKOHY€ CETMEHTAIlII0 JOBTUX ay/A103aMKCiB Ha
KepoBaHi (pparMeHTH JUIsl ONTUMI3allli BUKOPUCTAHHS MaM'sATi Ta PUCKOPEHHs 0OpOOKH.

Dasza 2: [iapuzayis mosyie. Ha 11boMy eTarli 3aCTOCOBYETHCS aNTropuT™M pyannote.audio amus
imeHTudikamii Ta PO3AUIEHHS MOBLIB Yy IONEpeIHb0 00pobiieHoMy ayaiocurHani. Cucrema
aBTOMATHYHO BU3HAYa€ KUJIbKICTh YHIKAJIIbHUX T'OJIOCIB B ayA103aMKCl Ta IPUCBOIOE KO)KHOMY MOBITIO
YHIKaJIbHUH 11eHTU(hIKaTOp. AJTOPUTM aHali3y€e aKyCTHUHI XapaKTEpPUCTUKHU T0JIOCY, BKIIIOYAIOUU
TeMOp, TOHAIBHICTh Ta YACTOTHI OCOOJIMBOCTI, AJisi MOOYIOBH TOJIOCOBUX MPO(]IIIB yYaCHUKIB.
I'eHepyrOThCS IeTaIbHI YacOBi MITKH aKTHMBHOCTI KOKHOTO YYacHHMKA 3 TOUHICTIO 110 0.5 cexkyHau,
10 BKJIOYA€ IOYATOK Ta KIHEIb KOXKHOTO CErMEHTY MOBIEHHs. CucreMa TakoX BUSBISE Ta
00po0Jisie BHUIMAKU HAKIAIACHHS TOJIOCIB, KOJM JEKUTbKA YYaCHUKIB TOBOPSTH OJHOYACHO, IIO €
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THUIIOBOIO CUTYAIII€I0 B )KUBHUX JUCKYCIAX. Pe3ynbpTaT miapuzariii 30epiraroTbCs y CTPyKTYPOBAaHOMY
dopmari 3 MeTagaHUMHU PO KOXKHOTO MOBIISI, TPUBATICTh IXHBOI AaKTUBHOCTI Ta PO3MOILI Yacy
MPOTSITOM BCi€l TUCKYCIi.

Dasza 3: Aesmomamuyne posnizHasanus moseu. KoxXeH BUIIEHUH Ha MONEPEIHHOMY eTari
CErMEHT MOBJIEHHS OOpOOJsS€ThCs uepe3 BUOpaHy CHUCTEMY aBTOMATHYHOI'O PO3II3HABaHHS MOBH
(ASR) st mepeTBOpeHHs ay1io B TeKCTOBUH (popmar. CucremMa miATpUMYe€ IHTErpalliio 3 JeKiIbKoMa
ASR-aBmxkkamu, Briatouaroun Whisper, AssemblyAl Ta Conformer, mo mo3Bonsie oOupaTh
ONTUMAJIbHY MOJEINb 3aJIe)KHO BiJl MOBH KOHTEHTY, aKyCTHYHHX YMOB Ta BHMOT JO TOYHOCTI.
TpanckpnOoBaHUI TEKCT aBTOMAaTHYHO MPUB'SI3y€THCS 10 KOHKPETHOI'O MOBLS Ta YAaCOBUX MITOK,
3a0e3neuyrour IMOBHY BIJICT€XKYBaHICTh KOXKHOTO (parmenty posmoBu. Cucrema 30epirae
iHpopmarllifo Mmpo piBeHb BIEBHEHOCTI pPO3MI3HABAaHHA JUIS KOXKHOTO CJIOBA, IO JO3BOJISIE
imeHTu(iKyBaTH MOTEHIIIHO HEKOPEKTHO po3mi3HaHi ¢parmMeHTH. Jl0JaTKOBO BHKOHYETHCS
1ocToOpoOKa TEKCTy, BKJIIOYAIOYM HOPMalli3allil0 IYHKTyallli, BUIPABICHHS TUIIOBUX IOMHIIOK
PO3Mi3HABaHHS Ta CETMEHTAIIII0 HA PEUYEHHS JUIsl TOKPALICHHS YATA0eIbHOCTI Pe3yJsIbTAaTIB.

Dasza 4: Aunaniz komyHikamuseHoi nosedinku. Ha OCHOBI OTpMMaHUX Ha MOIMEPEAHIX eTanax
JaHUX CHUCTEMa BUKOHYE KOMIUICKCHHM aHalli3 KOMYHIKaTUBHUX IaTE€PHIB yYaCHHKIB JTUCKYCIi.
OOUMCITIOIOTHCS CTATUCTUYHI METPUKU aKTUBHOCTI, BKJIFOYAIOUYH 3arajlbHUI Yac MOBJIEHHS KOXKHOTO
yYacHHMKa, CEpeJHI0O TPUBANICTh pEIUIK, YacTOTy IepeOMBaHb Ta pPO3MOAUT Tay3 MiXK
BUCIOBMIOBaHHAMU. CHcTeMa BUABISE NAaTepHU B3aeMOJIT MK YYaCHHKaMHU yepe3 aHaji3
MOCTIIOBHOCTEH PEIUTIK, IO JI03BOJISIE IMCHTU(IKYBATH TOMIHYIOYHX MOBIIIB, TACUBHUX YYAaCHHUKIB
Ta JUHAMIKY 3MIHU POJIEH MPOTATOM JUCKYCii. BUKOHYy€eThCS aHali3 eMOLiHHOT TMHAMIKA Ha OCHOBI
JIEKCUYHOTO aHali3y TPaHCKpPUOOBAHOIO TEKCTYy 3 BHMKOPHCTAaHHSIM CIIOBHHMKIB TOHAIBHOCTI Ta
knacudikaropiB HacTpoiB. JlOAATKOBO aHATI3YEThCS CKIAIHICTh MOBH KOXKHOTO yYacHHKa Yepe3
OOYHCIICHHSI METPUK JIEKCUYHOTO PI3HOMAHITTS, IOBKUHU PEYEHb T4 BUKOPUCTAHHSA IMpogeciiiHol
TEpMiHOJIOTIi. 3a HasBHOCTI BKa3aHUX KITFOUYOBHX CIIiB 200 TEM CHCTEMa IMPOBOAMTH IIILOBHIA aHAJIi3
iX 3rajyBaHHs PI3HMMH y4YaCHMKAaMH, OIHIOIOUM TJIMOMHY DPO3KPHUTTS TEMaTHMYHHX OJIOKIB Ta
eMolliiiHe 3a0apBiIeHHs BIANOBIAHUX (ParMeHTIB AUCKYCII.

@asza 5: Bizyanizayis ma 36imuicme. 3aBeplianbHa (aza NPUCBAYECHA IPEICTABICHHIO
pe3yabTaTIB aHATI3Y B 3pyYHOMY I iHTepnpeTarii popmari. Cucrema reHepye iIHTepaKTHUBHI 3BITH,
10 BKJIIOYAIOTh YacOBl JiarpaMH aKTHBHOCTI YYaCHHMKIB 3 MOJKJIMBICTIO MEperisay aeraneit
KOHKPETHUX CErMEHTIB TUCKycCli. BizyanizyeTbcs po3moau1 yacy MOBJICHHSI Y BUIVIAJI KPYTOBHX
JiarpaM Ta ricTorpam, 1o A03BOJIS€ IBUIKO OL[IHUTH OanaHc yyacTi B 00roBopeHHi. CTBOPIOIOThCS
rpadiku eMOLIHHOT AUHAMIKH, 110 TOKa3ylTh 3MIHY TOHAJIbHOCTI BHUCJIOBIIIOBaHb MPOTITOM dacy
JUI KO)KHOTO y4acHHUKa Ta JUCKycii B 1ioMy. CTaTUCTHKA Y4acTi BKIHOYAE KUTbKICHI MOKAa3HUKU
aKTUBHOCTI, CEpeAHl TPUBAJIOCTI pEIUIK, YacTOTy IHILIIOBaHHS HOBUX TE€M Ta peaklii Ha
BHCIJIOBJIIOBAHHS 1HIINMX YYacHUKIB. Bci pe3ynbTaTu CynmpoBOKYIOTECS aHATITHYHUMU BUCHOBKaMHU
10/10 KOMYHIKQTUBHHUX POJIEH YYaCHHUKIB, €)EKTUBHOCTI B3aEMO/IIT Ta KIIFOYOBUX MOMEHTIB JIUCKYCIi.
Cuctema Hajae MOXIHUBICTH EKCIIOPTY 3BITIB Yy pi3HMX ¢opmarax, Bkiaodaioun PDF s
npesenTani, CSV mig noganpmoro craTuctTuyHoro axamizy ta JSON s iHTerpauii 3 iHIIMMHU
aHATITUYHUMH TUIaTHOPMaMHU.

Komnonenmu eeo-0o0oamky ma (hynKyioHanbHicme.

Komnonenmu  6e0-0odamxy  ma  ¢ynxyionanvricms.  Po3poOneHuii  BeO-701aTOK
CTPYKTYPOBAHO y BUTJISIII MOIYJIBHOT CHCTEMH, IO JO3BOJISIE KOPUCTYBauaM OOMpaTH BiIMOBITHUMA
piBeHb JAeTanizalii aHai3y 3aJIekKHO BiJl KOHKPETHUX MOTped NOCTiKEeHHs. ApXITeKTypa BKIIOYa€e
TPHU OCHOBH1 KOMIIOHEHTH, KOXEH 3 SIKUX pealtizye cnenuiuHy GyHKIIOHATbHICTh aHaJI3y Ta MOXe
BUKOPHUCTOBYBATHCSA SIK OKPEMO, TaK 1 B KOMOiHaii 3 IHIIMMHU MOAYJIIMU. Taka MOayJIbHA MOOyA0Ba
3a0e3mnevye THYYKICTh BUKOPUCTAHHS CUCTEMH ISl PI3HUX CIIEHAPIiB — BiJl MIBHAKOTO PO3ICHHS
MOBIIIB /10 KOMIUJIEKCHOTO JOCHI/DKEHHS TPYIOBOi JUHAMIKM 3 JIETAJBHOIO AaHATITUKOIO
KOMYHIKaTUBHUX pOJIEH.

Audio Diarization. 1]eii KOMIIOHEHT € CHeLialTi30BaHUM IHCTPYMEHTOM Ui BUSBICHHS Ta
pO3iJIeHHS MOBIIB B ayniodaiiyiax, MpU3HAYCHUM IS BUIMAJKIB, KOJU OCHOBHOIO METOIO €
imeHTudikamis yJyacCHUKIB Ta BU3HAUYEHHS CTPYKTYPU iXHBOI aKTUBHOCTI 0e3 HeoOXiTHOCTI MOBHOI
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TpaHCcKpurii. Momyb aBTOMaTHYHO BU3HAYAE KIJTBKICTh YHIKAJIbHUX TOJIOCIB Y 3aIKCI Ta TPUCBOIOE
KOXXHOMY MOBIIO YHIKanbHUHM uucioBuil inentudikarop (Speaker 0, Speaker 1 tomo). Cucrema
reHepye JeTalbHi YaCOB1 MITKH aKTUBHOCTI KO>)KHOI'O YYaCHMKA 13 3a3Ha4EHHAM TOYHOTO [TOYaTKy Ta
3aBEpILEHHS KOXKHOTO CErMEHTY MOBJICHHS, 1110 JO3BOJISIE BIICTEKYBATH TUHAMIKY y4acTi IPOTATOM
Bciel auckycii. KoMImoHeHT Bisyaltizye po3Ioil 4acy MOBJICHHS y BUTJIS/II IHTEPAKTUBHUX YaCOBHX
JiarpaM, KpyroBHX JiarpaM Ta TicTOrpaM, IIO HaJa€ HAOYHE YSABJICHHA Npo OallaHC ydyacTi Ta
JIOMIHYBaHHSI OKpEMHUX y4yacHHKIB. KopucTyBaui MOXyTh NEperyisiaTi CTaTUCTUKY Ul KOXKHOI'O
MOBIISI OKPEMO, BKIIIOYAIOUM 3araJlbHUH 4Yac MOBJICHHS, KUIBKICTh PEIUIK, CEPEAHI0 TPUBANICTh
BUCIJIOBJIIOBaHb Ta YacTOTY AaKTHBHOCTI B pi3HI mepiogu Juckycii. KoMmmoHeHT Takox Hazae
MOJKJTUBICTh PYYHOT'O KOPHTYBaHHS pe3yJbTATiB Jiapu3allii, M0 O0COOJUBO KOPUCHO B CKIIATHHUX
aKyCTUYHUX YMOBax a00 Impu He0OX1THOCT1 00'€ THAHHS CETMEHTIB OJTHOT'O MOBIIS, SIKi CHCTEMA MOTJIa
MIOMUJIKOBO PO3AUTUTH.

Audio Transcription & Sentiment. 1le#i Moaynb noenHye (yHKIIOHAIBHICTh aBTOMAaTHYHOT
TPAHCKPHITIIi ayaio¢aiiiB 3 MOKIUBICTIO I[IJTHOBOTO aHAJI3y TOHAIBHOCTI 32 KIIFOUOBUMH CIIOBAMH,
0 pOOUTH HOr0 ONTUMAIBHUM 1HCTPYMEHTOM JJISl AOCTIIKEHHS CHEIU(pIYHUX TEM Y TUCKYCIsX.
Cucrema mepeTBOpro€e ayAio B TEKCTOBHNA (OpMAT i3 MPUB'S3KOIO 10 YACOBUX MITOK, IO JI03BOJISE
IIBUIKO HABITYBaTH J0 KOHKPETHHUX (hparMeHTiB 00roBopeHHs. KiIt04oBOK0 0COOIMBICTIO MOTYJIA €
MiATPUMKA MOIIYKY crenruiyHuX TepMiHiB a00 ¢pa3 y TpaHCKPUOOBAHOMY TEKCTi 3 aBTOMATUYHHM
BUJIUIEHHSM BCIX 3rajlyBaHb Ta iX KOHTEKCTY. /11 KO)KHOT0 3HalJIEHOTO KJIFOUOBOT'O CJI0BA CUCTEMA
MIPOBOJIUTH EMOLIIHHY OLIHKY HAaBKOJIMIIHBOTO TEKCTOBOTO KOHTEKCTY, BUKOPHUCTOBYIOUHN JIEKCHUYHI
CIIOBHMKHM TOHAJbHOCTI Ta QJITOPUTMHU Kiacu@ikalii HacTpOiB Ul BU3HAYEHHS I[O3UTUBHOTIO,
HEraTUBHOIOo ab0 HEWTpaJabHOro 3a0apBIIEHHS BHCIOBIIOBaHb. MOJyllb T€HEpye JEeTaJbHY
CTaTUCTHKY 3TaJlyBaHb IO YYaCHHUKAX, II0 BKJIIOYAE KUIBKICTh BHKOPUCTaHb KOXKHOTO TepMiHa
PI3HUMHM MOBLISIMH, PO3IOJUI 3raJyBaHb y 4Yaci Ta NEPEeBaXHY TOHAIBHICTh OOrOBOPEHHS TEMH
KO>)KHUM ydacHHKOM. KopucTyBadi MOKyTh CTBOPIOBATH CIIMCKU KIFOYOBUX CIIB JIJIsl MOHITOPHHTY,
110 JT03BOJISIE aBTOMATUYHO BIICTE)XYBaTH OOTOBOPEHHS BaXKJIMBHX TEM, TAKUX SIK Ha3BU MPOEKTIB,
IMEHa KJIIEHTIB, TEXHIUYHI TepMiHM abo mnpobnemHl mnuTaHHSA. CucTreMa Bi3yalli3ye IUHAMIKY
3rajlyBaHb y BUIJISJII 4acOBUX IpadikiB, 110 MOKA3yIOTh IHTEHCUBHICTh OOTOBOPEHHS MEBHOI TEMHU
MPOTATOM JHMCKYCli, a TaKoXX HaJa€ MOXJIMBICTb IMOPIBHSIHHS YacTOTH BUKOPHUCTAHHS PI3HUX
TEPMIHIB PI3HUMH YYaCHUKAMU JJIs1 BUSIBIIEHHS po301XKHOCTEN y (hoKyci yBaru abo mpiopureTax.

Full Audio/Video Analysis. Halibinpll KOMIUIEKCHUH aHAMITUYHUN MOJYJb CHUCTEMH, LIO
IHTEerpye BCl MomepeaHi KOMIOHeHTH B equHuii workflow 1 nomae po3mmpeHi MOXKIMBOCTI
MIMOMHHOTO aHali3y KOMYHIKAaTUBHOI MOBEMIHKU. L[elf KOMIIOHEHT MOoe€IHye Aiapu3allito MOBIIIB,
MOBHY TPAHCKPUIILII0 KOHTEHTY Ta 0araTOBHUMIPHUM CEHTHMMEHT-aHali3 JJs CTBOPEHHS IUIICHOI
KapTUHU TPYIOBOi JUHAMIKU. MoJysib aBTOMAaTUYHO PO3MI3HAE Ta PO3JLISE MOBIIB, TPAHCKpUOYe
iXH1 BUCIJIOBIIIOBAHHS 3 MPUB'SI3KOI0 10 KOHKPETHUX OCOOMCTOCTEH Ta 4aCOBMX MITOK, IMICIS YOTO
BUKOHYE KOMIUJIEKCHUI aHali3 KOMYHIKaTHUBHMX MarepHiB. Cucrema iAeHTHU(IKye KOMYHIKaTUBHI
pOJIl yUYaCHHKIB, BU3HAYAIOUH JIiAEPIB TUCKYCIi (K1 1HILIIOIOTH HOBI TEMHU Ta JOMIHYIOTh 32 4aCOM
MOBJICHHS ), aKTUBHUX YYaCHUKIB (K1 pEryJIsIpHO J0JIy4arOThCsl 10 0OTOBOPEHHS ), MOiepaTopiB (SKi
HOiATPUMYIOTh CTPYKTYpYy PO3MOBM Ta HAJAIOTh CJIOBO IHIIMM) Ta IMAacHUBHHUX CIOCTepirayiB (3
MIHIMaJbHOIO Y4YacTIO). AHaNI3yeTbCs CTHJIb KOMYHIKAIll KOXXHOTO Yy4YaCcHHUKa 4epe3 OLIHKY
CKJIAJHOCTI 1XHBOI MOBH, BUKOPHCTaHHS MpodeciiiHOi TepMiHOJIOri], JEKCHYHOTO PI3HOMAHITTS Ta
CTPYKTYypH apryMeHTamii. Moayib BHSBISE MATEPHH B3a€MOJii MK yYaCHHUKAMH, BKIIOYAIOUU
4acTOTy 3BepTaHb OJUH JI0 OJJHOTO, BUIMAJKH MEepeOuBaHb, MIATPUMYIOUl a00 CyNepeuwsuBl peakiii
Ha BUCJIOBIIIOBaHHA KoJjer. CucreMa BIJCTEKY€E eMOLINHY TMHAMIKY AUCKYCIi B IJIOMY Ta KOXHOTO
yYaCHMKa OKPEMO, BUSBJISIIOUM MOMEHTH IiJIBULICHHS HANpyrd, KOHCEHCYCYy abo KOHQIIKTY.
Pe3ynbpTatu nmpeacTaBisIOTHCS Y BUIVISAL OaraTOpiBHEBUX IHTEPAKTUBHUX 3BITIB, IO BKIIOYAIOTh
executive summary 3 KJIIOYOBHUMH BHCHOBKaMH, J€TajlbHYy CTAaTHCTUKY Y4acTi, Bi3yasi3aliio
KOMYHIKaTUBHUX MEpEX, YacoBl JiarpaMHd €MOILIMHMX CTaHIB Ta TMOBHY TPAHCKPHUIIIO 3
MO>KJIMBICTIO (IbTpalii 32 MOBIIEM, YacoM a00 TEMOIO.

BucHoBkH Ta nepcnekTuBH. Po3po0ieHa cucTeMa KOMIUIEKCHOTO aHali3y KOMYHIKaTHBHOT
MOBEIIHKM JAEMOHCTpYE €(PEeKTHBHICTh IHTErpallii Cy4YaCHUX TEXHOJIOTiIH IITY4YHOTO 1HTENEKTY IS

No. 1 (2026) Information Technologies in Economics and Environmental Sciences 25




Computer Science Rudensky R., Kravcehnko V.

aBTOMATHU3AIlll aHAJT3y TPYNOBUX JUCKYCIH. [HTerparris pi3HUX aClieKTiB KOMYHIKATHUBHOI TTOBETIHKA
B €JIMHY aHAJITHUHY Miat(opmy 3abe3rneuye KOMIUIEKCHUH MiIXia Ta HAJae UTiCHE YSIBICHHS PO
IpyINoBY AMHAMIKY Ta 1HIAUBIAYalbHY MOBEAIHKY y4acHHKIB. CHcTeMa HaJlae JMeTalbHY aHATITHKY
KOMYHIKaTUBHUX TATEpHIB, K4 MOXE BUKOPHUCTOBYBATHCS JJISl TIOKPAILIEHHS MPOLECIB MPUHHATTS
pillieHb Ta MiABUIIEHHS €(QEeKTUBHOCTI 3ycTpidei. MojylibHa apXiTeKTypa JI03BOJISIE JIETKO
IHTEeTrpyBaTH 1OJIATKOBI KOMITIOHEHTH aHAJi3y Ta aJanTyBaTh CUCTEMY Hia crenudiuni norpedu
pI3HUX JIOMEHIB 3aCTOCYBAaHHS.

He3Baxaroum Ha TO3UTHBHI pPE3yIbTaTH, IOCHI[HKEHHS BHUSIBWIO Kilbka OOMEXEHb Ta
BUKJIMKIB. TOUHICTh CUCTEMH 3HUXKYETHCSI B YMOBAX 3HAYHOI'O (POHOBOTO LIyMy abo0 IpH HaKJIaJeHH1
roJIOCiB y4YaCHMKIB, IO BIUIMBAE Ha SKICTh [iapu3anii Ta TpaHckpumuii. OnrtumanbHa
MPOAYKTUBHICT JOCATAETHCS MPH KUIBKOCTI YYaCHUKIB Bijl IBOX JIO IT'SITH; MPH OUIBIIINA KUTBKOCTI
YYaCHMKIB TOYHICTh Jiapu3alii CyTTEBO 3HMXKYETHCS Yepe3 CKIAAHICTh PO3AUICHHS ToociB. Xoua
cucreMa HiATpUMYe 06arato MOB, HallKpallll pe3yJbTaTh JOCATA0ThCA ISl OAHOMOBHOI'O KOHTEHTY,
[0 TIOB'S3aHO 3 OCOOJIMBOCTSAMU HaBYaHHS 0a30BHX MOJEJICH PO3IMi3HABAHHS MOBH.

[lepcnekTHBY MOAAIBIIOTO PO3BUTKY CHCTEMH OXOIUIIOIOTH JEKUIbKA KIFOUOBUX HAlpsMKIB.
IaTerparis Bimeo-aHamizy JO3BOJHMTH BPAaxOBYBaTH HEBEpOaIbHY KOMYHIKAIiIO, )KECTH Ta MIMIKY
YYaCHUKIB, IO CYTTE€BO PO3LIMPUTH MOKIMBOCTI aHaNi3y KOMYHIKaTMBHOI moBediHKHU. Po3poOka
CTeniaTi30BaHNX AITOPUTMIB ISl TiABUIEHHS TOYHOCTI JiapH3allii B yMOBax 3HaYHOTO (JOHOBOTO
IIyMy Ta MPH HaKIJIAJCHHI rOJIOCIB MOKPAIIUTh CTAOUIbHICTh POOOTH CHCTEMHU B PEeaTbHUX YMOBAX
3actocyBaHHsA. CTBOpEHHS CIEIialli30BaHUX MOJAETEH I aHaIli3y Crienu(piYHUX TOMEHIB, TAKUX SIK
MEIMYHI KOHCYIbTAIlll, FOPUIMYHI 3aCilaHHA Ta OCBITHI ceMiHapH, 3a0e3MeunTh OUIbII TOYHHIA Ta
pelieBaHTHUN aHaNi3 y KOXHIM ramy3i. BrmpoBagKeHHs MOMJIMBOCTI aHami3y >KMBHX TUCKYCIH 3
TeHEpaIliel0 PeKOMEHIAIIN y pealbHOMY Yaci BiIKpHE HOBI CIICHAPil BUKOPUCTAHHSI CHCTEMH IS
MIATPUMKH MOJAEPATOPiB Ta YYACHUKIB MiJ Yac MPOBEACHHS 3yCTpiueH.

Po3pobnena cucrema BiKpHBae HOBI MOXKJIMBOCTI JUIsl TOCIIPKEHHS TPYIOBOI TWHAMIKH Ta
MOJKE 3HAMTH 3aCTOCYBaHHS B IIMPOKOMY CIIEKTpi ramysed. ¥ KOpIopaTHBHOMY CEKTOpi cucTeMa
MO>K€ BUKOPHCTOBYBATHCS JUIsl aHANI3y €(EeKTUBHOCTI 3yCcTpiueid, onTuMizallii KOMaHAHOI poOOTH Ta
HiArOTOBKK MeHepKepiB. B OoCBITHIN cdepi IHCTPYMEHTH aHali3y J03BOJIATH OLIHIOBATH YYacTh
CTYJICHTIB y CEMiHapax Ta yJIOCKOHAJTIOBAaTH METOJANKU IPYIMOBOT0 HaBYaHHS. Y cepi nepKaBHOTO
YIpaBJIiHHA CHUCT€Ma HaJacThb MOXJIUBICTh 3/1HCHIOBATH MOHITOPUHI TPOMAJICBKUX CIyXaHb,
aHayi3yBaTh MyOmiyHi JebaTu Ta MOKpallyBaTH MPOLECH KOHCYJbTAaIll 3 TPOMaJCHKICTIO.
BrpoBakeHHST TakMX CHUCTEM CHPUATUME MiJBUIICHHIO €()EeKTUBHOCTI KOJEKTHBHOI poOOTH,
MOKPAIIEHHIO SKOCTI MPUMHATTA pIlIeHb Ta PO3BUTKY IU(PPOBUX HABUYOK y cdepl aHaizy
KOMYHIKaIli}.
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A SYSTEM FOR COMPREHENSIVE ANALYSIS OF COMMUNICATIVE BEHAVIOR IN
PUBLIC DISCUSSIONS BASED ON SPEAKER DIARIZATION

Abstract. The relevance of this study is driven by the increasing volume of online meetings and public discussions
in digital formats, creating a demand for automated tools to analyze group communication. Traditional manual coding
and transcription methods are highly labor-intensive and subjective, limiting large-scale research on communication
patterns. The aim of this research is to develop and validate a comprehensive system for automated analysis of
communicative behavior that integrates modern speaker diarization technologies, automatic speech recognition, and
statistical analysis to provide a detailed picture of group dynamics in public discussions. Methods. The system is
implemented using a microservice architecture with Python 3.10+, FastAPI, and React. Speaker diarization is performed
using the pyannote.audio algorithm, which combines convolutional encoders with pre-trained WavLM models. Automatic
speech recognition is carried out using transformer architectures (Whisper, AssemblyAl, Conformer). Communicative
behavior analysis includes calculation of activity statistics, network analysis of interactions, and assessment of
communication style. Results. The developed system successfully integrates speaker diarization with 0.5-second precision,
automatic transcription, and multidimensional analysis of communication patterns. The modular architecture ensures
flexibility for adaptation to various application domains. The system generates detailed timestamps of participant activity,
visualizes speaking time distribution, and provides comprehensive analytics to improve decision-making processes.
Prospects. Further development of the system includes integration of multimodal analysis considering non-verbal
communication, improvement of stability in noisy conditions, domain adaptation for specific sectors, and implementation
of real-time analysis of live discussions. The system opens new opportunities for studying group dynamics in corporate,
educational, and governmental sectors.

Keywords: Speaker Diarization, Automatic Speech Recognition, Analysis of Communicative Behavior, Artificial
Intelligence, Public Discussions.
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CYYACHI HAPAJUTI'MH NPOEKTYBAHHA CUCTEM HNIATPUMKH NPUAHSTTA
PIINEHB: BII IHTEI'PALIII CXOBHUII TA O3EP JAHUX 1O APXITEKTYPHU DATA
LAKEHOUSE

Anomauin. Y cmammi po3ensdaiomucs cy4acHi nioxoou 00 APOEKMYSAHHS cucmem NIOMPUMKU NPULHAIM
piuteHb 8 yMo8ax CmMpiMKo2o 3pocmants 0bcseie ingopmayii. Ingpopmayitina mexnonoeis Haxonuuenns dawux (data
warehousing) napoounacs ¢ Haopax komnarii IBM i 6yna ocmamouno cpopmynvosana b. Inmona i P. Kinborom ¢ 90-x
POKAX MUHYL020 CMOJIMMS K Memoo SUPIUeHHS [HHOPMAYiliHO-aHAIMUYHUX 3a80aHb 6 00aaCmi NPUUHAMMS |
niompumxy piwieHvb. Bunuknyguwiu na cmuky mexuonozii 6az oanux, cucmem niompumxu nputinamms piwens (CIIIIP -
DSS) i xomn'tomepnoeo amanizy oaumux, 6 nooarLUWOMY KOHYENYis CX08UWA OAHUX, 3A3HANA €BOJIOYIl0, OCKLIbKU
BUABUNACS NPUOAMHOI0 OJisL WUPOKO2O KOA 000amKie 6 OisHeci, Hayyi i mexnonoeii. Cucmemu, no6y0o8ani Ha OCHOBI
CX08ULY OAHUX, MAIOMb PO XAPAKMEPHUX 0COONUBOCMEl, AKI BUOLIAIOMb IX K 0COONUBULL K1AC THHOPMAYITIHUX cucmeM.
Jlo makux ocobausocmeii 8iOHOCAMbCL NPEOMEMHA OPIEHMAYis CUCMeMU, THMe2POBAHICMb 30epedCeHUx y Hill OAHUX,
3i0panux 3 pisHux Odicepei, IHEAPIAHMHICMb YUX OAHUX 8 YACi, BIOHOCHO BUCOKA CMAOIIbHICMb OAHUX, HEeOOXIOHICmb
NOWLYKY KOMAPOMICY 6 HAOMIpHOCcmi Oauux. Y cmammi 00CRiONCeHO eBONOYitiHULL nepexio 6i0 UKOPUCHIAHHSA
izonvoganux Cxosuwy oanux (Data Warehouses) ma Ozep oanux (Data Lakes) oo xonyenmyanvHo HO80I 2ibpudHoi
apximexmypu Data Lakehouse. Ilpoananizoeano mexnonociunuili gpynoamenm eioxpumux gopmamie mabauys (Dalta
Lake, Apache Iceberg, Apache Hudi) ma ixuio ponv y 3abesneuenni mpanzaxyiunoi naoitinocmi (ACID) ¢atinosux
cucmem. OOTPYHMOBAHO OOYITbHICMb 3ACMOCYBAHH NAMEPHY «MeIANbUOHHOI apXximekmypuy (6poH306ull, cpiOHUll ma
30]10Muil pieHi) 015 eexmueHo20 YNpasiinHs AKICmio 0aHUX, CRLIbHOT pOOOMU ANCOPUMMIE MAUUHHO20 HABYAHHS MA
niocomosku ynpasnincokoi Bl-36imnocmi.

Knruosi cnosa: cucmema niompumxu nputinasmms piwens, CIIIP, Data Lakehouse, Cxosuwe danux, O3zepo
Oanux, MeOanvblioHHa apximexmypa, iHxcenepis danux, Data Governance.

AKTyanbHicTh. B enoxy crpiMkoro 3poctanus o0cariB iHGopmMarlii Ta mepexoay 0i3HECY J0
ynpaBiiHHA Ha ocHoOBi gaHux (Data-Driven Decision Making), BUMOrH 10 CHCTEM MiATPUMKHU
npuitaaTTa pimens (CIIIP) kapaunaneho 3minmnca. CydacHi opraHizaiii moTpeOyroTh He JIMILe
aHaji3y ICTOPUYHMX CTPYKTYpOBaHMX IIOKa3HMKIB, a ¥ 34aTHOCTI OOpOONSATH MacuUBU
HECTPYKTYpOBaHUX JIaHUX (TEKCTH, BII€O, JIOTH) y peallbHOMY yaci JJisi moOyA0BU MPEeIUKTUBHUX
MoJIesIell MaTMHHOTO HaBYaHHS.

