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Ramil Akhundov, Elshan Hashimov

MODELING INFORMATION PROCESSES
AND DERIVING MEASURABLE REQUIREMENTS
IN PHYSICAL PROTECTION SYSTEM DESIGN

The study examines information processes in the conceptual design of physical protection systems and their role
in transforming sensor outputs, operator inputs, and communication flows into timely protective action. Attention is focused
on the fact that design sufficiency is constrained not only by sensors, barriers, and response forces, but also by delays
and uncertainty arising between detection, decision, and dispatch. The purpose of the study is to formalize information
processes as explicit design objects and to develop an approach for deriving measurable information requirements that
can be justified and verified at the conceptual design stage. The objectives are to define a reference workflow from event
generation to response activation, to decompose the total information-to-action time into operational stages, to incorporate
uncertainty related to false alarms, ambiguity, workload, and degraded communications, and to link requirement statements
with acceptance evidence. The research uses a conceptual and methodological approach based on systems analysis, scenario
decomposition, latency structuring, and traceability mapping between threat scenarios, bottlenecks, requirement targets,
and verification evidence. The study develops a structured information-to-action model that makes explicit the stages of sensing,
validation, fusion, decision-making, communication, and dispatch. On this basis, a method is proposed for translating
scenario-specific bottlenecks into verifiable requirements for timeliness, accuracy, completeness, and resilience. The study
also identifies practical forms of acceptance evidence, including timed drills, log-based measurements, stress testing, and
simulation-supported assessment. The results show that conceptual design becomes more defensible when information
processes are modeled explicitly rather than treated as implicit assumptions. The proposed approach enables designers
to justify measurable requirements, reveal critical latency sources, and support revalidation of design sufficiency under
changing operational conditions.

Keywords: physical protection system; conceptual design; information processes; alarm validation; data fusion; command
and control; communications resilience; acceptance evidence.

1. Introduction

Physical protection systems are typically described
in terms of tangible components: sensors, barriers, access
control devices, and response forces [1-3]. While these
elements are necessary, they are not sufficient to explain
why a system succeeds or fails under real adversarial
conditions. In practice, operational outcomes are often
determined by information processes that connect
detection to action. The same sensor coverage can
produce radically different security performance
depending on how signals are validated, how information
is fused across sources, how quickly decisions are made,
how reliably communications propagate directives, and
how response resources are dispatched under uncertainty
and workload [4, 5].

A persistent methodological weakness in conceptual
design is the implicit assumption of near-perfect
information [6]. Early design stages frequently treat
detection as an instantaneous event, decision-making as
a negligible delay, and communications as a transparent
channel. This assumption is convenient for describing

system architecture, but it is risky for requirement
justification because it masks the dominant sources of
failure. False alarms can saturate operators and erode
trust in alerts. Ambiguous signals can trigger prolonged
validation cycles. Degraded communications can disrupt
escalation and dispatch. Insider-enabled actions can
bypass traditional detection cues. Under such conditions,
the bottleneck is not the physical layer but the
information-to-action loop that governs the timing and
correctness of intervention [6, 7].

The problem addressed in this paper is that
information processes are often not treated as first-class
design objects at the conceptual stage. As a result,
information requirements are either absent or expressed
as generic aspirations rather than measurable thresholds.
This gap weakens review defensibility. A design may be
compliant on paper and still be operationally insufficient
because the information chain cannot deliver timely and
reliable decision support for the detection—decision—
response sequence. Without a structured model of
information flows and latencies, it is difficult to justify
why particular sensor configurations, staffing levels,

© Ramil Akhundov, Elshan Hashimov, 2026
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alarm-management policies, or command-and-control
procedures are sufficient for representative scenarios.

This study argues that conceptual design must
explicitly model information processes, including their
latency and uncertainty, and must translate them into
verifiable requirements. The core idea is straightforward:
sufficiency is time-conditioned, and information delays
consume the time margin needed to interrupt
an adversary before the critical element is reached.
Therefore, conceptual design should specify not only
what is installed, but how information is generated,
transformed, transmitted, interpreted, and acted upon,
with explicit acceptance targets for timeliness, reliability,
completeness, and resilience under degraded conditions.

The aim of this paper is to formalize information
processes within conceptual physical protection design
and to provide a reproducible method for deriving
measurable information requirements that support
system-level sufficiency. The objectives are to define
a reference information workflow from sensing to
decision to response, decompose the information-to-
action timeline into measurable components, represent
key uncertainty sources such as false alarms and
degraded communications, and establish a traceability
structure that links information requirements to scenario
needs and verification evidence.

The remainder of the paper is organized as follows.
The next section reviews related approaches in physical
protection, command-and-control, and alarm management
and clarifies where information processes are under-
modeled. The methods section presents the information-
process model, latency decomposition, and requirement
derivation logic. The results section provides measurable
requirement templates and practical artifacts for verification
and monitoring. The paper concludes with discussion of
implications, limitations, and directions for future work.

2. Background And Related Approaches

Conceptual design of physical protection systems
has traditionally been dominated by prescriptive and
component-oriented approaches. Normative frameworks
provide minimum requirements for barriers, access
control, detection devices, and response arrangements,
enabling consistency and auditability across portfolios of
facilities [8, 9]. This baseline remains essential,
particularly for high-consequence settings, because it
prevents omission of critical protective functions.
However, normative specifications frequently treat
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information as an implicit enabler rather than as
an explicit design object. Requirements tend to describe
what hardware must exist and what procedures must be
documented, while the operational performance of the
information-to-action loop, how quickly and reliably
an alarm becomes a validated decision and an executed
response, is under-specified [10-12].

The classical detection—delay—response doctrine
provides an operational logic that highlights why
information processes matter [13, 14]. Detection must
occur early enough to initiate the defender chain, delay
must create the time reserve needed for response, and
response must be executed before the adversary reaches
the target. In this chain, information is not merely
a front-end sensor output. It is the continuous input to
decision-making and coordination: the defender cannot
exploit delay if alarms are not validated promptly, and
response effectiveness degrades if communications are
unreliable or if command-and-control introduces friction.
Yet, in much of the applied practice, information
processes are treated as a background assumption, with
decision latency and communications reliability either
neglected or treated as fixed constants.

Research on situation awareness and decision-making
in military and security operations provides a more
explicit treatment of information processing, particularly
through the concepts of perception, comprehension, and
projection as prerequisites for action [15, 16]. Within this
literature, performance is strongly influenced by information
quality, cognitive workload, ambiguity management, and
the design of human—machine interfaces. Alarm fatigue
and operator overload are well-known phenomena that
can substantially increase validation and decision time,
even when sensors technically function as specified.
These insights are directly relevant to physical protection
design, but they are often not integrated into the
conceptual requirement-setting process, which still
privileges hardware-centric measures [17, 18].

A related body of work addresses sensor data
fusion, alarm management, and security operations center
workflows. Multi-sensor fusion can reduce uncertainty
and improve classification, but it can also introduce
additional processing steps and latency, especially when
signals are inconsistent or when the system is configured
conservatively to reduce false positives. Alert management
policies, such as escalation rules, acknowledgement
procedures, and prioritization, largely determine the
effective time to take action [19]. The literature also
emphasizes that communications and command-and-
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control are not transparent pipes: network congestion,
degraded links, and procedural bottlenecks can delay
dispatch and reduce coordination quality, particularly
during multi-event situations or intentional diversion.

Across these approaches [20-22], recurring failure
modes can be traced to information processes rather than
to physical components alone. False alarms can saturate
operators and cause delays in acknowledging genuine
events. Ambiguous detections can trigger prolonged
verification cycles [23, 24]. Degraded communications
can fragment the operational picture and slow or
misdirect response. Insider-assisted actions can bypass
expected signatures, forcing reliance on procedural
checks and internal monitoring. These failure modes are
consistent with "compliant but insufficient" outcomes:
a facility may meet prescriptive equipment and staffing
requirements, yet still fail operationally because the
information loop cannot deliver timely, reliable decision
support under representative conditions.

Scenario-based and risk-informed design approaches
partially address these issues by emphasizing operational
context [23]. They encourage designers to consider how
different threat mechanisms stress different subsystems,
including decision-making. Nevertheless, many scenario-
based treatments still stop short of defining measurable
information requirements. Scenarios are used to justify
security measures, but the information processes that link
information discovery to action are not formalized in
a way that allows for the establishment of acceptance
criteria, such as the maximum allowable verification time
for a given alarm load, the minimum communication
availability under degraded conditions, or the required
classification accuracy for a given threat class [25-27].
The gap addressed by this paper is therefore specific:
existing approaches recognize that information matters,
but they lack a unified conceptual model that treats
information processes as first-class design objects and
converts them into verifiable requirements tied to
system-level sufficiency. The contribution pursued here
is to formalize the information workflow from sensing
to decision to response, decompose its latency and
uncertainty components, and provide a traceable method
to derive measurable information requirements and
evidence pathways that can be integrated with physical
protection design from the earliest stages.

3. Material and Methods

This study develops a
methodological framework that

conceptual  and
treats information
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processes as explicit design objects in the conceptual
design of physical protection systems. Two analytical
layers are distinguished. First, a reference information-
process model is introduced to describe how information
moves from sensing to response activation in a protected
facility. Second, a Scenario-Driven Information
Requirement Derivation Method is defined to translate
the modeled information process into measurable,
verifiable, and traceable requirement statements.
The scope is methodological rather than facility-specific:
the purpose is not to calibrate a single site, but to provide
a reproducible structure that can later be instantiated with
site data, operating assumptions, and threat scenarios.

The protected facility is represented as a socio-
technical system comprising sensing assets, human
operators, procedures, command-and-control functions,
communications channels, and response forces. In this
study, command-and-control (C2) denotes the set of
functions responsible for decision-making, authorization,
coordination, and dispatch based on validated security
information. Information is modeled as a bounded
forward process that links observation to action through a
sequence of operational stages. These stages include event
generation and sensing, alarm validation, multi-source
fusion, threat classification, decision and authorization,
communication of directives, dispatch and mobilization,
and response activation. A feedback loop is also
acknowledged conceptually because logs, after-action
review, and parameter updates are necessary for lifecycle
revalidation, but the formal part of the framework focuses
on the forward information-to-action path.

A reference information-process model used in
conceptual physical protection design is presented in
Figure 1. The figure describes only the forward
information-to-action path and the lifecycle feedback
loop; the derivation of measurable requirements is
introduced separately below.

Figure 1 shows how information moves from
heterogeneous sources to response activation through
detection, validation, fusion, decision, communication,
and dispatch stages. In this representation, C2 denotes the
command-and-control functions responsible for decision-
making, authorization, coordination, and dispatch.

Let S denote the set of information sources,
including intrusion sensors, access-control events, video
analytics, operator reports, and system-health telemetry.
Let meM denote information messages generated by
these sources and transmitted through communications
channels under a given operating context. The operating
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context includes visibility, weather, staffing posture,
communications status, operator workload, and the
presence of concurrent incidents. Within this representation,
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the reference model serves a descriptive role: it makes
explicit where information is created, transformed, delayed,
degraded, or lost before a protective action is activated.

Validation and
Fusion

Event Generation
and Detection

Information Sources

Communication
and Dispatch

Decision and

e Response Activation
Authorization (C2)

« intrusion sensors

« access-control events
« video analytics

* operator reports

« system-health logs

« event onset
« first system indication
* detection latency t 4,

« alarm validation

« cross-source fusion

« validation and fusion
latency t, ) tfy

« threat classification

« decision rules

« authorization and escalation
« decision latency t 5,

« directive transmission

« coordination with
responders

« communication and

« action initiation
« handoff to response
forces

Logs, after-action review, and parameter update

dispatch latency t .,

teom, tdisp

Fig. 1. Reference information-process model for conceptual physical protection system design

To avoid ambiguity, the principal symbols and
operational metrics are defined before formal derivation.
For a scenario s, let T. denote the total information-

info,s

to-action time. Let t, . denote detection latency from

event onset to first system indication; t alarm

val,s !
validation time from first indication to confirmed event
status; t multi-source fusion time; t decision and

fus,s ? dec,s 1

authorization latency; t communications latency for

com,s !
disseminating directives and situational context; and
tye.s» dispatch and mobilization time from decision to

response activation. In addition, let P,  denote the

probability of timely detection within a specified time
window, P., the probability of correct classification,

FARS A:om S

message loss rate, and W, an operator-

the false alarm rate, communications

availability, L

loss,s
workload indicator expressed, for example, through
alert arrival rate or queue length. The symbol Pr(-)

denotes probability.

Information  quality is represented through
a minimal set of dimensions that are both operationally
meaningful and measurable at the conceptual design
stage: timeliness, accuracy, completeness, integrity,
and availability. Timeliness is captured through the
latency structure of the information-to-action chain.
Accuracy is represented through timely-detection
and correct-classification probabilities. Completeness
characterizes whether the decision-maker receives
sufficient context to choose and authorize an action
without excessive additional verification. Integrity
addresses the trustworthiness of information and
resistance to corruption or misleading inputs. Availability
reflects whether information and communications

remain usable under degraded or adversarial conditions.
These dimensions are treated as design constraints
rather than as qualitative aspirations because the
objective is to justify measurable requirement targets
at an early design stage.

The reference model is made operational through an
explicit decomposition of the information-to-action time
into stage-specific latency components. For scenario s,
the total information-to-action time is represented as

Tios =t

info,s

Equation (1) states that the total delay between
event onset and response activation is the sum of the
detection, validation, fusion, decision, communications,
and dispatch latencies. This decomposition is aligned
with sufficiency-oriented defender timelines because
information delays directly consume the time margin
available for interruption. At the conceptual design
stage, the key implication is that information processes
must not be treated as negligible constants. Their duration
is scenario-dependent and may become dominant under
ambiguity, high workload, multi-event concurrency,
or degraded communications.

Uncertainty is represented in two complementary
ways depending on the available evidence base. When
historical logs, controlled tests, or validated simulations
support probabilistic characterization, latency terms and
performance measures are treated as random variables
and requirement statements are expressed through chance
constraints. A generic probabilistic acceptance form is

P (Toos T ) 21— 2, )

+t +t

+ tdec,s com,s disp,s * (1)

+t .+t

det,s val,s fus,s

info,s "info,s

where T is the maximum admissible information-to-

info,s
action time for scenario s, and ¢, is a scenario-specific

tolerance for non-compliance that reflects consequence
severity and operational risk posture. When only selected
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stages are dominant for a given scenario, the requirement
may be stated in stage-specific form, for example,

PI" (tval s +tdec s com s — Tproc s ) 2 1_ 8s’ (3)
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where T™ is the maximum admissible time allocated to

proc,s
the validation, decision, and communication stages under
the scenario considered.

Table 1. Information metrics catalogue for conceptual PPS design

\?Aaﬁzgltflé Definition Measurement source Typical acceptance target form
t Detection latency from event onset to first Sensor timestamos: event lods ( )
det system indication PS, 9 Lot < Taer
t Alarm validation time from first indication to | SOC logs; operator <i ( )
val confirmed event status acknowledgement records bar <
t Multi-source fusion time to consolidate signals | Fusion engine logs; analytics
fus into a coherent event pipeline logs Lhus < s ( )
t,, Epe;:g;c;na?]ngczlgtrr]lorlzauon latency to select and C2 system logs; dispatch approvals | t,,. < (s)
t Communications latency for disseminating Network telemetry; message (S)
com directives and situational context delivery logs Yoom < Leom

t Dispatch and mobilization time from decision | Dispatch logs; radio logs; unit <i (s
disp to response activation status logs Lisp = Laisp

Total information-to-action time

Integrated logs across SOC and C2

s) or Pr(-)>1-¢

info tdet +tval +tfus +tdec +tcom +tdisp |nf0 < mfo ( s
P Probability of timely detection within specified | Test campaigns; labeled data; >Pp ( )
D window simulation — D
P Probability of correct classification (threat vs Labeled data; red-team drills; P.>P, ( )
C - :
nuisance, class label) analytics QA

False alarm rate per sensor or per zone per time

SOC alarm logs; analytics output

FAR < FAR(s)

unit
A, Communications availability (successful Network monitoring; message A >A (s)
om | delivery ratio) receipts om = Dom
Message loss rate under nominal/degraded
Lioss conditi%ns g Network telemetry; stress tests L < Lloss( )

W Operator workload indicator (alerts per unit
time, queue length)

SOC dashboards; ticketing system

W <W (s) or queue stability
criterion

&, Risk tolerance for probabilistic acceptance

Governance parameter

Pr (T, <

T ) 21-2

S

When probabilistic estimation is not sufficiently
supported by data, uncertainty is handled through
conservative bounding rather than by unsupported
precision. In such cases, design targets are assigned
explicit margins so that the worst plausible latency
values under the defined operating context remain

within  acceptance limits. This approach avoids
conceptually fragile designs that are sufficient
only under nominal assumptions and provides

a practical bridge between early-stage design and later
empirical refinement.

The reference information-process model is
descriptive. Requirement derivation is performed by
a separate procedure, here termed the Scenario-Driven
Information Requirement Derivation Method. Its purpose
is to convert scenario-specific information bottlenecks
into measurable, verifiable, and traceable requirement
statements. The method proceeds through five steps.

First, a bounded set of representative scenario
classes is defined. These classes are not intended to
exhaust all possible attacks, but to capture the dominant
operational stressors that shape the information process.
Typical classes include covert intrusion, forced entry,
insider-assisted action, diversion plus main attack,
coordinated  multi-point  attack, = communications
degradation, false alarm surge, and sensor degradation
or partial failure. Second, for each scenario class,
the dominant information bottleneck is identified.
This bottleneck may arise from ambiguity-driven
validation delay, false alarm saturation, classification
difficulty,  decision  congestion, communications
instability, message loss, or prioritization conflict
during concurrent events.

Third, the dominant bottleneck is mapped to one or
more measurable metrics. For example, ambiguity-driven
scenarios primarily map to t t and P, ; false

val,s ? fus,s ?
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alarm surge maps to FAR,, W,, and validation delay

under load; degraded communications map to t

Aom,s’ and Lloss,s'

assigned to the selected metrics in a form compatible
with design review and later verification. The resulting
scenario-specific requirement set may be expressed as

Rs — {T max Pmin Pmin FARSmaX, min max Wsmax}’

info,s? "D,s ! "C,s ! om,s ! 0ss,s !

com,s !

Fourth, acceptance thresholds are

where R, is the requirement set for scenario s; P is

the minimum acceptable timely-detection probability;
P the minimum acceptable correct-classification

probability; FAR™ the maximum acceptable false alarm
rate; Ann. the minimum acceptable communications

availability; Lp>  the maximum acceptable message loss

loss,s

rate; and W™ the maximum acceptable operator-

workload level. The specific content of R, may vary by

scenario, but the principle remains constant: every
requirement must be tied to an identified bottleneck
and stated in measurable form.

Fifth, each requirement is paired with an evidence
pathway that makes later acceptance testing or
operational monitoring possible. This step converts
requirement statements from abstract design intentions
into review-defensible claims. The method therefore
links each scenario not only to a bottleneck and a metric,
but also to a verification route that can be exercised
during testing, commissioning, or lifecycle revalidation.

The final element of the methodology is
a traceability structure that connects scenario classes,
information  bottlenecks, measurable requirements,
and acceptance evidence. Time-bound requirements
are primarily associated with instrumented timed
drills, synchronized event logs, and dispatch records.
Accuracy-related requirements are associated with
labeled datasets, controlled red-team exercises, and
validated classification tests. Resilience requirements
under concurrency, false alarm load, or degraded
communications are associated with stress testing,
injected-alarm campaigns, network degradation exercises,
and simulation-supported assessment when repeated
empirical trials are impractical.

This traceability structure has two functions.
Methodologically, it ensures that every requirement
introduced at the conceptual stage has an identifiable
operational motivation and an evidentiary pathway.
Practically, it supports lifecycle revalidation because
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the same metrics that justify the requirement during
design can later be monitored through logs, tests, and
after-action review. In this way, information-process
requirements become explicit, testable, and revisable
components of conceptual physical protection design
rather than implicit assumptions embedded in hardware-
oriented descriptions.

4, Results

This study yields three methodologically connected
outputs for conceptual physical protection system design:

1) a reference information-process model that makes
the information-to-action chain explicit;

2) a scenario-specific set of measurable information
requirements derived from that model;

3) a traceability structure linking each requirement
to a preferred acceptance evidence pathway.