Tpanumiiiai apxiTektypri narepau npoektyBanHs CIIIIP, moGynoBani BUKIIOYHO Ha 0asi
KJIacCMYHUX CTpykrypoBaHux CxoBuin manux (Data Warehouses), nemani yacTimie CTUKAlOThCS 3
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KpUTUYHUMU OOMEKeHHsSMHU. He3Bakaioum Ha BHCOKY HAIWHICTh TpaH3aKLid Ta MIBUAKICTH
BUKOHaHHA SQL-3anuTiB, Taki CXOBUILA € EKOHOMIYHO Hee()eKTUBHUMM JUIsl MAaCIITaOyBaHHS Ta HE
MPUCTOCOBAHI A1 POOOTH 13 CUPUMHU JAaHUMH. 3 IHIIOTO OOKY, albTepHATHBHMUU miaxig — O3zepa
nanux (Data Lakes) — xou 1 BupimmB mpoOiemMy nemieBoro 30epiraHHs iHpopMmailii Oyab-aKoTo
dbopMaty, 4acTo MPU3BOIAUTH O BTPATH KOHCUCTCHTHOCTI, IEPETBOPIOIOYN MacuBH iH(poOpMaIii Ha
HekepoBaHi «Oojota maHux» (Data Swamps). IcTopuyHa HEOOXIAHICTH MATPUMYBaTH OOUIBI
CHCTEMH OJHOYACHO CTBOPIOBaiA CKJIaJHi, TyOiIpOBaHI Ta BPa3iMBi JO MOMUJIOK KOHBEEPH JTaHUX
(data pipelines).

Came ToMy cyyacHa iH)XXEHEpisl TaHUX MEepeXUBa€ 3MiHYy MapagurMu: Hepexi 10 riOpuaHoi
apxitektypu Data Lakehouse. 1151 KOHIIETIIIIS MPOEKTYBaHHS 00’ €HY€E THYYKICTD 1 MacIITA0OBaHICTh
O3ep maHMX i3 TpaH3aKUIHHOIO HAIMHICTIO Ta CTPYKTypoBaHicTi0O CXOBHUI JaHHX. MeToro wi€l
CTaTTI € AOCIIIKEHHS 3arajlbHUX NUTaHb NpoekTyBaHHs cyyacHUX CIIIIP kpi3b npu3My apxiTekTypu
Data Lakehouse, anani3 i TeXHOJIOTIYHOTO ()YHAAMEHTY Ta BU3HAUYEHHS IepeBar TaKoro 00'e JHaHHS
U151 320€3MEeUeHHS TOBHOTO LIUKITY aHAJITHKH.

AHaJji3 ocTaHHiX gochaigxkeHb i nyOuaikamii. IIpoGnemMaTuka NpPOEKTYBaHHS CHUCTEM
miaTpuMKH NpuiHATTS pimens (CIITIP) B ymoBax 6e3mepepBHOT0 3pOCcTaHHS 00CATIB BEUKHUX JaHUX
aKTHUBHO JIOCIIIKY€ETHCS MMPOBITHIUMH (DaXiBISIMU Y Taly31 KOMITIOTEPHHUX HayK Ta iH)KEHepii JaHuX.
@DyHIaMEHTAIbHUM BHECOK y MEPEOCMUCICHHS aHAIITUYHUX apXITEKTYp 3pOOMiIM JOCTITHUKU M.
Apmbopycr, A. T'oaci Ta M. 3axapis [1], ski Brepire akajieMidHO OOTpyHTYyBaiau napamurmy Data
Lakehouse six KOMIUIEKCHY BIAMOBiIb Ha OOMEXKEHHS TpaiuliiHux penauiiinux Cxosuin (Data
Warehouses) Ta 06'extaux O3ep nanux (Data Lakes). Ixni nparni 10BoasTs TexHiUHY i eKOHOMiUHY
JOIUTBHICTE 00’ €IHaHHS ONMUCOBOI Bl-aHaMITHKK Ta aqropuTMiB MAalIMHHOTO HaBYaHHsS Ha 0asi
€IMHOI BITKpHUTOI 1atdopmu.

TexHOMOrIYHUN acneKT 3a0e3MeUeHHs TPaH3aKIIHHOT HAAIHHOCTI B PO3MOAUICHUX (aliIoBUX
CUCTEMax JIETAIbHO BUCBITJICHO B JOCTiKeHHAX A. J[kaifHa Ta cmiBaBTOpiB [4]. V ixHIX pobOoTax
MIPOaHaII30BaHO MEXaHI3MHU poOOTH BIAKpUTHUX (opMartiB Tabmuib (3okpema Delta Lake Ta Apache
Iceberg), sixi Bnepiie 3a6e3neunnu BUkoHaHHs cyBopux BuMor ACID (aromapHicTb, y3ro/KEHICTb,
130JIbOBaHICTh, JOBIOBIYHICTB) MpPH MAacoBiil poOOTI 3 HeCTpyKTypoBaHUMH aaHumHu. Came 11l
PO3pOOKM CTaJld TEXHIYHUM KaTali3aTOpOM, LI0 JO3BOJIMB BHUKOPHUCTOBYBAaTH JEILIEBI XMapHI
CXOBHMILA SIK HaJiitHe aapo 11 cyyacHux CIIITIP.

[TuTaHHs apXITEKTypHOI OpraHi3alii KOHBeepiB iH(opMallii Ta yrpaBiiHHA sKicTio faHux (Data
Governance) MUPOKO PO3MIISJIAIOTECS Yy CyYyacHMX Mpaisx 3 iHxkeHepii nanux J[x. Peiica Ta M.
Xaycni [2], a TakoX y PyHIaMEHTAIbHUX pOOO0TaxX 3aCHOBHUKA KOHIIEMIIT cXxoBuIll Janux B. [amoHa
[5]. JocniTHUKN HAaroJIoMy0Th Ha HE0OX1THOCTI YiTKOTO JIOTTYHOT'O CTPYKTYPYBAHHS IaHUX I11]] 4ac
ix TpaHcdopMmallii, MmO B Cy4acHIM MpakTULl peani3yeTbcs dYepe3 MaTepH OaraTopiBHEBOI
«MeaanbiioHHOT apXiTekTypu» [6]. BogHouac, He3Baxalou Ha 3HAUYHY KUIbKICTh MyOsmiKamii 1moa0
OKpPEMHUX IHCTPYMEHTIB IHXEHepli JaHWX, MUTaHHSA KoMIuleKcHoro mnpoektyBaHHs CIIIIP na 6a3i
apxitektypu Lakehouse 3 ¢okycoMm Ha iHTerpamiro MmiJCHCTEM aHaJi3y Ta 3BITHOCTI 3aJMIIA€THCS
HE/IOCTaTHBO CUCTEMATH30BaHUM 1 MOTPeOy€e MOJATBIIOTO PO3KPHTTSI.

Meta gociigaeHHsi. 3 OTJIsily Ha BHIE3a3HAuU€HE, METOI0 € KOMIUIEKCHE IOCIIKEHHS Ta
TEOpeTHYHe OOTPYHTYBaHHS NPHUHIIUIIB MPOEKTYBAHHS CyYaCHHX CHCTEM IITPUMKH TPUHHSITTS
pimens (CIIIP) na 6a3i ribpuanoi apxitektypum Data Lakehouse sk enuHOi exocucremu st
3a0e3neueHHs MOBHOTO IIMKITY aHATITHKH.

Jnist TOCSITHEHHSI TOCTABJICHOT METH Y poOOTi BUPIIIYIOThCS TaKi OCHOBHI 3aBJJaHHS:

e [IpOaHaNI3yBaHO KPUTHUHI OOMEXEHHsI KJIACHYHUX apXITeKTypHHUX natepHiB (CxoBuiy Ta

O3sep gaHux) mijg yac 0OpoOKH BETMKUX MacHBiB iH(OpMaIii;

e JIOCTIJPKEHO TEXHOJOrIYHMM (yHIaMeHT BiAKpUTUX (opmariB Tabmuups (Open Table
Formats) Ta ixHto poib y 3a0e3nedenHi Tpan3akiiinoi HaaiHocti (ACID) y po3noaineHux
(haiioBUX cUCTEMaXx;

e OOIpYHTYBaHO [JOLUIbHICTh 3aCTOCYBaHHS JIOTIYHOTO TMAaTepHY  «MeJabHOHHOT
apxitektypm» (Medallion Architecture) as edekTUBHOTO yIIpaBiHHA sSKicTO nanux (Data
Governance) y kouseepax CIIIIP;
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e BH3HAUCHO KJIIOYOBI mepeBaru apxitektypu Data Lakehouse mist 6e3moBHOi iHTETpartii
TpaauiiiHoi omucoBoi BI-3BiTHOCTI Ta anroputmiB MammHHOro HaB4yanHs (Machine
Learning) y eaHOMY cepeIOBHIII MPUAHSTTS PIIICHb.

Marepianu i meroam aocaimkenHsa. Ha puc. 1 mpencraBnena cxema, sika BigoOpaxae
KiIacuuHy (0a30BY) apxiTeKTypy cucteMm miarpumkn npuidHarts pimensb (CIIIIP) a6o Business
Intelligence (BI) [9] . Croromni i po3rismamTh SK (QyHIAMEHTATbHY OCHOBY. 3aIMINAIOTHCS
HE3MIHHUMH TaKi MOMEHTH:

o Jlociynuu nanyrooicox. Ilporec Bim 300py manux (OmepaTtop) yepe3 iX KOHCOIITAIIO
(36epexkeHHs1) n0 aHamizy (AHQIITHK) € HE3MIHHHM SIpOM OynIb-sSKOI aHAIITHYHOI
CUCTEMH.

e Posnoodin na OLTP ma OLAP. Posninenns tpanzakiiinux cuctem (OLTP), ne nani
MBUAKO 3anmucyroThes, 1 aHamitnaHux (CJ/CxoBuma manux ta OLAP), ne nani
arperyrThes IS IIBUIKOTO YATAHHS BEJTMKUX MACHBIB.

o SQL-ananiz. ba3oBuii iHPOpPMAIIHO-TIOMIYKOBUI aHali3 3a gonomoror SQL-3amutiB
3aIUIIA€THCA OCHOBHUM THCTPYMEHTOM aHAITHKIB.

NigcucTema
iHropMaLiAHo-
NoLIYKOBOMG
: axaniay (SQL)
Mincucrema Migcuctema
BBEOEHHA 3E;P3}KBHHH Migcuctema
IHOpOPMaL ONepaTUBHON
(CYBA = (CYE}'T OLTP — \ araniay
OLTP) _l/ — {OLAP)
Talabo C[])
MigcucTema
OnepaTop iHTeneKTYanEH AHANITHK
oro aHaniay
(DATA
MINING)
[Mipecuecrema
aHaniay

Pucynox 1 — 3acanvna apximexmypa CIIIIP

CyuacHi peastii BAMararoTh TEXHOJOTTYHUX 1 TEPMIHOJIOTIUHUX 3MiH.

o Tepminonoecia «Data Miningy. 1leit TepMiH 3apa3 BUKOPHUCTOBYETbCS HEYACTO. 3aMiCTh
"IHTEJIEeKTYaJbHOTO aHali3y" CydacH1 CUCTEMH BKIIOYAIOTh migcucteMu Machine Learning
(mammHHe HaBuaHHs), Predictive Analytics (mpenukTtuBHa aHamituka) Ta Al (IuTyyHuit
iHTeneKT). Bonn He mpocto "HrykaroTh 3aKOHOMIpHOCTI", ik 1ie poouts Data Mining, a
TeHepYIOTh MPOrHO3U Ta pekoMeHpauii. Ha iX OoCHOBI po3poOiIOIOTBCS iHmeneKmyanbHi
CUCTEMH MIATPUMKH MPUIHATTS PillIEHb.

o FEsonoyis Cxosuwy [anux (C/). Ha cxemi Bkazano numie knacuuni CJI (pensiiiiHi
cTpykTypoBaHi nani). Ceoroani CIIIIP o6os's3koBo BkitouatoTh Data Lakes (Ozepa
nanux) abo riopuani Lakehouses mis 30epiranHs Beanue3HUX 00CATIB HECTPYKTYPOBAHUX
JTaHUX (TEKCTH 3 COIIMEPEK, JIOTH CAlTIB, 300paKEeHHSI, ay/I10).

e Biocymuicme nomoxoeoi 0b6pooxu (Real-Time). Cxema mepenbadae makeTHy 0OpoOKy
naHux (gaHi 310panu -> 3aBantaxwin B C/1 -> npoananizysanu). CyyacHi CHCTEMH TTOBUHHI
BMITH. aHAJII3yBaTH MMOTOKHU JIaHUX y peajbHOMY vaci (Streaming Analytics).

e Kopucmysaui. Y cydacHHX CHUCTEMax KIHIICBUM CIOXHBadeM iHdopmarli € He Juiie
"AnamiTuk", a Oe3mocepenHbO Oi3HEC-KOpUCTyBad (MEHEKep, IUPEKTOp) uepe3
iHcTpyMmenTH Self-Service Bl (nanpuknan, inTepaktusHi gam6opau Tableau un Power BI).

Taxum unHOM, cy4acHa apxitektypa CIIIIP Ta po60oTH 3 JaHUMU BiIPi3HAETHCS B KIACUYHOT

cxemu. BoHa cTama THYYKIIIOH, MacmTaOOBAHINIOK 1 OPIEHTOBAHOK HE JIMINE HAa ICTOPUYHHMA
aHaji3, a i Ha MPOTHO3yBAHHS Ta aBTOMAaTH3AILiIo0.
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CphorosiHi CTaHIAPTHOIO BBAXKAETHCS apXITEKTypa, sika o0'ennye migxoau Data Warehouse
(CxoBume nmanux) ta Data Lake (O3epo manux) — Tak 3Banuii Data Lakehouse, nOTIOBHEHHIA
XMapHUMH TEXHOJIOTISIMH Ta TTIOTOKOBOIO 00pOOKOIO [8].

CyvacHu#l mairuraifH (aBTOMaTH30BaHWN MU(POBHUI KOHBEEP) NaHMUX, PO3OWUTHUN HA JIOT14HI
eTaru, BUrsigae Tax [3, 7].

1. Iocepena oanux (Data Sources)

3amicte omHoro "Omeparopa", skuii BBoauTh aaHi B CYBJl, cydacHi cuctemu 30UparoTh
iH(OpMaIIio 3 AECIATKIB PI3HUX JHKEPEIL.

e Tpanzakuiiini cuctemu (OLTP). CRM, ERP, OyxranTepchki mporpamm.

e [lorokoBi mani (Streaming). Jloru BeOcaiTiB, KIIKCTPIM (ii KOPUCTYBaviB y J0/1aTKax),

nani 3 [oT-maTuukis.

e 3oBHimHI gaHi. API comianbHuX Mepex, BIAKPUTI AepKaBHI PEECTPH, METE€OIaH1 TOIIIO.

e HectpykrypoBani gani. 300pakeHHs, ayio, TEKCTOBI TOKYMEHTH, email-InCTyBaHHS.

2. Biobip ma obpobka danux (Data Ingestion & Processing)

Knacuunamii migxim ETL (Extract, Transform, Load) mocTymuBcs MiciieM JIBOM HOBHUM
napajaurmam:

e ELT (Extract, Load, Transform). /lani cioyatky "cupumMu' 3aBaHTaXYyIOTHCS y CXOBHIIIE, a

BXKE TaM TpaHCHOPMYIOThCS 3a JOMOMOIrol MOTykKHOcTel camoi B/l (mampukman, 3a
JIOTIOMOT0F0 1HCTpyMeHTY dbt).

e IlotokoBa 00poOka (Real-time/Streaming). BukopuctoByroThCsi OpokKepu MOBI1IOMIECHb
(Apache Kafka, RabbitMQ) ans MUTTEBOI mepemadi Ta aHaNi3y MaHUX «HA JIBOTY», IO
KPUTUYHO JJIsl CUCTEM aHTU(HPOIy a00 TUHAMIYHOTO I[IHOYTBOPEHHSI.

e lleHnTpamnizoBane ynpasiiHHs. Y CiM IpoIiecoM 300py KEpyIOTh CeiaibHi INIaHyBaTbHUKH
(manpuknan, Apache Airflow), siki cTexxarb, o0 JTaHi OHOBIIIOBAIKCS 3a PO3KIaIoM 1 03
MTOMMJIOK.

3. Aopo: Data Lakehouse (Medallion Architecture)

Ile uenTpanpHUil eneMeHT 30epiraHHs. BiH BHKOpHCTOBYe OaraTOpiBHEBMM MIIXiA IS

00pOoOKH.

e Bronze Layer (Cupi gani). Lle nemeBe xmapue cxosuuie (sk AWS S3), kyau 3nuBaeTbes
BCE MIJIPsIl Y NEPBICHOMY BHUIJISIL.

e Silver Layer (Ouunieni aani). Jlani TyT BXKe CTpYKTYpOBaHi, OUYMILEHI, B1I(IILTPOBaHI Ta
CTaHJapTH30BaHI 3a JI0IOMOT0I0 TpaHchopMalliil (Harpukiaz, iHcTpyMeHToM dbt).

e Gold Layer / Bitpunu nanux (ArperoBaHi AaHi). ['0TOBI O BUKOPHCTAaHHS arperoBaHi
0i3Hec-meTpuku. lle HallOLIbIT BOOPSAAKOBAHUI PiBEHBb, ONTUMI30BAaHUMN ISl IIBUIKOTO
YUTaHHS.

4. Buxopucmanns oanux (Consumption)

TyT naHi nepeTBOPIOIOTHCA Ha PIILIEHHS AJIS PI3HUX KOPUCTYBaYiB:

e Self-Service BI & Hambopau. Menemkepu caMocTiiHO OyIyrOTh 3BITH B IHTEPAKTUBHUX
iHcTpymenTax (Power BI, Tableau).

e Ad-hoc Anamituka & SQL. Jlara-aHamiTUKH BUKOHYIOTH CKIIAIHi, MOBUIbHI 3alUTU IO
Gold-piBHs.

e Machine Learning & Al IloOynoBa NpeauKTHUBHMX MOJEIEH Ta CHCTEM LITY4YHOTO
IHTEJIEKTY, 110 TPEHYIOThCS Oe3mocepeHbo Ha naHux 13 Silver uun Bronze piBHiB. Takox
3'sBuBca HOBUIl TpeHa — Generative Al & LLM, 1o no3Bossie poOUTH 3anuTu 10 0a3u
3BHYAHOIO JIIOJICEKOI0 MOBOIO.

5. 36opommnuii 38'a30k (Reverse ETL)

CyuacHa cuctema He IpocTo nokaszye rpadiku. Bona aie. Pesynbratn aHaniTuKy (Harpukiaz,
CKOpPHUHI KJIIEHTa) aBTOMAaTHYHO IMOBEPTAIOThCS Hazaj y TpaH3akuiiiHi cuctemu (sk CRM), mo6
MEHeKep 3 MPOAaXKiB MIT OJJpa3y BUKOPUCTOBYBATH 110 1HGOpMaIIiIO.

L5 eBouTIOLIIS 103BOJIMIIA KOMITAHISIM MIEPEXOAUTH BiJl ICTOPHYHOTO aHAJI3Y («II0 CTanoca?y)
JI0 TIPEIUKATUBHOTO (IO MOXE CTAaTHUCS?») Ta MPEIUKATUBHOTO («II0 HaM 3pOOWTH, 100 IIe
cranocsa?y).
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Pe3ysabTaTn goc/aixxeHHs Ta ix 00ropopenHs. Sk nokaszano suiie, sapom cydacHoi CIIIP e
Data Lakehouse, sike mpeacraBneHo Ha puc. 2. Konmenryanbsne o0'ennanns Ozepa ta Cxowuina
JTaHUX 3aTHIIAIOCS O JIUIIE TEOPETHYHOI MOCIUII0 0€3 CTBOPEHHS BiJIIOBITHOTO TEXHOJIOTIYHOTO
iHcTpyMeHTapito. DyHnameHtanbHOIO mpobieMoro kiacmuHux O3ep JaHUX € Te, 0 BOHHU
30epiraroTh iHGopmarito y Burisami 3BudaiiHux ¢ainie (CSV, JSON, Parquet) B 00'ekTHUX
cxoBumiax. daiiioBa cucrema He MIATPUMYE CTAaHAAPTHI omeparlii 0a3 JaHUX: y Hi HEMOXKIIUBO
epextuBHO oHOBUTH (UPDATE) a6o Bunanmutu (DELETE) onun psanok y rirabaiitHomy daiini 6e3
HO0ro IOBHOTO IIepe3anucy, a 301 mij yac 3aBaHTaXCHHS JaHUX MPU3BOAUTSH JI0 X MOLIKOKCHHS Ta
HEKOHCUCTEHTHOCTI Y 3BiTax.

DATA LAKEHOUSE

DATA DATA DATA
WAREHOUSE LAKE LAKEHOUSE

Pucynok 2 — Cmpyxmypa aopa cyuacuux CIIIIP

Bupimenssm 1iei npobiemu cTana nosisa Bigkputux Gopmatis Tabnuib (Open Table Formats,
OTF), sxi Aif0Th SIK TpaH3aKIIHHWKA ap MeTtagaHuxX Haj (aiimoBumu cxoBumamu. Ha cboromHi
IHAYCTpiaJIbBHUMH CTaHJIapTaMH € TpH OcHOBHI TexHousorii: Delta Lake (po3po6ka Databricks),
Apache Iceberg (crtBopenmii imxenepamu Netflix) Tta Apache Hudi (Bim xomannu Uber).
BrpoBamkenns mux ¢opmaris 3abe3neuye CIIIIP KpuTHYHO Ba)XJIMBUMH MOXIIMBOCTSAMH, SIKi
paHiiie OyJu NpeporaTUBO0 BUKIIOYHO pessaiiiHuX CXOBHIL JaHUX:

o 3abesneuenns ACID-mpansaxyiti (Atomicity, Consistency, Isolation, Durability). 1le
HaliBaxJuBima Bumora st Oyap-sxoi CIIIIP. Bigkputi ¢opmatu rapaHTyoTh, IO
orepallii YUTaHHS Ta 3aMHUCY € 130JIbOBAaHUMHU. SIKIIO MpOoILeC 3aBaHTaXXEHHS HOBUX JaHUX
MIEPEPUBAETHCS YEPe3 CUCTEMHUM 301H, TpaH3aKIlisl CKaCOBYEThCS, 1 Ol3HEC-aHATITHKU
HIKOJIM He 1mobayaTh y CBOiX Aamobopiax "HAmoJOBUHY 3aBaHTa)KeHi" ab0 MOIIKOKEHi
naHi (3amo0iraHHs Tak 3BaHUM «OpyIHUM YUTAHHAMY).

o FEeonoyisn cxem (Schema Evolution <& Enforcement). bi3Hec-poliecu MOCTIHHO
3MIHIOIOTBCS, LII0 BUMArae J10/1aBaHHs HOBUX MeTpHK y 3BITH. OTF 103BoJIsAI0TH TMHAMIYHO
J0JIaBaTH, TepeiMEHOBYBaTH a00 BHUJAISATH CTOBMII B TaOmUIsX 0e3 HEOOXiTHOCTI
3YIUHATH cUCTeMY a00 nepenucyBaT neTabaiTi ICHYI0UHMX 1CTOpUYHHUX JaHuX. BonHovac
cucTeMa XOPCTKO KOHTpomoe Tunu aaHux (Schema Enforcement), He mo3Bonsioun
3aIMCaTH TEKCT y TOJIe TSl YUCIIOBUX 3HAUCHbD.

e Bepcionysannsa oanux ma «nooopooxc y uaci» (Time Travel). XXypHan Tpan3zaxuiii 30epirae
icTOpito BCix 3MiH. [Ij1st cucTeM miATpUMKH NPUIHSTTS PilIeHb 1 3a0e31euye MOKIUBICTh
ayJUTy: aHATITUK MOKe BUKOHAaTH SQL-3anuT 10 cTaHy JaHUX, SKUM BiH OyB THXKJIEHb YU
Micsp ToMy. Lle TakoX KPUTHYHO BaKIMBO JIJISl BIATBOPEHHS pE3yJbTAaTiB MOJAETCH
MammHHOTO0 HaB4YaHHs (ML reproducibility).

o  Onmumizayis npooykmuenocmi ananimuxy. Bimkputi popmMaT BUKOPHUCTOBYIOTH CKJIaJIHI
aITOPUTMHU 1HAEKcalli Ta mponycky aanux (Data Skipping). Ilpu Bukonanni SQL-3anuty
CHUCTeMa 4YWTa€ He Bech MacuB iHopmarii, a yiume Ti Ojgoku ¢ailiiB, K1 MICTAThH
peneBaHTHI 3HaYeHHs. L{e 103BOIIsIE aHAIITHKAM OTPUMYBATH BiJIITOBI/I HA CKJIAIHI 3aITUTH
3a CEeKyHIM, 10 € 0a30BOI0 BUMOTOKW s iHTepakTuBHMX Bl-cucrem (Business
Intelligence).
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TakuM 4MHOM, BUKOPUCTAHHS BIAKPUTHX (POpMATiB TaOJIMIb yCyBa€ TEXHIYHY NpPIpBY MiX
IHKeHepier naHux Ta 0i3Hec-aHamiTukow. Omue 1 Te k "O3epo" cTae HaMIMHUM JHKEPEIoM 1 JJis
AITOPUTMIB IITYYHOTO IHTENEKTYy, L0 MPAlOIOTh i3 CUPUMH JaHUMH, 1 Ui KEepiBHUKIB, fKi
(dhopmyrOTh (hiHAHCOBY 3BITHICTH 3a IOTIOMOTOI0 CTaHAApTHUX SQL-3anuTiB.

Jociuna cmpykmypa Data Lakehouse: namepn «Medanvitonnoi apximexkmypuy.

st epextuBHOTO TpoekTyBanHs CIITIP HeoOXxigHa YiTka METOAOJIOTISI YIIPaBIIHHS TOTOKAMH
nanux. CydacHHUM CTaHIapToM oprasizamii kKoHBeepiB manux y Lakehouse € «Meodanwiionna
apximexmypay (Medallion Architecture). Bona nepen6auae mojija JaHUX Ha TPU MOCIIIOBHI PiBHI
OUMILIEHHSI, TpaHchopMarii Ta arperarii.

e bponszosuii pieens (Bronze Layer / Raw Data). 30Ha mpu3eMiieHHs IS BCiX ""cupux" qaHMX,

10 HaJIXOASATH 13 30BHIIHIX JuKepen. Jlani 30epiratotbces y nepicHomy ¢opmari (append-
only), cTBoprorouM HaaiiHE "€quHE MKepeao” A BCiel iICTOpii CIIOCTEPEKEHb.

o Cpibnuu pigens (Silver Layer / Cleansed & Conformed Data). Jlani poXoJsaTh TPOIECH

TpaHcopmariii: GpinbTparito, AeayIIiKaliio Ta 3BeACHHs 10 €IUHOT cxeMu. DopMyeTbes
[UTICHE KopHopaTuBHE OaueHHs cyTHOcTed. Lleii piBeHb € iealbHUM JDKEpenoM s
moOyA0BU NMPeTUKTUBHUX ML-Moeneii.

o 3onomuii pisenv (Gold Layer / Curated Business Data. ®iHambsHUN eTall IMMiATOTOBKH

iH(popMmarii. JlaHi MakCUManbHO arperoBaHi Ta OpraHizoBaHi y BUTIsiAl BiTpuH ganux (Data
Marts). Crogu migkmodaroTsest BI-IHCTpyMeHTH U1 TeHepaltii yrpaBIiHChKOI 3BITHOCTI.

Takuit migxin peanizye NPUHIMI HOAUTY BiAMNOBIAAIBHOCTI, JO3BOJSIOYM OJHINA €KOCHUCTEMI
OJTHOYACHO 3aJI0BOJIBHATH TOTPEOH K onmHucoBoi Bl-aHamiTuku, Tak i CKJIaIHOTO MPOTHO3yBAHHSI.

BucHoBkm i nepcnekTuBH. [IpoekTyBaHHS Cy4acHUX CUCTEM MiIATPUMKHU MPUUHATTS PILICHb
(CIIITP) Buiimuio maiexko 3a MeXi TPaJWIIHHOTO HAKOMWYEHHS CTPYKTypoBaHOI iH(opmarii ams
nodynoBu perpocrnektuBHuX 3BiTiB. Cporogni CIIIIP — me auHamiyHe iHTENEKTyalbHE SIIPO
opranizaiii, sske BUMarae OJHOYACHOI MIATPUMKH Kiacu4yHoi Bl-aHamiTuku, 0OpOOKH MOTOKOBHX
JAHHUX Ta PO3TOPTAHHS CKIAJAHUX MOJIeJIel MAlllMHHOTO HaBuaHHs. SIK Moka3ye aHani3, KJIaCHYHUN
MOJILJT aHAJIITUYHOI 1H(pacTpykTypu Ha 13osmboBaHl CxoBuia ganux (Data Warehouses) ta Ozepa
nanux (Data Lakes) Buuepmnas cBiit moTeHmian. Takuii miaxia CTBOPIOE 3aiiBe AyOIt0BaHHS, 301IbIITy€E
BUTpaTH Ha IHQPACTPyKTypy Ta YIOBUIbHIOE 4Yac BIJ OTPUMAaHHSA JAHUX A0 HIPUAHATTA
ynpasiiHcbkoro pimenHs (Time-to-Insight). Ilepexin no ribpunnoi napagurmu Data Lakehouse €
€BOJIIOLIIMHOIO BIAMOBIIAIO Ha I BUKJIMKH. L1 apxiTekTypa ycyBae (pyHIaMEHTaIbHUI pO3PUB MK
iHKeHepiero AaHux, Data Science Ta Oi3Hec-aHAITHKO0. 3aBJISKU IHTETpaLlii 8i0Kkpumux popmamis
maoauys (Open Table Formats), Takux sik Delta Lake un Apache Iceberg, HectpykrypoBani ¢aitnosi
CXOBMILA OTpPUMaIM TpaH3akuiiHy HaniiHicTh (ACID), miaATpUMKY €BOJIOLIT CXeM Ta BHCOKY
MIBUKICTh BUKOHAHHS SQL-3anuTiB. BomHovac BpoBaKeHHS JIOTTYHOTO TATEPHY « Medanviionnoi
apximexmypuy (Bronze, Silver, Gold) Bupimrye kxputnuny it CIITIP npo6aeMy ynpaBiiHHS SKICTIO
nanux (Data Governance). Lleit miaxiz 3a0e3nedye npo3opuil 1 KOHTPOILOBAHUM pyX 1HPOPMAIIIi: B
HaJIHHOTO 30epeXeHHSI CUPUX ICTOPUYHUX MAcUBIB 10 (pOopMyBaHHS arperoBaHux, 30araueHUX
013HEC-JIOTIKOIO BITPUH JaHUX.

Taxum unHOM, BUKOpUCTaHHS KoHuenIii Data Lakehouse sk ¢pyHaaMeHTy Ui MPOEKTYBAaHHS
CIITIP no3Bojsie oprasizamisiM CTBOPUTHU €JIMHY, €KOHOMIYHO €(EeKTHMBHY Ta MaciiTaboOBaHy
exkocucteMy. BoHa 31aTHa He JMIne ONKMCYBaTH MHUHYJeE, ajle il NPOrHO3yBaTH MailOyTHE,
3abe3nedyroun 0a3zy il MakKCUMallbHO OOTPYHTOBAaHHMX pillleHh Ha ocHOB1 naHux (Data-Driven
Decisions).
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MODERN DESIGN PARADIGMS FOR DECISION SUPPORT SYSTEMS: FROM
INTEGRATING DATA WAREHOUSES AND DATA LAKES TO THE DATA
LAKEHOUSE ARCHITECTURE

Abstract. The article examines modern approaches to the design of decision support systems in the conditions of
rapid growth of information volumes. Data warehousing information technology was born in the bowels of IBM and was
finally formulated by B. Inmona and R. Kimball in the 90s of the last century as a method of solving information and
analytical tasks in the field of decision-making and support. Arising at the intersection of database technology, decision
support systems (DSS) and computer data analysis, the concept of data storage later evolved as it proved suitable for a
wide range of applications in business, science and technology. Systems built on the basis of data warehouses have a
number of characteristic features that distinguish them as a special class of information systems. Such features include
the subject orientation of the system, the integration of data stored in it, collected from various sources, the invariance
of this data over time, the relatively high stability of the data, the need to find a compromise in the redundancy of the
data. The article examines the evolutionary transition from the use of isolated Data Warehouses and Data Lakes to a
conceptually new hybrid Data Lakehouse architecture. The technological foundation of open table formats (Delta Lake,
Apache Iceberg, Apache Hudi) and their role in ensuring the transactional reliability (ACID) of file systems are analyzed.
The feasibility of applying the "medallion architecture" pattern (bronze, silver, and gold layers) for effective data quality
management, collaborative work of machine learning algorithms, and management Bl reporting preparation is
substantiated.