Reference information-process model
as a design object

The first result is a reference information-process
model that represents information not as a background
assumption, but as an explicit part of conceptual
design. In this representation, the information chain is
structured as a bounded sequence of operational stages
extending from event generation and detection to
validation, fusion, decision, communication, dispatch,
and response activation. As described in Section 3.1, this
model captures the forward information-to-action
path and the associated lifecycle feedback through logs,
after-action review, and parameter update.

The practical value of the model lies in its ability to
make time consumption and degradation points visible
at the conceptual stage. Instead of treating detection
as a single instantaneous event, the model distinguishes
between the time required to generate an indication,
the time needed to validate and interpret that indication,
and the additional time consumed by decision-
making, authorization, communication, and dispatch.
This separation is important because, in representative
operational  settings, dominant delays frequently
occur after the first alarm indication rather than at the
point of sensing itself.

When used as a design object, the reference model
supports structured reasoning about where information
may be delayed, degraded, or lost. It therefore provides
a common analytical basis for identifying bottlenecks
associated with alarm ambiguity, false alarm load,
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concurrent incidents, communication degradation, and
operator workload. In this sense, the model is descriptive
rather than prescriptive: it defines the information path
that must be analyzed before measurable requirements
can be assigned.

Scenario-specific measurable
information requirements

The second result is a scenario-specific requirement
set that expresses information performance in measurable
rather than declarative terms. Using the latency
decomposition introduced in Eg. (1), the total
information-to-action time is treated as a structured sum
of stage-specific delays. The probabilistic acceptance
forms in Egs. (2) and (3) then allow these delays to be
bounded either at the total-process level or at the level of
dominant processing stages, depending on the operational
character of the scenario.

On this basis, measurable requirements can be
written as explicit performance targets for timeliness,
accuracy, and resilience. In practical terms, the
requirement set includes bounded total information-to-
action time, bounded validation and decision intervals,
minimum  timely-detection  probability,  minimum
correct-classification  probability, maximum  false
alarm rate, minimum communications availability, and
maximum tolerable message loss and workload level,
as formalized by Eq. (4). The advantage of this structure
is that it transforms conceptual design statements
into reviewable and testable claims.

The requirements are scenario-sensitive rather
than universal. Different scenario classes stress different
parts of the information process and therefore generate
different requirement priorities. In ambiguity-dominated
scenarios, the primary design concern is not only prompt
detection, but also rapid validation and sufficiently
accurate classification. In communication-degraded
scenarios, communications latency, availability, and
message loss become dominant. In  scenarios
characterized by false alarm surges or concurrent
events, operator workload and sustained validation
performance under load become central requirement
categories. The method therefore does not impose
a single fixed target set for all cases. Instead, it produces
a structured requirement profile whose content
depends on the dominant information bottleneck of the
scenario under consideration.

A further result is that these requirements can be
stated without collapsing conceptual design into
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unsupported numerical precision. Where validated
logs, controlled trials, or simulation-supported evidence
are available, the requirement set can be expressed
probabilistically in the form introduced in Egs. (2)
and (3). Where such support is limited, the same
structure remains usable through conservative bounding
and explicit safety margins. This makes the framework
applicable both in early-stage design and in later
refinement phases.

Traceability from scenario class
to evidence pathway

The third result is a traceability structure that
connects  scenario classes, dominant information
stressors, measurable requirements, and acceptance
evidence. This result is important because conceptual
requirements are not credible unless they can be linked
both to an operational need and to a feasible verification
route. In the proposed framework, each requirement is
justified by a scenario-defined bottleneck, quantified
through one or more metrics, and paired with
a corresponding evidence pathway.

This  traceability logic allows requirement
statements to remain operationally meaningful.
A bounded validation time is linked to ambiguity
management and can be assessed through instrumented
timed drills or synchronized event logs. A classification
requirement is linked to interpretation quality and can be
supported by labelled test events, controlled exercises,
or validated analytics assessment. A communications
availability target is linked to degraded-network
scenarios and is supported by telemetry, stress testing,
or injected degradation exercises. In this way, the
requirement object is not limited to a threshold value,
but includes the rationale for the threshold and the means
by which later acceptance can be demonstrated.

To make the traceability structure operational,
Table 2 maps representative scenario classes to dominant
information  stressors,  corresponding  requirement
priorities, and preferred acceptance evidence.

Table 2 summarizes this traceability structure
in operational form. It shows that scenario classes
differ not only by external threat mechanism, but also
by the type of information stress they impose on the
protection process. This mapping provides a disciplined
basis for selecting requirement priorities and matching
them with appropriate evidence pathways at the
conceptual design stage.
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Table 2. Scenario class to information-requirement mapping and preferred evidence

Dominant information
stressor

Scenario class

Primary information requirements
(examples)

Preferred acceptance evidence

Covert intrusion Weak signatures,
ambiguity, delayed

confirmation

Tight bounds on tg, and t, ; minimum Py;

improved P. for low-signature events

Instrumented detection tests;
labeled video/radar datasets;
simulation on stealth paths

Forced entry Clear signatures but
short time window;

rapid escalation

Bound 1ty ; constrain t,, +ty, to preserve

time margin; reliable communications A,

Timed drills; dispatch logs;
communications delivery tests

Insider-assisted Boundary collapse,
atypical signatures,

access-event dominance

Strong P, for credential misuse patterns; low

t,, for access anomalies; integrity/availability
of logs

Access-control audit; red-team
drills; log forensics and anomaly
testing

Concurrent alarms,
saturation, prioritization
conflict

Diversion plus main
attack

Queue stability ((workload (W ));
bound t,, +t . under load; probabilistic

acceptance Pr (T < T_) >1-¢,

info — "info

val

Multi-event exercises; stress tests
with injected alarms; simulation or
hybrid evidence

Coordinated multi-
point attack

C2 overload, ambiguity,
competing priorities

Bound t,, and t,, under concurrency;

resilience of dissemination A,

Coordinated drills; C2 workload
tests; simulation of simultaneous
incidents

Communications
degradation

Delayed/failed message
delivery, fragmented
picture

Availability A, and loss L targets; tighter

bounds on t

loss

«om ; CONservative margins in T, .

Network stress tests; degraded-
mode exercises; telemetry-based
validation

False-alarm surge Operator fatigue, trust

erosion, long validation

FAR limit; bound t,, asa function of W ;

improved P, to reduce nuisance

Log-based measurement;
controlled alarm-injection tests;
analytics QA

Increased miss
probability, delayed

Sensor degradation /
partial failure

Maintain P above threshold under degraded
state; redundancy targets; fallback procedures

Degradation tests; redundancy
checks; simulation with failure

detection

reflected in t,,, and t

modes

dec

Practical implications
for conceptual design review

Taken together, the three outputs strengthen
conceptual design in two ways. First, they make
information performance reviewable at the same level of
rigor as sensors, barriers, and response arrangements.
Second, they provide a structured basis for lifecycle
revalidation because the same metrics used to justify
conceptual requirements can later be monitored through
logs, drills, and stress testing.

As a result, the proposed framework supports
a shift from hardware-centered sufficiency claims to
evidence-oriented  information-process  justification.
Conceptual design is thereby strengthened not through
the addition of complexity for its own sake, but through
explicit recognition that information delay, ambiguity,
and degradation are often decisive determinants of
protective performance.

5. Discussion

The findings of this study indicate that information
processes should be treated as a primary design concern
in conceptual physical protection system design

rather than as a secondary implementation detail.
The proposed reference information-process model
shows that operational sufficiency depends not only
on the presence of sensors, barriers, and response forces,
but also on the ability of the protection system to
transform heterogeneous observations into timely and
reliable action. This point is important because
conceptual designs often assume that once an event is
detected, the remaining information chain will function
with negligible delay or uncertainty. The present results
show that this assumption is methodologically weak,
since validation, fusion, decision, communication,
and dispatch may consume a substantial share of the
available interruption margin.

A central implication of the study is that conceptual
design should explicitly connect information performance
to the broader detection-delay-response logic. Delay
resources create practical protective value only if
information is processed quickly enough to support
timely authorization and mobilization. In this sense, the
reference model contributes more than descriptive clarity:
it provides a structured basis for identifying where
information bottlenecks arise and how they affect
protective sufficiency. The model therefore strengthens
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conceptual review by making information latency and
degradation visible at the same analytical level as
physical barriers and response arrangements.

The results also support the view that information
requirements should be differentiated by scenario rather
than stated as universal design aspirations. Different
scenario classes stress different parts of the information
process and therefore produce different requirement
priorities. Covert intrusion and ambiguity-dominated
situations place greater emphasis on rapid validation and
correct classification, whereas communications-degraded
scenarios make transmission delay, availability, and
message loss more critical. Similarly, false alarm surges
and concurrent events highlight the importance of
workload tolerance and sustained validation performance
under operational load. The scenario-driven requirement
derivation method is therefore valuable because it
converts these differences into measurable and
reviewable requirement profiles rather than leaving them
at the level of general design judgment.

Another important implication is that requirement
credibility depends on traceability to evidence.
Conceptual requirements are stronger when they are not
limited to threshold statements, but are explicitly linked
to a scenario rationale, a measurable metric, and
a feasible acceptance pathway. In this respect, the
proposed traceability structure addresses a common
weakness of early-stage design, namely the tendency to
formulate information-related expectations  without
specifying how they will later be tested, monitored, or
revalidated. By linking requirement categories to
instrumented drills, synchronized logs, stress testing,
or simulation-supported assessment, the framework
improves the defensibility of conceptual design claims
and supports later lifecycle governance.

From a practical design perspective, the study
highlights several areas that deserve more deliberate
treatment in conceptual review. Alarm validation logic,
operator decision support, communications robustness,
and dispatch coordination should be regarded as
measurable engineering objects rather than as procedural
background assumptions. This does not mean that all
information variables must be estimated with high
numerical precision at the conceptual stage. Rather,
it means that information performance should be framed
in a disciplined way, with explicit targets, justified
margins, and a clear pathway for later refinement
when richer empirical evidence becomes available.
Such an approach is especially useful in environments
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where operating conditions, adversary behavior, or
communication reliability may change over time.

At the same time, the proposed framework should
not be interpreted as a substitute for facility-specific
calibration or empirical validation. Its contribution is
methodological: it offers a structured way to represent
the information-to-action chain, derive scenario-sensitive
requirement sets, and connect those requirements to
evidence. The framework is therefore most useful as
a conceptual design instrument that improves
transparency, traceability, and review discipline before
detailed site-specific modeling is performed.

Overall, the discussion confirms the main argument
of the paper: conceptual physical protection design is
strengthened when information processes are modeled
explicitly, translated into measurable requirements, and
tied to evidence-based acceptance logic. By separating
the descriptive role of the reference model from the
procedural role of the requirement derivation method, the
study provides a clearer basis for integrating information
performance into conceptual protection design and for
defending those design choices during expert review,
testing, and subsequent revalidation

The proposed framework should also be interpreted
within its scope. Its contribution is methodological rather
than site-specific, and the requirement structures
introduced here still require calibration against facility
conditions, operating procedures, and validated empirical
evidence. In particular, probabilistic formulations depend
on the availability of sufficiently reliable logs, controlled
trials, or simulation-supported datasets. These limitations
do not reduce the conceptual value of the framework,
but indicate the need for future work on site-level
instantiation and empirical validation.

6. Conclusion

This study has shown that information processes
should be treated as explicit design objects in the
conceptual design of physical protection systems.
The proposed framework demonstrates that protective
sufficiency depends not only on sensing, barriers, and
response resources, but also on the timely and reliable
transformation of observations into authorized action.
By representing the information-to-action chain as
a structured process, the study makes visible the
operational delays and degradation mechanisms that
may otherwise remain implicit in hardware-centered
design descriptions.
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The main contribution of the study is threefold.
First, a reference information-process model was
developed to describe the forward path from event
generation and detection to response activation. Second,
a scenario-driven method was proposed for deriving
measurable information requirements from dominant
information bottlenecks. Third, a traceability structure
was introduced to connect scenario classes, requirement
priorities, and preferred acceptance evidence. Taken
together, these elements provide a more transparent
and reviewable basis for conceptual design decisions.

The results indicate that information requirements
should not be formulated as generic aspirations, but as
scenario-sensitive and measurable design statements.
Depending on the operational character of the scenario,
priority may shift toward rapid validation, correct
classification, communications robustness, workload
tolerance, or bounded end-to-end information latency.
This makes conceptual design more defensible because
requirement targets are linked not only to abstract
performance expectations, but also to identifiable
operational stressors and feasible evidence pathways.

At the same time, the framework should be
interpreted within its intended scope. Its contribution
is methodological rather than site-specific, and the
proposed requirement structures still require calibration
against facility conditions, operating procedures, and
validated empirical evidence. In particular, probabilistic
formulations depend on the availability of reliable logs,
controlled trials, or simulation-supported datasets. Future
research should therefore focus on site-level instantiation,
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MOJIEJIIOBAHHS TH®OPMAIIMHUX ITPOIECIB
TA BUBHAYEHHSA BUMIPIOBAHUX BUMOTI
TP ITPOEKTYBAHHI CUCTEM ®I3UYHOT O 3AXUCTY

YV Oocniooicenni poszensaoaromuvca ingpopmayiiini npoyecu Ha emani KOHYENMyaibHO20 NPOEKMYBAHHS cucmem Qi3uuHo2o 3axucmy
ma iXHA poib y nepemeopeHHi OaHuUx, OMpPUMAnUx 6i0 OamuuKis, 6XiOHUX OAHUX onepamopa ma NomoKie KOMYHIKayii Ha c60€UACHT
saxucui 0ii. Ocobnuea ysaza NPUOINAEMbCA MOMY, WO epEeKMUBHICIb NPOEKNY 0OMeNCYEMbCa He auue damyukamu, 6ap’epamu
ma cunamu peazyBamHA, a U 3ampUMKaMy Ma HEGUZHAYEHICMIO, W0 GUHUKAIOMb MIJIC GUABNEHHAM, RPULHAMMAM DIiUleHH:
ma @ionpagneHHsAM cun peazyéauHs. Memorw Oocniodxcenns € @opmanizayia iHpopmayiiHux npoyecié sAK AGHUX 00 '€kmig
NPOEeKMY8anHs ma po3poOKa nioXod0y 00 GUSHAYEHHSA GUMIPIOBAHUX [HPOPMAYIUHUX 6UMO2, AKI MOJMCHA OOIpYHMy8amu
ma nepesipumu Ha emani KOHYEnmyanbHo20 NPOeKmy8ants. 3a60AHHA NONAAIONb Y GUSHAYEHHI eMANOHHO20 POOOY020 npoyecy
610 eenepayii noodii 0o axmueayii peazysamHs, pPo3OUMMI 3A2AIbHO20 4acy 6i0 iHgopmayii 0o 0ii Ha onepamueHi emanu,
8PAXY6AHMI HEBU3HAYEHOCI, NO08 A3AHOI 3 NOMUTKOGUMU MPUBO2AMY, HEOOHO3HAYHICTNIO, HABAHMAICEHHAM MA NOIPUIeHUM
36’A3KOM, 4 MAKOMC Y68 A3V8AHHI (DOpMYTI06aHb 6uMO2 i3 O00KA3aMu NPUUHAMHOCHI. YV 00CHiOdCeHHT BUKOPUCTOBYEMbCS
KOHUenmyanbHuit ma memooon0ZiYHull nioxXio, 3aCHOBAHUIl HA CUCMEMHOMY aHANi3i, po30Oummi cyeHapiis, CMpYKmMypyeauHi
3AMPUMOK Ma 8I000PANCEHHI NPOCMENCYBAHOCME MINC CYESHAPIAMU 3A2P03, 8Y3bKUMU MICYIMU, YITbOBUMU SUMO2AMU MA OOKAZAMU
nepegipxu. Y docniodcenni po3pooneno cmpykmypogany mooens «8io ingopmayii 00 0iiy, AKa 4imko eusHauae emanu 30HOY8AHHS,
sanioayii, 31umms, NpuiHAMmMs piuieHb, KOMYHIKayii ma oucnemuepusayii. Ha yiti ocHo6i 3anpononoeano memoo nepemeopeHis
6Y3bKUX MiCyb, XApaKmepHux O KOHKPEmHUX CYeHapiie, Ha nepesipliosani GuUMo2u w000 CE0EHACHOCMI, MOYHOCMI, NOGHOMU
ma cmitixocmi. JJoCniONCcen s MaKodc 6USHAYAE NPAKMUYHI POpMU 00KA3I6 NPULHAMHOCMI, KIIOYAIOYU HAGUAHHA 3 OOMENCEHUM
4ACOM, GUMIPIOBAHHA HA OCHOBI JICYPHANIB, CMpec-mecmy8anhs ma OYIHKY 3 6UKOPUCAHHAM Mmooeniogauus. Pesynomamu
noKasyloms, w0 KOHYenmyaivbhe npOeKmyeanHs cmac Oinbls 0OIPYHMOBAHUM, KOAU iHopmayiini npoyecu MoO0enioiomscs sA6HO,
a He pO32NAOAIOMbCA  AK  HEA6HI  NpUnywenna. 3anpononosanutl nioxio 0036011€ NPOEKMYSANbHUKAM — ODIpYHIMY8amu
BUMIDIOGAHT BUMO2U, GUABUMU KPUMUYHI Odicepend 3aMmpUmKu ma niOmpumamu nOSMOPHY NepesipKy OO0CMAMHOCMI NpOeKmy
8 YMOBAX MIHIUBUX eKCHIYAMAYIIHUX YMOB.

Knrouogi cnoga: cucmema ¢hisuunoeo 3axucmy,; KoHyenmyaibHe NpoeKmysanHs,; ingopmayiini npoyecu; nepegipka cueHanie
mpusozeu; 00 €OHanHsi OAHUX, YAPAGLIHHA MA KOHMPOIb, CIIUKICIMb KOMYHIKAYill; 00KA3U NPULHAMHOCHI.
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Igor Grebennik, Oleksii Kovalenko

USE OF ARTIFICIAL NEURAL NETWORKS
FOR MANAGING THE SORTING OF PARCELS IN A CONVEYOR FLOW

The subject matter of the article is the decision-making models of automated sorting lines (ASLs) installed at parcel sorting centers
(PSCs). The goal of the work is to develop a decision-making model for the ASLs serving the loading doors of PSC terminals in the
form of an ANN that classifies parcels according to their weight and dimensions. The following tasks were solved in the article:
an analysis of the design modifications of ASL equipment for implementing three variants of truck loading logic was conducted;
the weight and dimensional ranges of parcels associated with loading chute and loading door numbers were determined; the criteria
for implementing the specified parcel sorting logic; the parameters of training and testing datasets for ANN models were determined,;
using MATLAB tools, training and testing of four types of ANNs were carried out: RBFNN, GRNN, PNN, FFNN; a comparative
analysis of the ANNs was conducted using the relative precision of correct parcel classification by weight and dimensional ranges
and the number of neurons employed as quality metrics. Methods used: systems analysis, analytical methods, computer simulation,
ANN architecture training methods, and mathematical and statistical analysis of training effectiveness. Results achieved.
Comparative training and testing of four types of ANNs was performed. Based on the test results, the FFNN model trained using the
Levenberg—Marquardt method was selected for implementation, as it provides a relative precision (RP) of correct classification 97%.
Conclusions. The developed ASL decision-making model in the form of an FFNN enables the classification of parcels within
a conveyor flow into three ranges of weight and dimensional parameters, thereby implementing the specified sorting logic across
loading doors or chutes. The implemented sorting logic ensures compact loading of truck cargo compartments and reduces the risk
of parcel damage when parcels are stacked on top of one another.
Keywords: delivery logistics; decision-making model; classification; sorting line; artificial neural networks.

1. Introduction A major issue in applying ASLs within the PDI is

the limitation of their decision-making models, which

Statement of the problem

Industrial automation of object sorting is one
of the key areas of development in modern logistics
associated with the provision of postal services in the
parcel delivery industry (PDI) [1] and cross-docking
services [2] for delivering goods from manufacturers
to the warehouses of e-commerce retailers. To support
the PDI, logistics companies employ a network of
intermediate and final parcel sorting centers (PSCs),
central parcel consolidation terminals (CPCTs), and
parcel hubs (PHs). To ensure the delivery of goods
from manufacturers to consumers, a network of
intermediate and final cross-docking distribution centers
is used. The aforementioned transhipment nodes
of delivery logistics networks are designed for
unloading inbound trucks, sorting freight, and loading
outbound trucks for further delivery to the addresses
of subsequent network nodes.