Keywords: Decision Support System, DSS, Data Lakehouse, Data Warehouse, Data Lake, Medallion Architecture,
Data Engineering, Data Governance.
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BI3YAJIIBAIIA AJITOPUTMY ITOITYKY OIITUMAJIBHOI'O LIJIAXY MIZK IBOMA
TOYKAMMU KJITHUHHOI'O JIABIPUHTY 3 HIEPEIIKOJAMM, 1O INHAMIYHO
SMIHIOIOTBCA

Anomauin. Y oaniv pobomi 00CnioHNCyemvbCs akmyaibHa npoobiema NOULYKy ORMUMAaibHO20 WIISIXY 8 OUHAMIYHUX
cepeodosuwax, wo Mo0eroiomsves AK KAimunHi 1adipunmu 3 nepewkooamu. IIpobrema nowtyky onmumaibHO20 WXy
MidIC 080MA MOYKAMU KIIMUHHO20 1AOIPUHMY € aKMYAabHOI Yepe3 il YHIGepcanbHiCMb, NPUKIAOHY YIHHICMb 1
¢yHoamenmanvhe 3HAYEHHA OAA PO3BUMKY CyYacHux mexHonoziu. OCHOBHa ysaza npuodiisemvcs po3podyi ma
npoepamHil peanizayii cucmemu 8i3yanizayii aneopummie Ha epagax, AKa 00360J14€ 8 PeArbHOMY YdcCi cnocmepieamu 3a
npoyecom NPULHAMMSA pilleHb AGMOHOMHUM d2eHmMoM. Y pobomi npogedeno OemanvHull NOPIGHANbHULL AHALI3
KAACUYHUX memodis, maxux sk areopumm Hevikcmpu ma A*, a maxooic cneyianizo8anux iHKpeMeHmaubHux nioxoois,
30kpema D* Lite. Obrpynmosano nepesacu 8UKOpUCmMaHnus meopii epaghie 0 supiuenHs 3a0ay npupoOoKOPUCIYBAHHS,
Jgocicmuku ma pobomomexHiku, 0e cepedoguiye Modice 3MiHIo8amucs Henepeobauysano. Memow npedcmagnenol
pobomu € po3pobka npocpamu OiA Gi3yanizayii areopummy — NOWLYKY ONMUMANLHO2O WIAAXY HA NOJI, IKe MOXNCHA
yaeumu y eueisoi 1adipunmy 3 nepebopHuMu i HenepebopHuMU nepewkooamu. 3adaua noisieae ¢ momy, oo sHaumu
ONMUMATLHUTL WLTISIX MIJHC 080MA MOYKAMU HA RO ma 8i0obpazumu 1io2o. [Ipakmuuna uacmuna 00CHiONCeHH s KIIOUAE
PO3poOKY npoepamnozo 3abesneuents na mogi CH, axe demoncmpye npoyec nepedyoosu Mapupymy npu GUHUKHEHHI
HOBUX nepeukod 6e3 HeoOXiOHOCmI NOBHO20 NepepaxyHKy ecici mepedxci. Lle xpumuuno eadiciueo O0ns1 MiHimMizayii
00YUCTIOBANLHUX BUMPAT Y CKAAOHUX [Hpopmayiuno-anarimuunux cucmemax. Oxpemuil axyenm 3poOAeHO Ha
O0CGIMHbLOMY acneKkmi. po3pobneHa Gi3yanizayisi IHMe2po8aHa y HABYAAbHULL Npoyec O BUKIAOAHHS OUCYUNJLIH
«Aneopummu i cmpykmypu oanuxy ma « Ob €KmMHO-OPIEHMOBAHE NPOSPAMYBAHHS», WO 3HAYHO NOKPAWYE 3ACE0EHHS
CKAAOHUX MameMamudHux KoHyenyii cmyodenmamu. Pesynomamu pobomu niomeepoiicyioms, w0 HNOEOHAHHS
meopemuyHux Memooié NOUWYKY WLISXY 3 IHMepaKmueHo0 GI3yanizayicio 3a6e3neuye gUcoKy HaOlliHicmb i npo3opicmy
@DYHKYIOHYBAHHS CYYACHUX HABI2AYIUHUX MA eKOJ02IYHUX cucmem moHimopunzy. Ilpoepama eizyanizayii aneopummy
NOWIYKY ONMUMANLHO20 WIAXY 6 NAOIipuHmi Mae eenuyesHe NPAKMUYHE 3HAUEHHA 1 Modce 3acmoCO8Y8AmMuUcs )
pobomomexuiyi ma ABMOHOMHUX cucmemax Oas Hagieayii podOOmMie y pearbHOMy cepedosuwyi, y mepexicax i
MeneKOMYHIKayisix 30IUCHIOE NOWYK ONMUMATbHO20 Mapupymy nepeoadi oawux. Bizyanizayis ancopummy noutyky
ONMUMANLHO2O WIAXY 8 KITMUHHOMY 1a0IpUHMI 3 OUHAMIYHUMU NEPeUKOOAMU O0380IAE 2ubue 3p03yMimu NpUHYUnU
pobomu aneopummie, oyinumu ix eghekmusHiCmb y pearbHOMY UYACI, eKCHePUMEHMY8AMU 3 PIZHUMU CIMPAmeiamu
nepe6y0o0su mapuipymy.

Knrouoei cnosa: nowiyx y enubuny, nowtyx y wupuny, meopis epaghie, NOWyK onmuMaibHO20 Wisxy, OUHAMIYHe
cepedosuuye, areopumm Hetikempu, ancopumm A%, anecopumm D Lite™, ¢izyanizayis ancopummis, KiimunHuil 1a0ipunm,
IHGhoOpMayiiHO-aHaNIMUYHA NIOMPUMKA.
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AxkTyaabHicTh. Cdepa TpUPOTOKOPUCTYBAHHS CHOTOJHI — II€¢ HE MPOCTO BHUIOOYBaHHS
MPUPOJHUX pPECypciB ab0 OXOpOHA JICiB, II€ BUPIMICHHS NHUTaHb, MOB'I3aHUX 3 YIPaBIIHHAM
CKJIAJHUMH €KOCHCTeMaMH B YMOBaX KIJIIMAaTHYHHUX 3MiH Ta OOMEXKEHOCTI pecypciB. be3 skicHOI
iHpopMamliiiHO-aHAIITUYHOT ~ MIATPUMKH  TpuiimMati  eheKkTuBHI  pilleHHSs B ramysi
IPUPOJOKOPUCTYBAHHS CbOTOJIHI MPAKTUYHO HEMOXJIMBO. OJHUM 3 HANPSMKIB TaKol MIATPUMKH €
BUKOPUCTaHHA Teopii rpagiB, sfka sBisge co00H OIUH 13 HAWNOTYXKHIIIMX MaTeMaTHYHHX
iHcTpyMeHTiB. Cepen HanmpsIMKIB 3aCTOCYyBaHHsI Teopii rpadiB y chepi NpUpOIOKOPUCTYBAHHS B
Mepury 4epry Ciiji 3yHMHUTHUCh Ha MOJIENIOBaHHI B3a€MO3B'SA3KIB Mik 00'ekramu. B ekosmorii Ta
yIpaBIiHHI eKopecypcamMu rpad)oM MOXHA MIPEICTABUTU OYy/b-SIKYy MEPEKEBY CTPYKTYpPY, & METOAU
Teopii rpadiB JO3BOJIAIOTH BUPILITYBATH MIPH [IbOMY HAHPi3HOMAHITHIII 33aa4i, SK-TO MOJICTIOBaHHS
€KOJIOTIYHUX KOPHUIOPIB IMPOCYBaHHS MOMYJIAIIN TBapuH (TyT BeplUIMHAMHU Tpada € 3armoBiIHUKH,
JicoBi MacuBH a00 Mmapku, a pedpaMu — MOXIIMBI IIJISIXW Mirpaiii TBApuH MiXK HUMHU. Bukopucranus
QITOPHUTMIB TMOIIYKY HAHKOPOTIIUX IUIAXIB B TaKOMY rpadi I03BOJsSE 3p03yMITH (PYHKIIOHATBHY
3B'SI3HICTh JAHAMAPTY, PO3pPaxXyBaTH ONTUMAIbHI «3€JICHI KOPUIAOPH», OCKIIBKH JUIsl TBapHHU
HallKOpOTHIMM € HUIAX 3 HaWMEHIIMMH €HEePreTMYHUMM BUTpaTaMH a00 MiHIMAJbHUM PH3UKOM.
ToOTo Taki alrOpUTMU TO3BOJISIOTH 3HAXOAUTH IUIAX, IKAN 3a0e31edye MaKCUMalIbHy BUKHBAHICTh
0COOMHH TIpH TMepexonal MK MacuBamu). B [1] po3riasgaerbcs METOMONOTISS BUKOPHUCTAHHS
anroput™MiB  HaiimeHmoi Baprtocti (LCP) pans MonenmtoBaHHS TeHETHYHHX JMCTAHIA —MiX
MOMYJIALISAME, a poOoTa [2] mpucBsiu€Ha ONTUMI3allil 0OUNCIICHb Yy BEJIMKUX MEpexax 3aroBiTHUKIB.
ABTOpH BUKOPUCTOBYIOTH anroputM drnoiiga-Bopmenna mis modymoBu NOBHOT MaTpHIIi 3B'I3HOCTI
TEPUTOpiH, 110 O3BOJSE BUSABUTU HE JIMIIE MpsIMI LUIAXM Mirpauii, a i omocepeakoBaHy poJib
KO>KHOTO 3allOBIHUKA K TPAaH3UTHOIO By3Jla B MaclITabax L1JIOrO PETioHy.

Amnani3z rigporpadiuHUX MepeX 3 BHUKOPUCTaHHSAM Teopii rpadiB NEpPeTBOPIOE XAOTUYHE
CIUIETIHHS pPIYOK, MPUTOKIB Ta KaHAJIIB Ha 4YITKYy MaTEeMaTHYHy CTPYKTYypy — OpI€HTOBAaHUU
armiutigyanid rpad (DAG), B skoMy BepIIMHAMH CITi1 OOMpPATH BUTOKU PIYOK, MIiCIISI 37IMTTS IPUTOKIB,
I'EC, oumcHi criopynu, a peOpaMu CIyryloTh pycia pidoK i3 3aJjaHUM HampsMOM. 3aCTOCYBaHHs
Teopii TpadiB mpU TaKOMY OMHUCI JO3BOJSE MOJETIOBATH MOLIMPEHHS 3a0pyJAHEHb Ta BU3HAYATH
ONTUMAJIbHI TOYKM PO3MIIEHHS JAaTYMKIiB MOHITOPUHTY B piukoBuX OaceifHax [3]. Ilutanns,
MOB'I3aH1 3 MOJEJIOBAHHSM ITOBEHEH Ta JIOTICTHKOI BOJHUX pecypciB 3 BUKopUcTaHHSIM DAG-
rpadiB po3risaaoThes B [4].

Teopis rpadiB 103BOJIsAE€ 3AIMCHIOBATH MOJIEIIOBAHHS TPOIIECIB 3HUKHEHHS OJHOTO BUIY 1
BH3HAYEHHS BIUIMBY TaKOT'O 3HUKHEHHS Ha BCIO MepexXy. AHaJII3 BIUIMBY 3HUKHEHHS OJTHOTO BU1Y Ha
eKocucTeMy B Teopii rpadiB Ha3uMBaeThCcs aHamizoM cTiiikocti Mepexi (Network Robustness) abo
MOJICJIIOBAHHSAM KackaJHuUX BuMHpaHb (Secondary Extinctions). ¥V Takux Monensx ekocucrema
po3risiaeTbes sk rpad xapyoBoi mepexi (Food Web), ne By3nu — 1e Buau, a pedpa — tpodiuni
3B's13ku. PoboTa [5] QokycyeThCcsl Ha TOMY, SIK BUAAJICHHS "LIEHTPAIbHUX'" BY3JB Takoro rpady
(TOOTO BUJIIB 3 BEJMKOIO KUIBKICTIO 3B'sI3KI1B) MPU3BOJAUTH J0 PO3BaNly BCi€i Mepexki. B Hill onrcano
ITOPUTMHU MOJIETIOBAHHS KAaCKaTHOTO e(eKTy, KOJIM 3HUKHEHHs XIKaka abo KIII0YOBOI JKEPTBU
BUKJIMKA€E CEPil0 BTOPUHHUX YMUPaHb. B po0oTi [6] aBTOp po3risgae MUTaHHS 3aCTOCYBaHHS TeOpii
rpadiB st igeHTHdIKamii BHUJIB, YM€ 3HUKHEHHS 3aBJa€ HAMOIIBIIOI IIKOAU CTaOLIBHOCTI
exocucteMu. A B po0oTi [7] Teopist rpadiB BUKOPUCTOBYETHCS ISl MOJICIIOBAHHS PI3HUX CLIEHAPIiB
BUMHUPAHHS OKPEMHUX MOMYJISLIN 1 OLIHIOBAaHHS [TOPOTY, MICIIs KO0 eKOCHCTeMa BTpayae 3/1aTHICTh
710 CaMOBITHOBJICHHSI.

[Ipu mpoekTyBaHHI iIH)XEHEPHUX MepeX B chepu MPUPOJOKOPUCTYBAHHS (HAIPHUKIIAI, CUCTEM
3poreHHs abo JIICOBUX JIOPIr) Teopis TrpadiB M03BOJSE PO3B'SI3yBaTH JBAa OCHOBHUX 3aBIAHHS:
MiHIMi3aIlif0 BapTOCTI (TOBKMHA MEPEKi) Ta MaKCHMI3allis HaAIMHOCTI (3abe3meueHHs MOTOKY) [8].

OT1xe, mpoOiieMa MoNIyKy ONTUMAaJIbHOTO IIISAXY MIXK JBOMA TOYKaMH KIIITHUHHOTO JTAOIPUHTY
€ aKTyaJbHOIO uepe3 ii yHIBepcalbHICTh, MPHUKIAAHY LIHHICT 1 (pyHAAMEHTaJbHE 3HAYEHHS IS
PO3BHUTKY CyYacHHX 1HGOpPMAIIHHUX TEXHOJOTiH. BoHa 3ymMOBIIEHa TEPEXOAOM BIJlT TPOCTUX
TrEOMETPUYHUX 337ay [0 YIpaBJiHHSA HAACKIAJAHUMHU CHCTEMaMH B pealbHOMY uaci. Y
MIPUPOJIOKOPUCTYBAHHI Ta €KOJIOTIl 1€ CTaE KPUTUYHUM depe3 HermepenadadyyBaHICTh MPUPOIHHUX
mporeciB. JlJis CTaTUYHUX CEPEOBHIL, TOOTO TAKMX CEPEIOBUII, 1€ MEPEHIKOAN HE 3MIHIOIOTHCS,
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aKTyaJbHICTh 3MICTHJIACS 3 TOUIYKY "HallkopoTiioi JiHii" 10 Momyky "HUIIXy 3 HaWMEHIIUM
omopom". JlJis OuHAMIYHUX cCepeaoBHUI (KJIIMATHYHI 3MiHH, TEXHOTCHHI aBapii) aKTyaJbHICTh
MOJISiTa€ B 3[]aTHOCTI arOPUTMIB pearyBaTH Ha 3MiHU cepeloBHINa "Ha JboTy". B Takux 3amayax
JOITBbHO BUKOpUCTOBYBaTH Asroputm D*-Lite (Dynamic A* Lite) — iHKpeMEHTAIbHHIA aITrOpUTM
MOIIYKY HAaHKOPOTLIOTO HUISAXY, PO3POOJICHHIA UIs IMHAMIYHUX CEPENOBHIL, A€ rpad MapumpyTiB
MO’K€ 3MIHIOBAaTUCh y peanbHOMy uaci. CiiJ 3a3Ha4MTH, 110 CY4acHI alrOPUTMHU MEPEPAXOBYIOTh
nUIx y rpadi e s 3MiHeHUX JUISTHOK, a He JJIs BCi€l Mepexi, 0 eKOHOMUTh 00YHCITIOBANIbHI
pecypcu. CniJl 3a3Ha4MTH TaKoX, IO MOIIYK NUIIXy Ha rpadi B Cy4YacHHUX IPOrpaMHHUX
3aCTOCYBAHHSX - 11€ IHCTPYMEHT, SIKU JT03BOJISI€ JIFOIUHI BUPILTYBAaTH CTPATEriuHi 3a1a4i, €PeKTUBHO
BHKOPHUCTOBYBATH PECYPCH, MiHIMI3yIOUH BTPYyYaHHSI B €KOCHCTEMH, 1110 TMHAMIYHO 3MiHIOKOTHCS ITi/T
THUCKOM TJI00QJIbHUX BUKJIUKIB.

AHami3 ocraHHix gociaimkenb Ta nmyoOaikamiid. CydacHi JOCHIIKEHHS y cdepl MOmyKy
ONITUMAJIFHOTO NUIAXY B CTATUYHHUX Ta JUHAMIYHHUX CEPEIOBHUIIAX 30CepEeKEH] Ha BJOCKOHAJICHHI
€BPUCTUYHUX AJITOPUTMIB, MIJBUIICHHI IXHHOI IMIBUAKOMAII Ta aJalTUBHOCTI, a TAKOX 1HTErparii 3
METOAAaMU JIOKAIBHOTO IUTAHYBaHHS PYXY.

Y pobori [9] mpoaHanizoBaHO ICTOPUYHUI PO3BUTOK AITOPUTMIB Ha OCHOBI A* Ta BU3HAYEHO
HaNpsSMH 1X TMOAAIBIIOT ONTHMI3alii s 3aCTOCYBaHHS B CTATHYHHUX 1 TUHAMIYHHUX CEpPEIOBHILAX.
ABTOp pO3IIIAa€ KIACUUYHUHN alrOpuT™M A* K OCHOBY OUTBIIIOCTI CYy4aCHUX MiAXO/1B A0 IJIaHyBaHHSA
MapuIpyTy, MiJKPECITIOI0YN HOT0 YHIBEPCATBHICTD 1 34aTHICTH 10 MOAU(IKaIii.

Po6otu [10], [11] mpucssiueni interpanii Adaptive A* 3 ynockonaseHuM MeTo oM Dynamic
Window Approach (DWA). 3anpornoHoBaHU# miaXi ] NOEAHYE III00aTbHE TUIAHYBaHHS MapIIPyTy 3
JIOKAJIbHOIO ONTUMI3ALIEI0 PYXY, 110 JO3BOJIsE€ e(EeKTUBHO pearyBaTH Ha IMHAMIUHI MEepPEeIKOIH.

PoGota [12] posrisgae nuTaHHs, MOB'sI3aH1 3 MOMIYKOM IUISIXY Y IWHAMIYHUX CEpPeIOBHIAX,
TOOTO B CepeloBUINAX, TOMOJOTiS SIKMX MOYKE 3MIHIOBATUCh B pEaJbHOMY Yaci, 4acTo dYepes
BTPYYaHHS JIIOJUHH.

V crarri [13] po3risiHyTO BAOCKOHANEHHs aaroputMmy D*Lite nuisxoM iHTerpamii 3 MeTo oM
Dynamic Window Approach. 3amnpornoHoBaHHMil anropuT™M [03BOJIS€E BHUKOHYBAaTH IIBUJKE
NeperuiaHyBaHHs MapIIpyTy IpH 3MiHI KOH(Irypauii nepemkos i 3ade3neuye cTabiibHy poOOTy B
peaibHOMY 4Yaci.

B po6orti [14] 6yB HajaHMi TOPIBHSUIBHUI aHaI3 KIIACUYHUX aJITOPUTMIB MOIIYKY Ha rpagax,
a B poOoTi [15] mopiBHIOEThCS edeKkTUBHICTL anroputmiB A*, Jlelikctpu Tta bemmana-®opaa Ha
pi3HUX TomouIoTiAX rpadiB (CiTKH, BUMAAKOBI rpadu). Bu pesynbraTi mopiBHAHHSA Oyi0 3po0ieHO
BHCHOBOK, 0 aJITOPUTM A* 3aIMILIAETHCS JI11€POM 32 IIBUKICTIO IPU HAsIBHOCTI TapHOI €BPUCTUKH,
Bunepemxkatroun [eiikerpy B 1.3—-1.9 pasza.

B po6oTi [16] netanbHO aHaNmi3yl0ThCs aNropuT™Mu noiyky B mupuny (Breadth-First Search),
anroput™  Jleliketpu Ta AnroputM A*, a poGora [17] npucBsdeHa BHpIIEHHIO 3a7adyi
OaraTokpuTepialibHOT ONTUMI3alllil B yMOBaX HEBU3HAYEHOCTI (CTOXaCTUYHOCTI).

Pe3ynbraTy eKCHEpUMEHTIB MOKa3ajlu 3MEHIIEHHS 4Yacy NeperulaHyBaHHS Ta IiBUIICHHS
aIalTHBHOCTI CHCTEMH B CKJIAJIHUX CEPEIOBHIIAX.

BaxxnuBuM acmekToM JOCHIDKEHHS € Bi3yamizallis mpoiecy momyky. Y pob6oti [18]
PO3MIISTHYTO 3aCTOCYBaHHS Teopii rpadiB /uisl BAOCKOHAJICHHS Ta Bi3yali3allii alroOpuTMy MOIIYKY
HAMKOPOTIHIOro NUISIXY B MAaTeMaTHYHii MO/IeNi BiJI€OIrpH.

Mertoro ctratTi € po3pobka aaropuTMiB Bizyasizalii HOIIYKY ONTUMAJIbHOIO IIISXY HA MOJI,
K€ MOJICNIOEThCS SIK JAaOIpUHT 13 MEepeOOpPHUMH Ta HemepeOOpHUMH NepeliKoAaMu, Ta HOoro
IporpaMHa peaiizaris.

Marepiaau i meroau aociigxenns. Ilocmanoexka 3adaui. MaeMo KIITHHHHMA JTaOipuHT y
BUIJISIII IBOBUMIPHOI CITKH po3MipoM N X M, 5ie KoKHa KJIITUHKA MOe OyTu:

e BUIBHOIO,

e TEPENIKOJION0,

e IIOYATKOBOIO TOYKOIO (S),

e ITbOBOIO TOUKOIO (G).

[Nepermkoau MOXKYTh 3MIHIOBAaTH CBiil cTaH y mpolieci BAKOHaHHs anroputMy. HeoOxinHo:
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e 3HalTH oNTUMAIbHUNA (HaWKopOTIIHiA) UIsIX Bix S 10 G.

e 3abe3meunTH KOPEKTHY NepeOy10By MapIIpyTy MPH 3MiHI KOH(ITypalii mepemKko.

o BisyanizyBaru mpomec nouryky Ta OHOBJICHHS LUISAXY.

Teopemuuni niocmasu. JIaGipuHT NpeNCTaBICHUA y BHUIVIAAI MaTpHIi (ABOMIpHUN MacuB).
(puc. 1). Koxxna kiiTuHKa MOXe OyTH a00 HerepeOOpHOIO MEPEIIKOI010, a00 MOXKE MAaTH IIEBHY Bary
(CKJIaIHICTh MPOXOJHKEHHS IaHOTO BIJPI3KY HUIAXY).

Copoperti  TeusdTr ONTEREARHAS LA

Pucynox 1 — Jlabipuum, npedcmaegnenuti y 8ucisioi 08608UMIPHO20 MACUBY

SIkmio 3HaueHHs KoMipku = 0, TO 11e HerepeOopHa Mepenkoa, Ko KoMipKka IpoxijgHa, To ii
3HAYEHHSIM MOe OyTH JIICHE YHUCIIO, SIKE BIMOBIAAE CKIIATHOCTI TOCATHEHHS i€l KIMTHUHKU. O0'€KT
MOJKe pyxaTucs B 4-X HalpsIMKax: Bropy, BHU3, BIIiBO, BIIPABO.

KoxHy KOoMipKy MOKHa YSBUTH SIK BEpIIUHY rpada. Ko 3 Hei € HuIdx 10 CyCiIHbO1 KOMIpI,
TO LI BEPLIMHHU rpada Mno'si3aHi peOpoM BiAMOBIIHOT Bary.

KnitunHUi 1aGipuHT MOKHA MPEICTABUTH K rpad:

e  BEpIIMHM — KJIITUHKHY;

e pebpa — MOXKJIUBI Iepexoiu (Bropy, BHU3, BIIBO, BIIPaBo);

e Bara—3asBuyai 1.

CraH KJIITUHKY ONMUIIEMO TaKUMHU HU(POBUMHU 3HAYCHHSIMMU:

0 — BisIbHA,

1 — mepemkoa,

2 — IIOYaTOK,

3 — 1iJIb,

4 — KJTITUHKA B TPOIIECi JOCTIHKEHHS,

5 — dhiHATBHAN TIISAX.

Jns mogaHHs rpada B mam'sTi KOMIT IOT€pa BUKOPUCTOBYETHCS MATPHUIA CYMDKHOCTI — Ii€
KBaJipaTHa MaTpuL (puc. 2), y KOi KUIbKICTh CTOBIIIIB 1 PSIIKIB JOPIBHIOE KIIBKOCTI BEPILIUH rpada.

Anzopummu ROWLyKy OnmumanibHo20 WAAXY

Aneopumm [lélikempu (anra. Dijkstra’s algorithm) — anroputm Ha Tpadax, BHHaWIEHUN
HijgepaanacbkuM BueHuM E. Jlefikctporo B 1959 poui. 'apanToBano 3HaX01UTh HAMKOPOTIIUH HITSX
BiJl O/IHI€1 3 BepIIUH rpada 10 BCIX 1HIIUX, MEePEeBIpAIOYN BC1 MOXKIIUBI BY3JIM HABKOJIO. AJITOPUTM
MpaIoe TITBKH 1711 TpadiB 6e3 peOp HeraTuBHOI Baru. AJITOPUTM IIUPOKO 3aCTOCOBYETHCS B
IporpamMyBaHHI 1 TEXHOJOTIAX, HANMPHUKIAA, HOr0 BUKOPHCTOBYIOTH HMPOTOKOJIM MapIIpyTH3aIlii
OSPF 1 IS-IS. B ekosorii 1ieit anropuTM BUKOPUCTOBYETHCS JIsl TOOYIOBU €KOJIOTIYHUX MEPEXK, /1€
Baru pelep 3a3maieriipb BioMi (Hampukian, kapra omnopy janamadry). AnroputMm Jleiikcrpu
3aCTOCOBYETHCS TSI 3BAYKEHOTO Tpada y pasi, Ko Tpeda 3HAUTH MUIAXY 70 BCIX BepIIUH y rpadi.
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Pucynox 2 — I'pagh i 6ionosiona mampuys cymisgcnocmi

KoxHill BepuinHi 3iCTaBUMO MITKYy — MiHIMajJdbHY BiJOMY BiZCTaHb BiJl I[i€1 BEPIIMHU O d.
ANTOpUTM Ipalloe NOKPOKOBE — Ha KOXKHOMY KpPOLIl BiH «B1JIBIJIy€» OJIHY BEPILIMHY 1 HAMAraeTbcs
3MEHIIyBaTH MITKU. POOOTa anroputmy 3aBepuIy€eThCs, KOJIU BC1 BEPIIMHU BiJIBiJaHi.

IlepeBaru anropuTMmy MOJATalOTh Y TOMY, IO BiH TFapaHTy€ 3HAXOPKEHHS ONTUMAaJbHOTO
NUISAXY Ta MiIXOAUTH IS CITKH 3 OJTHAKOBUMH 200 PI3HUMU BaraMu repexoaiB. Toi K 10 HEJOIKiB
BiJIHOCHUTBCS T€, III0 HE BAKOPUCTOBYE EBPUCTHKY Ta MOXK€E OYTH MOBLUIBHUM JIJIsl BETMKUX JIA0IPUHTIB.

Aneopumm A (A-Star)* — 1ie oquH 3 Halie()EKTUBHIMINX ANTOPUTMIB JJIS MOIIYKY NUIIXY B
CITKOBHX CTpPYKTypax. BiH sBisie coboro Moaudikaiito anropurmy JlekcTpu, sika BUKOPUCTOBYE
MPOTHO3 BIJICTaH1 JI0 LI, [0 pOOUTH HOT0 3HAYHO MBUAIIUM. B €KoJIoTii 11e#i anropuTM € OCHOBHUM
crangaptoM g ['IC-makeriB (Linkage Mapper, ArcGIS) npu MonemoBaHHI MirpamifHUX
KopHopiB. BiH BUKOpHCTOBY€E (PakTUUHY BApTICTh HUIAXY g(n) i €eBPUCTUYHY OLIHKY 110 LIl A(n).
DyHKIIS OLIHKU:

f(m) =g@) + h(n).

IlepeBaru anroputmy A*: mBUALIMKA 32 anropuT™ JlefikcTpu mpu BUKOPUCTAHHI JOITyCTUMOL
€BPUCTUKH; 100pe maxoauTh i Bizyamzamii. Cepea HEIOJIKIB 3a3HAYAETHCA CKJIAIHIIIA
peaizanis Ta norpeda y 101aTKOBUX CTPYKTYp AAHUX.

Aneopummu 0na ounamiunozo cepedoguwa. Y BUTAAKY 3MIH MEPEIIKO] y pealbHOMY dHaci
KJacuyHui A* motpeOye moBHOro mnepesamycky. st ontumizanii BUKOpUCTOBYIOTh D*Lite — 11e
IHKpEeMEHTAIbHUI EeBPUCTHYHHUIA aJNTOPUTM TIOMIYKY NDISAXy, NPU3HAUYEHUH s poOoTH B
cepeIoBHINAX, IO 3MiHIOKThCA. Moro ocHOBHA HmepeBara — mepeGya0Ba JIMIIE 3MiHEHHX YacTHH
MapIIpyTy, a He IOBHUI NIEpepaxyHoK, K y BUnaaxky 3 A* search algorithm.

Ha Bigminy Bin A*, skuil Oynye nuisax Bij crapty ao uini, D*Lite mpaitoe y 3BOpoTHOMY
HaMpsIMKY — BiJ] LTl A0 CTapTy. AJTOPUTM MIATPUMYE JBI OCHOBHI OLIHKH JIJIsl KO’KHOT BEPLINHHU:

g(v) — noTouHa HaliKkpaia BiJjoMa BapTiCTh IUIAXY;

rhs(v) — omHOKpoOKoOBa ominka (lookahead value).

KitouoBa yMoBa y3roixeHocTi:

g) =rhs(v).

Sk1o piBHICTE TOPYIIIEHA — BEPIITHHA BBAKAETHCS "HEY3TOKEHOI0" 1 TOTpedy€e OHOBJICHHS.
Anroputm D*Lite BUKOpUCTOBYE:
e TIPIOPUTETHY Yepry (BIIKPUTHIA CITHCOK),
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e eBpuctuuHy QyHkIio h(v),
e  KJIFOY BEPIIHHHU:

key(v) = [min(g(v),7hs(v)) + h(start,v) + km, min(g(v), rhs(v))],

ne  km — koedimieHT KOPEKIIii NP 3MiHI TTO3UIIIT areHTa.

OcHoBHI eTanu poooTH:

Kpox 1 — Iniyianizayis:

e g(v) = oo ma BCiX BEPIIHH,

e rhs(goal) =0,

e goal nomaeTbes B uepry.

Kpok 2 — Obuucnenns natikopomuio2o winiaxy. AnropuTm:

e BUTATYE BEPIIMHY 3 MIHIMAJILHUM KIIIOUYEM,

e OHOBJIOE 1i 3HAYCHHS,

e  TIONIMPIOE 3MiHH Ha CYCIJIiB.

Kpoxk 3 — Pyx azenmu. ATeHT:

e  PYXa€ThCS JI0 CYCITHBOI BEPUIMHU 3 MiHIMAIBHIM g;

e IIpH 3MiHI CEpEeOBUINA THIIIFOE OHOBJIEHHS.

[lepeBaru Bukopucranas D*Lite:

e e(heKTUBHICTb y BEJUKUX J1a0IpUHTAX,

e MHTTEBA PEAKIIiS HA 3MIHY MIEPEIIKO/I,

e MIJXOAUTH JUIS peaibHOIO Yacy,

e MiHIMi3y€ OOYHMCITIOBAIbHI BUTPATH.

Henomniku:

e CKJIQJHIIIA pearizarlis,

e moTpelye JOAATKOBUX CTPYKTYp JaHHMX,

e  BHIIa HMOBIPHICTh MOMUJIOK MTPH POTPAMyBaHHI.

PesyabTaTn gociaigxeHHs: Ta ix o0roopeHHs. [[yis po3poOku mporpamu obpaHa MoBa
nporpamyBanHs C#. Ilporpama mae iHTYiTHBHO 3po3yminuii iHTepdeiic y 3actocyHky Windows
Forms (puc. 3).