Automated sorting lines (ASLs) are used for object
sorting and serve as structural components for
constructing automated sorting conveyors (ASCs).
Such ASCs are installed at PSCs and cross-docking
distribution centres.

arises from the uncertainty of parcel sorting conditions
based on categories defined by weight and dimensional
parameters. This problem is caused by the limited
functional capabilities of ASLs, which sort parcels solely
by delivery address without considering their weight and
dimensions. This may lead to inefficient utilisation of
truck cargo space during loading, as well as the risk of
parcel damage when parcels are stacked on top of
one another. This problem necessitates research into the
development of an ASL decision-making model that
enables parcel sorting management based on weight and
dimensional classification to implement the specified
outbound truck loading logic.

This article is devoted to the development of
an ASL decision-making model in the form of a neural
network that implements the specified classification of
parcels by their weight and dimensions. This choice of
model implementation is motivated by recent advances in
the use of neural networks, which have led to significant
progress in solving complex problems associated
with virtually every field of human activity [3-5].
The objective of this study is to compare neural networks
and machine learning algorithms for implementing
an ASL decision-making model that classifies and sorts
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parcels according to specified ranges of their weight
and dimensional parameters.

2. Analysis of recent studies and publications

For parcel sorting, PDI transhipment centres are
equipped with ASCs that incorporate ASLs. In general,
the decision-making model of an ASC at a PSC is
implemented as a computer system that monitors parcel
unloading operations and their sorting based on barcode
label information, followed by loading. An analysis of
publications related to the improvement of postal service
logistics within the PDI is associated with the
overarching task of developing decision-making models
for ASLs or ASCs to ensure the continuous (round-
the-clock) and uninterrupted operation of intermediate
PSCs. The problems addressed can be divided into
two research directions.

The first research direction addresses the scheduling
of freight transport across transhipment points of the
logistics network, including arrival and departure times.
In [6], a genetic algorithm was developed to minimise
idle time by monitoring the parcel unloading rate to
manage the dispatch schedule of outbound trucks,
regardless of the loading volume of their cargo
compartments. In [1,7], a PSC model and genetic
algorithms were developed to plan the arrival times of
inbound trucks in order to minimise unloading time.
For planning purposes, the genetic algorithm in [1] uses
information from the PSC model regarding the number of
available unloading doors, while the genetic algorithm
in [7] uses information on the cargo volumes of
inbound trucks. In [8], an adaptive genetic algorithm
was developed that uses parcel label information to
determine an unloading plan for inbound trucks with
unequal cargo volumes. The algorithm also enables the
determination of a shortened parcel transport route along
the conveyor, thereby increasing the throughput of the
CPCT. The study in [8] was continued in [9], where
a CPCT simulation model and a hybrid genetic algorithm
were developed to determine an outbound truck loading
plan, taking into account the parcel transport time along
shortened routes. In [10], a combinatorial algorithm was
developed for planning train interval schedules for their
allocation to railway tracks in order to minimise idle time
at railway transhipment points.

The second direction is associated with research
aimed at increasing PSC throughput, taking into account
the configuration of ASC structural elements. In [11],
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a genetic algorithm was developed to plan the optimal
structure of ASC components that ensures maximum
throughput. A CPCT simulation model and parcel label
information are used to verify the algorithm’s
performance. In [12], a mixed-integer programming
model for PSC was developed that provides two-stage
parcel sorting. A reduction in sorting time is achieved by
minimising the number of ASC equipment settings that
affect the redistribution of parcels from loading to
unloading doors. In [13], two models were developed to
address the problem of increasing conveyor throughput
at a distribution centre while considering its operational
constraints. The first model reduces sorting time by
determining the minimum object transport route along
the conveyor for a specific unloading—loading scenario.
The second model implements a conveyor operating
mode with maximum throughput and minimises all object
transport routes for each unloading and loading operation.
In [14], a deterministic mixed-integer linear model
was developed for evaluating PSC operating scenarios.
The modelling results were used to modify the conveyor
configuration in order to reduce the time required for
manual parcel transport. In [15], a model was developed
for evaluating PSC conveyor throughput, enabling
the assessment of various ASC layout options while
considering parcel sorting time as a function of the
number of loading and unloading doors.

To ensure the delivery of goods from manufacturers
to consumers, a network of intermediate and final cross-
docking distribution centers is used. Such distribution
centers are designed for receiving trucks at inbound
docks, unloading, sorting, and temporary storage of
goods, followed by loading trucks at outbound docks
for dispatch to destinations (the intermediate storage time
for goods is limited to 24 hours). Goods are transported
in standard pallets. ASCs (or ASLs) are used when it is
necessary to unpack goods from delivered pallets for
storage or to consolidate goods onto pallets for dispatch
to a specified address. Research on cross-docking can be
divided into several directions [2, 16-20]: studies on
planning the location of distribution network nodes
and goods delivery routing [2, 16]; studies on optimising
the design and layout of cross-docking centre
equipment [17, 18]; and studies on scheduling inbound and
outbound trucks allocated to docks under conditions of
limited dock availability and warehouse capacity [19, 20].

As a separate direction, one can identify
studies [21-23] on the development of algorithms and
decision-making models for ASLs that address the task
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of sorting objects with respect to their weight and
dimensions. In [21], a nonlinear model for loading
transport  containers  (sub-containers, pallets) was
developed that solves the problem of object consolidation
planning while considering their weight and geometric
parameters (object orientation, dimensional characteristics
of object placement within sub-containers). In [22],
a fuzzy decision-making model for ASLs was developed,
and in [23], an adaptive neuro-fuzzy inference system
was developed, both enabling parcel sorting by weight
and dimensions within a conveyor flow and
implementing the specified loading logic for outbound
trucks at the PSC.

This article is a continuation of the studies [22, 23].

3. Goal and objectives of the study

The goal of the study is to develop a decision-
making model for the ASLs serving the loading doors of
PSC terminals in the form of a neural network that
performs flow-based classification of parcels into three
ranges of weight and dimensions for implementing the
specified sorting logic across loading doors and chutes.

To achieve the stated goals, the following tasks
must be solved:

a) determine the weight and dimensional ranges of
parcels associated with loading chute numbers;

b) determine the parcel sorting logic by weight and
dimensions;

c) determine the parameters of datasets for training
and testing neural networks;

d) conduct training and testing to determine the
architecture of the following ANNSs:

— Radial Basis Function Network (RBFNN);

— Generalized Regression Neural Network (GRNN);

— Probabilistic Neural Network (PNN);

— Feed-Forward Neural Network (FFNN);

e) conduct a comparative analysis of the neural
networks using the number of neurons employed, the
mean squared error (MSE) of training, and the relative

precision of correct parcel classification by the weight
and dimensional ranges defined by loading chute
(loading door) numbers as quality metrics.

4. Materials and methods

Two PSC conveyor modification schemes [22, 23]
are used in this study, enabling three variants of the
specified parcel sorting logic for loading outbound trucks.
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A simplified PSC conveyor scheme [22]
implementing the first and second variants of outbound
truck loading logic is presented in Fig. 1. Parcels from
inbound trucks are unloaded at the PSC unloading doors
designated as "U1", "U2", ..., "UN". By means of sorting
lines ASL-A and ASL-B of the first conveyor ASC-1, the
primary sorting of parcels is performed across
two terminals "A" or "B", each assigned to two
subsequent delivery directions. For this purpose, the
decision-making model of ASL-A (ASL-B) uses the
delivery address information from the parcel label.
To facilitate sorting at terminals "A™ and "B", sorting lines
ASL-1, ASL-2, ..., ASL-N of conveyor ASC-A (ASC-B)
are used, which are responsible for feeding parcels
into the loading chutes "LC" of loading doors designated
as "L1", "L2", ..., "LN". Flow-based loading of parcels
into outbound trucks is performed from chutes "LC"
by manually stacking them in layers on top of one
another, which entails a risk of parcel damage when
they are placed on top of each other and results in
inefficient utilisation of the vehicle cargo space.

To implement the specified loading logic according
to the first and second variants, the decision-making
models of sorting lines ASL-1, ASL-2, ..., ASL-N of
conveyors ASC-A and ASC-B must ensure parcel
classification across N weight and dimensional ranges
defined for each of the N loading doors. Figure 1 shows
a variant for classifying parcels across 3 ranges.
Such sorting provides two variants of loading logic:

—the first variant of loading logic is defined for
a single outbound truck at terminal "A". For each loading
door, ASL-1,2,3 selects parcels within the specified
range. First, parcels whose parameters correspond to
the maximum weight and dimensional range values
(door "L3") are loaded into the truck. Then, the truck
is sequentially loaded at doors "L2" and "L1",
corresponding to decreasing weight and dimensional
ranges. This ensures the possibility of compact truck
cargo loading and reduces the risk of parcel damage
when parcels are placed on top of one another;

—the second variant of loading logic is shown in
Fig. 1 for several outbound trucks at terminal "B". In this
variant, the simultaneous loading of 3 outbound trucks
at doors "L1", "L2", ..., "LN" with parcels of a single
weight and dimensional parameter range is considered.

To implement the specified loading logic according
to the third variant (Fig. 2), all loading doors "L" of
terminals "A" and "B" are equipped with not one but
several loading chutes "LC". Figure 2 shows a variant
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with three chutes: "LC1", "LC2", "LC3". These chutes
are designed to receive parcels in 3 weight and
dimensional ranges. The range values increase in
accordance with the order of loading chute "LC"
numbers. In this case, the ASL decision-making

Management Information System and Devices. 2026. No. 1 (188)

model for loading doors does not differ from the first
and second sorting logic variants (Fig. 1) and must
ensure parcel classification across 3 weight and
dimensional ranges defined for each of the 3 loading
chutes "LC" (Fig. 2).
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Fig. 2. Third variant of truck loading logic

Sorting across three loading chutes provides the
third variant of parcel loading. Loading is performed in
three or more stages depending on the volume of the
vehicle cargo space. At each loading stage, parcels are
arranged in three layers. The first layer consists of parcels
with the greatest weight and dimensions from loading
chute "LC3". The second layer consists of parcels in the
medium range from chute "LC2", and the third layer
consists of the lightest and smallest parcels from chute

Loading Chute (LC)

"LC1". In the second and subsequent loading stages, the
process of arranging parcels by layers is repeated.
This ensures the possibility of compact loading of the
vehicle cargo space and reduces the risk of parcel damage
when they are placed on top of one another.

Thus, in accordance with the goal and objectives of
the study, it is necessary to develop a decision-making
model for the ASLs serving the loading doors of PSC
terminals in the form of a neural network that performs
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flow-based classification of parcels into three ranges of
weight and dimensions for implementing the specified
sorting logic across 3 loading doors or chutes.

The MATLAB environment toolkit (version
R2016a) was employed for the development and
investigation of neural network models using the
computer simulation method. Enhanced training
effectiveness of the neural networks under study was
achieved through the use of a normalisation procedure
for the input data of training and validation samples
in accordance with the requirements of [24].

For the neural networks under investigation,
the input data were specified as a set of column

vectors of dimension 4xN: Py =(py., Pons Pans Pan) s
n=1 2,.,N, where p, denotes the parcel parameters:
p, — weight, p, — height, p, — width, p, — depth.

The target data (classification output) were defined
as a scalar value representing the loading chute (door)

number Y, €{1, 2, 3}, assigned to each vector P from

the set P, . The target data for the validation datasets Y,,

were specified in an analogous manner. According to
the problem formulation, the neural networks under
investigation were required to perform classification of
parcels into three loading chutes "LC" (or doors "L").
Each loading chute (door) number is associated
with three value ranges for each of the four parcel

parameters p, . The assignment of one of the three ranges
of each parameter of vector P to the loading chute or
door numbers Y; (Y, ) is determined by the specified

parcel sorting logic.

For the comparative analysis of the trained neural
networks, the following quality assessment metrics were
employed: the number of neurons utilized, the mean

squared error of training (MSE), and the relative
precision (RP) of correct classification of parcels into
one of the three loading chute (door) numbers PSC.
The RP was calculated during both the training (RP; )
and validation (RP,) phases of the neural networks.

For this purpose, the output values Y, of the trained

neural networks were rounded to integers in accordance
with standard mathematical rules. Subsequently, the

number of true classification (TC) results was recorded
during training  TC, = count{round(Y,,)=Y,,} ~and

validation TC, = count{round (Y,,)=Y,,}. Analogously,
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the false classification (FC) results were recorded
during training FC, =count{round (Y,,)= Y} and
validation FC, = count{round (Y,,)= Y,,}, where the

count() function was used to calculate the number of
satisfied conditions, and the round() function was used
to round a number to the nearest integer. The relative

precision of correct classification was computed
according to the following expression:
Rp TC ) ~ TC ) O

T(V) = =
“oTC,,+FCy, N
where N is the number of input vectors in the training or
validation datasets P, .

5. Research Results and Discussion

5.1. Determination of Parcel Weight
and Dimensional Ranges

According to the problem formulation, the neural
networks under investigation were required to perform
classification of parcels into three loading chutes "LC"
(or doors "L"). Each loading chute (door) number is
associated with three value ranges for each of the four
parcel parameters p,. The following parcel parameters

are defined as neural network input data: p, — weight,
p, — height, p, —width, and p, — depth. For each input
parameter p;, i {1, 2, 3, 4}, 4 value ranges are defined

corresponding to 3 loading chutes "LC" (doors "L").
The parameter value ranges are designated as R,,, R

R

1q 2j1

R,. where the first subscript is the parameter

3m !
index p; , and the second subscript (q, j, m, s) e {1, 2, 3}

defines the range index, which coincides with the
loading chute "LC" (door "L") number. The values of
ranges Ri( ) are given in Table 1.

q,),m,s

In Table 1, the dimensional parameter ranges of
parcels are chosen to be identical. This is done
intentionally for the case when the QR code of a parcel
label does not contain data on its dimensions. In this case,
the ASC determines these parcel parameters from the
results of processing their 3D images. However, during
unloading, a parcel may be placed on the conveyor belt
platform in an arbitrary orientation. Therefore, it is
impossible to determine from the processing results

which parameters {pz, P, p4} the measured dimensional
values correspond to.
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Table 1. Parcel parameter value ranges
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Input parameters

Range designation

Range of parcel parameter values for loading chutes (doors)

"LC1" ("LLY) "LC2" ("L3") "LC3" ("L3")
p, , weight (kg) R, R, —[0, 14.9] R, —[15, 44.9] R; —[45, 60]

P, , height (cm) R,; R, —[0, 39.9] R,, —[40, 119.9] R,s —[120, 160]
P, , width (cm) - Ry —[0, 39.9] Ry, —[40, 119.9] Ry —[120, 160]
P, , depth (cm) 4o R, —[0, 39.9] R,, —[40, 119.9] R, —[120, 160]

5.2. Determination of parcel sorting logic

The parcel sorting logic is defined in accordance
with the rules

RUKLE: IF(plequ)and IF(pz esz) and IF (p, €R,,) and IF (p, eR, ) > L, )

Jm,s

where k =1, 2, ..., K are rule indices; Ry ;. . are the

value ranges of parcel parameters p, corresponding
to three loading chutes "LC" (doors "L") with range
numbers defined by the indices (g, j, m, s)e{l, 2, 3}
(Table 1); L ={L, L, L}={1 2 3} is the loading

chute "LC" (door "L") number.
The sorting logic was defined for each k -rule (2).
For this purpose, four true conditions of belonging

Table 2. Parcel sorting logic matrix (abridged)

of a parcel with parameters {p,,p,,p;,p,} to the
corresponding ranges with indices (g, j, m, s)e{1, 2, 3}
were considered, and the loading chute number L, was
assigned. The number of rules in (2) is determined by the
expression: K =Z°=4%=81, where Z is the number
of conditions in the rule, and G is the number of loading

chutes. The sorting logic matrix is presented in Table 2
(in abridged form).

Indexes of fulfilled conditions in rules (2) Number *LC™ ("L
Rule index k P € Ry P, € RZ_i Ps € Ry P. € Ry foLIJ'Theerk -th rufe Lk)
index q index | index m index S
1 1 1 1 1
2 1 1 1 2
3 1 1 1 3
4 1 1 2 1 1
5 1 1 3 1
6 1 2 1 1
7 1 3 1 1
8 1 1 2 2
9 1 1 2 3
10 1 1 3 2
11 1 1 3 3 2
12 1 2 1 2
13 2 1 1 1
47 2 3 2 2
48 2 1 3 3
49 2 2 3 3
50 2 3 1 3
51 2 3 2 3 3
52 2 3 3 1
53 3 1 1 1
81 3 3 3 3
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The sorting logic presented in Table 2 implements
two criteria for verifying the truth of conditions for the
belonging of parcel weight and dimensional values to the
corresponding ranges associated with the three loading
chutes (doors):

— first criterion: if the rule contains no more than

one true condition with an index from {j, m, s} whose
value exceeds the index q, then the parcel is transported
to the loading chute numbered q ;

—second criterion: if the rule contains two or more
indices of true conditions from {j, m, s} that exceed the
value of index q, then the parcel is transported to the

loading chute numbered q+1. If (q+1) >3 then q=3.
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is a scalar value representing the loading chute (door)
number. For training the neural networks, 5 normalised
datasets were used, which were formed as an input
data array P of dimension 4xN. The vectors
P=(p. P, Psp,) Of array P, contain the parcel
parameter values, which were determined in accordance
with Table 1. The normalisation of weight data p, and
dimensional data p,, p,, p, was performed separately.
The output (target) data is represented as a row vector
Y ={Lk1’ Lz oo LkN} (door)
numbers, defined in accordance with Table 2 for
each vector of array P, . Validation of trained neural

of loading chute

networks was performed using the "dataset6", which
was formed in an analogous manner.

5.3. Determination of dataset parameters The parameters of the datasets for training
for training and testing neural networks and testing ANNSs are presented in Table 3.
For neural networks, the input data is a column
vector P of dimension 4x1, and the target data Y;
Table 3. Parameters of datasets for training and testing ANNs
Purpose Number of values for ranges R ;. [ Total number of tuples Data dimension Name
of data sets Ry R,, R, R,, in the set (N) P (4xN) [ Y, (1xN) | of datasets
3 3 3 3 34=81 4x81 1x81 datasetl
4 4 4 4 44=256 4x256 1x256 dataset2
Training 5 5 5 5 54=625 4x625 1x625 dataset3
6 6 6 6 64=1296 4x1296 1x1296 dataset4
9 9 9 9 94=6561 4x6561 1x6561 dataset5
I Pi(4xN) [ Y, (IxN)
Validation 13 13 13 13 134=28561 dataset6
4x28561 1x28561

5.4. Investigation of Radial Basis Function (RBF)
neural network models

The architecture of the RBF neural network model
in MATLAB is presented in Fig. 3. The number

of RBF network inputs is determined by the dimension
R of the training data P, . For the datasets P, used

(Table 3), with dimension RxN, the RBF network

has 4 inputs (R=4).

Input Radial Basis Layer (1) Linear Layer (2)
[ \r, ) ] ]
b (RAN) w1 S1xN RB function §2xS1 Linear function
R=4 al o a2=Yo
* st | W2 v
Spread P n n2 S2xN
[|dist|| F—{ || dist]| -b1 |—»] A W2-a1+b2 74
Goal RXN S1xN S1xN S2x
dist() x b2
Yr 1(_'_I'>1<N) s1 S2x1 s2 | mse(Y,Yo)
S2=T 1 ’ b1 S1x1 radbas() 1T purelin
R

Fig. 3. Architecture of the RBF neural network model in MATLAB
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The radial basis layer (Fig. 3) transforms the input
data P using RB activation functions, centring their

values with the weight vector W1 (netIW{1,1}).

The RB neurons compute the euclidean distance using
the dist() function, adding the bias bl (netb{1}):

n = dist((net.IW{1,1} p).netb {1}) =[W1-P|-b1. (3)
The resulting RB neuron activation function
has the form:
al= exp(—("\Nl— P|- bl)z/spread ) =radbas(nl), (4)
where "Spread" is the smoothing parameter of the

gaussian RB activation function that determines its width.
In the second layer, the output values al are

linearly combined using weights W2 (net.LW{2,1})
and biases b2 (net.b{z}). The formed combinations

n2=W2-al+hb2, after activation by the linear function,
form the RBF network output: Y, =a2= purelin(n2).

The number of linear layer neurons S2 (the number of
RBF network outputs) is determined by the dimension T

Table 4. Results of RBF model training and validation
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of the target dataset VY;
consideration, S2=T =1).

For training the RBF network, the input data P,
target data Y;, the minimum MSE value " Goal ", and

(for the problem under

the " Spread " parameter are specified. The backpropagation
method is used for training the RBF network. Training
begins with one RB neuron (S1=1). After determining

the output value Y., the RBF network calculates the
mean squared error between two vectors:

N

MSE =mse(YT,YO)=%Z(YTn—YOn)z. (5)
n=1

MSE  minimisation is performed for each

subsequent training epoch of the RBF network by
iteratively adjusting the values of vectors W1, W2
and increasing the number of first-layer neurons S1
by "1" until the condition MSE < Goal is satisfied.

Training and validation of RBF models for parcel
classification research were performed using the datasets
given in Table 3. The best training and testing results
of RBF models, obtained for datasets " datasetl™ and
" dataset4 ", are presented in Table 4.

Training Validation

No "Dataset | SL | Spread | Goal | MSE | MSE, | RP. | Dataset | MSE, | MSE, | RP,
1 datasetl 74 0.1 0.01 0.0 0.0 1.0 dataset6 2.0283 2.1186 0.0418
2 (4x81) 67 0.3 0.01 | 0.0099 0.0 1.0 (4x28561) | 0.0609 | 0.0523 | 0.9477
3 43 0.5 0.01 0.0096 0.0 1.0 0.0739 0.0715 0.9285
4 50 0.7 0.01 0.0098 0.0 1.0 0.0765 0.0806 0.9194
5 40 0.9 0.01 0.0094 0.0 1.0 0.0925 0.1086 0.8914
6 53 1.0 0.01 0.0087 0.0 1.0 0.0944 0.1193 0.8807
I 45 15 0.01 0.0097 0.0 1.0 0.3693 0.4860 0.5604
8 45 2.0 0.01 0.0098 0.0 1.0 0.4535 0.5846 0.4850
9 63 0.3 0.02 0.0179 0.0 1.0 0.0639 0.0586 0.9414
10 58 0.3 0.03 0.0295 0.0617 0.9383 0.0672 0.0643 0.9357
11 55 0.3 0.04 0.0383 0.0370 0.9630 0.0695 0.0686 0.9314
12 51 0.3 0.05 0.0461 0.0494 0.9506 0.0696 0.0692 0.9308
13 dataset4 941 0.1 0.04 0.0400 0.0201 0.9799 dataset6 0.0813 0.0295 0.9705
14 (4x1296) | 882 0.1 0.05 0.0495 0.0918 0.9082 (4%x28561) 0.0797 0.0640 0.9360
15 240 0.3 0.01 0.0096 0.0 1.0 0.0683 0.0655 0.9345
16 137 0.3 0.03 0.0300 0.0046 0.9954 0.0725 0.0808 0.9192

In the course of the research, the values of relative error values (Table 4) were recorded: MSE (5),
precision of correct parcel classification RP (1) MSE,,, MSE,, MSE,. The MSE, values were
during training (RP; ) and validation (RR, ), the number  cajculated using the formula:
of first-layer neurons S1, and four mean squared

1
MSE,, =mse(Y;, Yo)=—> (round (Y;,)—round (Y, ))2 (6)

N ¢

1
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where the round() function defines the rounding operation
to the nearest integer according to mathematical rules.

The values MSE, =mse(Y,, Y,) and

MSE,, =mse(Y,, Y, ) were calculated for the validation
output Y, and target Y, data using (5) and (6).

The use of MSE, and MSE, is associated with the

fact that the relative precision of parcel classification
RP., RR, by loading chute (door) numbers is
determined from the RBF network output data after
rounding them to integers; therefore, the standard MSE
values are uninformative. As the study showed
(rows 1-10, 15 of Table 4), achieving zero standard
MSE values does not lead to expected results, which is
explained by the presence of errors exceeding £0,5.
The value of the specified error " Goal " determines the
number of first-layer neurons: as it increases, the S1
value decreases (rows 2, 9-12 of Table 4). When using
large-size samples and decreasing the "Goal " value
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(rows 13-16 of Table 4), the number of neurons S1
can reach the dimension N of the training sample.

In accordance with the problem statement,
the RBF model (row 2 of Table 4) was selected,
providing the required relative precision of correct
parcel classification RP, = 95% with a minimum

number of neurons S1 = 67.

5.5. Investigation of Generalized Regression
Neural Network (GRNN) models

The architecture of the GRNN model in MATLAB
is presented in Fig. 4. Its first layer is analogous to
the RBF network architecture (Fig. 3) but differs in
the principle of forming the weight vector W1

(net.IW {1,1}) values. These values exactly coincide with

the training sample P, data values. Each neuron in the

first layer computes the Euclidean distance and the
radial basis function in accordance with (3) and (4).

Input Radial Basis Layer (1) Special Linear Layer (2)
{ \ F W1 NxR Activation function \ r Activation function
P (RxN) _
R=>51 p + normprod() a2-Y?.
n1i al 2
| dist| =] lldist]b1 | A »| w2.atrz(at) —p] 74 N
Spread l RxN NxN NxN NxN T<N
dist() T
T T
w2 mse(Yx,Yo)
Y1 (TxN) _> b1 TxN T: Y0
T=1 1 Nx1 radbas() ) pureln()
R

Fig. 4. Architecture of the GRNN model in MATLAB
The GRNN linear neuron layer computes the
weighted mean of the outputs al associated with each

input vector P and the weights of vector W2

n2

_Ww2.al_ netLW{2,1}-al

= Zal =

The formed weighted outputs n2, after activation
by the linear function, form the GRNN output:
Y, =a2 = purelin(n2). The number of GRNN linear

layer neurons T is determined by the dimension
of the target dataset Y; (for the problem under

sum(al)

consideration, T =1).
Training and validation of GRNN models for
parcel classification research were performed using

(net.LW{2,1}). For this purpose, the normalised dot

product is calculated:

=normprod (net.LW{2,1}, a1).

the datasets given in Table 3. GRNN training by the
backpropagation method does not include interactive
adjustment of the number of first-layer neurons,
which is determined by the dimension N of the input
training data P, and weights W1. The best training

and testing results of GRNN models, obtained for
datasets " datasetl ", "dataset2 ", " dataset3", " dataset4"
are presented in Table 5.
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Training Validation
No " Dataset | N1 | Spread | MSE | MSE. | RP Dataset | MSE, | MSE,. | RR
1 datasetl 81 0.1 0.0 0.0 1.0 dataset6 0.0228 0.0126 0.9874
2 (4x81) 81 0.2 0.0 0.0 1.0 (4x28561) 0.0459 0.0329 0.9671
3 81 0.3 0.0261 0.0 1.0 0.0831 0.0738 0.9262
4 81 0.5 0.1191 0.1235 0.8765 0.1375 0.1531 0.8469
5 81 0.7 0.1983 0.2222 0.7778 0.1839 0.2576 0.7424
6 datasetl 81 0.9 0.2562 0.3827 0.6173 dataset6 0.2182 0.3981 0.6019
7 (4x81) 81 1.0 0.2773 0.4568 0.5432 (4x28561) 0.2307 0.4333 0.5667
8 dataset2 256 0.1 0.0001 0.0 1.0 dataset6 0.2358 0.2682 0.7318
9 (4x256) 256 0.3 0.0640 0.0234 0.9766 (4x28561) 0.1350 0.2147 0.7853
10 256 0.5 0.1935 0.3594 0.6406 0.1625 0.2447 0.7553
11 256 1.0 0.4490 0.6250 0.3750 0.2816 0.4431 0.5569
12 dataset3 625 0.1 0.1052 0.1744 0.8256 dataset6 0.1618 0.1989 0.8011
13 (4x625) 625 0.2 0.1291 0.1808 0.8192 (4x28561) 0.1219 0.1755 0.8245
14 625 0.3 0.1553 0.1952 0.8048 0.1163 0.1620 0.8380
15 625 0.5 0.2179 0.3456 0.6544 0.1678 0.2951 0.7049
16 dataset4 1296 0.1 0.0030 0.0 1.0 dataset6 0.0485 0.0629 0.9371
17 (4x1296) 1296 0.3 0.0957 0.1057 0.8943 (4x28561) 0.0965 0.1013 0.8987
18 1296 1.0 0.3158 0.5054 0.4946 0.2423 0.4429 0.5571

During the GRNN model research (similarly
to Table 4), the values of relative precision of correct
parcel classification RR,, RR,, the "Spread" parameter
N1, and

MSE

value, the number of first-layer neurons

four mean squared error values MSE,

MSE, , MSE,; were recorded.
As the study showed, for each training sample

TR Y

the "Spread" parameter must be selected to achieve

the maximum value of
classification precision RP, by loading chute numbers

relative parcel parameter

(ranges). For training datasets "datasetl", "dataset4"
(rows 1-7, 16-18 of Table 5), the RPR, value decreases

with increasing " Spread " value, and the maximum RR,
value was obtained for

datasets "dataset2 ", " dataset3" (rows 8-15 of Table 5),
the maximum RR, value was obtained for Spread =0,2.

The RP,

"dataset3", "dataset4" are lower than for " datasetl",
despite their larger dimension. A deterioration
in validation results was also observed (rows 1-2 of
Table 5) when zero MSE values were achieved during
training, which was caused by the presence of errors
exceeding +0,5.

In accordance with the problem statement, the
GRNN model (row 1 of Table 5) was selected, providing
the required relative precision of correct parcel

Spread =0,1. For training

values for training datasets " dataset2",

classification RR, =99% with a minimum number

of neurons N1=81.

5.6. Investigation
of probabilistic neural network (PNN) models

The architecture of the PNN model in MATLAB
is presented in Fig. 5. Training data, containing N

vectors P for each of which the target data Y; defines
numerical class values in the form of loading chute (door)
numbers L, ={1, 2, 3}, is fed to the PNN input.

To facilitate classification, the function ind2vec(Y; )

converts the dimensionality of the target data Y; from the
1xN format into a positional target vector matrix T of
dimension GxN . The parameter G, =3 specifies the
number of classifiable vectors and is determined by the
maximum value of the loading chute (door) number L,
k= {1, 2, 3} . The ind2vec() function converts the

numerical class values {1, 2, 3} into three vectors
{(1 0 0)T (01 0)T , (00 1)T} , respectively.

The first PNN layer (Fig. 5) is analogous to
the GRNN architecture (Fig. 4), where the weight

vector W1 (net.IW{1,1}) values exactly coincide with

the training sample P, values. Each neuron in the

first layer computes the Euclidean distance and the
radial basis function in accordance with (3) and (4).
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The second-layer weight matrix W2 (net.LW{2,1})

corresponds to the target vector matrix T . The product
W2-al determines N elements of matrix n2 and their
numerical correspondence to each of the G classes.

The competing activation function compet(n2) creates
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vector n2 and "0" in all other cases. The vec2ind (a2)

function is used to convert the positional matrix a2
to the numerical class representation.

Training and validation of PNN models for parcel
classification research were performed using the datasets
given in Table 3. The best training and testing results

the output data array a2. This array contains only  of pNN models, obtained for datasets " datasetl"—
one value equal to "1" for the largest element value of  »gataseta ™, are presented in Table 6.
Input Radial Basis Layer (1) Competitive Layer (2)
[ \r N[ - :
P p w1 NxR Activation function Activation function
(R:E) N + a2 (GxN)
- - n1 a1 n2
Spread | dist|| E-Nb || dist| b1 m Z\_\ P Wt G—XN>74 vec2indl
dist()
1xN _’T ind2vec() el W2=T
(Gx=3) 1xN —»| b1 radbas( : > compet Yo (1xN)
R I NS
Fig. 5. Architecture of the PNN model in MATLAB
Table 6. Results of PNN model training and validation
Training Validation
No I Data set N1 Spread MSE,, RP, Data Set MSE, RP,
1 datasetl 81 0,1 0.00 1.0 dataset6 0.0126 0.9874
2 (4x81) 81 0,2 0.00 1.0 (4x28561) 0.0329 0.9671
3 81 0,3 0.00 1.0 0.0736 0.9264
4 81 0,5 0.1235 0.8765 0.1303 0.8697
5 81 0,7 0.1605 0.8395 0.1485 0.8515
6 81 0,9 0.1728 0.8272 0.1903 0.8097
7 81 1,0 0.1728 0.8272 0.2203 0.7797
8 dataset2 256 0,1 0.00 1.0 dataset6 0.2764 0.7236
9 (4x256) 256 0,3 0.00 1.0 (4x28561) 0.2712 0.7288
10 256 0,5 0.1484 0.8516 0.2524 0.7476
11 256 1,0 0.3555 0.6445 0.2164 0.7836
12 dataset3 625 0,1 0.1744 0.8256 dataset6 0.1996 0.8004
13 (4x625) 625 0,2 0.1808 0.8192 (4x28561) 0.1838 0.8162
14 625 0,5 0.1904 0.8096 0.1612 0.8388
15 625 1,0 0.4704 0.5296 0.4398 0.5602
16 dataset4 1296 0,1 0.00 1.0 dataset6 0.0629 0.9371
17 (4x1296) 1296 0,3 0.1057 0.8943 (4x28561) 0.1035 0.8965
18 1296 1,0 0.2917 0.7083 0.2411 0.7589
During the PNN model research, the values of For training datasets "datasetl”, "dataset4"

relative precision of correct parcel classification during
training (RP ) and validation (RR,), the "Spread"
parameter value, and the number of first-layer neurons
N1 were recorded. Unlike the previously considered
neural networks, the model output data are integers
and do not require rounding. Therefore, only MSE,

and MSE,; were calculated.

(rows 1-7, 16-18 of Table 6), the RR, value decreases
with increasing " Spread " value, and the maximum RR,
value was obtained for Spread =0,1. The maximum RR,

value for training dataset "dataset2" (rows 8-11
of Table 6) was obtained for Spread =1.0, and for

"dataset3" (rows 12-15 of Table 6), Spread =0,5.
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The RR

"dataset3", "dataset4" are lower than for "datasetl",
despite their larger dimension. The minor differences
in the obtained data between the PNN (Table 6) and
GRNN (Table 5) models are explained by the fact

values for training datasets " dataset2",

that the architectures of their first RB layer are
completely analogous.
In accordance with the problem statement,

the PNN model (row 1 of Table 6) was selected,

Input Hidden Layer (1)
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providing the required relative precision of correct
parcel classification RR, =99%

number of neurons N1=81.

with a minimum

5.7. Investigation
of Feed-Forward Neural Network (FFNN) Models

The architecture of the FFNN model in MATLAB
is presented in Fig. 6.

Output Layer (2)

‘ F w1 Activation function F w2 Activation function
| S1xR I S2x81
a2=Yo
P n1 a1l n2 S2xN
W1-P [—|W1-P+b1 =P jC | W2.P || W2-a1+b2 [ =D 74
RxN S1xN S1xN S1xN $2x mse(Yo,Y7)
s1 S2
> b1 S1x1 > b2 S2x1
1 tansig() 1 purelin()
R R — number of element in vector P, S1 - number of neurons in layer 1, S2 - number of neurons in layer 2

Fig. 6. Architecture of the FFNN model in MATLAB

For the datasets P, used (Table 3), with dimension
RxN, the FFNN has 4 inputs (R=4). In the first

(hidden) layer, the P values are linearly combined using
weights W1 (netIW{1,1}) and biases bl (netb{1}).

The formed combinations nl=W1-P+bl, after
activation by the hyperbolic tangent function, form the
hidden layer output of the FFNN: al=tansig(nl). In the

second layer, the values al are linearly combined using
weights W2 (netLW{2,1}) and biases b2 (netb{2}).

The combinations n2=W2-al+b2, after activation by
the linear function, form the FFNN output:
Y, =a2 = purelin(n2). The number of linear layer

neurons S2 (the number of FFNN outputs) is determined
by the dimension T of the target dataset Y; (for the

problem under consideration, S2=T =1).

The backpropagation method is used for training the
FFNN. During FFNN training, the weights W1, W2
(Fig. 6) of the hidden and output FFNN layers are
adjusted. The MATLAB toolkit implements 14 training
algorithms. Based on the research results, two of them
were selected: the Levenberg—Marquardt (LM) algorithm
and the Bayesian Regularisation (BR) algorithm.

For conducting parcel classification research using
the FFNN, the following were specified: the training
algorithm (LM, BR), the number of first-layer
neurons S1, input data P, , and target data Y; (Table 3).

Table 7 presents a fragment of the FFNN model training
and testing results.

During the FFNN model research, the values
of relative precision of correct parcel classification

RP., RR,, the number of first-layer neurons S1, and

four mean squared error values MSE, MSE.;, MSE,,
MSE, recorded. As the FFNN modelling
demonstrated, for the two training algorithms used and
training datasets with dimension N less than 1296,
unsatisfactory values at the level of 90% or below were

obtained (rows 1-4, 10-12 of Table 7). Increasing the
volume of training datasets yields only a slight MSE

decrease, with errors still exceeding +0.5, and an RR,

were

gain of only 0.1-0.3%.

In accordance with the problem statement, the
FFNN model (row 9 of Table 7) trained using
the Levenberg—Marquardt algorithm was selected,
providing the required relative precision of correct
parcel classification RR, =97% with a minimum number

of first-layer neurons S1=281.
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Training Validation
No Data Set | S1 | MSE MSE; Data Set MSE, MSE,; RR,
Levenberg—Marquardt (LM) training method
1 dataset1 20 0.0416 0.0617 0.9383 dataset6 0.1118 0.1381 0.8628
2 (4x81) 24 0.0357 0.0247 0.9753 (4x28561) 0.1125 0.1517 0.8483
3 28 0.1004 0.1111 0.8889 0.1542 0.1804 0.8196
4 dataset4 20 0.0305 0.0193 0.9807 dataset6 0.0628 0.0692 0.9308
5 (4x1296) 24 0.0327 0.0270 0.9730 (4x28561) 0.0636 0.0710 0.9290
6 28 0.0484 0.0255 0.9745 0.0802 0.1061 0.8939
7 dataset5 20 0.0449 0.0453 0.9547 dataset6 0.0540 0.0550 0.9450
8 (4x6561) 24 0.0510 0.0590 0.9410 (4x28561) 0.0448 0.0396 0.9604
9 28 0.0447 0.0430 0.9570 0.0403 0.0302 0.9698
Bayesian Regularization (BR) training method

10 dataset1 20 0.0406 0.0370 0.9630 dataset6 0.1010 0.1106 0.8894
11 (4x81) 24 0.0422 0.0741 0.9259 (4x28561) 0.0990 0.0908 0.9092
12 28 0.0368 0.0494 0.9506 0.0985 0.1082 0.8918
13 dataset4 20 0.0257 0.0039 0.9961 dataset6 0.0703 0.0668 0.9332
14 (4x1296) 24 0.0198 0.0039 0.9961 (4x28561) 0.0694 0.0696 0.9304
15 28 0.0171 0.0031 0.9969 0.0754 0.0731 0.9269
16 dataset5 20 0.0369 0.0346 0.9654 dataset6 0.0680 0.0647 0.9353
17 (4x6561) 24 0.0354 0.0373 0.9627 (4x28561) 0.0729 0.0828 0.9172
18 28 0.0344 0.0340 0.9660 0.1732 0.1883 0.8437

5.8. Discussion of Research Results

In accordance with the problem statement,
an investigation of neural network models was
conducted, using as quality metrics the minimum number
of first-layer neurons N1, MSE, and relative precision
of correct parcel classification RR, by the weight

and dimensional ranges defined by loading chute

(loading door) numbers. The neural networks selected
based on the research results are presented in Table 8.

An analysis of the obtained results shows that the
GRNN and PNN networks do not satisfy the selection
criteria. Their principal disadvantage is that during
training, the number of neurons in their hidden (first)
layer is determined by the number of elements in the
training dataset.

Table 8. Comparative evaluation results of trained neural network models

Bia NN N1 MSE MSE,, RP, MSE, MSE, RP,
RBF 67 0.0099 0.0 1.0 0.0609 0.0523 0.9477
GRNN 81 0.0 0.0 1.0 0.0228 0.0126 0.9874
PNN 81 - 0.00 1.0 1.0 0.0126 0.9874
FFNN 28 0.0447 0.0430 0.9570 0.0403 0.0302 0.9698

It should be noted that the implementation of
exponential radial functions for the GRNN, PNN, and
RBF networks leads to a slowdown in their operation
due to large computational volumes. In this regard, the
FFNN is the most promising, as it provides the required
relative precision of correct parcel classification

(RPV = 97%), and its hidden layer is implemented using

the minimum number of neurons (N1=28) compared

to the other neural networks.