T i e — N qm-m-m-m--rm-n-'--m-m-m_ﬁ

e ey

Crpgers Japdve prasessd ks

Pucynox 3 — Bioobpasicenns onmumanibHO20 WsXY

Jlnst  momyKy ONTHUMAaJIbHOTO TUISXY B JAOIPHHTI 3aCTOCOBaHI K anroput™m JledkcTpu 3
BUKOpUcTaHHAM Kiacy Dijkstra Tak 1 amroputm D*Lite 3 BuxopucraHHsMm kiaciB DstarLite
(ocHoBHmit knac), PriorityQueue (ITpioputetHa yepra), Node (Mozaens By3na).
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Jliarpama Ki1aciB 3 BAKOPUCTaHHSIM aroputMy JleWkcTpu 300paxkeHa Ha puc. 4.

| Dijkstra
Class

4 Fields

€3 finish
@g, flag
R i
@ |
@, mas
& N
& path
@ pp
&y start

4 Methods
) Dijkstra
T GetPath
€s min

—<> Class

Pucynox 4 — Jliaepama knacis 3 suxopucmanuam anreopummy evuxcmpu

Hiarpama kiraciB 3 BUKOpUCTaHHSM ayroputMy D*Lite 300paxena Ha puc. 5.

Form1
Class
= Form

| DStarLite
Class

4 Fields
@3 goal
& height
@j km

€3 nodes

6?,’3 start
€ width
4 Methods

@5 obstacles
6{;’3 openlist

) ComputeShortestPath
) DStarlLite

g Initialize

Ty UpdateVertex

PriorityQueue
Class

4 Fields
@ﬁ gueue

% 4 Methods

Any
Insert
Pop
Remove

8

Top

-.i:) IComparable<Node>

" Node

Class

4 Properties

& G
A Key
& RHS
& X
&y

4 Methods

T CompareTo

@ Equals
T Node

A

Pucynox 5 — [liaepama xnacis 3 euxopucmanuam ancopummy D *Lite
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[TopiBHIOIOYM JBa AJITOPUTMH MO>KHA 3pOOWTH BHCHOBOK, IIIO peaiizailis 3 BUKOPUCTAHHIM
anroputMy JlelikcTpu HabaraTto mpocTimie, HiK peajizallis 3 BUKOpUCTaHHAM anroputmy D*Lite,
TOMY HE3Ba)KalOYW Ha 3a3HAuYCHI BUIIE HEJOJIKH (MOKe OyTH MOBUILHUM IS BEIMKUX JaOIpUHTIB)
n00pe MiAXOQUTh ISl Bidyallizallii HeBEIMKUX JTabipHHTIB, TAKUX K Ha puC. 3. SIKII0 MaeEMO BEeNUKi
JAaOIpUHTH 1 MOTPiIOHA MUTTEBA PEAKIlisA HA 3MiHY MEPEIIKO, JOIIBHO 3aCTOCOBYBATH AJITOPHUTM
D*Lite, He3Ba)kar0uu Ha CYTTEBO CKJIAHINTY pealti3allito i HeoOOX1THICTh 3aCTOCYBaHHS JOJATKOBUX
CTPYKTYp JaHHUX.

Biszyaunizaiist anropuTMiB NOUIYKY IIISAXY — 1€ TOTY>KHUH IHCTPYMEHT, SIKUH MOEAHYE TEOPII0
3 INpPaKTUKOIW. BOHa MIMPOKO BUKOPUCTOBYETHCS B CYyYaCHMX TEXHOJOISIX  BiAg poOOTIB 10
HaBIraliiHUX CHCTEM 1 JONOMAarae sK po3poOHHMKAaM, TaK 1 JIOCTIHUKAaM Kpalie po3yMiTH Ta
BJIOCKOHaJIIOBaTH anroputMu. [Iporpama Bizyainizauii alropuTMy HOUIYKY ONTHMAJIBHOIO IIJISXY B
nalbipuHTI Mae BeNIMYe3HE MPaKTHYHE 3HAYCHHS 1 MOXE 3aCTOCOBYBATHUCS Y POOOTOTEXHIIl Ta
aBTOHOMHHUX CHUCTEMax [yl HaBirauii poOOTIB y peajlbHOMY CEpeAOBHIIl, JONOMAarae€ yHUKATH
MEPEIIKO]] 1 3HAXOAUTH HANKOPOTIIMK NUIAX, JO3BOJIAE iHXKEHEepaMm OauuTH, sIK POOOT «Ipuitmae
pIIICHHS B peaJbHOMY 4aci.

B HapiramiiHuX cHcTeMax Bi3yalli3ailis JONOMAara€ aHajai3yBaTH MapHIpyTH, ONTHMI3yBaTH
Tpadik, IEMOHCTpYBaTH aJbTE€PHATUBHI WUISIXU. Y JIOTICTUII Ta CKIQJCBKUX CHCTEMax Iie
ONTUMI3aIlisl MapumpyTiB s MpamiBHUAKIB, poOOTIB, JOCTaBKH TOBapiB. Y Mepexax i
TEJICKOMYHIKAIsIX 3AIHCHIOE MONIIYK ONTUMAaJIbHOIO MapLIpyTy Iepenadi gaHuX. Bizyamizaiis
JI03BOJISIE AaHAJII3YBATH 3aTPUMKH, 3HAXOAUTH IEPEBAHTAKEH] BY3/IHM. Y MEAWYHHX Ta O10JIOT1YHHX
3a/layax aHaJorii 3 1abipuHTaMH BUKOPUCTOBYIOTHCS B HEMPOHHUX Mepexkax, aHamizi JIHK. B ociri
Ta HaBYaHHI JIONIOMArae CTyJeHTaM 3pO3yMITH SIK MPALOIOTh aITOPUTMU. [HTepaKTUBHI CUMYJIALIT
3HAYHO TMOKPAIYIOTh 3aCBOEHHS MaTepiaiy.

BucnoBku Ta nepcnektuBu. [IpoBeneHi B poOOTI AOCTIKEHHS 103BOJISIIOTH CPOPMYITIOBATH
TaKi BUCHOBKH IIOZI0 BUKOPUCTAHHS AJITOPUTMIB MONIYKY ONTHUMAIBHOTO MUIAXY Ta iX Bi3yasi3arii:

3amaya MOMIYKY ONTHMAJIbHOIO LUIAXY B JIa0ipMHTAaX 13 AMHAMIYHUMH HEpelKoaMu €
KPUTHUYHO Ba)KJIMBOIO ISl CYYaCHOT'O MPUPOIOKOPUCTYBAHHS, €KOJIOT1i, pOOOTOTEXHIKH, JIOTICTUKU
Ta HaBirauifHuX cucteM. Bukopucranus Teopii rpadis 103BoJsi€ €PEeKTUBHO MOJICIIOBATH CKJIa/IH1
€KOCHCTEMH, HaIPUKJIaJ], €KOJIOTTYHI KOPUAOPH JUIsl Mirpailii TBapuH abo rigporpadivyHi Mepexi.

[IpoBeneHe B poOOTI MOPIBHSAHHS AITOPUTMIB JO3BOJIUIO 3pOOUTH TaKi BUCHOBKH.

Anroput™m JleWKCTpHu rapaHTy€e 3HaXOMKEHHS HAMKOPOTIIOTO MUISAXY 1 A0Ope MiAXOAUTH IS
Bi3yasi3anii HeBeJIMKHUX Ja0ipUHTIB 3aBISKM MPOCTIIIIN peasizalii, Xxoua Moke OyTH MOBIJIbHUM Ha
BEJIMKUX 00'€KTaX.

AnroputMm A* € epeKTUBHIIIMM 3a aNropuT™ J{eHKCTpU B CTATUYHMX CEPEOBUIIAX 3aBJISKU
BUKOPHUCTAHHIO €BPUCTUYHUX OLIHOK BIJCTaH1 0 L.

Anroputm D*Lite € onTUManbHUM M JAMHAMIYHUX CEPEJOBHUII, OCKUIBKH JIO3BOJISE
NepepaxoByBaTH JIMIIE 3MIHEHI YaCTHHH MapUIPYTy 3aMiCTh MOBHOTO TMEPE3anycKy, MO KPUTHUIHO
U1 poOOTH B peabHOMY 4aci.

[IporpaMua Bi3yamizalis poOOTH aJIrOPUTMIB MOIIYKY ONTHMAIbHOIO HUIAXY Ha rpadi €
MOTY>KHUM 1HCTPYMEHTOM, IO JO3BOJISIE OAuUTH NPOLEC «IPUHHATTSA pillIeHb» ABTOHOMHHMHU
CUCTEMaMH B peaibHOMY Yaci, aHaJIi3yBaTH 3aTPUMKHU Ta ONTUMI3YBaTU MapUIpyTH.

InTepakTUBHI cUMYIIALIT Ta po3pobiieHa mporpaMa Ha MoBi C# 1oBenH CBOIO €(PEeKTHBHICTB MTPU
MPaKTUYHOMY BHKOPHCTAaHHI, JOIMOMAaraioud HAOYHO 3PO3YMITH NPUHIUIHN POOOTH alrOpUTMIB
MOIIYKY ONTHUMAaJIbHOIO IIISAXY Ha Tpadi.

[IpakTH4Ha IHHICTH 3aMIPOIIOHOBAHOIO B poOOTI MIXOAY CIpHUs€ MiHIMI3allll BUTPAT PECYPCIB
Ta aHTPOIOT'€HHOT'0 BTPYYaHHS B €KOCUCTEMH, 3a0€3MeUy0UH NP LIbOMY MaKCUMaJIbHY HaiiHICTh
1 HAOYHICTh pe3yJbTaTiB.

OCHOBHUMH TEpPCHEKTHUBHUMHU HANpPSMKaMHU Ul MOAAJBIIOTO PO3BUTKY 3alPONOHOBAHUX B
poOOTI MiAXOAIB MOKHA BBaXaTH pO3poOKY rOPUIHUX MOJIENEH, /1€ KIaCUYH1 aJTOPUTMHU MOUTYKY
nusixy (A*, D* Lite) moeaHyBaTUMYTbCS 3 HEHPOHHMMH MEpeKaMH Ui MPOTHO3YBAaHHS MOSBU
MEPEIIKO]] y TUHAMIYHUX CEPEAOBUIIIAX HA OCHOBI ICTOPUYHHUX JIaHUX, Ta PO3IIUPEHHS MOKIUBOCTEN
Bi3yaizaiii nUIIXoM BIpoBaKeHHs 3D-Bizyamizallii Ta TEXHOIOTiH qomoBHEHOI peanbHOCTI (AR)
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JUIS HAOYHOTO MOJICNIOBaHHS pIlIeHh aBTOHOMHHUX CHCTEM O€3MOCEepPEHbO Ha MiCIIEBOCTI
(HampwuKIaa, 11 HaBirallii ClIbCbKOTOCTIONAPCHKUX POOOTIB HA CKIIATHUX peibedax).
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VISUALIZATION OF THE ALGORITHM FOR FINDING THE OPTIMAL PATH
BETWEEN TWO POINTS IN A GRID MAZE WITH DYNAMICALLY CHANGING
OBSTACLES

Abstract. This paper investigates the current problem of finding the optimal path in dynamic environments
modeled as cellular labyrinths with obstacles. The problem of finding the optimal path between two points of a cellular
labyrinth is relevant due to its versatility, applied value and fundamental importance for the development of modern
technologies. The main attention is paid to the development and software implementation of a system for visualizing
algorithms on graphs, which allows real-time observation of the decision-making process of an autonomous agent. The
paper provides a detailed comparative analysis of classical methods, such as Dijkstra's algorithm and A*, as well as
specialized incremental approaches, in particular D* Lite. The advantages of using graph theory for solving problems in
environmental management, logistics and robotics, where the environment can change unpredictably, are substantiated.
The purpose of the presented work is to develop a program for visualizing the algorithm for finding the optimal path on
a field, which can be represented as a labyrinth with surmountable and insurmountable obstacles. The task is to find the
optimal path between two points on the field and display it. The practical part of the research includes the development
of software in C#, which demonstrates the process of rerouting the route when new obstacles arise without the need for
a complete recalculation of the entire network. This is critically important for minimizing computational costs in complex
information and analytical systems. A special emphasis is placed on the educational aspect: the developed visualization
is integrated into the educational process for teaching the disciplines "Algorithms and Data Structures” and "Object-
Oriented Programming", which significantly improves the assimilation of complex mathematical concepts by students.
The results of the work confirm that the combination of theoretical methods of pathfinding with interactive visualization
provides high reliability and transparency of the functioning of modern navigation and environmental monitoring
systems. The program for visualizing the algorithm for finding the optimal path in a maze has great practical importance
and can be used in robotics and autonomous systems for robot navigation in a real environment, in networks and
telecommunications it searches for the optimal data transmission route. Visualizing the algorithm for finding the optimal
path in a cellular maze with dynamic obstacles allows for a deeper understanding of the principles of operation of
algorithms, to assess their effectiveness in real time, and to experiment with different strategies for rerouting the route.

Keywords: Depth First Search, Breadth First Search, Graph theory, Pathfinding, Dynamic environment, Dijkstra's
algorithm, A-star algorithm (A)* D Lite algorvithm®, Algorithm visualization, Grid-based maze, Decision support
systems.
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FROM MERKLE-DAMGARD TO SPONGE: ARCHITECTURAL IMPACT ON HASH
FUNCTION SECURITY

Abstract. The paper investigates the influence of cryptographic hash function architecture on their cryptographic
strength. The main focus is on a comparative analysis of the classical Merkle—Damgdrd architecture used in the SHA-2
family and the Sponge architecture implemented in the SHA-3 standard. It is shown how the design features of the Sponge
architecture, in particular the division of the internal state into speed (rate) and capacity parts, provide an increased
margin of cryptographic strength and ensure low vulnerability to the inherent Merkle—Damgdrd constructions, including
the message extension attack. The possibility of estimating the dispersion index for attributing a hash function to a
cryptographic type has been confirmed. At the same time, the question remains about the unambiguity of the
correspondence between theoretical statistical indicators of the quality of hash functions. The only known indicator of
the quality of hash functions is based on the variance indicator and unambiguously shows only whether a particular hash
function belongs to cryptographic or non-cryptographic. At the same time, it has been confirmed that the y’ test, as a
“bias detector” can prove that the hash function is hack-resistant with high probability. But the question remains about
the unambiguity of the correspondence between theoretical statistical indicators of the hash functions quality.

Keywords: Cryptographic Hash Functions; SHA-3; SHA-2; Merkle—Damgdrd Architecture; Sponge Architecture;
Crypto Resistance; Safety Margin; Post-quantum Security.

Introduction. Today cryptographic hash functions play a critical role in contemporary
cybersecurity, enabling secure data storage, digital signatures, authentication subsystems, blockchain
technologies and others applications. Modern secure hash function must satisfy principal properties
such as preimage resistance, second preimage resistance, collision resistance.

For decades, the construction of Merkle-Damgard, using in SHA-1, SHA-2 hash-functions
served as the de facto standard for building the most popular iterative hash functions. Despite its
theoretical foundations, practical cryptanalysis has demonstrated that the MD paradigm introduces
structural vulnerabilities that can be exploited independently of the underlying compression function
[1,2].

Otherwise, the Sponge construction, standardized through SHA-3, demonstrates a significant
architectural departure.

The purpose of the research is to establish and demonstrate the relationship between the
statistical parameters of hash functions based on the Merkle-Damgérd and sponge architectures and
cryptographic stability and the Security Margin parameter.

Literature Review. Today, there are three main approaches to constructing cryptographic hash
functions:

- Merkle-Damgérd.

- HAIFA;

- Sponge.

© 2026 Sahun, A. This article is licensed under a Creative Commons Attribution 4.0 International License (CC
BY 4.0). https://creativecommons.org/licenses/by/4.0/ 45
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It is known from a number of sources that the sponge architecture of the SHA-3 hash function
is significantly different from the architecture of the SHA-2 function based on Merkle-Damgard [3-
4]. From practical application and results of cryptanalysis, it is known that the architecture determines
the resistance to structural attacks, the possibility of expansion and the level of cryptographic reserve
[5-7].

Modern cryptographic hash functions mainly consist of: 1) a block of internal
permutation/compression function; 2) message processing mode block. At the same time, the sponge
architecture has a unique resistance not only to the existing traditional methods of cryptanalysis, but
also to quaternary methods of co-promotion of the function [4, 8, 9].

The sponge architecture of the SHA-3 function provides a disproportionately higher level of
structural cryptoresistance compared to the classic Merkle—-Damgérd architecture used in the SHA-2
function. The division of the internal state into "rate" and "capacity" in SHA-3 allows this algorithm
to formally control the margin of cryptographic strength. The same division eliminates the
vulnerabilities of the SHA-3 hash function by the length-extension type, which makes it optimally
suitable for modern information systems with increased security.

Comparing the theoretical cryptographic strength, one can see a strong difference between these
three basic architectures (Table 1).

Table 1 — Comparison of theoretical cryptographic strength of basic hash function architectures

; Architecture of hash functions
Indicat
or n tt)c:es(;;:a(:lce Merkle-Damgird HAIFA Sponge

P (MD5, SHA-1, SHA-2) | (BLAKE, SHAvite-3) (SHA-3)
Construction type iterative iterative (extended) permutation
Inner state n bits n bits + salt + counter | b = r + c bits
Function of available available disable
compression (modificated)
Padding obligated obligated obligated
Length-extension attack possible removed partial removed
Salt / randomization disable available available (capacity)
Formal security limited partial strong
evidence
Output length disable disable available (XOF,
flexibility SHAKE)

Materials and Methods. Merkle-Damgérd is a classic iterative scheme that involves initial
addition of the input bit data, dividing it into blocks, followed by compression on each block. The
scheme includes an initializing vector (IV) for 4 registers. At the end of the last round, we get the
final hash value. This architecture is used in hash functions MD5, SHA-1, SHA-2.

In connection with the revealed presence of problems related to the cryptoresistance of hash
functions based on the Merkle—-Damgard architecture, described in [10-14], its modification - HAIFA
architecture (Hash Iterative Framework Alternative) was proposed over time. This construction is an
extension of Merkle-Damgérd with some modifications. Namely: the cryptographic "salt" is a
pseudo-random value for each call (eliminates reproducible hashes); block counter — takes into
account the position of the block in the message; a modified compressor including an initialization
vector (IV), a salt, and a counter.

All modifications of the basic Merkle-Damgard scheme available in the HAIFA architecture
significantly improve its quality. This provides the following advantages to the HAIFA architecture:
the Salt mechanism protects the architecture from attacks using "rainbow" tables by pre-calculating
hash tables; the block counter counter neutralizes certain forms of attacks related to block positions.
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Overall, such architectural improvements provide better security control compared to the
classic Merkle-Damgard architecture. At the same time, there are certain limitations associated with
the fact that the Merkle—-Damgard architecture is based on an iterative approach. Therefore, not all
the weaknesses of the well-studied Merkle-Damgard scheme are excluded (the "length-extension"
type dependence is only partially reduced, but not completely excluded - unlike the sponge
architecture). Therefore, the HAIFA architecture requires the use of additional mechanisms for
increasing stability (salt, counter) — therefore, it has a more complex implementation.

Table 2 summarizes the comparative characteristics of resistance to popular vulnerabilities of
all three considered hash function architectures.

Table 2 — Comparative characteristics of resistance to popular vulnerabilities of the Merkle—
Damgard, HAIFA, Sponge architectures

Hash function Sensitivity to vulnerability type
arcl;::::éure Length-extension | Capacity-based Flexibility Theo:‘f!it(iizz:llczafety
Merkle-Damgard | possible disable fixed limited
HAIFA partially reduced | partially improved avarege
available
Sponge disable yes high (XOF) formal, strong

A theoretical comparison of the security levels of the classical (Merkle-Damgéard) architecture

of hash functions of the SHA type, its modernized version (HAIFA, and the Sponge architecture is
particularly revealing. Table 3 shows the results of the collision resistance of classical and quantum

evaluation.

Table 3 — Security level comparison under classical and quantum attack models

Construction Collision resistance Prototypical Quantum assessment
(classical) resilience (Grover)
Merkle-Damgard (SHA-256) ~ 2128 ~ 2256 ~ 2128
HAIFA (256 6ir) ~ 2128 ~ 2256 ~ 2128
Sponge (SHA3-256) ~ 2128 ~ 2256 ~ 2128
Sponge (SHA3-512) ~ 2256 ~ 2512 ~ 2256

When interpreting the quantum security assessment for all hash functions listed in Table 3, we
take into account that the Grover algorithm is optimal [15]. As can be seen from the data in Table 3,
the overall estimates of collision occurrence in hash functions for classical brute-force and the
quantum estimation algorithm (Grover) coincide, which is expected. The advantage of the Grover
algorithm is that it speeds up traditional brute-force by allowing collision detection much faster than
classical methods, while reducing the computational complexity to @(2”/ 2).

Therefore, to counter quantum attacks, it is considered necessary to at least double the hash size
(for example, from SHA-256 to SHA-512, etc.).

For a more objective comparison, we programmatically implement the MDS5 hash function
algorithms according to its official description given in the source [14], and the SHA-3 hash function
algorithms according to the description given in [16].

Results and Discussion. We have the obtained results for the data of the input test examples,
formed in the following indicators:

1) the average proportion of "1" bits;

2) bit dispersion values for hash functions;

o
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3) indicator of the avalanche effect;
4) distribution of integer values of digests.

Mean proportion of 1s (128-bit digests)

0.5 -

0.4 1

0.3 1

0.2 1

0.1+

0.0 -

md5 sha256 sha3_256

Figure 1 — The average proportion of "1" bits

The average proportion of "1" bits (Fig. 1) for MD5 is 0.499548 (0.0904%), for SHA3-128 this
parameter = 0.5005 (0.1%), and for SHA-256 it is 0.499444 (0.112%). All indicators are very close
to the theoretical 0.5.

To further investigate the quality of hash functions, we will use §* tests. Such a test is an
important statistical tool for assessing the quality of hash functions because for cryptographic
applications, a hash function should have a uniform distribution of values (resulting in a reduced
probability of collisions). This is the uniformity of the distribution (uniformity) [17].

If a hash function has such flaws, it will most likely create “hot spots” — areas where values
fall more often than others.

The generalized analysis with the added y>-test of uniformity and comparison of MDS5 against
SHA-2 (SHA-256) and SHA-3 (SHA3-256) is shown in Table 4.

Table 4 — Bit uniformity values

Characteristics
Algorithm’s name | Avarage proportion Dispartion »2 (bits) p-value
of bis «1»
MD5 0.499548 0.250000 0.522 0.46999
SHA-256 0.499444 0.250000 0.792 0.37347
SHA3-256 0.498905 0.249999 3.071 0.07969

Analyzing the data presented in Table 3, it can be stated that all statistical indicators are very
close to theoretical ones: the average proportion of bits "1" = 0.5, the dispersion value typical for
cryptographic functions = 0.25 [7], and the p-value parameter > 0.05 in all cases (there is no reason
to reject the existing hypothesis of uniformity). But the SHA-3 algorithm showed a slightly larger
value of the y* parameter, but this is a statistically insignificant number. Next, we obtain the y>-test
for uniformity of bytes (0..255) — Table 5.
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Table 5 — y>-byte uniformity test (0..255)

Algorithm’s name 1* (bytes) p-value
MDS5 282.94 0.11045
SHA-256 314.38 0.00660
SHA-3-256 251.90 0.54315

In the y? test for byte uniformity, the SHA-3 algorithm showed the best uniformity of byte
distribution, and SHA-256 has a uniformity index of p <0.01, which is formally a statistical deviation
from ideal uniformity (Figure 2). But such a deviation does not mean cryptographic weakness - under
the conditions of using a large sample, even small fluctuations remain statistically significant. The
MD)5 algorithm in this test showed the accepted uniformity.

Byte distribution (SHA3-256 truncated)

400 -

350
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150 -

100 -

50

0

50 100 150
Byte value

Figure 2 — Graphics of byte distribution for SHA3-256 truncted

The avalanche effect is of great importance as a characteristic of a hash function. The theoretical
1deal for a 128-bit value is calculated as: 128/2 = 64, for a 256-bit value it is 128 bits.

Table 6 — Parameters of hash-function near-perfect avalanche effect

Algorithm’s name Average Hamming’s distance Std
MD5 63.953 5.695
SHA2-256 64.034 5.599
SHA-3-256 63.888 5.894

All algorithms are shown on Table 6 demonstrate a near-perfect avalanche effect, but SHA2-
256 showed a result closest to the theoretical value of 64. Graphically, the distribution has a shape
close to normal (corresponding to the binomial distribution B(128, 0.5)) and is shown in Figure 3.

The definition of the Security margin parameter in modern hash functions is particularly
relevant. This is due to the fact that the Security margin is the difference between the declared
theoretical stability of the algorithm and the computational complexity of the most effective known

cryptoattack (expressed in the number of rounds or bits of endurance).
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Figure 3 — Avalanche distribution for SHA-256 truncted

In fact, this parameter shows how reliable the function is if some of its rounds are compromised.
Naturally, the increased reserve provides resistance to future cryptanalytic discoveries. Let's evaluate
the Security margin parameter for two candidates (SHA2-256 and SHA3-256) as the most promising
functions (Figure 4).

250

200 A

150 4

Security Margin (bits)

SHA-256 SHA3-256
Hash Function

Figure 4 — Security Margin Comparison: SHA-2 vs SHA-3

We show in Figure 5 a graph with a comparison of the traditional and quantum estimates of
the Security margin parameter, taking into account the results of the classical birthday paradox
algorithm and the Grover algorithm for the SHA2-256 and SHA-3 hash functions. As you can see,
due to its Sponge architecture, the Security Margin parameter is clearly almost an order of magnitude
higher for the SHA3-256 algorithm. At the same time, all algorithms demonstrate: proximity to an
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equiprobability distribution and a dispersion close to 0.25 (typical for all purely cryptographic
functions) and a perfect avalanche effect. But, although MD5 algorithm statistically "looks good" by
qualitative statistical parameters, it is not cryptographically secure. At the same time, SHA-2 and
SHA-3 demonstrate equally good basic statistical properties. SHA-3 algorithm based on Sponge
architecture demonstrates slightly better byte uniformity. Although SHA-256 and SHA3-256 provide
the same nominal collision resistance of 2'?® operations, SHA-3 offers a significantly larger security
margin due to its sponge construction with a 512-bit capacity, resulting in an effective margin of 2%¢
operations.

Security Margin (bits, log2 scale)

SHA-256 (Classicsia3-256 (ClassicAHA-256 (GroverdHA3-256 (Grover)
Hash Function and Attack Model

Figure 5 — Security Margin Comparison of SHA-2 and SHA-3 (Classical vs Quantum)

Conclusions. As can be seen from the research, the sponge architecture provides a safety
margin of up to 2*¢ operations for collision attacks and completely eliminates the class of length-
extension attacks for the Sponge type construction. It is clear that the internal state of the Sponge
architecture, with a volume of 1600 bits, provides a theoretical increase in structural cryptographic
strength of more than 2'?® times compared to the minimum required level of security.

At the same time, it can be stated that the security of a hash function is determined not only
by the cryptographic strength of its internal compression function and the length of the output value
It can be possiblebe also by the architectural scheme of construction, although for a long time this
paradigm of improving the security of hash functions prevailed in a number of scientific sources.

These findings, combined with advances in attack methodologies and increasing security
demands, led to a paradigm shift toward more flexible hash constructions. At the same time, the
question remains about the unambiguity of the correspondence between theoretical statistical
indicators of the quality of hash functions. After all, in practical application, the ¥* test, as a “bias
detector”, can only prove that the hash function is hack-resistant, but does not assess the quality of
the functions.

The results of the evaluation of the Security Margin Comparison of SHA-2 and SHA-3
(Classical vs Quantum) parameter obtained in Figure 2 differ significantly, although they characterize
the same indicator. This raises the question of which algorithm (classical brute force or Grover's
optimal target algorithm) is more appropriate for estimating the security margin in hash functions.
This issue requires further research.
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BIJI MEPKJIE-TAMI'APJIA J1O SPONGE: BIIIUB APXITEKTYPU HA BE3INEKY XEIII-
O YHKIIN

Anomauin. Y cmammi 0ocnioxcyemvcsa 6nau8 apXimekmypu KpunmoepagiuHux xewi-@yHKYill Ha iXHIO
Kpunmoepaghiuny cmitikicmo. OCHO8HA y8aza NPUOLIAEMbC NOPIBHATLHOMY AHANIZY KiacuuHoi apximexmypu Mepkia-
Jameapoa, wjo suxopucmogyemscs 6 cimevicmsi SHA-2, ma apximexmypu Sponge, peanizosarnoi ¢ cmanoapmi SHA-3.
Tlokazano, ax KoHcmpykmugni ocobnugocmi apximexmypu Sponge, 30Kpema nooii 6HympiluHb020 CMAHKY HA YACMUHU
rate ma capacity, 3a6e3neuyoms nioguenull 3anac Kpunmozpa@iunoi cmiikocmi ma 2apanmyons HU3bKY 8paA3IUeicms
00 eracmusux koncmpykyiti Mepkna-/lameapoa, exuouaiouu amaxy posuiupenns nogioomaenus. Iliomeepoxceno
MONCIUGICMb  OYIHKU THOEKCY Oucnepcii Onsi iOHecenHs. Xeul-(IyHKyii 00 Kpunmoepagiunozo muny. Boououac
3AMUUMAEMbCA NUMAHHA WOOO 0OHOZHAYHOCMI GIONOGIOHOCII MIdC MEOPemUYHUMY CIMAMUCIUYHUMY NOKA3HUKAMU
sxkocmi xewl-@yHKyiu. €Ounull GI0OMULl NOKAZHUK SKOCMI Xeul-QOyHKYil 0a3yemvcsi HA NOKA3HUKY Oucnepcii ma
O0O0HO3HAYHO NOKA3VE Nuuie me, YU HANeHCUMb NesHA Xew-QYHKYIA 00 KpunmoepagivHux du HeKpunmozpagiyHux.
Boonouac niomeepooiceno, wo y>-mecm, K «0emeKmop 3MiujeHHs», MOJce 3 BUCOKOI0 UMOBIPHICMIO 008eCmu, WO Xeul-
@yHKYis € cmilikolo 00 310MYy. Ane 3anuuaemvcsa NUMAaHHA Wo00 0OHOZHAYHOCMI 8IONOBIOHOCMI MIdC MeopemuyHUMU
CMAMUCMuYHUMU NOKAZHUKAMU AKOCMI Xeut-QYHKYIL.

Knruoei cnosa: kpunmoepagiuni xew-pynxyii, SHA-3, SHA-2, apximexmypa Mepxaa-Hameapoa, apximexmypa
Sponge, kpunmocmitikicmo, 3anac MiYHOCMI, NOCMKEAHMO8A be3neKd.