The computational volume of the trained FFNN
is associated with vector addition and multiplication
operations,  which  significantly  simplifies  its
software implementation. The values of the weight
matrix W1 (28x4) and weight vectors W2 (28x1),

bl (28x1), and b2 for the software implementation

of the trained FFNN are presented in Table 9
(in the table, the matrix and vector elements are presented
in transposed form).
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Table 9. Weight coefficient values of the trained FFNN model
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W1 (4x28)
1,6]-0,4]-0,5]-0,1]-5,0]-3,2]-9,2[-14,9]-6 5]-0,6]-13,1] 2,7 1,2 ]-0,8]-1,8]-0,9[11.5]-1.2]-3.7]-1.2]-1.3]-0,5] 0.3 ]-21.,1]-1.5] 5,0 1.3 |15
0,01-0,2[-0,6[0,6]-1,0[0,0{-0.7[ 0.6 [ 7.2[ 0.4 | 0,3 |-0,6]-0,4] 1,9]-2,2[2,0]-0,5[-0,7[0.2[6.8]-0,5[0.3[0.5| -1.6 [ 0.8 |-1,0-0,7[0.7
03|1,2[16[1.4]1,1[3,4[0.8[-0,6 [0.1]1,0] 0,2 |-0,9[0,9]0,0]0.,1]0,1]-0,5]-0,1]-4.3]-2,0]-0,2]-1.1]-0.8] -1,7 [ 0.6 |-0,6]-0,6]1.2
7,6-0,1]-0,7]-0,7]-0,8/-0,3[-0.6] 0,5 [0.0[-0,4] 0,2 |-1,6]-1,4]-1,2[0,2]-1,4]-0,4] 1.2]-4,5[ 0.6 | 1.3]-0,6]-0,2 -16 [0.0 1.8[0.2|1.5

bl" (1x28)

-4,3[1,3]-1,8]2,3]1,0]1,6]/35] 6,6 [3,1][0,6]-6,7]-0,7]0,4]-0,3]-0,9]-0,4] 5,9 |-0,5]-1,8] 3,7]-0,5]-0,7]-1,1|-10,7]-2,2 5,3] 1,9]2,9
W 2T (1x 28)

0,1]-1,7]-0,2|0,8]-0,5]-0,1[2,5] -2,6 |-0,1] 0,6] -2,4 | 0,2]0,3] 0,8]0,3]-0,6|-1,9]-1,8]-0,1] 0,0] 2,2]0,4]-1,8] 0,3 |-2,7[0,2]-3,2[0,5
b2 = -0.59

6. Conclusions and prospects for further research

The conducted study made it possible to determine
the advantages and limitations of the neural network
architectures selected for implementing the ASL
decision-making model that classifies parcels into three
ranges of weight and dimensions and implements the
specified logic of their sorting across PSC loading doors
and chutes within a conveyor flow.

A comparative analysis of such two-layer neural
network architectures as RBF, GRNN, and PNN
demonstrated that the FFNN provides the required
relative precision of correct parcel classification within
a conveyor flow according to their weight and
dimensional ranges defined for PSC loading doors
and chutes, with the minimum number of neurons
employed in the hidden layer.

It is particularly noteworthy that the GRNN and
PNN, while capable of achieving higher levels of relative
precision of correct parcel classification, are limited in
their applicability by the number of neurons in their
hidden (first) layer, which is determined by the number of
elements in the training dataset. A further disadvantage of
the  GRNN, PNN, and RBF is the significant
computational volume caused by the large number of
neurons and the use of exponential radial functions;
however, such neural networks may prove useful in
other application scenarios.

Considering the identified shortcomings, the
following directions for further research can be defined:

—conducting research into possible scenarios for
using decision-making models based on GRNN, PNN,
and RBF to implement parcel sorting planning prior to
their arrival at the PSC. With a prepared sorting plan,
it is possible to implement short parcel transport routes
along the PSC conveyor for their loading with
consideration of weight and dimensional parameters;

—conducting research into possible scenarios for
using FFNN, GRNN, PNN, and RBF at cross-docking
transhipment distribution centers to implement models
for planning preliminary goods sorting, as well as ASL
decision-making models for direct goods sorting. Such
use of neural networks enables the planning of goods
unloading and their distribution across storage racks.
An alternative scenario involves planning goods
sorting using their labels, where the ASL is used for
consolidating goods onto pallets with consideration
of weight and dimensions.

Thus, the comparative analysis not only identified
the most effective neural network architectures but also
revealed their shortcomings and limitations. The research
results demonstrated that solving the problem of parcel
sorting within a conveyor flow requires implementing
an ASL decision-making model based on the FFNN,
which will leverage the advantages of its architecture.

Conflict of interest

The authors declare that they have no conflict
of interest with respect to this research, including
financial, personal, authorship, or other conflicts that
could influence the research and its results presented
in this article.

Funding

The study was conducted without financial support.

Data availability

The manuscript has no associated data.

Use of artificial intelligence

The authors confirm that they did not use artificial
intelligence technology in the creation of this work.




31

Asmomamuzoseani cucmemu ynpaeninua ma npunaou agmomamuxu. 2026. Ne 1 (188) ISSN 3083-7715 (online)
Management Information System and Devices. 2026. No. 1 (188) ISSN 3083-7650 (0135-1710)(print)
References

1. McWilliams, D., Stanfield, P, Geiger, C. (2005), "The Parcel Hub Scheduling Problem: A Simulation-Based
Solution Approach”, Computers & Industrial Engineering, VVol. 49(3). P. 393-412. DOI: https://doi.org/10.1016/j.cie.2005.07.002

2. Akkerman, F., Lalla-Ruiz, E, Mes, M., Spitters, T. (2022), "Cross-Docking: Current Research Versus Industry Practice and Industry
4.0 Adoption", Smart Industry — Better Management, Vol. 28, P. 70-104. DOI: https://doi.org/10.1108/S1877-636120220000028007

3. Soni, B., Mathur, P., Bora, A. (2021), "In Depth Analysis, Applications and Future Issues of Artificial Neural Network",
In: Enabling Al Applications in Data Science. Studies in Computational Intelligence, Vol. 911, P. 149-183. Springer, Cham.
DOI:https://doi.org/10.1007/978-3-030-52067-0_7

4. Katal, A, Singh, N. (2022), "Artificial Neural Network: Models, Applications, and Challenges", In: Innovative
Trends in Computational Intelligence. EAI/Springer Innovations in Communication and Computing. P. 235-257. Springer,
Cham. DOI: https://doi.org/10.1007/978-3-030-78284-9_11

5. Daniel, G. (2019), "Principles of Artificial Neural Networks. Basic Designs to Deep Learning", The World Scientific Press,
440 p. ISBN: 978-981-12-0122-6. DOI: https://doi.org/10.1142/11306

6. Bugow, S., Kellenbrink, C. (2023), "The Parcel Hub Scheduling Problem With Limited Conveyor Capacity and
Controllable Unloading Speeds”, OR Spectrum, No 45, P. 325-357. DOI: https://doi.org/10.1007/s00291-022-00702-y

7. McWilliams, D., Stanfield, P., Geiger, C. (2008), "Minimizing the completion time of the transfer operations in
a central parcel consolidation terminal with unequal-batch-size inbound trailers”, Computers & Industrial Engineering, Vol. 54 (4),
P. 709-720, https://doi.org/10.1016/j.cie.2007.10.006

8. ChenJ., Chen, T., Ou, T., Lee, Y. (2019), "Adaptive Genetic Algorithm for Parcel Hub Scheduling Problem With Shortcuts
in Closed-Loop Sortation System". Computers & Industrial Engineering. Vol. 138:106114. DOI: https://doi.org/10.1016/j.cie.2019.106114

9. Chen, J, Chen, T., Lee, Y. (2023), "Simulation Optimization For Parcel Hub Scheduling Problem in Closed-Loop Sortation
System with Shortcuts”, Simulation Modelling Practice and Theory, Vol. 124(10):102728. DOI: https://doi.org/10.1016/j.simpat.2023.102728

10. Grebennik, 1., Dupas, R., Lytvynenko, O., Urniaieva, |. (2017), "Scheduling Freight Trains in Rail-rail Transshipment
Yards with Train Arrangements”, International Journal of Intelligent Systems and Applications (1JISA), Vol. 9(10), P. 12-19.
DOI: https://doi.org/10.5815/ijisa.2017.10.02

11. Chen, T., Chen, J., Huang, C., Chang, P. (2021), "Solving the Layout Design Problem by Simulation-Optimization
Approach — A Case Study on a Sortation Conveyor System", Simulation Modelling Practice and Theory, Vol. 106:102192.
DOI: https://doi.org/10.1016/j.simpat.2020.102192

12. Jarrah, A., Xiangtong, Q., Bard, J. (2014), "The Destination-Loader-Door Assignment Problem for Automated Package
Sorting Centers", Transportation Science, No 50(4), P. 1314-1336. DOI: https://doi.org/10.1287/trsc. 2014.0521

13. Karami, F., Fathi, M., Pardalos, P. (2023), "Conveyor Operations in Distribution Centers: Modeling and Optimization",
Optim Lett, Vol. 17, P. 1049-1068. DOI: https://doi.org/10.1007/s11590-022-01912-7

14. Werners, B., Wiilfing, T. (2010), "Robust Optimization of Internal Transports at a Parcel Sorting Center Operated
by Deutsche Post World Net", Eur. J. Oper. Res , Vol. 201(2), P. 419-426. DOI: https://doi.org/10.1016/j.ejor.2009.02.035

15. Fedtke, S. , Boysen, N. (2014), Layout Planning of Sortation Conveyors in Parcel Distribution Centers. Transportation
Science, Vol. 51(1), P: 3-18. DOI: https://doi.org/10.1287/trsc.2014.0540

16. Lee, Y., Jung, J., Lee, K. (2006), Vehicle Routing scheduling for Cross-Docking in the Supply Chain, Computers &
Industrial Engineering, Vol. 51(2), P. 247-256. DOI: https://doi.org/10.1016/j.cie.2006.02.006

17. McAree, P., Bodin, L., Ball, M. (2002), "Models for the Design and Analysis of a Large Package Sort Facility. Networks",
Vol. 39, P. 107-120. DOI: https://doi.org/10.1002/net.10017

18. Bozer, Y., Hsieh, Y. (2004), "Expected Waiting Times at Loading Stations in Discrete-space Closed-loop Conveyors",
European Journal of Operational Research, Vol. 155(2), P. 516-532. DOI: https://doi.org/10.1016/S0377-2217(02)00886-X

19. Oh, Y., Cha, C., Lee, S. (2006), "A Dock-door Assignment Problem for the Korean Mail Distribution Center", Computers &
Industrial Engineering, Vol. 51(2), P. 288-296. DOI: https://doi.org/10.1016/j.cie.2006.02.009

20. Choy, K., Chow, H., Poon, T., Ho, G. (2012), "Cross-dock Job Assignment Problem in Space-constrained Industrial
Logistics Distribution Hubs with a Single Docking Zone", International Journal of Production Research, Vol. 50(9), P. 2439-2450.
DOI: https://doi.org/10.1080/00207543.2011.581006

21. Romanova, T., Litvinchev, I., Grebennik, I., Kovalenko, A., Urniaieva, I. (2020), "Packing Convex 3D Objects
with Special Geometric and Balancing Conditions”, Advances in Intelligent Systems and Computing, Vol. 1072.
DOI: https://doi.org/10.1007/978-3-030-33585-4_27

22. Grebennik, 1., Kovalenko, O. (2024), "Realisation of a Given Trucks Loading Logic using a Fuzzy Decision
Making Model", 14th International Conference on Advanced Computer Information Technologies (ACIT), IEEE, P. 27-31.
DOI: https://doi.org/10.1109/ACIT62333.2024.10712615

23. Grebennik, 1., Kovalenko, O. (2025), "Adaptive Neuro-Fuzzy Inference System (ANFIS) for Control of Loading Logic in
Parcel Sorting Centers", 15th International Conference on Advanced Computer Information Technologies (ACIT), IEEE, P. 46-50,
DOI: https://doi.org/10.1109/ACIT65614.2025.11185826

24. Nawi, N., Atomi, W., Rehman, M. (2013), "The Effect of Data Pre-Processing on Optimized Training of Artificial Neural
Networks, Procedia Technology", Vol. 11, P. 32-39. DOI: https://doi.org/10.1016/j.protcy.2013.12.159

Received (Haoiiiuna) 09.02.2026
Accepted for publication ([lpuitnama oo opyxy) 20.02.2026
Publication date (/Jlama ny6nrixayii) 12.03.2026



https://doi.org/10.1016/j.cie.2005.07.002
https://doi.org/10.1108/S1877-636120220000028007
https://doi.org/10.1007/978-3-030-52067-0_7
https://doi.org/10.1007/978-3-030-78284-9_11
https://doi.org/10.1142/11306
https://doi.org/10.1007/s00291-022-00702-y
https://doi.org/10.1016/j.cie.2007.10.006
https://doi.org/10.1016/j.cie.2019.106114
https://doi.org/10.1016/j.simpat.2023.102728
https://doi.org/10.5815/ijisa.2017.10.02
https://doi.org/10.1016/j.simpat.2020.102192
https://doi.org/10.1287/trsc.%202014.0521
https://doi.org/10.1007/s11590-022-01912-7
https://doi.org/10.1016/j.ejor.2009.02.035
https://doi.org/10.1287/trsc.2014.0540
https://doi.org/10.1016/j.cie.2006.02.006
https://doi.org/10.1002/net.10017
https://doi.org/10.1016/S0377-2217(02)00886-X
https://doi.org/10.1016/j.cie.2006.02.009
https://doi.org/10.1080/00207543.2011.581006
https://doi.org/10.1007/978-3-030-33585-4_27
https://doi.org/10.1109/ACIT62333.2024.10712615
https://doi.org/10.1109/ACIT65614.2025.11185826
https://doi.org/10.1016/j.protcy.2013.12.159

32

ISSN 3083-7715 (online) Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)
ISSN 3083-7650 (0135-1710)(print) Management Information System and Devices. 2026. No. 1 (188)

Bioomocmi npo aemopis / About the Authors

I'pebennik Irop BanepiiioBu4 — DOKTOp TEXHIYHUX HayK, podecop, XapKiBCHKUH HAI[lOHANFHUN yHIBEPCUTET PafiOeIeKTPOHIKH,
3aBiqyBad KadeIpyu KOMIT FOTEPHOTO MOJACTIOBAHHS Ta IHTENEKTYaIbHUX TEXHOJOT1H; XapKiB, YKpaiHa;
Igor Grebennik — Doctor of Technical Sciences, Professor, Kharkiv National University of Radio Electronics, Head at the
Computer Modelling and Intelligent Technologies Department; Kharkiv, Ukraine;
e-mail: igor.grebennik@nure.ua
ORCID ID: https://orcid.org/0000-0003-3716-9638

KoBanenko Ouekciii AnapilioBny — XapkiBCbKHil HalliOHAJNbHUI YHIBEPCUTET pPaIioOCieKTPOHIKH, acmipanT Kadenpu
KOMIIT'IOTEPHOTO MOJIETIOBAaHHS T 1HTEIEeKTYaJIbHIX TeXHONIOT1H; XapkiB, YkpaiHa;
Oleksii Kovalenko — Kharkiv National University of Radio Electronics, Postgraduate Student at the Computer Modelling
and Intelligent Technologies Department; Kharkiv, Ukraing;
e-mail: oleksii.kovalenko3@nure.ua
ORCID ID: https://orcid.org/0009-0008-4779-6161

BUKOPUCTAHHSA IITYYHUX HEHPOHHUX MEPEXK
JJIA YIIPABJITHHA COPTYBAHHSAM ITIOCUJIOK Y KOHBEEPHOMY I1OTOLI

IIpeomemom oocnioycenna € mooeni NpuliHAMMA PileHb ABMOMAMU308AHUX copmyanvhux ninill (ASL), axumu ocnaweni
nepeeanxogi yenumpu copmysanns nocunrox (PSC). Mema pobomu — pospobdrenna mooeni npuiinammsa piwienv oas ASL
saseanmaoicyéanvhux oeepetl mepminanie PSC y euensoi wimyunoi netponnoi mepeoici (ANN), wjo 6uKoHye 3a60aHHS COPMYSAHHSI
NOCUIOK 3 02150y Ha ix eaeu U eabapumu. Y cmammi po3e ’a3aH0 maxi 3a80aHHs: NPOAHANI308AHO KOHCMPYKMUBHI 0COOIUBOCMI
Moougbixayii obnaonanna ASL Ona peanizayii mpvox eapianmis 102iKu 308AHMANCEHHA BAHMANCIBOK, BUSHAUEHO OIANA30HU 6acu
11 2abapumie NOCUNIOK, NO8 SA3AHUX 3 HOMEPAMU 3A8AHMANCYBATILHUX JIOMKIE | 06epell;, YCmaHo81eHo Kpumepii 014 peanizayii 3a0anoi
JI02IKU COPMYBAHHS NOCUNIOK, GUIHAYEHO napamempu HaOOpie 0aHux Osl HAGUAHHA U MeCmy8anHs Mooenel Wmy4Hux HelpoHHUX
mepedic (ANNs); 3 euxopucmanusm incmpymenmapito cepedosuwja MATLAB nposedeno HaguanHs 1l mecmy8anHs YOmMupbox 6udie
ANNs: RBFNN, GRNN, PNN, FFNN; i3 3acmocy8aHHAM 5K MempuKu sSKOCMI IOHOCHOI MOYHOCMI NpasunvbHoi kiacugixayii
NOCUIOK 3a OlanazoHamu ix eaeu U 2abapumie i KilbKOCMI 8UKOPUCTOBYBAHUX HEUPOHI8 npoedeHo nopieHAnvHull ananiz ANNS.
Memoou: cucmemHul, aHaLiMUYHUL, KOMN IOMEPHO20 MOOETI08AHHS, Memoou Haguanus 3 apximexkmypoto ANN, mamemamuunuil
i cmamucmuunuil ananiz egpexmusnocmi nasyanns. Jocaznymi pesynomamu. Ilposedeno nopisHsanbhe HAGUAHHA U MeECMYBAHHSI
yomupwvox 6udie ANNs: RBFNN, GRNN, PNN, FFNN. 3a pe3ynomamamu mecmysanus 015 peanizayii obpano modenv FFNN,
Haguerny memooom Jlegenbepea — Mapxeapoma, sAxuii 3abesneuye ionocny mounicme knacugpixayii OIIB na pisni 97%.
Bucnoexu. Pospobnena mooenv nputinamms piwens ASL y euensdi FFNN Oae 3mozy 30iiicHumu Kiacugixayilo nocunox
y nomoyi KOHGeepa 3a mpvboma OianazoHamu ix eacocabapumuux napamempie O0as peanizayii 3a0aHoi J02IKU COPMYEaHHs.
34 3a6aHMAdICY8ATLHUMU O8epuma abo nomkamu. Peanizosama nocika copmysanns 3abesneuye KomMnakmue 3a8aHMANCEHHS
KY306i8 6AHMAICIBOK 1 3HUICYE PUSUKU NOUKOOICEHHA NOCUNIOK, KOJIU B0HU YKIAOAIOMbCS 00HA HA OOHY.

Knrouogi cnosa: nocicmuxa 0onpaenens; Mooeib NPUIHAMMSL PildeHb, KIACUDIKayis, agmomMamu3o8ana copmyeaibHa JiHis,
WMYyYHi HetPOHHI Mepedici.
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I''6PUAHI MOJEJII IHITYYHOI'O IHTEJIEKTY
B 3AJAYAX ABTOMATHU30BAHOI'O OIIHIOBAHHSA
JTOCTOBIPHOCTI PE3VJBTATIB BAJIIJAII IHOOPMAIIIMHUX CUCTEM

IIpeomemom Oocnioxncennsn € asmomamuso8ane oYiHB8AKHHA OOCHMOGIPHOCMI pe3yibmamie eanioayii 6 iHgopmayitinux cucmemax
3 02710y HA CMPYKMYPHI 3ANEHCHOCII MINC KOMROHEHMAMU U CeManmuynuil 3micm eéanioayitunux apmegaxmis. Mema pooomu —
niosulyeHHss HA0IHOCMI ma i0MeEoPIO6aHOCmi 6anioayii 3a 00NOMO2010 pO3POONeHHS 2IOPUOHOT MOOeNT WMYUHO20 IHmMeneKmy,
wo inmezpye epaosi ma cemanmuuni 6UOU NOOAHH OAHUX OJisi PecPeciliHozo OYiHIO8AHHs pieHsi docmogipHocmi. 3as0anus
00CHIOINCEHNA: aHANi3 CMPYKMYPHUX [ cmpykmypro-cemanmuunux mooenei (AST, PDG, CPG, Vul-LMGNN, ECHO, C-PCFG)
y  Kowmekcmi eanioayii  iH¢hopmayitinux — cucmem; QOPMYNIOGAHHA ~MAMEMAMUYHOI NOCMAHOBKU  3A0a4l  OYIHIOGAHHS
docmogipHocmi, pospobnenHs apximexkmypu 2ibpuonoi moodeni Ha ocrosi GNN i mpancghopmepnoeo kodysanvruka, peanizayis
MeXaHiZMy Hmezpayii cmpyKmypHoi ma cemManmuyHoi MOOAIbHOCHel Y CHIIbHOMY GeKMOPHOMY HPOCMOpPI; eKCnepUMeHMAIbHe
docnidocenna Ha epagosomy inancosomy Habopi Oanux DgraphFin V2 i nopienanua 3 0Oasosumu moodersimu. Memoou
0ocnidxceHHa nepedbauaromv 2pagosi HelporHi mepedici, mpancgopmepruil kooysarvhux muny BERT/CodeBERT, peepeciiine

MOOeN0BAHHA 13 CUSMOIOHOK AKMUBAYiero, onmumizayiro memooom Adam ma cmamucmuure OYIiHIOBAHHA AKOCMI 1 KATIOPYSAHHSA
(MSE, MAE, ECE, R?, Spearman £, ROC-AUC). Pesynvmamu pobomu. 3anpononogana cibpuona apximexmypa 3abesneuye

peepeciiine oyintosants docmosiphocmi ¢ inmepesani [0;1] i 0emoncmpye cmabinohy 36idcHicmo 6e3 03HAK NePeHABUAHHS, d MAKOIC
Kpawji 3HAYeHHS BCIX KIOYOBUX MEMpUK NOPIBHAHO 3 HUCMO CEMAHMUYHUMY, HUCMO CMPYKMYPHUMU MA  KIACUYHUMU
cmamucmuyHuMu Mooenamu. AHaniz 6az Mexawizmy camoysazu niomeepous KOPeKmHy IOeHMuikayilo 3HAUyuux CmpyKmypHUX
i cemammuunux 3anexchocmei. Bucnoeok: sanpononosana mooenv 3abesneyye Oinbui mMouHe Kanibposane OYIHIOBAHHA
00CmOoGIpHOCMI  pe3yTbmamis eanioayii, wo 0ac 3Mo2y agmomamusyéamu 6i00ip HeHAOIUHUX pe3yibmamis, 3MeHWUmu GnIue
J00CbK020 hakmopa il niosuwumu 6i0meoprosanicms 8arioayiiinux npoyedyp. llepcnexmugnum HAnpamom nooArLUUX OOCTIONCEHD
€ PO36UMOK MYTbMUMOOUTLHUX APXIMEKMYP i3 OUHAMIYHUM NEPEPOZNOOIIOM 842 MIdHC MOOATLHOCIAMU.

Knrwwuosi cnosa: ciopuoni modeni wmyunozo iHmenexkmy,; eanioayis iHopmayitinux cucmem,; 2paghosi HeupoHHi Mepexci;
mpancgopmepHi moodeni; oyinioganna oocmogipnocmi; DgraphFin V2, pespecitine MoOenio8anHs, Kaniopysanusa umosipHocmeil.

1. Beryn

Cra0inpHe MiJABUIIEHHS KOMIUIEKCHOCTI Cy4YacHHX
IHQOPMAIIHHIX CHUCTEM CTAJI0 NPUYMHOIO BaXKIJIMBOCTI
eTarty BaJlialil K KIIF0Y0BOTO CKIIAJIHUKA 1X (DYHKIIIFOBAHHSI.
oOcsriB  maHmx i

Iz 3pOCTaHHAM YCKIIaAHCHHA

06araTOKOMIIOHEHTHUX apxiTeKTyp MIPOTPaMHOTO
3a0e3neveHHs IATPUMKA JIOCTOBIPHOCTI W TOYHOCTI
pe3ynbTaTiB Bamijalii Hacamrepe], BH3HAYa€e 3arajibHy
[MUTICHICTh CHCTEMH. TpamuIiiiHi MeTomu Baiimarii
JIOCBI Y
Ta iHTepmpeTamii Bpy4Hy, IO HEMHHyYe NPH3BOIHNTH
nporecy

00MeEKeHOT

34e01IBIIOr0  3ajIeXaTh  Bijg  JIFOACHKOIO

0  cy0’ekTHBi3amii OL[IHIOBAHHA, HOTO
HETIOCTIIOBHOCTI  Ta PO3LIMPIOBAHOCTI.
Kpim TOTrO0, HE € SIBHOIO 1 MEepPCIEeKTHBA BiITBOPIOBAHOCTI
TPAIUIIfHAX METOJIB BaNiJamii, OCKUTBKH IiJICyMKOBa
OIliIHKa YacTO 3alleKUTh B KOHKPETHOTO eKCIIepTa
a00 0co0IMBOCTEH KOHTEKCTY TECTYBAHHSI.

TexHOMNOTil IITYYHOTO IHTEIEKTY BU3HAYAIOTHCS
IBTEPHATHBHOIO MapaJurMol0 B I[bOMY KOHTEKCTI,

JOTPUMAHHS SIKOI 3/IaTHE YCYHYTH 3a3Ha4eHI 0OMEKEHHS

3a JOTIOMOTOI0 aBTOMAaTH3allil OLIHIOBaHHS pPE3yJIbTATIB
BaMigaIlil Ta 3HMKCHHSA BIUIMBY JIIOJICHKOro (hakropa.
3 ormsiy Ha BHIIECKa3aHe MoJiOHI apXiTeKTypH Moneeit
3aCTOCOBYIOTBCS TO[I, KOJU OOCAT MaHUX 1 CKIIAIHICTh
B3a€MO3B’SBKIB y Mexax iHpopmamniinoi cucremu (IC)
poOIISITh MaHyaJbHY EPEBIPKY HETTPAKTHYHOIO.
OxpeciieHa mpobieMa € OCOOJIMBO aKTYaJbHOIO
B TaKHX CEpeIOBHIAX, SK OaHKOBI Ta (hiHAHCOBI
atopMH, KOPIOpaTHBHI 0a3u maHnX, iH(PacTPYKTypHi
Bapianii DevOps, a TakoX B aHATITUYHUX Ta IHKEHEPHUX
OOUYMCITIOBAIBHAX ~ KOMIUIEKCAX, JUIl SKHX [IbOBA
MOJIeNIb 3JIaTHA IHTEPIPETYBAaTH HE TUIBKU CTPYKTYpHI
3aJeKHOCTI MDK KOMIIOHEHTaMH, ane ¥ TEeKCTOBi
Marepiajid, IO Ja€ 3MOTY BHSBISITH CYIEPEYHOCTI

it aHoMautii, Ha AKi B IHIIOMY pa3i MO>KHA HE 3Ba)KaTH.

2. AHani3 JiTepaTypHuX JKepes
i BU3HAYEHHS NPOOJIeMH JOCTiIZKEeHHS

Crepmry BapTO 3BEpHYTH yBary Ha CTPYKTYpHO-
CEMaHTHUYHUI aHaji3 JaHUX 1 MPOTPaMHOTO CKJIaTHUKA
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IC, mo cnupaeThbest Ha CYKYITHICTh TOAAHHS, NPU3HAYEHY
Ut (hikcarlii SIK CHHTaKCUYHOI CTPYKTYPH, TaK 1 JOT1YHUX
3aJIeKHOCTEH y Mexax cucremu. Cepen Takoro nojaHHs
OCHOBOIIOJIOXKHY IMO3HUIIII0 MAIOTh TP 0a30Bi CTPYKTYpH:
abcTpakTHI cuHTakcuuHi qepesa (Abstract Syntax Tree —
AST) [1], rpadu mporpamuux 3anexHoctei (Program
Dependency Graph — PDG) [2] i rpad BmactuBocTeit
xoxy (Code Property Graph — CPG) [3], ki yTBOPIOIOTb
TEOPETHYHE IMAIPYHTS CYYaCHHX TIOPHIHHX IHTEICKTYTHHIX
MOJIeJIeH, OpIEHTOBaHUX Ha CTPYKTYPHUH aHAII3.

CTPYKTYpPY
BUXiIHOTO KOy abo BXimHOI iH(pOpMaIii, mepeBoasTan ix

AST  BIATBOPIOIOTH  i€papXiyHy
rpaMaTH4YHy OpraHizaiio y ¢opmaiizoBany ¢Gopmy.
KoxHuit By301 y mgepeBi BiANOBimaEe CHHTaKCHYHIM
KOHCTpYKIii, TOOTO BHCIIOBY, omeparopy abo IeBHii
IHCTpYKIii, a pebpa  BH3HAYAIOTh  OATHKIBCHKI
BIJHOIIEHHS MDK LIMMU €JIEMEHTaMHU.

Ha BimMmiHy Bim HpOCTHX TOCTITOBHHX TOKEHIB,
AST MaroTh Taky CTPYKTYpy, B SIKid CIIOCTEpIraeThes
a0CTpaKIIisl BiJl MOBEPXHEBUX NETANCH THUITY ITyHKTYAaIlil
a0o ¢opmaryBaHHS W BOJHOYAC 30epiraeThCsl HasBHA
CTpYKTypa mporpamu. Taka iepapxidHa OpraHizallis Iae
3MOT'y BUKOHYBAaTH CEMaHTHYHI IEPEBIPKH, MEPETBOPESHHS
Ta aHAJITAYHI Omepamii 3 BUIIOK TOYHICTIO, OCKUTBKA
B3ACMO3B’SI3KM Mi>K KOMIIOHEHTAMH € YiTKO 3aKOJ0BAHHMHM.

Tak, y pmocmimkeHHi [l] ommcaHo migXinm o0
KpPOCMOBHOI Kiacuikaiii mporpam i3 BHKOPHCTaHHSIM
yHi(piKoBaHOTO aOCTPAKTHOTO CHHTAaKCHYHOTO JIepeBa
(UAST). HeiipomepexxeBa mojnens Oyna po3poOieHa
SK TmoemHaHHsA aBoX mmiaMepexxk — SAST (mocmimoBHOT)
ta GAST (rpadoBoi) — Al OAHOYACHOTO BWIIyYECHHS
I00ATbHUX CHUHTAaKCHYHUX 1 JIOKAJIBHUX CEMaHTHYHHUX
03HAaK KOJ.

3anpornoHOBaHO MeXaHi3M YHi()iKOBaHOTO CIIOBHHKA,
3a JJONOMOT'OI0 SIKOTO 3MEHIIY€EThCS PI3HULSI MiXK MOBaMHU
MporpaMyBaHHs crioco0oM Hopwmaiizarii By3miB AST.
IIpogeMOHCTPOBAHO BHIIN MTOKA3HUKKA TOYHOCTI, IIOBHOTH
i wmipu F1 mopieasHo 3 CodeBERT (Bidirectional
Encoder Representations from Transformers) i InferCode
Java, C++, Python, C
ta JavaScript, mo miaTBep/Kye €()EeKTHBHICTH MOJEII

Ha Ha0opax JaHmx i3

B 3aBJJaHHI KPOCMOBHOTO CEMaHTUYHOTO aHANI3Y KOIY.
Crpykrypi PDG
HapagurMy, 0o Iepexdavac IOJaHHS 3aleKHOCTEH

BJIACTHBE PpO3LIMPEHHS i€l
JAHUX 1 JIOTIKYy KepyBaHHS B CHCTEMi, SIKi CYKYITHO
BHU3HAYAIOTh XapakTep poOOTH mporpamu. Y mux rpadax
BY3JIM BIANOBINAalOTH omepaTopaM a0 I1HCTPYKLISM,
a CIIpsIMOBaHi pedpa OMHCYIOTh 3B’S3KH, 1[0 BU3HAYAIOTH

MOPSIIOK BUKOHAaHHSA abo moTiK JaHuX. KepyBaibHi
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3aJIeKHOCTI BiJTBOPIOIOTH JIOTIYHI YMOBH, B SIKHX
3aJIC)KUTh BHUKOHAHHSA IIEBHUX IHCTPYKWIH, TOHI SK
3aJI@KHOCTI JIJaHWX BU3HAYAIOTh IPHHIMII 3a/IaBaHHS,
MIOUIMPEHHS] Ta BUKOPHCTaHHS JaHUX MK OIepallisiMH.
Takuii gyanpHMH TOXig Ja€  3MOTY — aHai3yBaTH
SK TPWYAHHO-HACHIAKOBI, TaK 1 (YHKIIOHANBHI
BITHOIIICHHS, IO € BaXJIHUBUM JJI1 PO3YMIHHS TOTO,
SK 3MIHM B OHIH YacTHHI TIpOIeCy BIUIMBAIOThH
Ha pe3yJIbTAaTH B 1HIIIH.

Y pobori [2] 3ampornoHOBaHO PO3MIMPEHY MOAETD —
napanensHo cemantuuny PDG  (Parallel  Semantics
Program Dependence Graph — PS-PDG) — six eBostro1it0
wiacuuHoro PDG, sikuil ommcye 3ajJeXHOCTI JaHuX
i KepyBaHHS  MDK  IHCTPYKISIMH  TIPOTPaMH.
[IpomeMoHcTpoBaHo, 1110 Tpauiiiuuii PDG, opieHTOBaHHI
HA MIOCTIIOBHUHA KOJ, 00MeXy€e ONTHUMIi3aiiHII IpOCTip
JULSL TTapajiebHUX TIPOTPpaM.
PS-PDG

CTPYKTYpY CIOcOOOM JOJaBaHHS i€papXidHUX BY3IIIB,

Mo;[em, y3arajibHIO€ MonepeaHIo

KOHTEKCTiB, HAlpaBIICHNX 1 HEHANpaBIeHNX pedep
Ta 3MIHHHX 13 MapaleibHOI CEMAHTUKOI. 3aBISKH
obOMY 3a0e3MeuyeThCsl TOYHE 30SpeKCHHS CEeMaHTHUKH
napaneabHOTO BUKOHAHHS B KOMIIUIATOPAX 1 ONTHMI3aLlist
iaHiB posmapanentoBanas s OpenMP (Open Multi-
Processing) i Cilk, 1o cripusie 3pOCTaHHIO MPOILYKTHBHOCTI
0e3 NOpyIICHHS! CEMaHTHYHOI €KBIBaJIEHTHOCTI.

CPG 00’eqHyIOTh ONHUCaHI CTPYKTYpH B €IUHY
pernpe3eHTalilo, CyMilaloul CHHTaKCHYHY, CEMaHTHIHY
Ta KepyBajbHY iH(OpMAIlil0, I TAKUM YHHOM € ILIICHOO
CHCTEMOIO JJISl aHaJIi3y Ta BUSBIICHHS 3aKOHOMIPHOCTEH.

VYV crarri [3] po3pobiieHo migxim @0 iHTErparii
LLVM-IR (Low Level Virtual Machine — Intermediate
Representation) y crpykrypy CPG s yridikoBaHOro
MMOJIaHHS. BHXIMTHOTO ¥ MPOMIKHOTO KOmy. MeTorm €
MOJ0JIaHHsT 00MEXeHb mornepeaHix peamizaiiii CPG, 1o
TIPAIIOBAJIM JIMIIE 3 OKPEMHMH MOBaMH. ABTOPH BIIEpIIE
3alpONOHYBajJX  IIOBHE  BIATBOPEHHS  IHCTPYKILiif
LLVM-IR y By3smu CPG 0e3 BTpatn cyMicHOCTI
31 CTPYKTypOI, MiATPHUMAIH OOpPOOJICHHS BHUHSTKIB
LLVM i ontuMmizyBamu rpad), 3MEHIIMBIIA KUTBKICTH
By3/iB 0€3 BTpaTH CEMaHTUKH. EKcrepuMeHTaIbHO
MATBEPKEHO, IO aHalli3W, CTBOPEHI A BUXITHOTO
KOy, MOXYTh
LLVM-IR.

IPOJEMOHCTPYBAJIO MAaCHITA0OBaHICTh 1 CTaOUIBHICTH

06e3 3MIH BUKOPHCTOBYBaTHCh JIO

3acrocyBaHHA [0 0i0moTex Rust
miaxoxy (menme HiDK 1% TOMHIOK MapcHHTY), IO
poOUTH MOJIENIb MPUAATHOO JJisi 0AraTOMOBHOIO aHATI3y
1 0e3MEeYHOT0 BHSABJICHHS BPA3MBOCTEH y KOMITUTHOBAHMX
a0o BiHOBIIEHUX 13 OiHapHUX (ailIiB mporpamax.
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VYHacHiOK  TEepeHeCeHHs  LUX  CTPYKTYPHHX
Mozeneli B oOmacte Bamigamii iH(popMariitHuX cuctem
HaOyBaIOTh IHTEpIPETaIiIITHOTO

BOHU mupImoro

3HaYeHHSA. Y  BaliJamilHUX MIICHCTEMaxX OKpeMi

€IIEMEHTH JlaHWX, TMpaBWIa TMEepeBIipKH W MPOMIXKHI
pe3ynbTaTd MOXYTh PO3MIIAATUCA sSK BY3Id Tpada
3aJIOKHOCTEH, a BIJHOIIGHHsA, M0 BU3HAYAIOTh 1X
MEPEeTBOPEHHA a00 B3aEMOIII0 3 HHUMH, — SK pedpa.
Taka CTpyKTYpHa penpe3eHTallis 1a€ 3MOr'y aBTOMaTHYHO
BUSIBIISITH HEBIAITOBIIHOCTI Ta JIOT1YHI BiIXWIEHHS.

Omxe, riOpuAHICTD MOJENel IMITYYHOTO IHTENEKTY
B IIbOMY JIOCII/DKEHHI PO3TIINAETHCS SIK CHHTE3 TITHOOKHX
MOBHUX BHUAIB mofaHHs 3a TurioM BERT abo CodeBERT,
IO CHEHiai3yIThCs HAa CEMaHTHYHOMY MOJCIIOBAaHHI
Ta KOHTEKCTHOMY aHali3i, 3 rpadOBUMH HEHpPOHHUMH
apxitekrypamu, 30kpema GNN (Graph Neural Networks)
abo ix pexkypentuumu Bapiamismu GGNN (Gated Graph
Neural Networks), 3actocyBaHHS IKUX € aKTyaJbHUM IS
MO/ICTIFOBaHHS PEJLILIHHUX 3aJ€KHOCTEH Ta iepapXidyHuX
cTpykTyp [4].
(hikcyBaTH HECTPYKTYpOBaHI JaHi 3 OIJIsily HE TUIBKH Ha

Taxe Nnoe€aHaHHdg [Ja€ 3MOry MOACIISAM

X MOBHHIA 3MICT, aJie ¥ JIOTiKO-TOTIOJIOTIYHY OpraHi3allio.
Sk moKa30BMM TPUKIAL TaKOro MEepexoay BapTo
sragatd  apxitektypy Vul-LMGNN, mo o00’eqnye
ctpykrypy CPG 3 BekTopHUMHM BUAAMHM IOAAHHA
CodeBERT i mrapom GGNN. CodeBERT 3actocoByeThest
JUId TeHepamii CeMaHTH4YHO 3HAYYIIMMH BEKTOPHHMH
BUIAMH TOAaHHSA TOKeHiB [5], 1m0 BimirparoTs poib
BUXIZJHAX O3HaK Juid By3niB rpada [6]. Kommonent
GGNN  HeoOXigHHi I TMOIIMPEHHS ¥ arperarii
iHpopMarii no pedpax rpada 3a JOOMOTrOI0 MEXaHi3MiB
PEKYypEeHTHOr0 OOMiHY CHTHAJaMH, [0 A€ 3MOryY
Mojeni OpaTW 10 yBarMm i BHBYATH 3aJ€XKHOCTI MIX
CTPYKTYPHHUMH i KOHTEKCTHUMH €IIEMEHTaMH KOJY.

Vul-LMGNN

3 BHUKOPHCTaHHSM pI3HHX €TaJOHHHUX HAOOpIB JaHUX,

Emnipuune OLIIHIOBAHHS
Hanpukian DiverseVul [7], Devign [8] ta Draper VDSIC
(Vulnerability Detectionin Source Code) [9], moxasano
BUIIY e()EeKTUBHICTb MOJEIi 3a TOKa3HWKaMU TOYHOCTI
i mipu F1 mopiBHSHO 3 130JIbOBAHUMH METOAMH,
OCHOBaHMMH TUTBKH Ha TPAaHCHOPMEPHUX MOJCIIAX
i Timbku Ha rpadoBux Mmepexax. Omke, Ha HaOOpi
DiverseVul BusBiieHo mnokasuuku TouHocti — 93,06%
ta Mmipu F1 — 23,54%, mo Bka3dye Ha IEpPEBEPIICHHS
3anporioHoBaHo0 Mozemuto GraphCodeBERT npu6imzHo
Ha 2 BimcoTkoBUX IyHKTH. [lomiOHI mokparieHHS Oyio
3a(ikcOBaHO ¥ YHACHiJIOK BHSBJICHHS MIDKMOBHHX

MpOoOJIEMHNX AaCHeKTiB 1 HEBIAMOBITHOCTEHW Yy KOIi, IO
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miATBEPIMIO €(DEeKTUBHICTh CYMIIICHHS JIIHIBICTUYHUX
1 CTPYKTYpHHUX BHMIB ITOJaHHS.