No. 1 (2026) Information Technologies in Economics and Environmental Sciences 53



https://orcid.org/0000-0002-5151-9203
mailto:a.sagun@nubip.edu.ua

e
ITEES

Information technologies in economics and environmental sciences

Journal homepage: https://journals.nubip.edu.ua/index.php/Inf/
ISSN 3083-7502

@
2026 AUTOMATION, ABTOMATHU3AILLIA,
1 @ COMPUTER-INTEGRATED @ KOMII’IOTEPHO-IHTET'POBAHI
» TECHNOLOGIES AND ROBOTICS TEXHOJIOI'TI TA POBOTOTEXHIKA
e Received 2026-03-17 Accepted 2026-04-14 Published 2026-04-22
YK 681.518.3 DOI: 10.31548/itees.2026.01.054

Jlengea Tapac IBanoBuY

Kanouoam mexHiyHux HayK, 00yeHm, 0oyeHm Kagpeopu asmomamuxu ma pooomomexHiuHux
cucmem im. axao. 1.I. Mapmunenka,

Hayionanvuuii ynisepcumem 6iopecypcis i npupoooxkopucmysants Ykpainu

ORCID: https://orcid.org/0000-0002-6356-1230

E-mail: taraslendel@gmail.com

€pTymenko Makcum IlerpoBuyu

acnipaum xaghedpu asmomamuxy ma pooomomexuiuHux cucmem im. axao. 1.I. Mapmunenka,
Hayionanvnuil ynisepcumem oiopecypcis i npupodoxkopucmysants Ykpainu

ORCID: https://orcid.org/0009-0008-1125-1514

E-mail: maks202evtyshenko@gmail.com

Cadgina Oabra BacuiiBaa

2071084 YUKN0B0I KOMICII agmomamu3ayii mexHoa02i4HUx npoyecie ma MOHIMOPUH2y
HABKONUWHBO20 Cepedosuwa, cneyianicm sunujoi kameaopii, BUK1A0a4-Memooucm,

BCII "Kuiscokuti paxosuii konedrc micbkozo eocnodapcmea Tagpiticbkoeo HayioHaIbHO20
yHigepcumemy imeni B.1. Bepnaocvrozco"

ORCID: https://orcid.org/0009-0007-4063-5501

E-mail: safina.olha@tnu.edu.ua

ITPOI'PAMHO-AITAPATHE 3ABE3INEYEHHSA NI ICUCTEMHA BUMIPIOBAHHSA
TEXHOJIOT'TYHUX ITAPAMETPIB ITIPOLHECY BUPOBHULITBA BIOT'A3Y 3
BUKOPUCTAHHSM IHTEPHET PEUEMN

Anomayin. Y cmammi pozenanymo numauua no6yooeu mooeni niocucmemu GUMIPIOBAHHA MEXHONO0IYHUX
napamempis npoyecy eupobnuymea bOiozasy. Brazana niocucmema uMipiosants 6uUKOHyeamume 30ip 0aHux npoyecy
OpoOinns biocuposunu (0peaniyHoi cuposunu) O IHMEIEeKMYanrbHOi CUCEMU KepYBAHHS MEeXHON02IUHUM NPOYECOM
supoonuymea bioeasy. Ilpu yvomy y npoyeci 360py OaHUX 3A3HAUAMUMEMbCS MUN BUKOPUCHOBYBAHOI OP2AHIUHOT
cuposunu. Lle neobxiono ona opmysanns kepyouoi 0ii 6 ancopummi QyHKYIOHY8AHHA ABMOMAMU308AHOT CUCMEMU
KepyeanHs eupobHuymeom 0iozaszy. Ilpoananizoeano ocobrueocmi anaepobHozo 36poddicysanus Oiomacu ma i3
npo6edeHo20 ananizy nimepamypHux 0dcepen 3a3Ha4eHO OCHOBHI mexnono2iuni napamempu. O3nayene 6nau6ac Ha
epexmusnicmo npoyecy ymeopenus 6iozaszy. 3anponoHo6ana mMooeis niocucmemu GUMIpIOGAHHS, WO PO3NAOAEMbCS K
TNEeXHIYHULL IHCIMPYMEH GUMIDIOBARHS NAPAMempPie npoyecy OPOOiHHs OP2AHIYHOT CUPOBUHU, NPU YbOMY 8KA3AHUL NIOXIO
peanizyemvcs 3 GUKOPUCMAHHAM MeXHON02ii inmepnem peuetl. Pospobneno cmpykmypy anapamnozo 3abe3neyuenus
BUMIPIOBANILHOI niOCUCMeMU Ma HABEOEHO PO3PAXYHKU NOXUOOK GUMIDIOBAHHS THQOPMAYIIHO-BUMIPIOBATILHOZO KAHAILY.
Haseoeno peanizayito mexnonocii inmepnem peueil Ha 06a3i cmeopenoco web-cepsepa, wjo yHKyionye no npunyuny
Kaienm-cepgepnoi cucmemu 3a HTTP-sanumamu. Y pospobneniii moodeni niocucmemu 6UMIPIOGAHHS MEXHOIOSIUHUX
napamempie nepedbaueHo GUMIDIOGAHHA ) CUCHEMI DeaibHO20 Hacy, a makodic yci OaHi uUMIpHGaHHs 0y0ymv
30epicamucs 6 okpemuti aun 00 eHepeoHe3anedHCHOI nam’ami, a came 00 Kapmku nam’smi muny micro-SD. ®Daiin
sumipanux oanux soepicamumemscs 6 popmam CSV, wo 0o3gonums onpaybogysamu Oani uepe3 XMapHi cepgicu abo
nakem npuxnaduux npoepam Microsoft Office Excel. O3mauenuii nioxio 00360aumb mMaKodlc 6UKOHY8AMU
cucmemamu3ayilo OaHUX I MOJCIUGICMb ONEPAMUBHO20 KOPUSYBAHHSA, 3a4 HEOOXIOHOCMI, MEeXHON02IMHO20 npoyecy.
DYHKYIOHATLHI MONCIUBOCTT NPOROHOBAHOT MOOET NIOCUCEMU BUMIDIOBANHS MEXHONO2IYHUX NAPAMEMPI8 MONCTUBO
30inbULy8amu 3a60KU YOOCKOHANEHHIO NPOSPAMHO20 Md anapamuoz0 3a6e3ne4enHs.

Kniouogi cnosa: bioecas, anaepobne 30pooicysanns, niocucmema suMipiosants, biopeakxmop, inmeprem peyel.
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JleHOen T.1., EemyweHko M.T1., CaghiHa O.B. Asmomamusayis, KoMn’'romepHo-iHMez2pos8aHi
mexHosnoz2ii ma pobomomexHika

AKTyaJIbHICTh. Y ChOTOJICHHI KOXHa KpaiHa (opMye CBOIO HAIliOHAIBHY O€3TeKy, OJHIEI0 13
CKJIAJJOBUX $SIKOI € eHepreTMYHa HEe3aJEeKHICTh Ta MOXJIMBICTD IJJAHYBAaTH BHKOPHCTAHHS
eHepropecypciB. IIpu 1boMy cydyacHMH pPO3BUTOK EHEPreTHMKH XapaKTepPU3Y€TbCsl AKTUBHUM
BIIPOBA/KEHHSIM BIAHOBIIOBAaHMUX JpKepen eHeprii. Cepen pi3HMX HampsMiB BiJHOBIIOBAJIBHUX
JDKEpeN €HEpPreTUKU MEepCHeKTUBHUM HANPSIMKOM € BHUKOPHUCTaHHS TEXHOJIOTIH BHPOOHMIITBA
Oiora3y, IO JO3BOJISIOTH IMEPEPOONIATH OpTaHidHI BIAXOIW Yy BIJHOBIIOBaHY €Hepriio. bioras
YTBOPIOETHCS BHACIIJOK aHAepOOHOTO 30pO)KyBaHHS OpraHiuHOI OioMacu Tij €0 aHaepoOHUX
Mikpooprasi3mis [ 1, 2].

[Ilo10 OCHOBHUX KOMIIOHEHTIB 6iorasy, To y HOro ckjaj BXOJATh METaH, BYIJIEKMCIMH ras, a
TaKOXX pi3HI JOMIIIKM BOJHIO, CIPKOBOJHIO Ta BOASHOI mnapu. EdexTuBHICTH 0i0razoBoro
BUPOOHMLITBA 3HAYHOIO MIPOIO 3aJIEXKUTh BiJl IapaMeTPiB TEXHOJIOTTYHOTO IIPOLIECY Ta BIACTUBOCTEH
BUKOPHUCTOBYBAHOI OpTraHi4HOT cupoBUHH [2, 3].

Pi3HOMaHITHICTh MiAXOMIB IIOAO BHKOPHUCTAHHS PI3HUX THITIB OPraHIYHOI CHPOBHUHHU SIK
Oiomarepiany Jutst 30po/KyBaHHs 1 BUPOOHHUIITBA 0i0ra3zy CTBOPIOE OKpEeMeE 3aBJJaHHS Y IPOBEICHHI
JOCTIKEeHb TUHAMIKU Tpolecy OpoJiHHS, 1 IpHU IbOMY OTPUMAaHHS 3HA4YHOTO Habopy manux [3].
O3naueHuii HaOlp AaHUX HEOOXiTHO BUKOHYBATH JUIA MOJAIBIIOTO (OPMYBaHHS aJTOPUTMIB
KEepyBaHHS MpPOLECOM OpOJiHHS 13 BpaXyBaHHSM THUILy CHUPOBUHHM Ta JUHAMIKM IPOXOJKECHHS
nporecy. Takoxk 30epexkeHi JaHi B IOJAIBIIOMY MOXHA BUKOPUCTATH SIK 0a3y 3HAHB JJIsl BAKOHAHHS
IIPOrHO3yBaHHs BUPOOHUIITBA Olorasy 3 ypaxyBaHHSM THILy CHPOBUHHU [4].

Bunukae morpeba y CTBOpEHHI IIJICHCTEMH BHMIPIOBAaHHS TEXHOJIOTIYHUX MapaMeTpiB
BUpOOHUITBA Oiorasy i OTpUMaHHS HAOOpy MaHUX, SIKI OyayTh BUKOPHCTaHI Ui BU3HAUCHHS
Kepyrouoi Aii mporecy OpoJIiHHS..

AHagi3 ocTaHHIiX docaiIkeHb Ta myOJikauiii. AHaepoOHe 30pOKYBaHHS € CKJIaTHUM
O10XIMIYHMM TIPOILIECOM, SIKMW BKIIOYA€ KIJIbKa TOCIITOBHUX CTaJid: TiIpoJii3, aleTOreHe3 Ta
MeTaHoreHe3. Ha xoskHOoMy erami BiOyBaeThCs MEPETBOPEHHSI OPraHIYHUX PEYOBUH Y MPOCTIIi
CIOJIYKH, 1110 B KIHLIEBOMY pe3yJIbTaTi MPU3BOAMTE 10 YTBOPEHHs MeTaHy [2].

Mo’xHa BHOKPEMHTH OKpeMi MapaMeTpu, SKI BHM3HA4alOTh €(EKTUBHICTb IPOLECY
depmenTallii, a came: TeMIeparypa, KUCIOTHICTb cepefoBuiia (pH), KOHIEHTpallist IETKUX KUPHUX
KHUCJIOT Ta KOHIIEHTpaIlisi MeTany y Oiorasi [1-3].

Jlns kepyBaHHS HpOIECOM OpOJiHHSA HEOOXiJHO YMOBOIO € BHUKOHAHHS BUMIPIOBAHHS
TEXHOJIOTTYHUX mapaMeTpiB. KokeH TUTT CUPOBUHU, KU 30POIKYETHCS, XapaKTEPUIYETHCS CBOEIO
CTPYKTYpHOIO ocoOnuBicTiO. IIpyu mpoekTyBaHHI aBTOMAaTH30BaHUX CHCTEM KEpyBaHHS IMPOLECOM
BUpPOOHUIITBA 0i0orazy Tak0X pO3IJIAJAETHCS BU3HAYEHHS SIKOCTI CUPOBUHU IEpe]l BHECEHHSAM Y
6iopeakTop [5].

VY cydacHHX CHCTEMax aBTOMAaTH30BAaHOTO KEPYBaHHS IIMPOKO BUKOPUCTOBYIOTHCS TEXHOJIOT1
IHTepHET peyeil, XMapHUX TEXHOJOTIiH, MITyYHOrO 1HTENEKTY Ta €KCIIEPTHUX CHUCTEM MiATPUMKH
NPUMHATTA pilieHsb [6-8].

Meta pocuiaeHHs] — CTBOPUTH MOJEIb NPOrpaMHO-aapaTHOro 3a0e3neueHHs! MiCUCTEMH
BUMIPIOBAaHHS TEXHOJIOTIYHUX I[apaMeTpiB Mpolecy BUPOOHHUITBA Oiorasy 3 BUKOPHCTAHHSIM
TEXHOJIOT11 IHTEPHET pedeH.

Marepiaau i meroau gociaimxenHsi. s peamizamii Mojaeni TPOrpaMHO-arapaTHOTO
3a0e3neueHHs] MiJCUCTEMH BHMIPIOBaHHS OOpaHO KOMIUIEKC TeXHIYHuX 3aco0iB Arduino. Ile
armapaTHO-TIporpaMHa Tuiatdopma 3 BiJKPUTUM CHHTAKCHCOM MPOTpaMyBaHHS i BUKOPUCTOBYETHCS
Ui pearizallii €IeKTPOHHUX NPUCTPOIB y poOoToTexHili Ta aBromaruzamii. IIporpamze
3a0e3neyeHHs € 0€3KOITOBHUM Ta JOCTYITHUM JJISl MOJANIbIIOT MOIH(iKaIlll CTBOPIOBAHUX OKPEMHX
MIPUCTPOIB Ta CUCTEM Y IIJIOMY.

Sk xepyroumil npucTpiil micucTeMu BUMIPIOBaHHS po3IIIsHYyTO Mozenb Arduino Mega 2560,
10 BUKOHaHAa Ha 0a3i MikpokoHTposiepa Atmega2560. CeHncopu (cmpuiiMarodi €JIeMeHTH) s
BUKOHAHHS BHWIMIPIOBAaHHS 3 €IHYIOTBCSA 3 KEPYIOUHM TPHUCTPOEM, JIO SKOTO TAKOX MOJAETHCS
KHUBIICHHS 3T1JHO 3 1OT0 TEXHIYHUMH XapaKTEPUCTHKAMH.

Jlst peastizartii TEXHOJIOTIT IHTEpHET peueii BKa3aHUi KepyIOUnid MPUCTPiH 3’ €THAHO 3 MOAYJIEM
Ethernet Wiznet W5500, mo BHKOHYe (YHKIIIO 3B’S3Ky KEPYIOYOro MPHCTPOIO Yepe3 MEpexeBi
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npotokoiu. Ethernet Wiznet W5500 3a TeXHIYHIME XapaKTepUCTHKaMU 3a0e3neuye mepexesuit (IP)
oOMiH manumu, ae niagrpumyetbes nporokoan TCP i UDP. [Ipu npomy Ha 3a3Hau€HOMY MOy
3B’SI3KY € P03’ €M JUIsl KAPTKH IaM’ ATi TUITy micro-SD, 1110 BUKOPUCTOBY€EThCS A1 30epiranus Qaiimis
nanux. Arduino Mega 2560 mig vac (yHKIIOHYBaHHS B3a€MOJIi€ OJHOYACHO 3 Moxayiem Ethernet
Wiznet W5500 1 3 SD-kaproro 3a momomororo muHu SPI (uepe3 pos'em ICSP). Cencopu mis
BUMIPIOBaHHS TEXHOJIOTIYHUX MapaMeTpiB MiAKIIOYATUMYThCS 10 KEPYIOYOro MPUCTPOIO, SIKHM
BUKOHY€ BHMIipIOBaHHSI.

TexHozorist iHTEpHET pedell peai3oBYEThCS 4Yepe3 CTBOPEHHsS web-cepBepy miacuctemMu
BUMiproBaHHs. Web-cepBep cTBOpeHO Ha 0a3i KOMIUIEKCY TeXHIYHHMX 3aco0iB Arduino Mega 2560 Ta
Ethernet Wiznet W5500. ¥ nporeci cBoro ¢yHKIIiOHyBaHHSI BUKOHYBaTUMeThCsl puiiManast HTTP-
3amuUTIB BiJ KII€HTIB. J{J1s 3’€qHAHHS KJIIEHT BUKOPHUCTOBYE BeOOpaysep. Ilicias BkazaHOro 3amuTy
kiieaTn orpumytoth HTTP-BianoBiai, ne Oyae HaBeeHO BUMIpsHI TEXHOJOTIUHI MapaMeTpu. Yci
BHMIPIOBAHHS Yy CHCTEMI PEaJIbHOTO Yacy TaKOoX OyIyTh 3alucaHi okpemuM ¢aiisiom B micro-SD.
@aiin manux 30epiratumerbes B ¢popmar CSV, 10 103BOJIMTH ONMPAllbOBYBATH JIaHI uyepe3 XMapHi
cepBicu abo nmaket npukiIagHux mnporpam Microsoft Office Excel.

3’eHaHHS KOpHCTyBada 3  web-cepBepOM BHKOHYETHCS UYEpe3 BHYTPIIIHIO MEpPEKy Ta
armapatHe 3a0€3MCUCHHS MEPEXKEeBHX NPUCTPOiB. i MPOMOHOBAHOI MiJCHCTEMH BHMipPIOBAHHSI
po3poOiieHa mporpama, (parMeHT TEKCTy Mporpamu HaBeaeHo Ha puc. 1. IIporpamyBanHs
BUKOHYEThCSI Ha MOBi mporpamyBanHHsi C++ mpu BukopuctanHi npoaykty Arduino Web Editor
(MO>XJTIBE BUKOPHCTaHHS MTporpamMuoro kommiisitopa Arduino IDE).

< C [ % apparduino.cc/sketches/d071947f-ceBe-4d48-857c-8abbbdabeTad i 4 ‘-’) JaeepIMTE 0BHOB/EHRE ¢
I]] Sketches > Ethernet_Shield_sketch_feb10a =
B ° X Arduino Uno Serial Monitor (7] o

() Ethernet_Shield_sketch_feb1( = ReadMe.adoc +

17 #include <SPI.h>

18 #include <Ethernet.h>

3 N
n v
-—

byte mac[] = {

[
@ 23 I IxA2, OxDA, 0x00, Bx23, 0x36 }; //M id i the back y

L E]
3

N
S
Il

Console + Done Verifying Ethernet_Shield_sketch_febl@a =

Pucynok 1 — Buensao ¢ppaemenmy npoepammnozo 3abe3neyenHs

CTpyKTypHa cxema MiJICHCTeMH BUMIPIOBaHHS TEXHOJIOTIYHUX ITapaMeTpiB HaBeIeHa Ha pHcC. 2.

Pe3yabTaTi 1oc/igxeHHs Ta iX 00ropopeHHsi. 3a pe3yjabTaTaMHi BUIPOOYBaHHS KOPUCTYBayl
MOXYTh JUCTAaHLIHHO OTPUMYBAaTH JaHi BUMIPIOBaHb, a TaKOX HpPU LBOMY BCl BHKOHaHI
BHUMIPIOBAHHS 3aIUCYIOTHCS B OKpeMull Qaiin Ha kapTy nam’sTi. CKpiHIIOT BUITPOOYBaHHS MOMEHTY
BHUMIPIOBaHHS HaBEJIEHO SIK CTOPIHKY BeOOpaysepa (puc. 3).

[Ipu uboMy 3arajabHHUI anropuT™M poOOTH MPOMOHOBAHOI MiICKCTEMH HaBeneHo Ha puc. 4. [1ix
yac BHUIPOOYBaHHS pPO3POOKM BHM3HAYMIM MOMIJIMBICTh HEKOPEKTHOI poOOTH OIHOYACHOTO
¢byHKII0OHYBaHHS MepeskeBoro Moy Ethernet Wiznet W5500 ta 3anucy naHux Ha KapTy nam ATi.
HekopektHa poGora BuHHKae uepe3 SPI-xkoHdmikT, ToOTO BHKOpHCTaHHA criibHOiI mmHU SPI-
MPOTOKOJTy B OAHAKOBI TakTH 4acy [9-11]. Tomy B 3araqbHOMY airopuTmi poOOTH TependadeHo
nepeBipKy NOMMWIOK SD-kapTu 1 Mepexi 3’e€aHaHHs, 0 3a0e3nedye (yHKIIOHYBaHHS amapaTHOl
mnatdopmu Arduino sik web-cepsepa.
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O6'ekT
KepyBaHHSA
[JMcTaHUiHWIA Wi-Fi l

KopucTyBay poyTep
.:.‘ (,)) Cnpuimatoui

[ eNemMeHTH
——

l AnapaTHa
Komn'totep P nnatdopma
— = Arduino
....... — Mepexese

obnaaHaHHA

[ 192.168.1.15 X

&~ C f 192.168.1.15

Temperature
Temperature : 26 *C
Pucynox 3 — Bunpobysanus niocucmemu 8UMipro8anHs (Ha npukiadi memnepamypu,)

VY BKa3zaHOMY IPOTOKOJI JJISi O3HAYEHOI CUCTEMH, 110 MOOYJ0BaHa Ha amnapartHii miaardopmi
Arduino, monemto Mega 2560 criiibHO BUKOPUCTOBYIOThCS JiHIT 3B’ s13ky MOSI, MISO, SCK ans
MepexeBOoro Moyt Ta 6;1oky SD-kaptu. J[i1st 1boro y OKpemi TaKTH 4acy BUKOHY€ThCSI KepyBaHHs
JIHI€I0 CUTHAJIB BUOOPY MpUCTpoto CS-KOHTAKTy. Y KOXKEH TaKT 4acy aKTUBHUM BKa3y€ThCs TUTBKU
oquH i3 SPI-mpucTpoiB, TOMy HEMOXKJIMBO OJIHOYACHE INepe/laBaHHs JaHUX 10 MEpexi Ta 3amucy
naHux Ha kKapty mnam’saTi. Came uyepe3 yHUKHEHHS KOHQuKTY SPI, koxHOMY mnpuctporo
npU3HaYaeThesl OKpeMuii CS-KOHTAKT, 1 B OKPEeMHU TakT yacy aKTUBHHUM € JIMIIE OJAWH MPUCTPIH.
[Tepen mouatkom poGoTu Bci CS-KOHTAKTH BCTAHOBJIOIOTHCSA B JIOTIYHY OJMHUINIO, a ITICIHA
3aBepiieHHs: 0OMiHy SPI-mpuctpiii 060B’s13K0BO JeakTUBYeThCs. [IpoTe mpu KepyBaHHI TaKTaMu
yacy OOMIHY JaHUMH CIiJ YITKO BCTAHOBIIIOBATH YAacCTOTY POOOTH CHUIHHOI MIMHU. 30UIbIICHHS
gactotu SPI 1151 focsirHeHHs OUTBIIOT BUIAKOIIT TPU3BOAUTH 10 CIOTBOPEHHS CUTHAIIIB JaHUX 200
K JI0 3pOCTaHHS KUIBKOCTI TIOMHJIOK TIepeadi.

VY pobOTi HE HEXTYIOTbCS MOXKJIMBI MOMMJIKM 3alUCy JAaHUX Ha KapTy mnam’sri. Okpim
HEKOPEKTHOCTI poOoTu mpotokony SPI moMuiku 3amucy JaHMX MOXYTh OYTH CIPHUYMHEHI:
HEeCyMICHICTIO (haitllioBOi cucTeMu, HECTaOIIBLHICTIO KUBIICHHS Ta HEKOPEKTHOTO (popmyBaHHs CSV-
PAZIKIB, SIKe MOXKE TMPU3BOIUTH 0 3MIIIEHHS KOJOHOK jJaHuX. [Ipy mpoeKTyBaHHI IPOMOHOBAaHOL
MiCUCTEMH Ba)KJIMBOIO XapaKTEPUCTUKOIO (DYHKI[IOHYBAaHHS € TOYHICTh BUMIpIOBaHHSA. JlJIs OLIHKK
TOYHOCTI BUMIPIOBaHHS HEOOXIAHO BU3HAUYUTH MOXUOKHU 1H(OpMaliifHO-BUMIPIOBAIBHUX KaHAJIIB
(IBK) [13, 15]. Po3paxynok noxu6ok IBK BuKOHAHO 3TiIHO 3 OKpeMOI0 MeTouKoro [13, 14].

[IpoBeneHo omiHKy poOoTH iH(OPMAIIHHO-BUMIPIOBAIPHOTO KaHATy Ha MPHUKIAII
TeMIepaTypH.
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MNoyaToK

[MERIEENT
Arduino, naTyuKise,
MepeXeBoro

Mozyna Ta SD-KapTw —l

BeeneHHn
MOYaTKOBUX
3MIHHMX

DopmyBaHHA
Beb-CTOpIHKK

v

HaacvnaHua
HTTP-signosiai knieHty

€ mepeese
3'eHaHHA?

BueepneHHA
NOMMWJIKU Mepexi

BueeaeHHA
nomukm SD-
KapTH

OuiryBaHHA
HTTP-3anuty Big
KNiEHTa

v

OTpUMaHHA Ta 0bpobKa 36epemeHHn AaHUX Y
HTTP-3anuty CSV-daiin B SD-kapTi
34YUTYBaHHA

TemMnepaTypM 3 JaT4MKa

>
%

A 4

( Kineub )

Pucynok 4 — 3acanvruii ancopumm pobomu niocucmemu Ha 6a3zi web-cepsepa

Busznaueno  pgomyctumy — aOcomioTHy — moxuOKy — gaBaya  iHpopmanii  DS18B20
BOJIOHETIPOHUKHOTO:

_ Kpp/ABy _ 0,1(85—(=10) _ o
Atﬂonﬂ = oo — 00 = 0,095 °C (1)

ne  Atgonpg — momyctuMa aOcontoTHa moxuOka naBaya iH(opmanii; K7z — TOYHICTH JaBaua
iH(popMmartii; //By —1iana3oH BUMIpIOBaHHS 32 MACTIOPTHUMU JTaHUMHU.

Jis noBipuoi #moBipHicTi Py = 0,95 Bu3Ha4eHO cepeIHbO-KBAAPATUUYHY MOXUOKY B
aOCOIOTHUX 3HAUYEHHSX 32 BUPA30M I KOXKHOTO €JIeMEHTa CUCTEMU BUMIPIOBAHHS

Ao,95 = KH(0,95) O, ()

ne  Kupos= 1,96 — xoedimient CrThloJieHTa IMiJ] Yac MHpPOBEAEHHS Oe3nepepBHOI KiIbKOCTI
BHUMIPIOBaHb Ta JA0BIpYOi iMOBIpHOCTI Py = 0,95; 6 — cepeiHbO-KBaJpaTUYHa MOXHOKA.
3 Bupasy (2) BU3HAUEHO CepeIHbO-KBaIpaTUYHy MOXUOKY JaBaya iHpopmalii oy

A 0,095
op = 2 =2 =0,048 °C. 3)
KH(0,95) 1,96

BusnaueHo nomyctuMi aOCOIOTHY Ta CEepelHbO-KBAAPATUYHY MOXMOKM IS JIIHIA 3B’SI3KY
(JI3):

_ Kz teun _ 0,4-42 _ o
A0 o3 = T = 2222 — 0,168 °C, (4)
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ne  Atjoru— AomycTuMa abCcoIoTHA MOXUOKa JiHii 3B sA3Ky; K713 — TOUHICTh Mepeadi CUTHATY
niHieo 3B’ s3Ky (K73 = 0,4); tsy — BUMIpsiHA TeMIlepaTypa Bij AaBada iHdopmaitii.

_ Atgormmz _ 0,168 _ o
U3 = o™ = g = 0,086 °C, )

e O3 — CepeaHbO-KBaapaTH4Ha moxuoka JI3.
JlommyctrMa  a0CoONIOTHA Ta  CEpPEeIHbO-KBAaApaTUYHA TMOXHOKH  aHaJoroBO-IU(POBOTO
nepeTBoproBaya (ALLI):

_ Kpagmrtum _ 0,25-42
AtﬂOHA[[H = 100 = Too 0,105 °C, (6)
__ Atgomapgnm __ 0,06 o
O-AHH = —KH(0,95) = _1,96 = 0,05 C, (7)

ne  Kraum — rounicts nepenadi curaany AL (Kraun = 0,25); Atgonamnm — abcointoTHa g0mycTuMa
noxu6ka ALIIT; oanm — cepenHpo-kBaaparuyHa moxubka AILIIT.

BusnaueHo pgomycThMi aOCONIOTHY Ta CEpPEAHBO-KBAIPATHUHY TIOXHOKH it OJioka
HopmyBaHHs (BH) MikponporiecopHoi miaTu anapatHoi miaTGopMu:

_ Krsytguy _ 0,2:42 °
A8 o5 = o0 = 100 = 0,084 °C, (8)
A8 onsH 0,084
ogy = 22 = = 0,043 °C, 9)
KH(0,95) 1,96
e KrtpH — TOUHICTH TIEpeavi curaainy 61okoM HopmyBaHHs (Ktsn = 0,2); A®nonsH — a0CooTHA
JOMycTUMa TOXUOKa OJioka HOPMYBaHHS; OpH — CEPEAHbO-KBaJpaTHYHa TOXHOKa OJoKa
HOPMYBaHHSI.

Po3paxyemo cepeaHbO-KBaJpaTHUYHy NOXHMOKY 1H(OpMaIiiiHO-BUMIPIOBAIBHOIO KaHAy
temneparypu [13-15]:

Oge = \/oj + 025 + 02 + 0y = 1/0,048% + 0,0862 + 0,052 + 0,0432 = 0,12 °C,  (10)

7€ OBkt — CEpeJIHbO-KBAJpaTU4YHAa MOXMOKa 1H(POPMALIHHO-BUMIPIOBAJIBHOIO KaHaly 3a
TEMIIEPaTypOIo.
BusnaueHo nonyctuMy aGCcoOMIOTHY MOXUOKY 1H(OpMaliifHO-BUMIPIOBAIBHOTO KaHATY:

Apie = £Kpy005)08xc = £1,96 - 0,12 = 0,2353 °C, (11)

ne  Apki— abcomoTHa moxubka iHGOpMaIITHO-BUMIPIOBAIBHOTO KaHATY TEMIIEpaTypH.
3BenieHa moxuoka iH(popMaliiiHO-BUMIPIOBAJIBHOTO KaHATY JOPIBHIOE:

Akt _ 0,2353

Vo = + = 0,0056 °C. (12)

= teum 4

3a BMKOHAHOIO METOJHMKOI0O MO)KHA BHU3HAUUTH MOXMOKU 1H(OpMaliiHO-BUMIPIOBAIBHOTO

KaHajy JJI BCIX 1HIIMX TEXHOJOTIYHMX MapaMeTpiB BUMIPIOBAHHS, BPaXxOBYIOUHM IMACIOPTHI JaH1
JaBayiB 1HPOpMAIllT KO)KHOTO TapaMeTpy.

BucHoBkM i mepcrnexkTHBH. 3amnporoOHOBAHO MiJCHUCTEMY BHMIPIOBaHHS TEXHOJOTTYHUX
napameTpiB BUPOOHHUIITBA Oiorasy Ha 0a3i KOMIUIEKCY TeXHIUHUX 3aco0iB Arduino. Y po3polieHiit
MiJICUCTEMI BUKOPUCTAHO TEXHOJIOTII0 IHTEPHET pedeid JIsl MOYKJIMBOCTI JUCTAHIIITHOTO BUKOHAHHS
BUMIPIOBaHb Ta TepeadaueHo 3amuc JaHUX Ha KapTy mam ati. BukoHaHo BUIIpPOOyBaHHS MOZEII

No. 1 (2026) Information Technologies in Economics and Environmental Sciences 59




Automation, Computer-Integrated Lendiel T., Yevtushenko M., Safina O.
Technologies and Robotics

7a00OpaTOPHOTO CTEHAY IMIJCHCTeMH Yy JlabopaTopHHMX YyMoBax. HaBemena po3poOka st
BUMIPIOBaHHS TEXHOJIOTTYHUX IMapaMeTpiB MOXe OyTH BUKOpHCTaHA i/l 9ac MOJIepHi3alii iCHYI0UHX
CHCTEM KepyBaHHS. Bu3HaueHO gomycTuMy aOCONIOTHY TOXHOKY Ta 3BeICHY IOXHOKY
iH(hOpMaLIHHO-BUMIPIOBAIEHOTO KaHATY 33 TEMIIEPATypOIO.
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SOFTWARE AND HARDWARE OF THE SUBSYSTEM FOR MEASURING
TECHNOLOGICAL PARAMETERS OF THE BIOGAS PRODUCTION PROCESS USING
THE INTERNET OF THINGS

Abstract. The article considers the issue of building a model of a subsystem for measuring technological
parameters of the biogas production process. The specified measurement subsystem will collect data on the fermentation
process of biomaterials (organic raw materials) for an intelligent control system for the technological process of biogas
production. In this case, the type of organic raw materials used will be indicated in the data collection process. This is
necessary for forming a control action in the algorithm of the functioning of the automated biogas production control
system. The features of anaerobic biomass fermentation are analyzed and the main technological parameters are
indicated from the analysis of literary sources. This affects the efficiency of the biogas production process. A model of
the measurement subsystem is proposed, which is considered as a technical tool for measuring parameters of the
fermentation process of organic raw materials, while the specified approach is implemented using Internet of Things
technologies. The structure of the hardware of the measurement subsystem is developed and calculations of measurement
errors of the information and measurement channel are given. The implementation of the Internet of Things technology
is presented on the basis of the created web server, which operates on the principle of a client-server system using HITP
requests. The developed model of the subsystem for measuring technological parameters provides for measurements in
the real-time system, and all measurement data will be stored in a separate file to non-volatile memory, namely to a
micro-SD memory card. The measured data file will be stored in CSV format, which will allow data to be processed via
cloud services or the Microsoft Office Excel application package. The specified approach will also allow data
systematization and the possibility of prompt adjustment, if necessary, of the technological process. The functionality of
the proposed model of the subsystem for measuring technological parameters can be increased by improving software
and hardware.