[MpakTruHe 3acTocyBaHHS TiOPHIHOT apXiTEKTYpH
TAKOX MPOJEMOHCTPOBAHO B 33[]a4aX aBTOMATH30BAHOTO
ouinroanus B anroputmi ECHO (Efficient Critique
Harvestingand Ordering) [10].
ABTOMATH30BAHOTO OI[IHIOBAHHSA OCBITHIX CEPEIOBHII]

Po3pobnennit  mms

MIPOTpPaMyBaHHs, L€ aJIrOPHTM 3aCTOCOBYE MOIAHHS
y BUNISAIl CHHTAaKCHUYHUX JIepeB Uil IPOTHO3YBaHHS
KOMEHTapiB 1 aBTOMAaTHYHOI TeHepallii 3BOPOTHOTO
3B’SI3Ky ILIOJO CTyJCHTChKOro komay. Cucrema mnepenbauae
nmodynoBy AST s KOXXHOI BiAIIpaBIEHOI NpOrpamu,
BUOKPEMJICHHS TOBTOPHUX CTPYKTYPHHX IIa0JIOHIB
i 3icTaBieHHS iX 3 0a3010 MONEPEIHBRO AHOTOBAHUX
(dparMeHTiB KOAy. 3aBISKH BHSBICHHIO CTPYKTYPHHX
1 cemantnuHux mnogioHocteii ECHO Bu3Hauae, ki
3ayBar YW BWIIPABJICHHS € HAWOUIbII pesleBaHTHUMHU
JUISl KOHKPETHOTO BapiaHTa po3B’sI3aHHA 3a/1adui.

Takuil WiAXig 32 CBOEK CYTHICTIO Y3TOMKYETHCS
3 JIOTIKOI aBTOMATHYHOI Bamifamii B iH(QOpMAIifHIX
cucreMax. Kimrouoporo nepesaroro moneneit tuny ECHO
€ TiOpUIHWI MEeXaHI3M TEePETBOPCHHS, KU MOETHYE
CTPYKTYPHUH aHai3 i3 HaBYCHUMH CEMaHTUUYHUMH

acomiamissMi. 3a JIOIIOMOTOI0 ~ ANTOPHTMIB  aHAJI3y
JepeB, 30kpema TreeminerD, cucrema BusBISE€ dYacTi
migmabnonn B crpykTypi AST, oOumciioe 3BakeHi
MipH TOAIOHOCTI Ta KJIaCU(IKye MOXKJIMBI BapiaHTH
¢binbexy 3a’exHO BiJ iX KOHTEKCTHOI PEJIeBaHTHOCTI.
Ile 3abe3nedye y3ro/pKeHE BIATBOPEHHS CTPYKTYpPHHX
1 CEMAaHTUYHUX BIIACTHBOCTEH mepeBipenux apredaxris [11],
IO Jae 3MOTry aBTOMAaTHM30BaHiil cucremi QopmyBaTH
pelieBaHTHI Ta BiOTBOPIOBAHI OINIHKH BalidamiiHUX
pe3yJbTatiB 0e3 3ay4eHHs eKCIIepTHOT iHTepIpeTaiii.
ITopyua 3 apxitextypamu Vul-LMGNN ta ECHO
BaimBe 3HaueHHs mae Mmonens C-PCFG (Compound
Probabilistic  Context-Free Grammar) [12], uro
30CEepePKYEThCSl Ha IHAYKII IpaMaTHKK 3 IMOBIPHICHO-
reHepaTuBHOrO morisiny. Ha BiaMmiHy Bim TpamumiitHHX
IMOBIPHICHUX KOHTEKCTHO-BiibHMX rpamatik (PCFQ),
y LI MoJeli BIPOBAKY€EThCS MPUXOBaHA Oe3repepBHa
3MiHHA Z, II0 MOJIENIOE MMOBIPHICHI MpaBWiia Ha piBHI
peuenns. Lle mae 3Mory B rpamatukax OpaT 10 yBaru
KOHTCKCTHO-3aJIC)KHI CHHTAKCHYHI Bapiallii, MO€IHYIOUN
pUTiOHI CHMBOJBHI TpaMaTHKH 3 HEHPOMEPEKEBUMH
KOHTEKCTHUMH BHJAMU TOJAaHHA. 3 NPaKTHYHOTO
NOTJISAY KOXKHE PEYCHHS MOJEIIOETHCS SIK 3reHEepOBaHE
3 posnoaity PCFG, mapamerpu3oBaHOro 3MiHHOK Z

mo 3abe3neduye BpaxyBaHHSA BiJAJICHUX CHHTAKCHYHHX
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3aJeKHOCTEH 32 yMOBHM 30EpeXEeHHS  3pO3yMiJIol

JIEPEeBOMOAI0OHOT CTPYKTYpH TeHEepaIlii.

HaBuaHHs wiei MoJiesni peanizyeThes 3a 10IOMOTOI0
METOJy 3TOPHYTOTO BapiallifHOro BUBEICHHS, 33 SIKOTO
CHUHTaKCHYHI MapriHalli3yOThCs

MPUXOBaHI JiepeBa

3 BUKOPUCTAHHAM ,I[I/IHaMi‘IHOI‘O nporpaMmyBaHHA.

Mogenb BHU3HAYAETHCS BUCOKOK  PE3YJBTATHBHICTIO
B 33/1a4aX HEKOHTPOJBOBAHOI'O CHHTAKCHYHOTO PO300pY
Ha aHrmidicekoMy kopmyci PTB  (Penn  Treebank)
i kutaiicekomy kopmyci CTB  (Chinese Treebank),
nepeBepuIyodr  OUIbII  CTapl  HEWpOHHI  Mojeni
rpamatuuHoi iHaykiii, sik-or PRPN (Parsing-Reading-

Predict Network) Ta ON (Ordered Neurons).

3. MeTa nociiakeHHs

Merta poOOTH TTONIATaE B aHANI31 HASBHUX T10pHIHIX
MoOyIeNiel ITYYHOTO IHTENIEKTY, OLIHIOBAHHI IX MOTEHIaTy
JUTS  aBTOMATH3allii IPOIecy TMepeBipKd HAAIHHOCTI
pe3ynbTariB Badijgamii iHGOPMAIIHUX CHUCTEM, a TaKOK
Yy pO3poOJeHHI TPOTOTHIYy HOBOi TIOpPHIHOI MO,
CreliaibHO OPIEHTOBAHOI Ha 1[I0 MPEAMETHY Taly3b.

4. BukjaaeHHs] 0CHOBHOTO MaTepiay

3amporoHOBaHa TiOpWAHA MOJENs  IITYIHOTO

iHTeNIeKTy, 300pakeHa Ha puc. 1, 37aTHa aBTOHOMHO
OIIIHIOBATH JIOCTOBIPHICTH pe3yibTaTiB Bamigamii B IC.

BxiaHi aaHi
CTpyKTYypHi AaHi
CeMaHTUYHI AaHi

CeMaHTUYHUIK
MOAyNb
Bert/CodeBert

CTpyKTypHUIA
Moaynb
(GNN)

IHTerpauinHmi wap

R

)

PerpeciiiHuii wap

Puc. 1. ApxitexTypa riOpuIHOi MO OLIHIOBAaHHS
JIOCTOBIPHOCTI pe3ybTaTiB Bajigamii
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Mojienb IpYHTYEThCS Ha 00’ €qHAHHI CEMaHTUYHUX
1 CTPYKTYpHHX AaCIEKTiB aHAN3y NaHUX, IO Ja€ 3MOTY
BUSBJUITH HEBIAMOBIAHOCTI, JIOTiYHI BiaxwieHHs [13]
1l aHOMaITbHI pe3yNbTaTh nepeBipku [14].

dopMaIbHO TMOCTaBJECHA 33j1a4a  BHUPAKAETHCS
TaKUM YHHOM. [IpHITyCKaeTbCsl HAsBHICTh MHOKHHH

pe3yJIbTaTiB Baligallii:

R={r.n,..1}. 1)
Koxen enemenr I, i= LN ¢ CTPYKTYPHUM
00’ €KTOM, 1[0 MICTUTD IBA KOMIIOHEHTH:
f :(SHTi)! (2
ge S, — MHOXHHA CTPYKTYPHHX BJIAaCTHBOCTEH

pe3yibrary (omepariii, 3aJeXHOCTi, mepeBipku); 1, —

MHOXMHAa CEMAaHTUYHHX BIIACTHBOCTEH pPE3yJIbTaTy
(BUMOTH, TIpaBUIIa, TOSICHEHHS).

Jist kKokHOTO pe3ynbraty I; (QopMyeTbCs BEKTOD

A=q(r), me q()

W ceMaHTH4HI

O3HaK MOEAHYE CTPYKTYpHI

BUJU TOJAHHS B €IUHAN BEKTOP
(ikcoBaHOT PO3MIPHOCTI.
3amava 3BOANUTHCS IO TOOYJOBH OLIHHOI (DyHKIIIi:
f,(A)= Vi, 3
ne Y, €[0;1] signosinae

TIEBHOTO pe3yNbTaTy Bajijalii, a 6 — Habip mapamerpis

CTYNEHIO  JIOCTOBIPHOCTI

MOJIEI, 110 ITiUISraroTh ONTHUMI3AL] i Yac HaBYaHHS.

VYHacnigok KOMOIHOBaHOTO HABYaHHS CTPYKTYpPHHH
1 CEMaHTHYHHUH KOMITOHEHTH (DOPMYIOTH €JIMHE MOJAaHHS,
IO BiITBOPIOE SIK JIOTIYHY CTPYKTYPY, TaK i KOHTEKCTHE
3HAYCHHS MPOIIECIB Baigalii.

CTpyKTypHHI KOMIIOHEHT MOJENI, II0 peasi3ye
YacTHHY (QYHKIIT fa(A), Oazyerbcst Ha 1OOYIOBI

CTPYKTYPHOTO IOJAHHS BaJiJallifHOro CepeaoBHIIa

iHpopMamiiHOI ~ CHCTEMH, ONWCAHWH y  BHIVIAAI
OpieHTOBaHOTrO rpada:
G=(V, E) ; (4)
V= (U} ®

E={e;=(.V;) M.V ev), (8

ne V — MHOXXHHA BEpIIVH, IO BIAMOBITAIOTE OKPEMUM

KOMIIOHEHTaM, 3ay4eHHM Yy TMpOIeC  Bajigaril;
E - MHOXMHa opieHTOBaHMX pebep, L0 KOIYIOTh
JIOTivHI Ta iH(OpMAIIiifHI 3a1eKHOCTI MK HUMHU. KoxxHa
BeplinHa V, BiIMOBiZa€e MEBHOMY €JIEMEHTY MEpEBIpKU,

TOOTO  IKEpery

OOMEXEHHIO I[UTICHOCTI, aJrOPUTMIYHOMY MOJYJIIO YH

MaHWX, TPaBWIy IEPETBOPEHHS,
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MPOMIKHOMY OOYHCITIOBAJIbHOMY PE3yJIbTaTy, a KOXKHE

crpsiMoOBaHe pedpo €, 3ajae MPUYMHHO-HACIIIKOBUN

a00 1HpOpMAaLiHHMIA 3B’ 30K MK KOMIIOHCHTAMH.

Otpumannii rpad BiATBOpIOE OaraTopiBHEBY JIOTIKY
3aJIeKHOCTEH, 10 JIGKUTh B OCHOBI IPOIECy Basimarlii.
Sxmo oOYMCHIOBANBHUM BY30JI 3alISKUTh SK  BifX
MIOTIEpETHBOT0 €Tally arperaii, Tak i BiJl 30BHIIIHHOTO
BXiZHOTO mapameTpa, rpadoBa CTPYKTypa SBHO KOIYE
i 3B’SI3KH, IO JTA€ 3MOTY MOJENI BiJICTCIKYBATH, SIKUM
YHHOM JIOKaJIbHI HEBIATIOBITHOCTI MOIIMPIOIOTECS CUCTEMOIO.

[oOynoBanuii rpad) iHTErpyeThCS Y BUCOKOPO3MIPHHUIA
BEeKTOpHUI mpocTip i3 3actocyBanHAM GNN. IlomanHs
KO)KHOTO BYy3Jla ITEpPaTHBHO YTOYHIOETHCS 3aBISIKH
MexaHi3My Tmepeaadi MoBigomieHb (Message passing),
IO JIOTIOMAara€ Mepeki IHTerpyBaTH iH(OpMaIlifo
He TINbKH Bix Oe3mocepenHiX CycinmiB, ajxe i 3 Orisimy
Ha OUTBII IIMPOKUI KOHTEKCT BasIifalii.

Sk HACHIIOK, TOIOJIOTIYHA CTPYKTypa IIPOLECY
HaOyBa€ BHUIJSIy YHWCIOBOTO BEKTOPHOTO IOJaHHS,
30epiraroun SIK pesmiiiHi 3aJeKHOCTI, Tak 1 iepapXigHy
3HAYYIIICTh €JIEMEHTIB CHCTEMH.

[IpuxoBaHMii cTaH BY3JiB OHOBIIOETHCS HA KOXKHOMY

eTarri MOITUPEHHS MOB1IOMJICHD BiJIIOBITHO JIO IIPABHII:
ho = a(WmAGG({hLﬂH) lueN (v)})+wsh§“)) . @

e hSt) - vV . Pt
pUxOBaHe MOJaHHs By3nma V, Ha itepamii t;

N (V) MO03HA4Ya€ MHOXHHY CYCIIHIX BY3JiB, MI0O

AGG ()

arperamii (ycepemHenns, cyma abo attention-pooling),

BIUIMBAIOTE Ha V,; BimmoBimae (yHKmii

o 00’ eqHye iHGOPMAIIIFO 13 CYCITHIX BY3JiB.
Turmmm pebep y rpadi MOXKYTh OyTH aHOTOBaHUMHU

3mory GNN
PO3pI3HATH XapakTep 3B’S3KIB Yy MpOIECi MOMIMPECHHS

CCMAaHTUYHHUMH MiTKaMI/I, 1o Jae

MOBiZIOMJICHB [15], 30KpeMa BUOKPEMIIIOBATH

KepyBaJibHi, iH(QOpMAIiifHIi Ta NPHIUHHO-HACIIIKOBI
3aJIEKHOCTI, @ TAaKOX aJaNnTHBHO 3BAXKYBaTW IX BIUIMB
HAa OHOBJICHHS IIPMXOBaHMWX CTaHIB BY3JTIB IIiJ dYac
Bamigauii [16]. KpiM Toro, MoxyTh 3acToCOBYBaTHCS
MeXaHI3MHU yBar#, o BU3HAYAIOTh 3HAUYIIICTH BXITHHUX
noBigomieHb. lle mormomarac Mopeni BHOKPEMITIOBATH
3HAYYIIi 3aJISKHOCTI, SKi HAHOIIBII CHIIFHO KOPEIOIOTh
31 3MiHAMH pe3yJIbTaTiB BaJIifalii.

PesynbraToM 1poro eramy € MaTpHLS BEKTOPHHX

BUJIIB MMOJAaHHS BY3JIiB:
He =[ b . b ], (8)

ge KoxHu Bektop h™  BIATBOPIOE CTPYKTYypHY

3HAYYIIiCTh BIAMOBITHUX KOMIIOHCHTIB BaiJaIliiftHOT
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Mepexi. L[i BeKTOpHI BUAM TOJAHHS YTBOPIOIOThH

CTPYKTYpHHH 1map ™omem Ta BiamoBimatote GNN
Ha puc. 1.

Omxe, BaXIIMBAM €TAIIOM 3aIPOIIOHOBAHOI apXiTeKTypH
€ CeMaHTHYHAa IHTepIpeTalis TEeKCTOBOi iH(popmallil.
Hdus  peamizamii [pOTO MEXaHI3MY B apXiTEKTypi
3aCTOCOBYETHCSl TIONEPEIHHO HABUYCHHH KOJYBaIbHHK
(BERT a6o

CodeBERT), 1mo BHKOpHUCTOBYE MeXaHIi3M CaMOyBaru

HAa OCHOBiI TpaHC(HOPMEpPHOi MOJei
(self-attention), sxuit mae 3mory ¢ikcyBaTH BimganeHi
3aJIeKHOCTI MiX ClIOBaMH U (Qpazamu, 3abe3nedyrouu
PO3yMiHHS SIK CHHTaKCHYHHX, TaK 1 CEMaHTHYHHX
BIJTHOIIIEHB Y ME)KaX TEKCTOBOI MOCiMOBHOCTI [17].
KomyBanpHUK OTpUMye TEKCTOBY iHQOpMAIIiO,

pO30UTY Ha TOKEHU:
t
XU ={X, %y X} 9)
JIc KOXKHUH TOKEH Xt,t=l,_L — MOBHA OJIMHHIIS, TOOTO

abo cioBo (JIexcema), ab0 3HAK ITyHKTYAITil.

IIpoxomsun kpi3p JekiNbKa mapiB Tpanchopmepa,
MOJIeNb OOYMCITIOE KOHTEKCTHI BEKTOpPHI BUIM IOJAHHS,
IO  BiATBOPIOIOTH  3HAYEHHS  KOXXKHOTO  TOKEHa
HE i30IbOBAHO, a 3aJ€KHO BiJ ycCi€l pemTH TOKEeHIiB
y MOCJTiZJOBHOCTI.

Pe3ynbTaTOM € KOMIIAKTHE BEKTOPHE IMOAAHHS
t —_ cem cem cem
fBERT<X )_[hl xhz ""’hL :|a (10)

B sIKOMY KOxkHHMH BekTop ', t=1L Koxye KoHTEKCTHE

3HAYCHHS BIJNOBITHOrO TOKEHA B MEXaxX yci€l
CEMaHTHUYHOI CTPYKTYPH OIHCY MPOIIECy Balliaarlii.
OTKe, KOOYBIBHUK 3[IaTHUI PO3Ii3HABATH HESIBHY
JIOTiYHY CTPYKTYPY, 3aKIaJieHy B iH(OpMAIIif0, CTBOPEHY
Tpauncpopmep  dikcye i

3a JAONOMOroOK Bar YyYBarv, BHOKPEMIIOIOYH KJTFOYOBI

JIIOIUHOIO. 3aJIeKHOCTI
TEpPMIHM Ta IX pOJILOBI 3B’SI3KM B MEXKax pEUCHHS.
CeMaHTHYHHI KOXYBAJIBHUK (OPMYE CEMAHTUUHY YaCTHHY

BiJITBOPCHHS fg(Ai) Ta BIJNOBIa€ OIHOWUMECHHOMY

MOJyJItO Ha puc. 1.
BinTBoproroun moniOHI eJIeMEHTH B €JMHHAN IPOCTip

dopmye
CEMaHTHUYHUH MPOCTIp, Y SIKOMY CXOXKi CIieHapii Baimarii

BCKTOPDHUX  BHUJIB  MOJAHH],  MOJENb
PO3TaAIIOBYIOTECSL ONM3BKO OJUH JI0 OJHOTO, TOIi SIK
aHoManbHI a00 cymepew nBi OMHCH 3alMarOTh OLTBIIT
BiganeHi obmacti. Y Takuii cmocid 3abe3meuyeThes
Oimpmn "ocMmucneHe" PpO3pi3HEHHS CHCTEMOIO CTYICHIB
CMHCJIOBOT MOAIOHOCTI Ta BIIMIHHOCTI Mi>K KOHTEKCTaMH.

Bapro 3azHauuTH, 110 TONEPEAHBO HABUYECHUU
KOAYBAJIbHUK TaKOXX MOXKE 6yTl/I JOHABYCHUM Ha

CIeiaTi30BaHUX KOPITycax MaHWX, [0 MICTATH ICTOPUYHI
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3BITH LIOJIO BaJlijalii, 3BeIeHHS TIOMHJIOK 1 ayJJUTOPCHKI
3amucu. lle migBHIIye MOBHY UYyTJIHMBICTH MOZETI
JI0 TEePMIHOJIOTIi Ta BIACTUBUX (HOPMYIIOBAHb, IO
3aCTOCOBYIOTBCS Yy cepi Bamimamii iHGoOpMAIiitHIX
CHUCTEM.