Keywords: Biogas, Anaerobic Digestion, Measurement Subsystem, Bioreactor, Internet of Things.
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PO3POBJIEHHA CUCTEMU ABTOMATHYHOI'O KEPYBAHHSA MIKPOKJIIMATOM
CKVIAACBKOI'O IPUMIIINEHHA MUTHOI'O TEPMIHAJTY

Anomayin. Y cmammi po3eisiHymo aKmyaivbHy HAYKOBO-MEXHIUHY 3a0auy RIOGUWEHHS epeKxmusHoCmi
DYHKYIOHYBAHHS MUMHUX MEPMIHANIE YKpaiHu 6 yMOBaxX NOCMNAHOEMIYHUX GUKIUKIG, 30KpeMa 300e3neueH sl HALeHCHUX
napamempie  MIKpoKIimMamy CKIa0Cokux npumiwens. OOIpYHMOBAHO HEOOXIOHICMb  8NPOBAONICEHHS  CUCNEM
ABMOMAMUYUHO20 KEPYBAHHA OISl NIOMPUMAHHA MeMNepamypu, 80J1020CMi ma AKOCMI NOGIMps 3 Memo 30epedceHHs
moeapis i 3abe3neyenusn beneunux ymos npayi nepcounany. Ilposedeno ananiz cyuacuux nioxodie 0o asmomamu3ayii
cucmem 6eHMUNAYIL Ma KOHOUYIOHYBAHHSA, BUSHAYEHO IXHI OOMENCEHHs w000 3ACMOCYB8AHHA 8 CReYUMIUHUX YMOo8ax
Mumnux 06 ’ekmis. Pospobieno gynxyionaneny cxemy agmomamusayii npUnIUGHO-8UMANCHOI BeHMUNAYIUHOL cucmemu
3 peKynepayiero menia ma cmeopeHo MAmemMamuyHy Mooeib MmeMnepamypHo20 pexcumy 0y0ieii MUMHO20 MepMIHALy
Ha OCHOGI pieHAHb mennogozo Oanaucy. Ha 6asi imimayininoeo mooemosanns y cepedosuuyi MATLAB/Simulink
cunmes308ano yugposy cucmemy xepyeants 3 Ill-pezynamopom ma susnaueno it napamempu. /ocniodcenHss nOKa3anu,
WO 3anponoHOBAHA cucmema 3abe3neyye cmitike ma mouHe pe2ynioeants 0e3 nepepecyirw8anHs i CmamuyHoi NOXuOKu,
a makodc egexmuene niompumants skocmi nogimps. Iliomeepodiceno acumnmomuymy CMIUKICMb cucmemu 3d
Kpumepiem J{ocypi ma 006edeHo ii npakxmuuny 0oyinbHicms. 3anponoHo8ano KOMNIEKCHe mexHiune piuenus Ha 0a3i
CYUaAcH020 npocpamosano2o ao2iunozo konmpoinepa (ILJIK110), wo 3a6e3neuye 8ucoxy Ouckpemuicms 06poOKU CUSHANLE
ma HaoiHicmb Y NPOMUCIOsUX ymosax. IIpakmuuna 3nayywjicmv pooomu RiOKPeCcmoEmMvbCs po3podOKoio TOOUHO-
Mawunnoeo inmepeiicy (HMI) ons oucmanyitino2o MOHIMOPUHEY, wjo 3a06e3neyyc npo3opicms J02ICIMUYHUX NPOYeCi8
ma MONCIUGICMb ONepamueHo20 6MPYYaAHHA NepCOHANY. Pesynrbmamu M00ent08aHHA Ma MEXHIKO-eKOHOMIUHI
PO3DAXYHKU 0080051Mb, WO 8NPOBAOICEHHS 3ANPONOHOBAHOL CUCEMU 00360.15€ 3HUSUMU eHeP20SUMPAamu Ha NIOMPUMKY
mixpoxaimamy na 15-20% npu oonouacnomy niosuwenni moynocmi cmabinizayii napamempis. Ompumani pe3yiomamu
MOJACYMb OYMU 8UKOPUCMAHT O MOOEpHI3ayii Mumuoi iHgpacmpykmypu ma 6npoeaodiCeHHs YUPposux cucmem
MOHIMOPUHEY | KEPYBAHHS MIKDOKIIIMAMOM ) CKAAOCOKUX RPUMIUEHHSIX.

Knwuoei cnosa: asmomamusayis, MIKpOKAIMam, MUMHUL MEPMIHANL, RPOZPAMOSAHUL N02IYHUL KOHMPOJED,
aneopumm xkepyeanns, CoDeSys, enepeoegpexmusHicmsb, MOHIMOPUHe.

AkTtyaasbHicTb. [Tangemis Bipycy COVID-19 Tta ii Hacnigku CyTTEBO BIUTMHYJIN Ha €KOHOMIKY
Ta BCl CKJIQJIOBI Jep)KaBHOI MOMITHKM YKpainu. Haitbimpmmx BunmpoOyBaHb Ta TpaHcdopMaiii
3a3Hajla MHTHA crpaBa. [IUTaHHSIM PO3BUTKY MUTHOI MOJITHKH Ta 3a0e3NeueHHs] MHUTHOI Oe3reKn
VYkpaiHu B eKCTpeMalbHHX YMOBax 3aiiMaiucs Taki BITUM3HSAHI gocnigHukd, sk Ocimuyk [I. C.,
[Tigropuuii O. 0. Ta iHMI1, SKi y CBOIX Iparsgx JOCHIHKYBAIN MEXaHI13MHU a/IalTallii MUTHUX OpTaHiB
70 KPHU30BHUX CHUTYyallil, aJMIHICTpyBaHHS MHUTHHX IUIATeXiB Ta 3a0esnedeHHs OesnepeOiiiHOrO
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(yHKITIOHYBaHHS JIOTICTUYHHX JIAHITIOTIB B YMOBax TI00abHUX BUKIUKIB [1]. TlosiBa 1iux BUKIIMKIB
3yMOBMJIa BUHHKHEHHS TOCTpoi moTpeOu y 3abe3leueHHi CyBOPOTO KOHTPOJIO 33 YMOBaMHU
30epiraHHs BaHTa)KIB HA MUTHUX TepMiHajIaX.
[TosiBa manzmemii 3yMOBWJIa BUHUKHEHHS TaKuX MPOOJIEM y BHYTPIIIHBOMY CTaHi MHTHOI
MOMITUKA Y KpaiHu:
— 3MEHIICHHS MPUOYTKOBOCTI O13HECY Yepe3 3aKPUTTS NCIKUX MUTHHX TOCTIB Ta BBEIICHHS
KapaHTUHHUX 0OMEKCHb;

— TIOCWJICHHS BHMOT Ui IOPUIMYHUX Ta (I3WYHUX OCIO MpH NPOXOKEHHI MHUTHOTO
KOHTPOJIIO 1 YCKJIaJHEHHS HOTro;

— HETOTOBHICTh MHUTHOI CIyXOW MepedTH y IUCTaHLIMHUN pexuM o00CIyroByBaHHS
IpOMaJIsH;

— BIJACYTHICTh HaJEXHOTO (piHAHCOBOrO 3a0e3MeyeHHs, SKe O JO03BOJNWIO IMIBUAKO
MepeopieTyBaTUCh MUTHHIIL, BiIMOBIAHO J0 MOTIPIIEHHS €KOHOMIYHOTO CTaHy B KpaiHi;

— 30UIbIIEHHS CKapr yYaCHUKIB MUTHOTO MPOIIECY HA TisSIbHICTH MUTHOT CHCTEMU;

— 3pOCTaHHS BHUIAJKIB KOHTpaOaH/AM Ta KOPYIILil B OpraHax MUTHOI CIIyKO0H;

— HEJOCTaTHIN piBeHb iH(OPMYBaHHS HACEICHHS Ta BJIACHUKIB ITiIPUEMCTB MPO TMpaBUIIA

IIPOBE/IEHHS! MUTHOTO MIPOLIECY Y MEepioj] KapaHTHUHY;
— moraHa OOi3HAHICTh MPAlIBHUKIB MHUTHHIII IIOAO BUKOHAHHS MOCAJOBUX OOOB’S3KIB Yy
MepioJ] MaHaeMii;

— TIOBUIBHHUU €Tam MPOBEICHHS BaKIMHALIIT Cepe]] MPalliBHUKIB MUTHHIII,

— HU3BKHHA DIBEHb €MileMIOJOTIYHOr0 3aXHCTy MpAaliBHUKIB MHUTHHII, IO NPHU3BIB 10

3aXBOPIOBAHOCTI BIpYCHOT 1H(EKIII€I0 cepell HUuX.

VY meit mepioJ BUHMKJIA TOCTpa MOoTpeda y 3abe3meueHHi CyBOpPOro KOHTPOJIIO 33 YMOBAaMHU
30epiraHHs BaHTaXiB Ha MHUTHHX TepMiHanax. EdexTuBHe (QyHKIIOHYBaHHS TakKuX OO0'€KTIB
HEMOXJIMBE 0€3 BIPOBA/PKEHHS BHMCOKOTOYHUX cucTeM aBToMaTtuyHoro kepyBaHHs (CAK)
MikpoksiMaToM. HenoTpumanHs mapaMeTpiB TeMIepaTypH Ta BOJOTOCTI HMOBITPS y CKIIQACBKHX
MPUMIIIEHHAX TPU3BOJAUTH JI0 3HAYHMX EKOHOMIYHUX 30WUTKIB uepe3 IICyBaHHS TOBapiB, IO
nepedyBaroTh il MUTHUM KOHTPOJIEM.

BuxopuctanHss MIKpONpoIeCOpHUX 3aco0iB aBTOMAaTH3allli, 30KpeMa MpPOrpaMOBaHUX
noriyaux kouTtponepiB (ITJIK), mo3Bonsie He nuie cTabimizyBaTu Il TapaMeTpu, a i 3a0e3nednTu
BIJIJAJICHUH MOHITOPUHI Yy peanbHOMYy uaci. lle € KpUTHYHO BaXxJIMBUM MJis 3a0e3MeueHHs
MIPO30pOCTi Ta O€3MeKN MUTHHX ONepalliil y miciasnanaeMiyHui nepios. Takum 4nHOM, po3po0IeHHs
HagiiiHoi 1udpooi CAK MIKpOKIiMAaTOM CKJIAJACHKOTO MPUMIIIEHHS MUTHOTO TEpMIHAIy €
aKTyaJbHUM HAayKOBO-TEXHIYHUM 3aBJaHHSAM, CIPSMOBAHHM Ha MOJEPHI3allil0 TPAaHCIIOPTHO-
JIOTICTUYHOI 1HQPACTPYKTYpH Y KpaiHu.

AHaji3 ocTaHHiX AociaigxeHb Ta myOaikaniii. [IpoOnemaruka aBTomaruzallii cucteM
3abe3neuenHs mikpokinimMaty (HVAC) ta BuOGopy airopuTmiB KepyBaHHS IIMPOKO BHCBITIIEHA B
cydacHii HaykoBili JmitepaTypi. JlocmiJUkKeHHS METOAIB MaTeMaTUYHOIO  MOJIENIOBAHHS
TEMIIEPATypPHUX PEKUMIB Ta ONTUMI3aLIl MiKpokiiMaTy npoBoauian 3yoenko B.O. Ta bepestok [LA.
[2], sixi goBenH, 10 71 yCyHeHHd AedinuTy abo Ha UIMIIKY Teria He00XiJHO BpaXOBYBATH TEILUIOBY
1HepLIMHICTh KOHCTPYKLIH Ta Macy moBiTps. [lutanHs 3a0e3nedeHHs] 1HBapiaHTHOCTI CHUCTEM
aBTOMAaTMYHOI'O KEpyBaHHs J0 30BHILIHIX 30ypeHb po3risaanucs y mpaisx 30pyubkoro O.B. ta
Ocoxkina B. C. [3], sixi 1oBeny, 1110 BUKOPUCTAHHS 1HTErpabHOI CKIIJ0BO1 Yy CTPYKTYp1 peryisTopa
(3okpema, I1I- uym III/I-3aKoHy) 103BOJIsiE KOMIEHCYBaTH HAKOMHMUYEHY MOXMOKY Ta rapaHTyBaTH
3aJlaHy TOYHICTh CUCTEMH HaBiTh 3a YMOB TPUBAIMX BUIMAJAKOBUX 30ypEHb.

HapniiinicTh apxiTekTyp Ha 6a3i mporpamoBaHux joriunux kontposepiB (IVIK) mns cucrem
MOHITOPHUHTY Ta PpETryJIOBaHHS MIKPOKJIIMATy MIATBEp/P)KEHAa pe3yJbTaTaMH JOCIIIKEHb
bparimka B.B. Ta I'panska B.®. [4], ski 1oBenu BUCOKY e(EKTHUBHICTh Ta 3aBaJOCTIMKICTb
3actrocyBanHs [IJIK nns GesmepebiitHOl peecTparii TemMmeparypHUX IapaMeTpiB B yMOBax
MIPOMUCIIOBOI eKcrutyaranii. BogHowac, xouya JUIs CKIaJAHUX OO'€KTIB 4YacTO MPOMOHYIOTHCS
HellpoMepekeBl CUCTEMH KepyBaHHs, IX BIPOBAIKEHHS CTPUMYETHCS BUCOKOK OOUYMCIIIOBAILHOIO
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CKJIQJHICTIO Ta TOTpebor0 B crerudiuHoMy o00JiagHaHHi, 0 poOuTh KiaacwudHi mudposi [1I-
perynsitopu  OUTbIN JOIUIBHAMHM Ta HAIIWHUMH Ui CTaHAApTHOI aBToMaru3amii. OxpeMum
BOKJIMBUM HampsMoM € naociimkeHHs Maxkapenko JI. ta Ilpumitmaka O. [5], ski oOrpyHTyBaiH
HEOOXiTHICTh 3a0€3MeYeHHsT ONTUMAIBbHOI KPAaTHOCTI TMOBITPOOOMIHY Ta MOHITOPHHTY SIKOCTI
noBiTpsi (30kpema 3a piBHeM CO2) s 3HWXKEHHS PHU3UKY Tepenadi iHQEKIid Ta JOTpUMaHHS
KOPCTKHX caHiTapHO-TirieHiuHuX Bumor BOO3 y 3akpUTHX NPUMILICHHSX.

BupainenHs HeBUpIIIEHMX paHille YacTHH 3arajbHoi npoOiiemu. Hespaxarounm Ha 3Ha4YHY
KUTBKICTh ImyOiKamiid, mpucssiueHnx aBromarusanii cucreM HVAC, nutanns po3poOku mudpoBux
AITOPUTMIB KEPYBaHHS MIKPOKJIIMATOM, aIalTOBAaHUX M0 CHENU(DIYHUX YMOB POOOTH Cy4acCHHX
MUTHUX TEPMIHANIB, 3QIMINAETHCS HEIOCTATHHO BUBUEHUM. bBiNbIICTh ICHYIOYHX pIIICHb HE
BpPaxOBYIOTh HEOOXIJHICTh KOMIUIEKCHOTO MiAXOAy, KM OM OJIHOYACHO 3a0e3leuyBaB >KOPCTKI
TEMIEPATYypHI PEXKUMH JUIsI 30€peKEHHS PI3HOTHUITHUX BAHTAXKIB Ta CMiJAEMIONOTIYHHNA 3aXHCT
NEePCOHATY IIJISIXOM MOHITOPUHI'Y KOHLIEHTpAIIil BYIJIEKUCIIOTO rasy.

Mertoro pociigxkeHHsI € po3poOKa CUCTEMHM aBTOMAaTHUYHOIO KEpyBaHHs IapamMeTpaMu
MIKpOKJIIMaTy Ha MHUTHOMY TepMiHaIl JUisi 3a0e3Me4YeHHS ONTHUMAIbHOTO TeMIIepaTypHO-
BOJIOTICHOTO PEKUMY POOOTH MUTHOTO TIEPCOHAITY, 3alI00IraHHIO TOTPAIUITHHIO 1HO3EMHHX BipYCiB
1 XBOpOO y KpaiHy, MOKpaIlleHHs: YMOB 30epiraHHsi MUTHUX TOBapiB, 13 ONEPaTOPCHKUM 1HTEpdeiicom
CHCTEMH KOHTPOJIIO Ta KEPyBaHHSI.

3amayl JOCIiIKEHD:

— JIOCHIJDKEHHS ocoOnMBOcTed (OpMYBaHHS MIKPOKIIMATHUYHOTO PEKUMY Ha TEpPUTOPIl
MUTHHX TEPMIHAJIB, IPUHIMIIIB MOOYI0BU NMPUILUIMBHO-BUTSKHUX CHCTEM BEHTWJIAMIT 13
peKyIepaLi€ero Ternjaa B TaKUX IPUMILICHHSX;

— po3poOka  (yHKIIOHANbHOI CXEMH CHUCTEMHM KEpyBaHHS IPUILIMBHO-BUTSKHOIO
BEHTHIALIHOIO CHCTEMOIO MUTHOTO TEPMIHAJY 1 alrOpuTMy ii poOoTH;

— po3poOka 1 AOCHIDKEHHS IMITaIliiHOT MOoJIen 00’ €KTa aBTOMATH3AIlll 13 BUKOPUCTAHHIM
MakeTy iMiTamiifHoro moaentoBanHs MatLAB;

— OOIpyHTYBaHHS BUOOpY aJIrOpuTMy KepyBaHHSA, KOMIUIEKCY TEXHIYHMX 3aco0iB
aBTOMAaTH3allll, BU3HAYEHHS [TOKA3HUKIB SIKOCT1 pOOOTH CHUCTEMU KEPYBaHHS;

— po3poOKa CXeM CHCTEMH aBTOMAaTH3allli Ta CUCTEMM JAMCTAHLIHHOTO KEpyBaHHS Ta
KOHTPOJIIO 13 ONEpaTOPChbKUM 1HTepdericoM.

Marepiayu i meToau aocaixkeHHs1. J{OCiiKEHHS IPYHTYIOThCSI HA OCHOBHMX IOJIOKEHHSX
TEINIOMAcOOOMiHY, MaTEeMAaTUYHOTO MOJEIIOBAaHHs], Teopii AaBTOMATUYHOTO KEpyBaHHA 3
BUKOPHUCTAHHSM KOMIT IOTEPHUX TEXHOJIOTIH.

Jlns peasnizanii anropuTMiB KEpYBaHHS Ta Bi3yani3allii TEXHOJOTTYHUX MPOLECIB BUKOPHUCTAHO
METOJIM MPOTpaMyBaHHs JIOTTYHUX KOHTpoJepiB y cepenoBuili CoDeSys. Ilporec npoekTyBaHHS
BKJIIOYaB KOHQITYypyBaHHs amapaTHOi YaCTHUHM, PO3POOKY JIOTYHOI CTPYKTYpHU KEpyBaHHsS Ta
HaJaIlTYyBaHHS TMPOTOKOJIB OOMIHY JaHUMHU Ui 3a0e3MedyeHHs BiJAJICHOTO MOHITOPUHTY
napameTpiB MIKpOKJIiMary.

Onuc 06 ’exkmy asmomamuszayii

OO6'ekTOM JOCIHIPKEHHS € MpOLeC KepyBaHHS MapaMeTpaMu MIKpOKIIMaTy B NMPUMIMIEHHIX
MUTHUX TepMiHaliB. MUTHUI TepMiHal (aHrJ1. customs terminal) — 11e KOMITJIEKC aJAMIHICTPATUBHUX
CKJIAJICbKUX MPHUMILIEHb, MPU3HAYCHUX IJISI MPOBEAEHHS B MOBHOMY 00Cs31 MPOLEIYpP MHTHOTO
KOHTPOJIO Ta 0(OpMJICHHS] BaHTaXIB, K1 IEPEMILIYIOTHCS €KCIIPEC-TIEPEBI3HUKAMHU 1 3HAXOASTHCS
mig MHUTHUM KoHTposeMm [6]. ILleit cmermiamizoBanuii 00'€eKT JIOTICTMYHOI 1H(pacTpyKTypu
BUKOPHUCTOBYETHCS JUIsl TPOBEIEHHS MUTHUX IIPOLEAYD IiJ Yac 31ICHEHHS 30BHIIIHbOEKOHOMIYHOT
JISUTBHOCTI, 30KpeMa MUTHOTO O(pOPMIICHHS BaHTaXIB, sIKi IEPETUHAIOTh MUTHUH KOPAOH. MUTHUI
TepMiHAJI TPEJCTaBIIsg€ COOO KOMIUIEKC MPUMILIEHb PI3HOTO MPU3HAYEHHS: 30€piraHHs MUTHUX
TOBApiB, NPHUMIIIEHb KAPAaHTHUHHOI 30HU, YUCTOTO MNPHUMIIIEHHS JUIs 30epiraHHs MEIUYHUX 1
BETEpUHAPHUX MPENapariB, a TAKOXK BEHTUISALIHHOT KaMepH, /1€ 3HAXOJUThCs BEHTUIIALIIHHA clcTeMa
3 (hyHKIisIMH TOBIHHOT (inbTparlii, pekyneparii, 0X0JIOKEHHS, HarPiBy Ta 3BOJIOKEHHS IOBITPS.
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Jlo ckiamy MATHHUX TE€PMiHAIIB MOXKYTh BXOJIUTH TakKi MPUMIIICHHS, SIK MUTHUMA CKJIaa — 1€
MUTHHIA PEXHM, BIJIOBITHO JI0 SIKOTO iHO3eMHI a0 yKpaiHChKi TOBapH 30€piraroTh IiJi MUTHUM
KOHTpPOJIEM 3a MEeBHHUX YMOB, sIKI BU3HaueHI MUTHUM KojexkcoMm Ykpainu. Ha teputopii cydacHux
MUTHHX TEPMIHAJIB 1 CKJIaJiB NMOBHHHI MIATPUMYBATHUCS KOHTPOJHOBAaHI YMOBH MIKPOKJIIMATy 3
MeTOI0 30epiraHHs pi3HUX BUIIB TOBAPIB BIAMOBIAHO 70 iX (i3MKO-XiMidHOTO cKiamy. Temmneparypa
MOBITPSL Y NPUMIIICHHSAX MUTHHX TEpMiHaJiB, e 30epiraioTbcs pi3HI BUAM TOBapiB, MOBHHHA
ckianaTu 6au3bko +18...+22°C, B cniemianbHUX X0JIOAHUX 30HaX — a0 +4°C [7].

MikpoKIiMaT METHOTO TePMiHAIY — II€ HEe TPOCTO TEMIIEpaTypa Ta BOJIOTICTh, a i CYKYIHICTh
(dhakTopiB, Kl BU3HAYAIOTh KOM(OPT Ta YMOBH POOOTH y MPUMIIICHHSX, € MPOBOIUTHCS MUTHHMA
KOHTPOJIb. 3aBJaHHSAM CHCTEMH aBTOMAaTH3allil € KOHTPOJIb TEMIIEPaTypH, BiIHOCHOI BOJIOTOCTi Ta
KOHIEeHTpauii Byriiekucioro razy CO2 y nmpuMIIIEHHSX MUTHOTO TEPMiHANy B 3aJaHUX MeXax, a
TaKOX KePyBaHHsS BEHTWISIIIITHOIO CHCTEMOIO Ta BiJOOpaskeHHs apaMeTpiB i poOboTH.

Ha nanuii yac BHKOPHCTOBYIOTHCS PI3HOMAaHITHI PIlICHHS IJis 3a0€3MEUYeHHS MapaMeTpiB
MIKpOKJIIMaTy MPOMHUCIOBUX HPUMIIIEHb, MO CKJIAAy SKAX BXOJATh 1 MHTHI TEpMiHAIM, aye
HaNO1Ib1I01 €()eKTUBHOCTI HA0YJIU MPUILIMBHO-BUTSDKHI CUCTEMH BEHTHIIALI 3 peKyIepalliero Tera
[IBCBP (puc. 1). Haiibinpm nmommpeHuMu cepell Ha3BaHUX CHUCTEM € CHCTEMH MOBITPOOOMIHY i3
POTOPHHMMH Ta IJIACTHHYACTHMH PEKYIIEpaTopaMu, a TAKOXK 13 MPOMIXKHUMHU peKyrnepaTopamu (run-
around coil system) [8].

PinBTp BUTAKHOTO Pexymiepatop DINETP MPUITIMEHOTO
MOBiTPA Batimac — (TeruroobMIHHMK) [OBiTPA
Butaxue noeitpa 30BHIMHE MOBITPA
-10rpan. C

==

+22 rpan. C

L _ N

24

[IpunnueHe noeiTpa IToeitpa, mo

+20 rpag. C eupanietsca +8 rpan. C
Ipurmesmit — L Kanopugep L Burmamii BEHTILIATOP
BEHTUIATOP

Pucynox 1 — Y3azanvnena cxema npuniauéno-eumsadicHoi cucmemu 6eHMunAYIl
3 peKxynepayiero menia

Jlnia peanizaiiii 3a3Ha4€HUX MPOILIECIB MIATOTOBKHU MOBITPS pO3p00I€HO (PYHKIIIOHATIBHY CXEMY
aBTOMaTH3alii MPHUITMBHO-BUTSDKHOI BEHTWIALIMHOI yCTAaHOBKM 3 peKymeparopoMm (puc. 2).
OCHOBHMI KOHTPOJIb TEMIIEPATYPH 3A1MCHIOETHCS Y TPHOX MOZHIIISIX:

TeMIepaTypa 30BHIIIHBOTO MPUILTUBHOTO MOBITPs BUMIiproeThest naTuukoM TE (1-1);

TeMIIepaTypa MiAroTOBIEHOT0 BEHTWIISALIHHOTO MoBITps — AaTyukoM TE (1-2);

TemIepaTypa noBiTps 0e3rnocepeIHbOo y MpUMIleHHI TepMiHainy — gatuukoMm TE (1-3).

J1J11 MOHITOPUHTY JOJAaTKOBUX MapaMeTpiB BCTAHOBJICHI JATYUKU TEMIIEpaTypH TEIJIOHOCIS Ta
naTuyuk KoHIeHTparii Byriekucinoro razy QE (1-4). KepyBanHs eneKkTpoJBUTYHAMU MPUBOIY
BIJIIEHTPOBUX BeHTWIATOPIB M1 (mpurmB) Tta M2 (BUTSKKA) 3A1HCHIOETHCS 32 JIOTIOMOTOIO
YaCTOTHUX IMEPETBOPIOBAYIB, a PEryJIIOBaHHA pPOOOTH BOJSHOIO HarpiBaya Ta OXOJOKyBaua
BUKOHYETHCSI 3MIIIYBaJIbHUMHU BY3JIaMH 3 CEPBOIIPUBOJIAMHU.

Mamemamuuna mooens memnepamypHoz0 pesicumy

Jlnist po3poOKH CUCTEMHU KEpyBaHHsI CKJIaJEeMO CTAaTUYHY MOJEIb TEXHOJIOTIYHOTO 00’€KTa 3a
KaHAJIOM KEpyBaHHS TEMIEpPaTypHUM PEKUMOM. sl bOTO MpeAcTaBUMO 00 €KT y BUTJISAL TBOX
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JIAHOK, SIKI aKyMYJIIOIOTh €HEPTiio: II€ JIAaHKa IMiIIrpiBatovoi BOJM 1 JIAaHKA TOBITPS B OMATIOBAHUX

MPUMIIICHHAX (pHC. 3).

Bodanud
Mobimpanud X zr

Bodanui

(+azpib)

pinsmp N*T

SPVI
Fpunaubre

=

pupep N2
(oxonodxenns)

D Benmunsuiire
nobimps

nobimps
L=

‘-\_O

SPv2

Bidnpausobane
noBimps .
<

% 6

MI MUTHIW TEPMIHAA
i ? ?
3 4

TToBimpsanui
ginsmp N°2

"

JAY

=i

fpunady Ha wumi
ynpadmies \}%/

3 © G09S OO

| <]

%
I

Pucynok 2 — @yuxyionanvua cxema asmomamuzayii npuniu6HO-8UMINCHOI 6eHMUNAYIUHOL
VCMAHOBKU i3 peKynepamopom O0Jisi NPUMILeHb MUMHO20 MePMIHALY

Qp9 tp

Qs t,
%_ﬁ Qu ty
Qus ty
Qy, t :>
<;_y’ S B

L

Pucynox 3 — Cxema mennogux nomokie y 6y0i6i MUmMHO20 MepMIiHATYy

Jns mofanbImux po3paxyHKIB NPUKEMAEMO, IO TEMIIEPATypa NOBITPsA B Oy/iBii t, OAHAKOBA

JUIs  BCbOro 00'emy,

a TeMIeparypa BOJM B pajlaTopax CHCTeMH Ta TpyoOax ¢,

Mae

CEpEeIHbOAPU(PMETHYHE 3HAUYEHHs MK BXIJHOIO TEMIIEPATYPOIO rapsAdoi BOIHM t; 1 TEMIIEPATypOIO
BOJIM Ha BUXOZI 3 OyaiBii t,, . B craTHaHOMY peMMi KUIBKICTh TEILIA, IO 3HAXOAUTLCS Y BOAI Qy , 1
TEIIA, IO 3HAXOMUTBCA Y TIOBITP1 Oy iBl @, TMIIAETHCA HE3MIHHUM, TOMY MOKEMO 3aIlMCaTH JBa

PIBHSIHHS TEIJIOBUX OaaHCIB:

| e |
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U1 BOIU: Qg -0Qy,—0,=0,

. . (D
JU1st oBiTpst OyaiBni: Q@ — Q,

e Qg — KIJBKICTB TEIlIa, 110 HaAIHIILIO 3 BOJOKO; @, — TEII0, BUBEJIEHE 3 BOJIOKO; (J;, — TEILIO, 10

MepEeNIIIo A0 MOBITPs; , — TEIUIO, BTpaYeHe B HABKOJIUIIHIM mipocTip [9].

Bin craruuHoi Momeni mepeineMo 10 AMHAMIYHOI. BpaxoByrouwm pIiBHSHHS CTaTHKH,
OTPUMAEMO CHCTEMY TU(PEPESHIIIHHUX PiBHIHB 3MiHU KIJILKOCTI TETIAa B Yaci y BOJI 1 MOBITp1 Oy TiBJIi.
[Ticns BigMOBITHUX MaTeMaTUYHHUX CIIPOLICHb IPUBEAEMO PiBHSHHS 110 BUrsiay Komri:

ﬂ:Cg'Gg'pg.tg_Cy'Gy'py'(Z'tv_tg)_ap'Ft'(tv_tp)
dr Cv'Vv'pv

)
dtp=ap'Ft'(tv_tp)_kz'Fc'(tp_tz)'no

dt Co Vo~ pp

ne C, — muTOMa TEIUIOEMHICTh BOnU; G, — NMPOIAYKTUBHICTh HAacoca; P, — I'YCTHHA BOAM; t, —
Temneparypa Boau; 1, — 06'eM Boau B cuctemi; €, — NMTOMA TEIUIOEMHICTh HOBITPS; P, — TYCTHHA
HOBITPS; t), — TeMIepaTypa noBirps; V;, — 06'em Oynisii; k, — koedinienT Temtonepeaayi; /' — mioma
MOBEPXHI; & b Koe(illieHT TeTIOB1Aa4i BiJl MOBITPs OyAiBIIi 10 OTOPOKYIOUNX KOHCTPYKIIH; 1,

— Koe(ilieHT OropoKeHHS Oy iBIIi.

YV maketi imitamiinoro wmogemroBanus MATLAB Simulink cunaTesoBana imiTariiHa
MaTeMaTHYHAa MOJIENb JHHAMIKH 3MiHU TEMIIEPATypH MOBITPs B Oy IiBJIi Ta TEMIIEPATypH TEIIIOHOCIS
(puc. 4). B pe3ynbpTaTi JOCTIIKEHHS TUHAMIKH MIPOLECY Ha po3pobieHil iMiTamiiiHii Moaeni Oyna
OTpUMaHa pO3TiHHA XapaKTepHCTHKa OyJIBIl MO KaHaly pEryJjlOBaHHS TeMIepaTypu MOBITPs
(puc. 5).

Jliig craTnyHUX 00'€KTIB NepeaTHa QyHKIIIS, OTpPUMaHa 3a KpUBOIO PO3TOHY, IPEACTABIAETHCS
y BUTJIS/A1 iIHEpLIHHOT JIAHKY 13 3aIli3HEHHAM. 3Ha4€HHS MMOCTIHHOT Yacy Ta 4acy YUCTOrO 3ali3HeHHs,
BH3HAYEHI 3 HOPMOBAHOI PO3TIHHOI XapaKTepucTuka OyniBmi, ckiaamarTs Toy = 2000 c , Ty =
100 c. BignoBigHo, mepenaTHa ¢yHKLis OyIiBml A8 KaHalmy "MOTYXKHICTh HarpiBadya —
TeMIlepaTypa MoBITps" Mae BUIIISA:

0'278—100'5

Woy($) = 50005 7 1

Cunmes i docniodcenns yugposozco I1l-pezynamopa

3amaua BUOOpY palliOHATBLHOTO TEPIOay KBAaHTYBaHHS 7 € OJIHIEID 3 OCHOBHHUX IpoOiIeM
peanizanii nudpoBoi cuctemMu KepyBaHHs. ToMy BUHHKae IpobieMa MOIIyKy palioHaJbHOTO Yacy
KBaHTyBaHHA Tj, SIKMI 3aJJOBOJILHUB OU CylepedsuBi BUMOTHU. 3riiHO 3 Teopemoro KoTtenbHuKoBa,
JUis  OE3MOMMIJIKOBOTO BIATBOPEHHS CHUTHAJlly MiHIMalbHa 4YacToTa KBAaHTYBAaHHS ITOBMHHA
JOPIBHIOBAaTH 2WC, 1€ W — HallBHIlla 4aCTOTA BUXIAHOTO CUTHANY, 1110 3yCTPIYa€ThCS B aMILIITYTHO-
YaCTOTHIN XapaKTEePUCTHIIl HEMepepBHOI YACTUHH CHCTEMH. TeopeMa CTBEpUKY€E: SKILO CHUTHAI He
MICTUTh B €001 YacTOT BHWINE, HDK W Paja/C, BIH TMOBHICTIO OMHCYETHCS CBOIMH 3HAYCHHSIMH,
BUMIPSIHUMH Y AUCKPETHI MOMEHTH 4acy 3a iHTepBajioM [9]:

Tk = ntw,.

Busnauenns nepenarHoi (yHKIIT HenepepBHOT YaCTUHU PO3IMKHYTOI CUCTEMHU:
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Pucynox 4 — bnox-cxema imimayitinoi mooeni enepeosumpam y cucmemu OnaieHHs.
0yoieni 3 suxopucmannsim nakemy MATLAB Simulink

Busnauaemo nepenatHy QyHKIIiI0 HeTIepepBHOI YACTUHH 3aMKHEHOI CUCTEMHU:

WH.‘{.

3aM.
68

po3

0,27¢~100p

(p) =

T+ Wi (@) (1280 +2001p + 1) + 0,27 1007
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TemmepaTvpa moeiTpsa, rpag. C

Yact, c

Pucynok 5 — Poseinna xapakmepucmuka 6y0iéni 01 KaHany pe2yiio8ants
memnepamypu nogimps

Bu3HaueHHs aMILIITYAHO-4aCTOTHOI XapaKTEPUCTHUKU HENEepepBHOI YAaCTUHU 3aMKHEHOL
CHCTEMHU:

0,276_100jw
VVL’:&M(].W) = D . —100jw" (5)
(1280jw? + 2001w + 1) + 0,27¢~100jw
V pe3ynbTaTi po3B’s3aHHS PIBHSAHHS
KK
Alw) = =2 = 0.01.
JETTow? + 1+ K K2 + (T,T,)2w?
OTpumaemo 3Ha4eHHS 4acToTH 3a puc. 6: w, = 0.013.
Bode Diagram
I]'Ii' 1 I 1 I 1 I 1 I 1
. 03} .
2
i
B8 0z} .
HE'
g :
= 54 System: w |
: Freguency (rad/zsec). 0.013
Magnitude (abs): 0.0101
l] . t ] ] 1 | 1 | 1
Pucynox 6 — AQYX cucmemu xepyeanus
3Ha4YeHHS Yacy KBaHTYBaHHS:
s
T, =—=241c. (6)

W
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AHaJIOTIYHO HEmepepBHUM cHUcTeMmaM, 3akoH [ll-perymroBaHHsS Moke OyTH peai3oBaHHM Y
udpoBux cucremax. il BUSHAYeHHs nepeaaTtHoi (GpyHKIT AMCKPETHOT CUCTEMH 3aCTOCOBYETHCS
nakeT nporpaMm MATLAB i3 BUKOpUCTaHHSM OTepalliid 3aJlaHHs epeIaTHOl PYyHKIIIT HermepepBHOT
CHCTEMH Ta Z-TIEPEeTBOPEHHS HEMEePEPBHOI NepeIaTHOT PYHKIIIT HA TUCKPETHY

wz=c2d(w, T),

Ie  w— 3MiHHA, 10 OTpUMalla BUpa3 HeNepepBHOI nepenaToyHoi GyHkii; 7 — KpOK KBaHTyBaHHS
[10].
Toni

0.008

(0.0208 -1+ 0.009133 — 0.000000000000000000507)
13 —0.8903 - 12 + 0.000000000000000009885 - 1 + 0

Ki:= = 0

[Ticnsa 3naxomxenns Ki mapamerp Kp BU3Ha4Ya€EMO TaKUM YHUHOM, 100 KOMIIEHCYBATH TIOJIIOC
Z-niepeTBOpEHHS HeTIePEePBHOT YaCTHHU CHCTEMH.
[lepenarouna gynkuis [1I-perynstopa mae BUTIISA;

K XT —2XK,
K; X Tz +1 2t IXK, ¥ K XT
Wi(z) = = :

2(z — 1)) 2(z—-1)

(2><Kp+Ki><T)[

Jl11a koMIieHcallii noarcy HeoOXiaHo 3HalTH Takuil Kp, skuii 61 3a10BOJIbHSB PIBHAHHSA:

KiT—28 0001974
K,-T+2-K, ’
BIJIITOBIHO
Ky»=8.031.

JUis  AOCHIPKEHHS TOKa3HUKIB SIKOCTI POOOTH CHUCTEMH BUKOPUCTOBYEMO MOJEIb Y
nporpamMHomy cepenosuili MATLAB/Simulink (puc. 7).

ol x

File Edit View Simulaton Format Tools Help

D EEHES LBR |2 » s |vm | HBE@bed hBE T ®

0.0208 z"2 + 0.008132 z + 5.07e-019

z"3-0.8803 z"2 + 8.885=e017 z

0.0208z2+0.0091332+0.00000000000000000005 I:l
z2-0.8503z2+0.00000000000000009885z
Step =1 Discrete Scope
1 Transfer Fond
Discrete -
Transfer Fen 0.5
Constant1
Ready [100% [ [ |ode4s v

Pucynox 7 — Cmpyxkmypra moodensv yughpogoi cucmemu
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Jlocnioscennsn yugposoi cucmemu Ha cmitikicms ma AKicmo
BukopuctoByoun po3iMKHYTy niepeaTouny pyHkiito nupposoi cucremu Wpo3s(z), 3naitnemo
W3am(z), po3B’sbkeMo PiBHSHHS Ta 3HAMIEMO XapaKTepucTHuHi kopeHi [11]:

0.0208z% + 0.009113z + 5.07 * 10~1°
z3—0.8903z2 — 9.885z * 10~17
0.0208z2% + 0.009113z + 5.07 = 1071
z3—0.8903z2 — 9.885z =« 10~17

Wian (z) =

+1

_ 0.0208z2 + 0.009113z + 5.07 » 10~%°
~ z3-0.910622 — 9.8835z + 5.07 * 10~19’

W o 22989 ¢ 29.011 0020877 + 0009113z +5.07 « 1027
= ES
per (2) Waan 22— 2 23—-0.91062% — 9.88352 + 5.07 * 10-19

—0.082117242 x z — 0.034519123 - z? + 0.62254212 X z3 — 4.568577e — 18
19.767 - z-17.965 - z2-3.802 - z3 + 2 - z*-1.014e — 18 '

W(z) =

PesyabTaT aociaigkenHs. Po3poOiena MareMaTidHa MOJICNb TEIUIOBOI JMHAMIKU OYIiBIIi
MUTHOIO TepMiHalmy Oyna peanizoBaHa B cepenoBuili MATLAB/Simulink 1 Bukopucrana s
cuHTe3y Ta aHaizy mudpooi cucremu [1l-perymroBanns. [lepexiqHi XapaKTepHCTUKN CHCTEMH i3
3aMKHYTHM KOHTYPOM, OCHAIEHOi po3polienumM nudposum I1l-perynsropom, HaBeneHO Ha puc. 8.
Cursas Ha BUXOJIi MIPEJICTABICHO B HOPMOBAHOMY BHIJISI]II, IIIO JTO3BOJISIE OE3MIOCEPEIHBO OILIHUTH
SKICTh PEryJIIOBaHHS HE3aJEKHO B/l (PI3MUYHUX OJUHUIL BUMIpIOBaHHS. Pe3yiabpTaTé MoJentoBaHHs
MOKa3yIOTh, 1[0 CHCTEMa KepyBaHHS 3a0e3reuye cTabiibHy Ta J0Ope 3aracarody MOBEIIHKY.

Pucynox 8 — Ilepexionuii npoyec yugposoi cucmemu 3 I1l-pecynamopom

Cucrema gocsrae cTalioHapHOTO 3HaYEHHS 0e3 EPEeBUILEHHS Ta KOJIMBaHb. Yac BCTAHOBICHHS
(tp) cucremu cranoBuTh npubH3HO 1970 ¢, pU LOMY TMEpPEBUILIEHHS TOpiBHIOE ¢ = (), a 1HIEKC
koiuBaHb — 1 = (. Kpim Toro, moxubka B cTaiiioHapHOMY pexXuMi A0piBHIOE 0 = 0%, 10 MiATBEPIKYE
MOBHE KOMITEHCYBaHHS CTaTUYHOI MOXUOKH IHTErpaNbHOIO CKianoBoto [1I-perymsitopa Ta BHCOKY
TOYHICTh PETYJIFOBAaHHS TEMIIEPATYPH.

AHaJi3 CTIMKOCTI Ha OCHOBI KpuTepiro JKypi mMATBEpAUB, O BCl KOPEHI XapaKTePUCTUIHOTO
PIBHSIHHS JIeaTh BCEPENMHI OJUHUYHOTO KOJa HA KOMIUIEKCHIH TIUIONMHI, IO JOBOJWUTH
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ACUMIITOTUYHY CTIHKICTh HH(POBOI CHUCTEMH KepyBaHHsA. Y pe3yibTaTi Oylo OTpUMAaHO Take
XapaKTePUCTHYHE PiBHIHHS:

19.767 -z + —17.965 -z + —3.802-z3 + 2 - z* — 1.014e — 18 = 0.
JlomiHyr0Y1 KOMIUJIEKCHI KOpeHi OyJI OTpUMaHi sK
z12=10,7464 1+ j0,0237,
TOJ1 SIK TPETIH KOPiHb JOPIBHIOE
z3=0.
YMOBH cTiiiKkocTi 3a kpuTepieM JIxypi:
|zk| < 1 — nns pilicHUX KOpPEHiB;

Re?(zk) + Im?(zk) < 1 — 11 KOMIUIEKCHUX KOPEHIB.
KopeHi xapakTeprCTHYHOTO PiBHSIHHS Ha KOMIUICKCHIN IIJIOIIHMHI MPEJCTaBIeH] Ha puc. 9.

.--f---
1.
0.5 .
Im(z)
I .
} + & + & —
yiw Y 0 035 L
y2Ux)
-5
-~ L
=T
—1, Relz) .x 1
| |

Pucynok 9 — Kopeni xapakmepucmuuno20o pieHAHH HA KOMNJIEKCHIU NIOWUHI

Kpim Toro, pe3yibpTaT MOJEITIOBaHHS NOKa3yIOTh, IO 3alIPOTIOHOBAHA CHCTEMa YIPaBIIiHHS
JI03BOJISIE MIATPUMYBATH MapaMeTpH MOBITPS B MPUMIIIEHHI B MeXax HEOOXiTHUX POOOUYMX MEK,
30KpeMa 3abe3redye eeKTHBHE PeryIOBaHHS TEMIIEPaTypH Ta CIPHUSIE 3HIKEHHIO KOHIICHTpAITil
COz no piBast HIK4Ye 700 ppm, 110 CYTTEBO CHpPUSE MOTIMIIECHHIO SIKOCTI MOBITPS B MPUMILIEHHI Ta
3MEHILIEHHIO PU3UKY Nepeaayl 1HPeKI1i MOBITPSHO-KPaNeJIbHUM IIJISXOM Y MPUMIIIEHHSX MUTHUX
TepMiHaJIiB.

BucHoBKHM i mepcneKkTHUBHU. Y pe3yabTaTi MPOBEACHOTO JOCTIIKEHHS PO3POOJICHO CHCTEMY
aBTOMAaTMYHOIO KEpyBaHHA TMapaMeTpaMy MIKPOKIIMATy CKJIAJChKUX MPHUMIIIEHb MHUTHOTO
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TepMiHATy 3 BUKOPHCTAHHIM KOMIUIEKCY TeXHIYHUX 3aco0iB Ha 6a3i konTposepa OBEH ITIJIK110.
Ha ocHOBI cucTeMHOro aHaiizy po3po0sieHO (QYHKIIOHATBHY CXEMy aBTOMATH3allil MPUILTUBHO-
BUTSDKHOI BEHTWISILIMHOI YCTAaHOBKHU 3 PEKyHepaTopoM, sika 3abe3rnedye KOHTPOJIb TeMIEpaTypu,
BOJIOTOCTI Ta PiBHS BYTJIEKUCIIOTO Ta3y.

Jlnsi BU3HA4YEHHS AWHAMIYHUX BJIACTUBOCTEH MPUMIIICHHS TEpPMiHATy, HA OCHOBI DPIBHSHB
TEIUIOBOTO OallaHCy, pO3pO0JICHO MaTeMaTHYHy Ta IMITalmiifHy MoOJeTh Yy CEepeJOBHIII
MATLAB/Simulink. Otpumano mnepenatHy ¢QyHKIito o00'ekTa 3a KaHajJOM KepyBaHHS
TEMIIEPATypPOIO MOBITPA.

Cunre3oBana 1udpoBa cuctemMa kepyBaHHs Temneparyporo 3 I[lI-perynstopom 3abe3neuye
cTabinbHy poOOTY Ta BHCOKI MOKA3HUKH SKOCTI MEPEXiAHOTO MPOIECY: Yac PETyIIOBAaHHS CKIIaJIa€e
t, = 1970 c, cratuuyna noxubka J = 0, mepeperytoBaHHs BIACYTHE, KOIUBAIBHICT # = 0. AHaui3 3a
kputepiem JKypi miaTBepaAuB aOCOMIOTHY CTIHKICTh po3pobiieHoi nudpoBoi cucremu. Exonomiuni
PO3paxyHKH MOKa3alu, U0 TePMiH OKYIHOCTI BIPOBAIKEHHS Takoi cucTeMu ckiazae 1,3 poky, 1o
HiATBEP/KYE JOIUIBHICTD i1 BUKOPUCTAHHS y BUPOOHHUIITBI.

Ockinpku po3pobiieHa MaTeMaTUyHa MOJIENb 0a3y€EThCS Ha CIPOIIEHUX PIBHAHHAX TEIIOBOTO
0anaHcy, OBl JJOCTIDKEHHS OyAyTh CIPSIMOBaHI Ha PO3IIMPEHHS MO IUIIXOM BpaxyBaHHS
HeNHINHUX 30ypeHb, TaKUX SK 3MiHHI BUTPATH MOBITPS, BIUIMB COHAYHOI pajiamii Ta AMHAMIYHI
3MiHU TEIUIOBUX HAaBaHTAXXCHb Bij MEPCOHATY 1 TexHiku. KpiM TOro, mepcrieKTHBHUM HANPSIMOM €
MIPOBEJICHHS €KCIIEPUMEHTAIBHOI BajiAalii po3po0iieHol cucTeMu KepyBaHHS Ha peaJbHOMY 00'€KTI
MUTHOTO TEpPMIiHATY MJIsi MIATBEPIUKCHHS pE3yJIbTaTiB IMITallilHOTO MOJEIIOBAHHS B yMOBax
pealibHOT MPOMUCIIOBOI €KCILTyaTallii.
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DEVELOPMENT OF AN AUTOMATIC MICROCLIMATE CONTROL SYSTEM FOR
THE STORAGE AREA OF A CUSTOMS TERMINAL

Abstract. The article addresses a relevant scientific and technical problem of improving the efficiency of customs
terminal operations in Ukraine under post-pandemic challenges, in particular ensuring proper microclimate parameters
in warehouse facilities. The necessity of implementing automatic control systems to maintain temperature, humidity, and
air quality in order to preserve goods and ensure safe working conditions for personnel is substantiated. An analysis of
modern approaches to the automation of ventilation and air conditioning systems is carried out, and their limitations in
the specific conditions of customs facilities are identified. A functional automation scheme for a supply and exhaust
ventilation system with heat recovery has been developed, and a mathematical model of the temperature regime of a
customs terminal building based on heat balance equations has been created. Based on simulation modeling in the
MATLAB/Simulink environment, a digital control system with a PI controller has been synthesized and its parameters
have been determined. The study shows that the proposed system provides stable and accurate control without overshoot
and steady-state error, as well as effective maintenance of air quality. The asymptotic stability of the system has been
confirmed using the Jury criterion, and its practical feasibility has been demonstrated. A comprehensive technical
solution based on a modern programmable logic controller (PLC110) is proposed, ensuring high signal processing
resolution and reliability under industrial conditions. The practical significance of the work is emphasized by the
development of a human—machine interface (HMI) for remote monitoring, which ensures transparency of logistics
processes and enables prompt intervention by personnel. The simulation results and techno-economic calculations
demonstrate that the implementation of the proposed system reduces energy consumption for microclimate maintenance
by 15-20% while simultaneously improving the accuracy of parameter stabilization. The obtained results can be used for
the modernization of customs infrastructure and the implementation of digital systems for monitoring and controlling the
microclimate in warehouse facilities.

Keywords: Automation, Microclimate, Customs Terminal, Programmable Logic Controller, Control Algorithm,
Codesys, Energy Efficiency, Monitoring.
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APXITEKTYPA IHTEJEKTYAJIbHOI IIIZICUCTEMMU BUSIBJIEHHSI
TENJIOKPOBHUX HIKIJHUKIB TP MOHITOPUHI'Y BUPOBHUYUX ITPOILIECIB B
ATPOHOMII

Anomauin. Y cmammi posensinymo nobyo0o8y IHmMeneKkmyanvbHoi niocucmemu BUSGLeHHs MeNI0KPOBHUX
WKIOHUKIG SIK CKAA0080I A8MOMAMU308AHOT CUCMEMU MOHIMOPUH2Y BUPOOHUYUX NPOYecie 6 acpoHoMmii. AkmyanbHicmy
pobomu 3ymosiena nompeboio y c0E€4ACHOMY GUSIGIEHHI (Pakmopig 0i0N02IUHOT 3a2po3uU HA NOCIBAX, WO NPU3EOOSNL 00
SHAYHUX EeKOHOMIYHUX 30UmKI8 ma 3HUMNCEHHS AKOCMI KiHye8oi NpoOyYKyii, 3HUNCEHHI 3ANeHCHOCMI 8i0 pPYUHO2O
obcmedicen st NOi6 ma NiOBUWEHHT ONEPAMUEHOCTE NPULHATMSL PIUEHb 8 YMO8AX MOYHO20 3emaepobemea. Ha ocnosi
ananizy CyyacHux nioxooig 00 KOMn 1omepHo2o 30py, Menai08i3iiuH020 CHOCMEPENCeHHsl, OE3NIIOMHO20 MOHIMOPUH2Y ma
loT-ingppacmpyxmypu cpopmogano eumoeu 0o apximexmypu niocucmemu, 5SKA NOBUHHA 3abe3neyygamu 30ip
PI3HOPIOHUX OQHUX, NONnepeoHo 0OPOOKY, TOKANI3AYII NOMEHYIHO HeDe3NeyHUXx 00 €Kmie, OYIHIOBAHHA PI6HA 3a2PO3U
ma nepeoasganHs pe3yibmamie 00 KOHMypy RIOMPUMKU YNPAGIIHCoKUX piuesb. Memoio 0ocniodicenHs € 00TpyHIY8aHHS
CMpPYKmMypu maxoi niocucmemu, U3HAYEHHsI OCHOBHUX (DYHKYIOHANIbHUX MOOYII8 ma 8ubip npuoamuux Kiacie mooesnetl
OemeKkmy8anus Ol NOMbOBUX YMOG. Y pobomi SUKOpPUCMAHO MemoOu CUCMEMHO20 aHANI3Y, QYHKYIOHANbHOL
0eKOMNO3uYyii, NOPIBHANLHO20 AHANIZY APXIMeKmyp Oemexkmopie 00 ’€kmis I y3a2albHeHHs pe3yIbmamie CY4acHUX
nyonikayii 3a memMamukoio mo4Ho2o 3emiepobcmea. Y pezyiomami 3anponoHo8ano 6a2amopienesy apxXimexkmypy, wo
NOEOHYE PiBeHb CEHCOPHO20 300pY OaHUX, PiBeHb aHaLimuuHoi 06pobKu, pieHb Npocmoposoi sepudikayii ma pisenw
niompumxu piwens. OOIPYHMOBano 0oyinvbHicms komoinysanus RGB- i menaogizitinux 0anux, a makodic UKOPUCMAHHSL
oonoemannux demexmopie xkracy YOLO 0ns onepamusnoeo noav06020 GuseieHus 06 ’ckmig. [Ipaxmuune 3nauenms
3aNPONOHOBAHO20 NIOX0OY MNONAAE Y MONCIUBOCMI 11020 NOOANLWIOL THmMezpayii 6 asmomamuso8aui cucmemu
azposupodOHUYMEA Ma PO38UMKY CReYiani308aHUX Cepaicié paHHbLO20 NONEPEOIHCEHHS.

Kniouosi cnosa: azponomis, asmomamusosana cucmema MOHIMOPUHZY, KOMN I0MEPHULl 3ip, MenioKposHi
WKIOHUKU, MOYHe 3eM1epoOCmeo, meniosizitine sHiManHs, eusenents 06 ekmis, YOLO, IoT.

AkTtyaabHicTb. [{udpoBa TtpaHchopmalis arpapHOro BUPOOHMIITBA B OCTaHHI POKHU
B1JI0YBA€ThCS y HANpPsAMI 1HTErpallii CeHCOPHUX Mepex, reoiHPpopMalliiiHuX cepBiciB, O€3MUIOTHUX
JITaTbHUX anapaTiB 1 METO/IiB MAIIMHHOTO HABYaHHA Y €IMHUI KOHTYP MiATPUMKH pillleHb. Y Mexax
KOHIICTIIIii TOYHOTO 3eMJIEPOOCTBA CIIOCTEPEKECHHS 32 CTAHOM TIOJISI BXKE HE 00OMEXKYEThCS KOHTPOJIEM
arpoxiMiyHUX MapaMeTpiB abo BereTaliiHUX 1HAEKCIB, a JeJalli yacTillle BKJIIOYAE ONEpaTUBHE
BHSIBJICHHS O10THYHUX (DaKTOPIB PU3HKY, 30KpeMa MIKITHUKIB 1 MPOsBIB iX akTUBHOCTI [1, 2].
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J171s1 yMOB TTOJThOBOTO BUPOOHMIITBA OKPEMY CKJIAJIHICTh CTAHOBJISITH TEIIJIOKPOBHI IIKITHUKH,
aKTHBHICTD SKMX Ma€ BUPAKECHUH MPOCTOPOBO-YACOBHUI XapaKTep 1 4aCTO MPOSBISAETHCS JTOKAIBHO.
Jlo TEemIOKpPOBHHMX IIKITHUKIB BiAHOCSITH JBI TPyHu: TPU3YHU 1 3ainenoniOHi. ['pusynHu 1e
HalluncenpHIIa TpyIa, BOHA BKIIIOYAE CIpUX Ta YOPHUX IIypiB, XaTHIX MHII, IMOJIIBOK, a TaKOX
X0BpaxiB. [Ipyra rpyna BKJIto4ae 3ailiB Ta KpoJIiB, K1 MOIIKOKYIOTh KOPY MOJIOAUX JEPEB Y cajax
Ta 3HUMIYIOTH MOCIBU.
Ha3Ba «TermokpoBHI MIKIAHUKW» IMAKPECIIOE iXHIO HAJICKHICTh IO BUIIUX XPEOCTHHX, IO
BiJIpi3HSE X BiJl XOJIOJJTHOKPOBHHX IIKITHUKIB (KOMaX, KJIIIIiB, CIMMaKiB). TermI0KpOBHICTh T03BOJISIE
imM 30epiraTd aKTHUBHICTh MPOTATOM yChOTO POKY (BOHM HE BHAJAIOTh y 3aIlilIEHIHHS B3UMKY, Ha
BiIMiHYy BiJ 6araTb0X KOMax) Ta MaTH BHCOKHU piBEHb IHTEIEKTY W amanTuBHOCTI. Lle ycknamHioe
00poTHOy 3 HUMH, TOMY 1II0 BOHU MOXYTb PO3Ii3HaBaTH NAaCTKH a00 YHUKATH OTPYEHUX IIPUMaH.
OcHOBHa IIKO/1a Bl IUX 3BipiB CKJIAJAE€THCS 3 TPHOX KOMITOHEHTIB!
® CKOHOMIiYHI 30MTKH MOJISATAIOTh y TICYBaHHS 3€pHA, OBOYIB Ta ()PYKTIB 5K Ha MOJISAX, TaK 1 B
3epHOCXOBUINAX. 3a MiApaXyHKaMH, TPU3YHH LIOPIYHO 3HUILYIOTH ab0 ncyroTh 10 20%
CBITOBOTO 3aracy mpoa0BOJILCTBA.

e pyiiHyBaHHS IH(QPACTPYKTYpH BHACIIJOK TOTO, IO T'PU3YHH MAaIOTh MOTPeOy IMOCTIiHO
mock TpusTh (iXHI Pi3Li POCTYTh yce >KUTTA). BOHM 4acTo MOMIKOMKYIOTh €IEKTPHUHI
KabeJti, MIaCTUKOBI TPyOH Ta TEPMOI30JISIIII0 Oy TiBEIb.

e emizeMionoriyHa HeOe3MeKa - K THUKY € IEPEHOCHUKaMU HeOe3MeYHNX XBOPOO, TAaKUX SIK
JENTOCIIPO3, TyNApEMisi, CATbMOHENHO03 Ta Pi3HI BUIU JIUXOMAHOK.

Jisi  MOHITOPHHTY  TEIUIOKPOBHHX IMIKIIHUKIB (30KpeMa TpH3yHIB Ta XOBpaxiB)
BUKOPHUCTOBYIOTb SIK KIIACUYHI MOJIbOBI METOH, TaK 1 Cy4yacHI TEXHOJIOTI4HI PillIeHHS: Bi3yallbHUH Ta
OpsIMAKA  MOHITOpPHHT (OOJIIK KHJIUX HIp; MapmIpyTHI OOCTEXEHHS), AMCTAHIIIfHE 30HIyBaHHS
(MynbTHCIIEKTpaibHI KaMepu 1 TemioBizopu); TexHosorii loT (cMapr-macTku, akyCTUUYHUN
MOHITOPHUHT); IHAMKATOPHI METOIM (KOHTPOJBHO-CIIIOBI MalJaHYMKH, HEOTPYWHI NPHUMAHKH);
aHaJIi3 IaHUX Ta MPOTHO3YBaHHS (Ha OCHOBI TEIUIOBUX KapT). OCKUIbKY BOHM BEAyTh MPUXOBaHUIL
Croci0 )KUTTS, MOHITOPUHT 4acTo 0a3yeThCsl Ha HEMPAMUX O3HAKaX iXHbOI MPUCYTHOCTI:

Tpaauuiitai crocobu 00Ky TakuX 00 €KTIB 3aCHOBaHI Ha MAapLIPYTHUX OOCTEXEHHSX,
BI3yaJIbHOMY OTJIsiAl a00 aHami3l HEeNpsIMUX O3HaK. Taki MiIXOJu MOTpeOyroTh 3HAYHUX TPYIAOBUX
BUTpAT, 3aJIe)KaTh BiJl KBali(ikallii BUKOHABIS Ta HE 3a0€3MeUyIOTh JOCTaTHROI ONMEPATUBHOCTI i1
yac NPUIHATTS pIlIeHb Y MEKaxX IHTErPOBAHOTO 3aXUCTy POCIIHUH.

BopHouac pO3BUTOK KOMIT'IOTEPHOTO 30pY, TEIUIOBI3IHHOrO 3HIMaHHSA Ta O€3MiJIOTHOrO
MOHITOPUHTY BIJIKPUBA€ MOJIMBICTh MEPEXOAY BIJ €MI30JUYHOIO PYYHOIO KOHTPOJIO JO
aBTOMAaTH30BAaHOT'O CIIOCTEPEKEHHS 32 PyXOMHUMHM 010JI0TTYHUMHU 00’ ekTaMu. s OO HEOOXiaHA
HE OKpeMa MoJIeNlb pO3Mi3HaBaHHS, a LIJIICHA apXITEKTypa IHTEeIEKTyallbHOI MiICUCTEMH, SKa 3/aTHa
MIPALIOBATH SIK €IEMEHT aBTOMATU30BaHOI CUCTEMU MOHITOPUHTY BUPOOHUYHX ITPOLIECIB B arpOHOMIT
Ta 3a0e3MevyyBaTu nepeaady pe3yabTaTiB y KOHTYpP YIpaBIiHHSL.

AHaJji3 ocTraHHiX AocailkeHb i myOaikamiii. YV cydacHiii mitepaTypi JOCHUTH IIHPOKO
BHCBITJIEHO MUTaHHS HU(PPOBI3allii arpapHUX CUCTEM, 30KpeMa BUKOPUCTAaHHSA JaTUYMKiB, MEPEKEBOT
1HOPACTPYKTYpH Ta MAIIMHHOTO HAaBYaHHS JJIS KOHTPOJIO BHUPOOHMYMX HpoleciB. Y poOoTi
Monteiro Ta iH. [1] HaBegeHO y3aradbHEHWW OTJISAJ HANPSIMIB TOYHOTO 3eMJICPOOCTBA IS
POCIMHHUIITBA 1 TBAPUHHUIITBA, JI€ MIAKPECIIEHO, 1110 MiBUIIEHHS €(EeKTUBHOCTI MOMKIIMBE JIUIIIE 32
YMOBH TO€IHAHHS JAHUX CTIOCTEPEKEHHS 3 aHANTHYHUMH MonensiMu. Y mpaii Shahab Ta iH. [2]
MokKa3aHo, 1m0 loT-opieHTOBaHI cUCTeMH ynpaBiliHHA B arpochepi GopMyIOTh TEXHIYHY OCHOBY IS
CTaJIOT0 MOHITOPUHTY Ta MIATPUMKH PillIeHb Y PEKUMI, HAOIMKEHOMY 10 PEasIbHOTO Yacy.

Oxpemuii HanpsAM JAOCIHIHKEHb CTOCY€ETHCSI KOMIT IOTEPHOTO 30pY B arpapHux 3aaadax. Orsin
Khan Ta in. [3] cuctemaTusye 3acTOCyBaHHS JIETEKTYBaHHS 00’ €KTIB y CUUIBCHKOMY TOCIIOIAPCTBI Ta
JIEMOHCTPYE, 1110 HaiO11bII 3aTpeOyBaHUMU € PILLICHHS AJs BUSBIEHHS Oyp’siHIB, OB, XBOPOO 1
mKigHUKIB. Y po6oTi Rakhmatulin Ta in. [4] npoaHaii3oBaHO BUKOPUCTAHHS ITTMOOKUX HEHPOHHUX
MepeX s BUABICHHS POCIMHHHMX OO €KTIB y pealbHOMY Haci, IO MiATBEPAXKY€E MPHIATHICTH
OJTHOETAITHUX JICTEKTOPIB JIJISl TTOJIbOBHX YMOB 13 dKOPCTKMMHU OOMEKEHHSIMH IIOA0 IIBHUIKOIIT.
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Jlst 3aa4y MONITYKYy TEIJIOKPOBHUX 00 €KTIB MPUHIIMIIOBO BAKIMBHUMH € TIpalli, MPUCBIYCHI
TETUIOBI31IHHOMY JIETEKTYBaHHIO TBAPHH 1 po0OOTi 3 iH(paYepPBOHUMHU JAHUMH.

VYV crarri Christiansen Ta iH. [5] MOKa3aHO MOXJIHMBICTh ABTOMATHYHOTO BUSBICHHS I
pO3Mi3HaBaHHS TBapHH 3a TEIUIOBUMH o3HaKamu. Orisin Zheng Ta iH. [6] y3arajibHIOE Cy4acHH CTaH
iH(pauepBOHOI Bizyai3allii B TBAPUHHUIITBI U MiATBEP/UKYE, 10 OE3KOHTAKTHI TETJIOBI JaH1 MalOTh
BHCOKY LIHHICTB IS TIOIIYKY Ta Kiacugikaii Oionoriunnx 00’ekTiB. Rietz Ta iH. [7] 1eMOHCTPYIOTH
MPaKTUYHI TepeBard OEe3MUIOTHOTO TEIIOBI3IMHOTO MOHITOPUHTY IS BUSBICHHS OO0 E€KTIB Y
NPUPOJHOMY cepenoBHIli. PasoM 3 TUM OUIBIIICT HAasBHUX JOCIIPKEHb ad0 30CepelKeHa Ha
BY3bKHX 3aJlayax, HalPUKJIAJ BUSBJICHHI KOMaxX y mactkax (Zhang Ta iH. [8]), abo ommcye okpemi
Mojieni 0e3 AOCTaTHBOI yBaru 10 iHTerpauii 3 BUPOOHHMYUM KOHTYPOM arpapHOTO MOHITOPHUHTY
(Ahmed Ta iH. [9]). Came Tomy akTya’dbHUM € (OPMYBAHHS apXITEKTypH I1HTEICKTyaIbHOL
MiCUCTEMH, OPIEHTOBAHOI He JInIIe Ha (DaKT JETEKTYBaHHS, a i Ha BKIIIOYCHHS Pe3yJIbTaTy B IPOLIEC
TEXHOJIOTTYHOTO YITPaBJIiHHS.

B crarrti [10] aBTOpaMu mpeCcTaBIICHUN OJUH 3 €TalliB CTBOPCHHS MIJCHCTEMU BHUSBICHHS
TEIUIOKPOBHUX IIIKIIHUKIB, SIKa € IPEIMETOM HAIIOTO AOCTIIKEHHS, a caMe - MiAT0OTOBKA Ta aHali3
JaHUX MOHITOPHHTY penbedy MicIeBOCTI ais imeHTu(iKalii KypraiB, CTBOPEHUX Trpu3yHamu. B
TOMY YMCJIl BUKOHAHO aHajli3 Mikpopenbedy 1 modynoBy iforo DBSCAN mopeni 3 BUKOPUCTaHHAM
cuateTnaHuX LiDAR-manux, Kiactepusaliio aHOMAJbHUX IiJBUIICHb METOJAOM Ta 30€peKeHHS
PE3yNbTaTIB ISl MOAATBIIOTO aHalli3y 3 BUKOPUCTAHHIM MOBHU IIporpamyBaHHs R.

MeTow [J0CHiIKeHHsI € OOTPpYHTYBAaHHS apXITEKTYpH IHTENEKTYalbHOI MiJCHCTEMH
BUSIBJICHHSI TEIUIOKPOBHUX IIKIJHUKIB B aBTOMATH30BaHI CHCTEMiI MOHITOPHHTY BHPOOHUYHMX
MpOLIECiB B arpoHOMIii, BH3HA4YE€HHA 11 (DYHKIIOHANBHUX MOJYJIB, 1H(QOpPMAIIIHUX MOTOKIB Ta
MPUIATHUX KIJIACIB MOJAETIEH KOMII' FOTEPHOTO 30pY AJIsi poOOTH B TIOJIHOBUX YMOBAX.

JlJis nocATHEHHS MOCTaBICHOT METH HEOOX1THO PO3B’sI3aTH TaKi 3aBJaHHS:

1) BU3HAYXTH BUMOTH JIO ITiJICUCTEMH 3 YPaxXyBaHHSIM YMOB arpapHOTO CEpeIOBHUIIA;

2) copMyBaTH JIOTIUHY CTPYKTYpY 300py, epeaBaHHs Ta 0OpoOKH JaHUX;

3) MOpiBHATU MPUIATHICTH OKPEMHUX KJIACIB JETEKTOPIB 00’ EKTIB;

4) BU3HAUUTH MicLIe MiJICUCTEMH Y 3arajbHOMY KOHTYpPI MOHITOPUHTY U MIATPUMKHU PIlLIEHb.

Marepiayu i MmeToam aociigxeHHs. Y poO60OTI BUKOPUCTAHO METO/IM CUCTEMHOTO aHAJI3y Ta
(GyHKITIOHATBHOT IEKOMITO3UIIIT /IS BUALJICHHS PIBHIB 1 MOJIYJIIB IHTENEKTyalbHOT migcucTeMu. J{ms
BHOOPY 0a30BUX MIAXOMIB JI0 JETEKTYBaHHS 3aCTOCOBAHO TMOPIBHSUIBHUI aHall3 KIACUYHUX 1
CY4YaCHHUX apXiTeKTyp KOMIT IOTEpPHOTO 30pY, 1110 HaiyacTillle BUKOPUCTOBYIOTHCS B 3a/1a4ax MOLIYKY
00’€KTIB Ha CIIeH1: oJiHOeTanHuX JieTekTopiB cimeiictBa YOLO [11], TpancopmepHux AeTEKTOPIB
turty DETR [12] ta cnerianizoBaHux arpapHux MoAuQikaiii 17 BUSBIECHHS IIKiTHUKIB [8].

[Hpopmariiiny OCHOBY JOCTII)KEHHSI CTAHOBUJIM HAyKOBI1 MyOJIiKalii, y IKUX PO3TJsSAatoThCs
MUTAHHA TOYHOTO 3eMJIepoOCTBa, OE3MIJIOTHOTO MOHITOPHHTY, TEIUIOBI3IMHOTO JETEeKTYBaHHS
TBapuH, loT-opieHTOBaHKX arpapHUX MIATHOPM 1 CUCTEM aBTOMATUYHOTO BUSBJICHHS ILIKIIHUKIB [ 1 -
9]. Ilpu popmyBaHHI 3aIPONOHOBAHOI APXITEKTYpU BPaXxOBYBAJIHMCS TUIIOBI OOMEXEHHS MOJIHOBOTO
3aCTOCYBAaHHS: 3MIHHA OCBITJIEHICTb, HASIBHICTh POCIMHHOIO IMOKPHUBY, YaCTKOBA OKJI031s1 00’ €KTIB,
nmoTpeda B aBTOHOMHOCTI Ta 00MeXeH1 00UHMCITIOBANIbHI Pecypcr KpalloBUX MPUCTPOIB.

[lig TemyIoOKpOBHUMHU HIKITHUKAMU B MeXaxX JaHOi CTaTTl pO3yMIIOThCS PyXoMi OloJioriyHi
00’€KTH, MPUCYTHICTh SIKUX Ha MOJi a00 Ha MPWJIETNiA TEPUTOpii CTBOPIOE PU3MKH IS MOCIBIB,
YPOIKaro 9M TEXHOJIOTIYHUX orepariiii. 3 mo3uiii inpopMariiifHOi TEXHOJIOT11 1€ 03HaYae, M0 CUCTEMA
MOBMHHA HE JIMIIIE JIOKAJi3yBaTu 00’ €KT Yy KaJpi, a il 3a0e31meunTy MpOCTOPOBY NMPHUB’A3KY, OLIIHUTH
JIOCTOBIPHICTH BUSIBJIICHHS Ta CPOPMYBATH CUTHAJ JJISl OJIAJIBILIOTO YIIPABIIHCHKOTO pearyBaHHS.

Pe3ysabTaTH 10CaiIzKeHHS TAa IX 00roBOpeHHs. Y pe3yibTaTi JOCTIKEHHS 3alpOIIOHOBAHO
OaratopiBHEBY apXITEKTypy IHTEJIEKTyalbHOI IMiJICHCTEMH, OpIEHTOBaHOI Ha poOOTY B CKIAmIl
aBTOMAaTH30BaHOI CHCTEMH MOHITOPHUHTY BHUPOOHWYMX TMpoleciB B arpoHomii. IlpuHiumnosa
B1JIMIHHICTb 3alPONOHOBAHOIO MiIXOly MOJISATa€ y TOMY, 110 MOJYJIb BUSIBIIEHHS PO3IJISA€ThCS HE
SK 130JIbOBaHUI IHCTPYMEHT KOMII FOTEPHOTO 30pY, a SIK KOMIIOHEHT OUTbII MIMPOKOI Kibephi3nyHOi
CUCTeMHM, SIKMM TeHepye Mol g TEXHOJOTrYHOro ympaBimiHHS. CTpPYKTypy 3alporoHOBAaHOI
MiJICUCTEMH HaBEJIEHO Ha puc. 1.
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ABTOMaTH30BaHa CUCTEeMa MOHITOPUHIY BUPOOHMUYMX NpoLeciB B arpoHOMil

e ™
1. CeHcopHMUHM piBeHb
RGB-kamepw * TennogizinHi Moayni * GopTosi ceHcopu BIMJIA * GNSS-npve'A3ka * 4OAATKOBI AaHi: Mikpopenbed,
KapTh nons
\ J/
{ . A
2. AHaniTU4HUU piBeHb
MonepegHsa o6pobka gaHnx * dinbTpaLis WyMmis * HopManisalis kaapis * MoAenb AeTeKTyBaHHA 06'exTiB
\ J/
{ . N 3\
3. MpocTopoeo-BepuchikauinHnm piseHb
[eonpune’s3ka pe3ynbTaTiB * YacoBa MiTKa * 3iCTABNEHHA 3 KAPTOI AiNAHKMN * Nepesipka MOBTOPIOBAHOCTI *
thopMyBaHHA No4ii MOHITOPUHTY
J

v

4. PiBeHb niaTPMMKM pilleHb
I'Ioa'ropHe 0BCTEKEHHA ¢ curHan arpoHoMy * nokKanbHe BTPy4aHHA * OHOBNEHHA KapTu PUsSKUKY

Pucynox 1 — bacamopienesa apximexkmypa iHmenekmyaibHoi niocucmemu Us8ieH s
MenioKPOBHUX WKIOHUKIG Y CKAAOI A8MOMAMU308AHOI cuCmemMu MOHIMOPUH2Y 8UPOOHUYUX
npoyecie ¢ azpoHoMii

ApxiTekTypa mnepeadayae YOTUPH B3a€MOIOB’sI3aHI pIBHI: CEHCOPHHMM, aHATITHYHHM,
MIPOCTOPOBO-BepUQiKALIMHNN Ta pIBEHb MIATPUMKH pimieHs (Tadm. 1).

Tabauys 1 — @ynxyionanvui pieHi iHmenekmyaibHoi Niocucmemu UsGNeHHs MenJ1oKPOSHUX

WIKIOHUKIG
PiBenn OcHoBHi QyHKIil PesyabTaT podoTn
CeHcopHuit Otpumanng RGB- ta TeroBi3iitHux [lepBUHHMI OTIK CHHXPOHI30BaHUX
300pakeHb, YaCOBUX 1 KOOPAWHATHUX JaHUX.
MITOK, TE€JIEMETPii, METCOJaHUX.
AHaITHYHUR [Tonepenus 06poOka Kaapis, JlokanizoBaHi 00’ €KTH 3 OLIHKOIO
HOpMaJTi3allis, BUAICHHS KaHJAUJIATHUX |JOCTOBIPHOCTI.
30H, 3aIyCK MOJEI IeTeKTYBaHHS.
[Ipocroposo- I'eonpus’s3ka, nepeBipka [Tonist MOHITOPHHTY 3 KOOPJIMHATAMH,
BepHU(QiKaliiHUN |TOBTOPIOBAHOCTI CIIPAlIOBaHb, 4acoM Ta pIBHEM PHU3UKY.
3iCTaBJIEHHS 3 KapTOIO MOJIs Ta
MOTIEPEAHIMH CIIOCTEPEKEHHSIMH.
[igTpumxka ®opmyBaHHS CTIOBILIEHb, MTpiopuTe3ais | Pekomennanis ayis arpoHoma abo
pillIeHb pearyBaHHS, IEpEIaBaHHsl JaHUX B aBTOMATH30BAaHOT'O KOHTYPY i 11010

iH(dopMalliifHy cCTEMY roCroJapCTBa.

KOHTPOJTIO YUCEITBHOCTI TIKIITTUBUX
3BipiB Ta 6OPOTHOU 3 HUMH

I
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CencopHuii piBeHb (opMy€e IEPBUHHUMN MOTIK JaHUX 3a paxyHOK RGB-kamep, TemioBi3iiHux
MonyniB, 6oproBux ceHcopiB BITJIA, GNSS-npuB’s3ku Ta 3a morpebu AOAATKOBUX JKEpENl Ha
KIITAIT JaHUX MIKPOpENbedy YU KapT MoJisd. AHATITUYHUN PIBEHb BUKOHYE IONEPEAHI0 0OpOOKY,
¢binpTpamiio ImIyMiB, HOpMalli3alil0 KaapiB 1 3amyck Mojeni jaerekTyBaHHsA. IIpoctopoBo-
Bepu(DiKaiifHUI PiBEHb CITIBCTABIISE PE3YIbTATH ICTEKTYBaHHS 3 KOOpJUHATAMH, YaCOBOIO MITKOIO,
KapTOI0 JUISIHKH Ta ICTOPIEI0 CIOCTEPEXKEHb, MICIs 40oro (opMye IMOAiI0 MOHITOpHHTY. PiBeHBb
MIITPUMKH PpillleHb TpaHCHOPMYE MO0 Y PEKOMEHJAII0: IOBTOPHE OOCTEKEHHS, CUTHAI
arpoHOMY, JIOKaJIbHE BTpy4aHHs a00 OHOBJICHHS KapTu pU3HKy. Ha mpakTuyHOMY piBHI LIl KOHTYpP
MOXe OyTH peani3oBaHUM y BHIJISAII BeO-iHTEp(EHCy MOHITOPHUHTY, SKHH aKyMYJIIO€ Pe3yJIbTaTH
CIIOCTEPEKEHb, OB’ A3aHi 3a/1a4i Ta 3Be/IeH] IOKa3HUKU CTaHy CUCTEMHU.

3anpomnoHOBaHa CTPYKTypa Jlae 3MOTY pO3B’s3aTH MpoOjaeMy XHOHOTO OTOTOXKHEHHS
BUITAIKOBUX TEIUIOBUX aHOMAiH 13 MUTLOBUMH 00’€KTamMH. SIKIO aHAI3yBaTH JUIIEC OJUH Kajp,
CHUCTEMa MOJKE pearyBaTH Ha HArpiTUH KaMiHb, TEXHIKY, 3aJUIIKA POCIHH a00 1HII MEPEIIKO/IH.
Came TOMy Tmicnsi TEPBHHHOTO JETEKTYBAaHHS JOLIBHO BHKOHYBATH IIPOCTOPOBO-YACOBY
BepHudiKallio: MepeBipATH, YU MOBTOPIOETHCS O0’€KT y CYCIAHIX Kaapax, uyu 30epirae xapakrep
Tpa€EKTOpIi PyXy, UM BiAIOBIJa€ JOIMyCTUMOMY Jiana3oHy PO3MIpiB Ta YU PO3TAIIOBAHUHN y 30HI, 1€
TaKa MosiBa € JOT1YHO MOKJIMBOIO.

3 mormsity BUOOPY MOJeNield KOMIT IOTEPHOTO 30pY UIsl TIOJBLOBOTO 3aCTOCYBaHHS HAHOUTBIIT
MPAKTUYHUMU 3aJMIIAI0THCA oJHOeTarnHi AeTekTopu. [Tlounnatoun 3 YOLO sk xoHuenuii €4uHOro
npoxoxy [11], us rpyna mMojenell AEMOHCTPY€E MMOETHAHHS MBUAKOIT W JOCTATHHOI TOYHOCTI, IO
KPUTUYHO BAXIMBO JUIS OMNEpPaTHBHOrO aHamizy BigeonoToky Ha bBIIJIA abo kpaiioBux
oOuncmoBabHUX By3nax. Tpanchopmepni nerekropu, 30kpema DETR [12], € mepcniekTuBHUMEU
3aBIISIKM TJIO0ATBHOMY KOHTEKCTY W CTIHKOCTI O CKJIQJHMX CIICH, OJHAK y 0a30BOMY BapiaHTi
3a3BUYail MOTPeOyIOTh OUTHIINX OOYHMCIIOBAIILHUX PECypCiB 1 JOBIIOTO HaBYaHHS. J[Js arpapHHX
3aJa4 HEBEJIMKUX 1 MIUIBHO PO3TAalIOBaHMX 00’€KTIB KOPHCHUMH € CIeliaii3oBaHi Moaugikarii,
Hanpuknang AgriPest-YOLO [8]. IlopiBHsbHA OIIiHKA KJIACiB MOZENEH /Ui MiICUCTEMHU BUSIBICHHS
IpesicTaBjieHa B TaoI. 2.

Tabauys 2 — Iopisnsanbha oyinka Kiacie mooenet 0Jist niocucmemu 8Us81eHHs

Kuac mopenei IlepeBarn Oo0mexeHHsI JouiabHicTh A5

3agavi

YOLO-nonai6Hi Bucoka mBuakois, [TotpeOyroTh sikicHOi | bazoBuil BapiaHT s

OJIHOETAIH1 MPUAATHICTH 10 00pOOKHU ajanrauii 10 Maldux 1 |KpaloBUX IPUCTPOIB 1
JIETEKTOPHU MOTOKY B peajbHOMY 4aci, 4aCTKOBO BIUIA.

HasIBHICTb BEJIMKOI KIIBKOCTI | OKJIFO30BAHUX

MPAKTUYHUX peatizalliil. 00’€KTIB.
TpancdopmepHi Kpame monentoBanHs Bumii Bumoru 110 HotinbHi s
nerekropu (DETR | rmoGaibHOro KOHTEKCTY pecypciB i yacy cepBepHOI 00poOKHU Ta

Ta HOX1H1 CIIEHH, 3MEHIICHHS HaBYaHHS. JNOHABYAHHS MOJICIIEN.
b

3anexxnocTi Big hand-crafted
MPOIIEAYP TMOCTOOPOOKH.

MIEPEILIKOMN.

CrnemiamizoBani Kpaie BpaxoByoTs Maii Yacto npus’szani g0 |IlepcriekTuBHI micis
arpapHi PO3MipH LiJIEH, MIITbHE KOHKpeTHOro Habopy |(hopMyBaHHs
Moaudikarii po3TairyBaHHS Ta (POHOBI JaHuX abo CIIeHapi0. |BIACHOIO JaTaceTy

npeaMeTHOT 06acTi.

JUis TiABUINEHHS TPAKTUYHOI BU3HAYEHOCTI 3alpOIMOHOBAHOI apXITEKTYpU pPO3pOOJICHO
npototunt BeO-iHTepdeiicy AgroPest Monitor, skuii peanizye GyHKIII y3araibHEHOTO TOAHHS
JaHUX TIPO OIS, CIIOCTEPEKEHHs, 1ii, 3a1a4i Ta ekcnepuMeHTH (puc. 2). Takwuii inTepdeiic Mmoxe
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pO3MIBIIATHCS K TMPUKIIAJ TIOYATKOBOI peastizallii piBHS MOHITOPHHTY Ta MIATPUMKH PIllICHb,
OCKUITBKY 3a0e31euye CTPYKTYpOBaHe BiI0OpaKeHHS MOJIill MOHITOPHUHTY, arperOBaHUX MOKA3HUKIB
CTaHy CHCTEMH Ta TIOB’S3aHUX 13 HUMH Kepyrouux aiid. Lle cTBOprO€ OCHOBY JUIS TOAAJIBIIOTO
MepPEexo/ly BiJl 130JIbOBAHOTO Pe3yJbTaTy ACTCKTYBaHHS JI0 IHTETPOBAHOI MIATPUMKH TPUUHSATTS
pillieHb B aBTOMATHU30BaHil CUCTEMI arpOBUPOOHUIITBA.

CTOpiHKa MOHITOPUHIY NosiB

Y3aranbHeHa iHbopMaLlis Npo nons, cnocTepexexHs, Aii, 3apadi Ta ekcnepuMeHTn B cuctemi AgroPest Monitor.

nons CMOCTEPEXEHHSA 3A0AYI ai EKCNEPUMEHTU

CraTyc BUKOHaHHS 3apay KopoTKuii ornsig MOHITOPUHIY

Po3nogin 33a4ad 3a cTartycamu: 3annaHoBaHo, B L)ODL)M Ta BUKOHaHO. Cucrema BXxe MiCTUTb TecTosi CNnocTepeXxeHHA 3a aKTUBHICTIO TEN/TOKPOBHUX
WKIQHWKIB Ta NoB'A3aHi 3 HUMK Aii

3annaHoBaHo 2 (33%)
KinbKicTb nonis 3 akTUBHUMMU CNOCTEPEXEHHAMMU 3

B poGori 2 (33%) CepefHs iHTEHCUBHICTb CNOCTEPEXEHb 29
KinbKicTb gi, NpuB’'a3aHMx A0 CNOCTEPeXeHb 3

BukoHaHo 2 (33%)

————— S|

Pucynox 2 — Ilpomomun eeb-inmepgheticy pigHs MOHIMOPUHZY Ma RIOMPUMKU PILUEHD
AgroPest Monitor

3 ypaxyBaHHSIM HaBeJIEHOTO MOPIBHSIHHS AJIs EPIo] iTepailii o0y I0BH MiJCUCTEMHU JOIITHHO
BukopuctoByBatd YOLO-noni6Hmii nerekrop sik 6a30BUIl MOAYJb ONEPATUBHOIO BUSBIICHHS, a
TEIUIOBI31HHUI KaHa — sIK 3aci0 MiJIBUILIEHHS KOHTPACTY LUJIbOBUX 00 €KTIB y CYTIHKOBUX Ta HIYHUX
ymoBax. KomOinyBanuss RGB- Ta TemioBux qaHuX € BaKJIMBUM, OCKUIBKU TUTBKU BUIUMUM CIIEKTP
CHJIBHO 3QJIEKHTh Bl OCBITJIEHHS, a TUIbKM TemjoBa iH(OpMallis He 3aBXIU Ja€ JIOCTATHIO
TEKCTYpHY JeTaii3alliio Ui po3Ni3HaBaHHs TUIY 00’ekTa [5-7].

JUisi IpakTUYHOTO BIPOBA/DKEHHS MIJICUCTEMU BAXXKJIUBUM € MUTAHHA Jaracery. buibiicTs
BIJIKpUTUX HAOOpIB JAHMX OpPIEHTOBaHA HA KOMaX-IIKIJHHUKIB, JJUCTKOBI XBOpoOU abo0 CTaHIapTHI
00’€KTHU CUTBCHKOTOCIIOIapChKOT TexHikH [3; 8; 9]. [l 3a1auil BUSBIEHHS TEIVIOKPOBHUX LIKITHUKIB
y MOJBOBUX YMOBaX JAOLUIBHO (JOPMYBATH CHEIIaTI30BaHUNA KOPITYC TaHHX 13 0araToCeKTpaIbHUMHU
napamu Ka/IpiB, aHOTaLlIIMU KJ1acy 00’ €KTa, 4aCOBOi MiTKH, KOOPJMHAT Ta KOHTEKCTY ClIeHH. Takuit
Ha0lp JaHWX Ma€ BKIIOYATH HE JIUIIE TO3UTUBHI MMPUKIIAIHU, a M CKJIa/THI HETaTHBHI BUTIAJIKH: TETIJIOBI
BiOJIMCKH, TiH1, HparMeHTH TEXHIKHU, TOMAIIHIX TBAPHH 1 CTOPOHHI PyXOMi 00’ €KTH.

Y  auckyciiHOMY TIUIaHI  BaKJIWMBO  HArojJOCUTH, 10 ©(EKTUBHICTh  IMJICUCTEMH
BHU3HAYaTUMEThCS HE TIJBKH AKICTIO MOJIENi. Y pealbHOMY BUPOOHHYOMY CEpEIOBHILI ICTOTHY POJIb
BiJIirpatoTh BUcoTa nonboTy BIUUIA, KyT ornsiny, po3aisibHa 34aTHICTh TEIUIOBI30pa, TOTO/IHI YMOBH,
CE30HHA CTPYKTYpa POCIMHHOIO OKPUBY, YaCTOTa 0OJIBOTIB 1 MexaHi3Mu Bepupikanii. Came Tomy
MOJTANTBIIAIA PO3BUTOK CHUCTEMH Ma€ BiIOYBaTHCS SIK TMOEIHAHHS MOJEIHHOTO PiBHS, MPOIEAYP
MOJILOBOT'0 300y IaHMX Ta iHTerpalii 3 iHpopMaliiHo0 1HYPACTPYKTYpOIO rOCIOIapCTRA.

JIyig miBUILEHHS MPAKTUYHOI BU3HAYEHOCT! 3alpONOHOBAHOI MIJCUCTEMH JIOIUIBHO BXKE Ha
TOYHICTh 1 NMOBHOTY BUsBIEHHA (precision, recall), interpansay Fl-mipy, mAP ans noxamizamii
00’€KTiB, CEPETHIO 3aTPUMKY OOpPOOKHU KaJIpy, YACTOTY XUOHHUX CIPAIIOBaHb, a TAKOXK CTAOITBHICTh
poOOTH B yMOBax 3MIHU OCBITIIEHOCTI, YaCTKOBOT OKJIIO311 Ta HeoaHopiaHOoro (hoHy. Ha BimMiHy Big
1a00paTOpPHUX CIIEHApIiB, Y MOJILOBUX YMOBaX KPUTHYHUM € HE JUIIE caM (DakT MpaBUIIBHOTO
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JETEKTYBaHHSI, a ¥ 3JaTHICTh CUCTEMH MMIITPUMYBATH MPUHHATHY TOYHICTh 32 OOMEKEHUX PECYpCiB
KpaiioBOro 0OYUCITIOBAIBHOTO By3J1a Ta 3MIHHUX ITApaMETPIB CEPEIOBUIIIA.

Sk cueHapii mepBUHHOI ampoOarlii MO)Ke pO3IIISIIAaTUCS Cepis KOHTPOJbHHUX OOJBOTIB
TECTOBUX JUISHOK 13 (iKcalli€o JeHHUX, CYTIHKOBUX 1 HIYHUX YMOB CIIOCTEPEKEHHSI, Pi3HOI BUCOTH
nonboTty BIIJIA Ta pi3HOT IIUIBHOCTI POCIWHHOTO TIOKPUBY. Y TaKOMy pa3l pe3ysbTaTh
JETeKTyBaHHS MAlOTh OI[IHIOBAaTHCSA HE 130JbOBAHO, a B TOEJHAHHI 3 MPOLEAYPOI0 IMPOCTOPOBO-
yacoBoi Bepuikallii, sSka BIJACIKAE OJWHUYHI BHUIAJIKOBI aHOMAIii Ta MIATBEPKYE TOIIO
MOHITOPHHTY 3a IIOBTOPIOBAHICTIO 03HAaKH. CaMme Taka MOCTaHOBKA arpoOariii Ha0mkae MOISIbHAN
eKCIIEPUMEHT JI0 PeaJIbHOr0 BUPOOHUYOI0 3aCTOCYBAHHS Ta CTBOPKOE OCHOBY JUISl MOZAAJIBIIOTO
(dhopMyBaHHS CHEIiaIi30BAHOTO IaTACETy MPEIMETHOI 00JIaCTi.

OTxe, 3alIpONIOHOBAHA aPXITEKTypa 3a0e3Ieuye JIOTIYHY OCHOBY Ul CTBOPEHHS MiICUCTEMHU:
BOHA TOE€JHYE MOHITOPUHT BUPOOHWYMX NPOIECIB, IHTENEKTyalbHE pO3IMI3HABAHHSI PYXOMHX
00’€KTIB 1 KOHTYp KEpyBaHHsI Ha OCHOBI ITOAIH.

OTpumani pe3yibTaTH TaKOX CBiT4aTh TMPO MOXKIUBICTH CTBOPEHHS TMPHUKIATHOTO
mporpaMHoOro iHTepdelicy ans Bizyamizamii mojidi MOHITOPUHTY Ta CyHpOBOAY KEpyIOUuuXx i, 110
MIATBEPKEHO po3pobiaeHuM mpototuniom AgroPest Monitor. Ile nae 3Mory po3risgaTa BUSBICHHS
TEIUIOKPOBHUX IIKITHUKIB HE SIK JIOKaJbHY 3aJady KOMII'IOTEPHOTO 30py, a SK EJIEMEHT
aBTOMATH30BaHOI CUCTEMH YIIPABIIIHHS B arPOHOMII.

Pe3ynpTaT MOHITOPUHIY WIKIATUBUX 3BIPIB MOXYTh OyTH BUKOPHUCTAHI ISl KOHTPOIIO iX
YHCEIBHOCTI Ta MOAAJIBINOI OOPOTHOM 3 HUMH (epaTh3allii) pi3HUMH CII0COO0aMH, B TOMY YHCIIi:

® XiMiYHUMH (BUKOPUCTAHHS OTPYHHHUX MPHUMAHOK),

® MeXaHIYHUMHU (MTACTKH, KUBOJIOBKH, KICHOBI MaliJaHIHNKH ),

e (i3nuHNMH (YIBTPa3BYKOBI BIIJISIKYBadi, SIKi CTBOPIOIOTH TUCKOM(OPTHE CEPETOBHUIIE IS

TpU3YHIB),
e 010JOriYHUMH (BUKOPUCTAHHS HMPUPOIHUX BOPOTiB (KOTIiB, Tep’epiB) abo crenudiyHux
OakTepiaJbHUX MpenapaTiB).

BucHoBkn Ta nepcnektuBH. OTXe, B CTaTTi OOIPYHTOBaHO JOLUIbHICTH MOOYJIOBH
THTENEKTYaIbHOT I ICUCTEMH BHUSBJICHHS TETUIOKPOBHUX HIKIHUKIB SIK CKJIQJIOBOI aBTOMAaTH30BaHO1
CHCTEMH MOHITOPUHTY BUPOOHHUYUX MPOIIECIB B arpoHoMii. Taka mijcucreMa MOBUHHA BKIIOUATH HE
JIUIIE MOZYJIb IETEKTYBaHHsI, a i 3aco0u IPOCTOPOBOi Bepudikallii Ta HIATPUMKHU PILIEHb.

3anpornoHoBaHO 0araTopiBHEBY apXiTEKTYypy, IO CKJIATAETHCS 13 CEHCOPHOIO, aHAIITUYHOTO,
IIPOCTOPOBO-BEPU(IKALIMHOIO PIBHIB Ta PIBHS MIATPUMKHU pilleHb. BuzHaueHo (yHKIIi KOXKHOTO
piBHA Ta iHpopMauliiHi MOTOKKM MiX HUMH. [lokazaHo, 110 JuIs mepiuoi peamizauii HifcuCTeMHU
HaNHOUIbII TOIUIBHUM € BUKOPUCTaHHS oAHOeTanHuX AeTekTopiB knacy YOLO y noennanni 3 RGB-
1 TEMmJOBI3IMHMMHU JaHUMH, TOII SK TpaHCHOPMEpPHI MOAETl MOXYTh PpO3IJISAATUC SIK
MEPCTIEKTUBHUI HaIpsM J1J1s1 cepBepHOi 0OpOOKH Ta MOAAJIBIIOTO MiABUILEHHS TOYHOCTI.

[Monmanpmri [oCHiKeHHsT TOUUIBHO 30CepeuTH Ha (hOpMyBaHHI MPEIMETHO-OPIEHTOBAHOTO
JTaTaceTy, EKCIIEPUMEHTAILHOMY TTOPIBHSIHHI MOJIeIel Ha 0araTOCTIEKTPAIbHUX JaHUX, PO3POOJICHH]
KpUTEpIiB OIIHIOBaHHS PHU3UKY Ta IHTEerpamii miJcUcTeMH 3 reoiH(opMalifHUMU cepBicaMH 1
MOJTyJISTMH aBTOMAaTH30BaHOTO pearyBaHHS.
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ARCHITECTURE OF AN INTELLIGENT SUBSYSTEM FOR DETECTING WARM-
BLOODED PESTS IN MONITORING PRODUCTION PROCESSES IN AGRONOMY

Abstract. The paper considers the construction of an intelligent subsystem for detecting warm-blooded pests as a
component of an automated system for monitoring production processes in agronomy. The relevance of the study is
determined by the need for timely detection of biological threats in crop fields, which lead to significant economic losses
and a reduction in the quality of the final product, a reduction in dependence on manual field inspection, and an
improvement in the promptness of decision-making in precision agriculture. Based on the analysis of current approaches
to computer vision, thermal imaging, drone monitoring, and IoT infrastructure, the requirements for a subsystem
architecture are formulated. The subsystem should provide multimodal data acquisition, preprocessing, localization of
potentially dangerous objects, threat assessment, and transmission of results to the decision-support loop. The purpose
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of the study is to substantiate the structure of such a subsystem, identify its main functional modules, and determine
suitable classes of object detection models for field conditions. The study uses methods of system analysis, functional
decomposition, comparative analysis of object detector architectures, and generalization of recent publications in
precision agriculture. As a result, a multi-level architecture is proposed that combines the sensing layer, the analytical
processing layer, the spatial verification layer, and the decision-support layer. The expediency of combining RGB and
thermal data, as well as the use of YOLO-type one-stage detectors for real-time field detection, is substantiated. The
practical value of the proposed approach lies in the possibility of its further integration into automated agricultural
systems and the development of specialized early-warning services.

Keywords: Agronomy, Automated Monitoring System, Computer Vision, Warm-Blooded Pests, Precision
Agriculture, Thermal Imaging, Object Detection, YOLO, IoT.
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