HacTymHwuii eramn, sskuii BignoBigae mapy iHTerparii
iHTerpartii

MOJaNbHOCTEH Ha puc. 1, ToasIrae B

CTPYKTYpHOI Ta CEeMaHTHYHOL MOJaTIbHOCTEH
B €IWHHI NpuxoBaHuii mpoctip. Lle gae 3mory cucremi
aHami3yBaTH JaHI Ha PIiBHI JIOTIKH 3alie)KHOCTEH
1 KOHTEKCTHOTO 3HAYEHHSI.

s iHTErpariis peatizyeTbes Crroco00M TPOEKTYBAHHS
BUXIHUX BHUJIB MOJAaHHS IBOX KOMITOHEHTIB y CIUIbHUIA
MPOCTIp BEKTOPHUX THUIIB TOJAaHHA Ta iX 00’ €XHAHHI
3a JIOTIOMOTOI0 3Ba)KEHOTO MeXaHi3My arperaitiii.

[To3HaunMO MaTpPUIO CTPYKTYPHUX BHUIB ITOJAHHS

By3u1iB rpada, orpumany micis eramry GNN, sk X, Toxi
(hopmanbHO 11e Oy/Ie BUPaKEHO SIK:

H = foeer (X,)+ (1= @) o (X, ) (11)
ne  fopr (X,) — cemantMuHe mnomaHHs, oOTpuMaHe

MOBHHM KOIYBAIBHHKOM;  feyy (Xg) CTPYKTYypHE

nojJianHs, copMoBaHe Ha 0a3i rpada 3aleKHOCTEH.
linepnapameTp « € [0;1] € peryJIbOBaHNM KOe(illieHTOM
piBHOBard, IO BU3HAYa€ BIUIMB KOXKHOI MOJAIBHOCTI
Ha 00’emHaHe riopuane momanHs H . Binbiie 3HaueHHS
napamMerpa ¢ TIOB’s3aHe 3 TIJBUINEHHSAM BIUIMBY
CEMaHTHYHOI IHTepIpeTanii, a MEHIIe — HaBIaKH,
3 MI/IBUILIEHHSIM BIUIMBY CTPYKTYPHOTO MOJAHHS.

Iepen erarmom 00’exHaHHS OOHMIBAa TUIH BEKTOPHOTO
MOJIaHHS TIPOXOJATh HOpPMaIi3alilo PO3MIPHOCTI IS
3a0e3nmeueHHsT YMCIIOBOi cymicHocTi. Lle peamizyerscs
yepes3 JIHIHHUHN 1ap MpoeKLii:

Z, =W, foerr (Xt)+bt

. 12
%=WJWMXQ+% (12)

3aBeplualibHU eTan poOOTH TiOPHUAHOT apXiTeKTypH,
perpecivinuii map (puc. 1), momsirae B KiTBKICHOMY
OIIIHIOBAaHHI JIOCTOBIPHOCTI BaJlifalii, MiJ 4Yac sKOTO
o0’eZlHAaHE  TPUXOBAHE TIOJAHHA  HEPETBOPIOETHCS
B IMOBIpHICHHI ITOKAa3HUK TOCTOBIPHOCTI.

e meperBopeHHS 3OIHCHIOETHCSA 32 JOITOMOTOIO
perpeciiHOro mapy MOBHO3B I3HUM HEUPOHHUM OJIOKOM,
SIKHI HABYCHUI BUSIBIIATH B3a€EMO3B’SI30K MK TiOpHIHAMH
O3HAKaMH 1 €TAJIOHHUMH MITKaMH BaJligarii.

MareMaTudHUI ONMC Ma€ TaKWi BUTJISAI:
Y, =o—(WH +b), (13)
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ne W i b — naBueni mapamerpu perpeciiinoro mapy;
o(-) — curmoimna ¢yHkuis axTHBaLii, WO OOMEKye
[0;1].

IHTEPIPETYETHCSL SIK  OILIHKa

BHUXiZIHE 3HAYCHHS IHTEPBAJIOM Otpumane

CKaJLIpHE 3HA4YCHHA yi

JIOCTOBIpHOCTI.

OTxe, 3aMICTh KaTETOPUYHOTO PO3/IUICHHS Pe3yIIbTaTiB
BaJIiamii Ha MPaBWIBHI i HEMIPAaBUIIBHI, cUCTEMA (HOpPMY€E
rpasydioBaHi OIIIHKM JIOCTOBIPHOCTI, IO Ja€ 3MOTYy
pamxyBaTd pe3yNbTaTH 3a CTyIleHeM HaJiHHOCTI
Ta BUOKPEMJIIOBATH JUIi MaHyaJbHOI IE€pEBIPKH JIHIIE
Ti 3 HUX, 1[0 MAIOTh HU3BKHUNA PiBEHBb JOCTOBIPHOCTI.

BinTBOpeHHS 3a CHUTMOINHOK (DYHKIIEIO TaKOXK
cripomtye
BUKOPHCTaHHSIM METOJIIB, HAINlpUKJIa] MaclTaOyBaHHS

KamiOpyBaHHS  BUXiTHHUX  3HA4YeHb 13
ITnarra (Platt scaling) a6o izoroniunoi perpecii [18].

Ha npoMy erami HaB4aHHS 3aCTOCOBY€EThCS (DYHKIIIS
BTPaT PETPECIHOrO THITy, OCKUIBKM OIlHKA Y; € [0;1]
BIITBOPIOE CTYIIIHb JOCTOBIpHOCTI. ba3oBoro (yHKIliE
BTpPaT € cepeaHboKBaapaTnyna nommika (Mean Squared
Error — MSE) 3 perynsipusauiero 3a Hopmoro L2:

1

L(O) =1 T -9 Aol 4

ae Y, ICTHHHA OIl[iHKAa JOCTOBIPHOCTI Ui | -TO

exsemmisipa; ¥; = o (WH, +b) — nepenbauene snauenns
Mmozeni; N —3aranbHa KUTBKICTh HABUQJIBHUX €K3EMIUTSIPIB.
Jns onTumizarii mapameTpiB MOIeNi 3aCTOCOBYETBCS

armroputv Adam (Adaptive Moment Estimation), sikuii
moegHye nepeBaru Metonise Momentum i RMSProp (Root

Mean Squared Propagation —  croxacTHuHHI
Tpami€eHTHWHA  CIycK),  3a0e3lmedyroun  aJanTHBHE
OHOBJICHHS  IUBUJIKOCTI HaBYaHHS JUISI  KOXHOTO

mapaMeTpa. 3BaKalo4yM Ha TiOPHIHICTH apXiTeKTypH, e
MapaMeTpy PI3HUX MOJIYJIB MOXYTh MaTH HEOJIHAKOBI
MacmTaby TPai€HTIB, 3aCTOCYBaHHS IBOTO METOAY €
0COOJIMBO JOIIIBHIM.

5. Pe3yabTaTH O0CHiIKEeHHS

VY Mexax eKCIEpUMEHTabHOI YaCTUHU NPOBEACHO
KOMIIJIEKCHE 00pOOJICHHS TaHUX, CIIPSIMOBAaHE Ha ITOJIANIBIITY
eMIIIpUYHY TEepeBipKy e(PEeKTUBHOCTI 3ampOrOHOBAHO]
MOZEII.

riopuaHoi OCHOBHOIO  €KCIIEPUMEHTAIIBHOIO

iHpopMaliiHOIO 023010  3aCTOCOBYBAJMCS  MAaCHBH
YacOBHX MITOK BY3JIB 1 pedep 3 ¢inaHcoBoro rpadoBoro
Habopy mammx DgraphFin V2 [19], mo 3a6e3mneuyoTh

CTPYKTYPHO-9ACOBE ITOJJAHHS BaJIiJAIlIHHUX 3aJIC)KHOCTCH.
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AHaJi3 BMICTY MMOKa3aB, [0 MAaCHB 4aCOBHX MiTOK
BY3JIIB MICTUTH TPHOJM3HO 3,7 MITH 3aIMUCIB 3 Jialla30HOM
3HaueHb BiA 793 no 2147483648 i3 cepenHiM 3HAYCHHIM
2138483546 3a
138732009. MinimManbpHe 32-0iTHE 3HAYEHHS LJIOTO

YMOBHU CEPEAHBOIO BiZ[XI/IJ'IeHHH

Hucila BKa3y€ Ha HasIBHICTb IMOIIKOPKCHUX abo

(IKTUBHUX 4YacOBHX MITOK, IO 32 3aMOBYYBaHHIM

3aCTOCOBYIOTBCS SIK TUMYacOoBi 3aMOBHIOBAY1
(placeholder value). Ile o3Hauae, 110 YacTHHA BY3IIiB
HE Mae€ IHIATI30BaHUX YacOBHUX BIACTHBOCTEN ado
MICTUTh HEMOBHY 1H(POPMAIIIO PO YaCOBY aKTHBHICTb.

Ha mpoTuBary 1ipoMy, MacHB 4acOBUX MITOK pebep
(mpubmm3zno 4,3  MIH  3amuCiB)  BHU3HAYAETHCS
TOCTITOBHICTIO JOMATHUX MNUINX 3HAYeHb y Jiama3oHi
0-790 i3 cTanmapTHUM BigxuieHHsM 221.32.

Taka cTpyKTypa CBiUUTH PO TE, IO MOKA3ZHUKU
pebep KOmyroTh JUCKPETHI YacoBi 3pi3H, sIKi BiAMOBIIAIOTH
MOCTIIOBHAM IHTepBaNaM Balifamii abo 3MiHaM CTaHy
cucTteMH B peanbHOMy uaci. Ilepen moOynoBoto rpadis
MPOBEJCHO OYHUINEHHS Ta IMITYyTAIlil0 YaCOBHX MiTOK
BY3JIiB, TOOTO BCi 3HA4€HHS, SIKI € MEHIIMMHU HDX HyJb
a00 MOpIBHIOIOTH HYIIO, 30KpeMa 3alloBHIOBadi, Oyiu
3aMacKOBaHi Ta 3aMillleH] CepeHIM 3HAUSHHSIM YaCOBHX
MITOK pebep, 3’€IHaHUX 3 BIINOBITHUMH BY3JIaMH.
Taka nporeaypa Jiaja 3MOry YCYHUTH PO3PUBHU B YacOBIi
TIOCITIZIOBHOCTI Ta MPaBHIIBHO 3aCTOCYBAaTH YAaCOBY CXEMY
HaBuaHHs GNN.

[MapanenpHO BHKOHYBaNach iHTETpallisi CEMaHTHIHUX
atpuOytiB. KoxHomMy By3nmy ¥ peOpy BianoBiganu
TEKCTOBI ONMCH # TOJil, BWIydYeHi i3 CymyTHIX (aiiiis
DGraph (kypHanu, 3BiTH, KOHTEKCTHI ITOBIIOMIJICHHS).

CrpykrypHi embemumnru h™” HaBuanmcss Ha OCHOBI

MOUIMPEHHST TOBIJOMIIEHb MIDX BYy3JIaMH 3 OIJILY
Ha TUMYacOBY AWHAMIKy pebep.

O0’eqHane TOJaHHS  KOXKHOTO — BaJlialiiHOTO
eJIeMEHTa MaJlo TaKU{ BUTJISAL:

X =[ e ] (15)

Jdns  yHEMOXJMBICGHHS  BUTOKY  iH(popmauii

y dbaci mani Oynm mopmimeHi y BigHomenHi 70/15/15
31 30epeKEHHSIM XPOHOJIOTIYHOTO TIOPSAKY:

— inTtepBanu t €[0;550] — HaBuaHHs;
— te[551,670] — Bamigamis;
— te€[671790] — TecryBaHHs.

Onrtumizamist 3a gornomoror Adam-onTumizaTopa
MpOBOAMNIACS 3 LIBUKICTD

107,

TaKUMH  TapaMeTPaMH:
B, =09, p,=0.999;

HaBYaHHS napamerp

3HmKenHs Bar 107
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Jlnst okpeMHX MOAYJIIB MOJETI 3aJaBajucs pPi3Hi

TEMITH HaBYaHHS:

— TpanchopMepHuii KoxyBatbHUK — 107 ;

— rpadoBuii KoxyBatbHUK — 5x107° ;

— Imap 31ATTA i perpeciitaa ronoka — 107,

Bukopucrano panHio 3ynuHky (10 emox 6e3
MOKpAlleHb) Ta 3HIDKCHHS IIBUAKOCTI  HAaBYAaHHSI
3a YMOBM cCTarHamii METPUKH TOHaJX ITSITh EeIoX.
Jus perymsapusanii mapamMeTp BHMKHEHHS BCTAHOBJICHO
Ha piBHi 0.3, a oOMeXeHHs rpalieHTa 3]iHCHIOBAIOCS 32
HOopMoto 1.0. PesynbraTn TecTyBaHHS IOJaHO HA PHUC. 2.

[TpoBoannocs MOPiBHAHHS 3 0a30BUMU MOJETISIMU —
CEMaHTHYHOIO, B sKii BHKOPHCTOBYBajacs JIMIIE
TpaHcpopMepHa MOAENb, CTPYKTYPHOIO, TOOTO JIHIIE
GNN, Ta KJIaCHYHUMH CTATUCTUYHUMHU (JIOTICTUYIHA
perpecisi, MeTo]] BUIaIKOBOTO Jicy).

JlomaTkoBO BUKOHAaHO aONALiHHI EKCHEpUMEHTH

3i 3minoto Baru « €{0.2;0.5;0.8}, mo perymoe BHecOK

CEeMaHTUYHOL Ta CTPYKTYpHOT MOJJaJIbHOCTEH
B 00’ €IHaHE MMOJAHHA.
BisyanbHuit  aHamiz  mepenbadaB  TicTorpamu

po3mominy aKkTUBHOCTI pebep 3a HYacOBHMH 3pi3aMu
(0-790), oriHKy YaCcTKU BaiJHUX YaCOBUX MITOK BY3IIiB
J0 1 micus iMmyTariii, AmHAMiKy (DYHKIII BTpAT i TEIUIoBi
KapTu yBaru Juis 000X MOAYJIB, IO IIOKa3ylOTh, SKi
O3HAKW Ta 3B’S3KM HAWOLIBIIE BIUTMBAIK HA IiJICYMKOBY
OLIIHKY JIOCTOBIPHOCTI.

4

10

|

0

IIBUAKICTS HABYAHHS
o
N
/

0 5 10 15 20 25 30 35 40 45 50 55 60

Enoxn

Puc. 2. JIunamika 3HWKEHHS IIBUIKOCTI HAaBYaHHS
i Yac TPeHyBaHHS riOpUIHOT Moei

[MopiBHsUIBHMIA aHATI3 TOJAHO Ha PHUC. 3.

Ha puc. 3 BugHO, 1m0 KprBa IIBUAKOCTI HABYAHHS
JEMOHCTpY€e cTalllbHy 30DKHICTH Mojeni 0e3 o03Hak
KoJMBaHB a00 Jerpajarii.

Ha mouatkoBux eramax (10 ~20 emox) 30epiranacs
1x10™, mo

e(eKTHBHY aJamlTallil0 Bar perpeciiiHoro mapy W mapy

(ikcoBaHa WIBUJAKICTH 3a0e3neuyBajo
3JIUTTS B yMOBaX CTaOUIBHOT TUHAMIKH BTpAT.

[Moumnaroun 3 23-25 emoxu, miciHs Tepioxy
cTarHamii BasiganiiiHoi MeTpukH, OyJIO aBTOMAaTHYHO

AKTUBOBAHO MEXaHI3M 3HIKCHHS I.HBI/I,Z[KOCTi HaBYaHHI.
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Ha 40-ii emoci Ta mpubmusHo 3x107° Ha ¢iHanEHOMY

etarmi (55-60 enox).

08 MSE (|) s MAE (1) B2 R (1)I8ECE ({)00Spearman o (1)1 ROC-AUC(1)

1 }

MeTpiaHe 3HAYEHHS
= >

=)
)

BERT

T'iOpuana

GNN Knacnuna

Puc. 3. [TopiBHAHHSA TPOAYKTUBHOCTI TiOPUIHOI, CEMAHTHYHOI, CTPYKTYPHOI Ta KJIACHYHUX MOJeel

Takuii mpodinb BiANOBiAae OWiIKyBaHIN MOBEMIHII
aJanTHBHOTO ontuMizaropa Adam i3 BOymOBaHUM
KOHTPOJIEM MIBUAKOCTI HABYAHHS, IO J]A€ 3MOTY YHUKATH
JIOKQJIbHUX MIHIMYMIB Ha Mi3HIX CTaIisX ONTUMI3aIlil.

3HIKEHHS  MBHAKOCTI  30iramocs 3  (a3oro
craliiizamii BTpaT Ha BaidallifiHii BUOIPI, 110 BKa3ye
Ha KOPEKTHY pOOOTY MeXaHi3My paHHbOI 3YNHHKU W
e(eKTHBHE BUKOPUCTAHHS peryiisipusaiii. ¥ CyKymHOCTI
e 3a0e3Mmeunyio IUaBHy 30DKHICTH MOJAeTl W crabiimbHe
Y3rO/DKEHHSI MDK  HaBYaJbHOI Ta  BajidalliiiHOIO
BUOipKaMu 0e3 repeHaByaHHsI.

OTpuMaHi MOKa3HUKK Ha PUC. 3 CBIIYaTh NPO SBHY
mepeBary riOpumHOi Mozenmi Ham yciMa 0a30BHMHU
Bapiantamu. J{is Hel 3adikcoBaHO MiHIMAlIbHI 3HAYEHHS
MSE, MAE (Mean Absolute Error — cepentst abconmoTHa
noxubka) Ta ECE (Expected Calibration Error), mio
BKa3ye Ha HaWKpamly y3roKeHICTh MiXK IependadcHuMU
i (haKTHYHHUMH OIIHKAMHU JTOCTOBIPHOCTI.

OnHOYacHO CHOCTEPIrafoThCsl HAaWBHII 3HAYCHHS
xoedirientis nerepminanii R®, xopemsauii Cripmena p
(Spearman’s Rank Correlation Coefficient) ta ROC-AUC
(Receiver Operating Characteristic Area Underthe
Curve), mo AeMOHCTpye 3IaTHICTh MOJENi KOPEKTHO
BIZITBOPIOBAaTH pAHrOBI Ta WMOBIPHICHI 3alIe)KHOCTI
MIX pe3yabTaTaMy BaJimariii.

CeMaHTHYHAa MOJENIb Ha OCHOBI TpaHchopmepa
TOKa3ana BUCOKY KOPEJSLII0 MK OIIIHKaMH ( p= 0.88)

ROC-AUC,
riOpuaHiii MoJeNi 3a TOYHICTIO PErpeciiHMX METPUK.

Ta HpHﬁHHTHHﬁ OJHAK  IOCTynajracs

CtpykTypHa  MOJE€Nb  IPOAEMOHCTpyBajla  CUJIbHY

CTabIIBHICTh ¥ CTPYKTYPHUX 3AIISKHOCTSIX (R2 ~ 0.85),

ane 1 moxuOka (MAE, MSE) 3anumanacs Bumor depes
00Me)KEHE BIITBOPEHHS CEMAHTUYHOTO KOHTEKCTY.

KnacuuHi cTaTHCTHYHI TAXOIH, SIK OYiKyBalloCs,
MaJld HAWHWKYY TOYHICTH 1 IOTaHy KaliOpOBaHICTh,
mo BumHo uepe3 Bucoky ECE. lle minTBepmkye ix
HETPUATHICTD JUTS CKJIAJHUX BaJTIAI[IHHUX 3aJIeKHOCTEN.

OTxe, UIA 3ampONOHOBaHOI TiOpHAHOI Momemi
3aikcoBaHO CTaOLIBHY 30DKHICTH 13 KEPOBAaHUM
mpodizeM mBHAKOCTI HapuaHHs. [licis etamy dikcoBaHOI
IIBUAKOCTI aKTUBYETHCS MEXaHi3M I aBTOMATHYHOI'O
3HIDKCHHS, IO CYIPOBOJDKYETHCS CTaOLTi3aliel0 BTpaT
1 BIZICYTHICTIO TTepeHaBYaHHSI.

Ha mmi 6a3oBux migxoxmiB TiOpuaHa apxiTeKTypa
3abe3neuye HaiimeHmi 3HaueHHs MSE ta MAE, Buiy
SIKICTh KaJiOpYBaHHS ¥ OHOYACHO JIEMOHCTPYE HaMKpari
MOKa3HUKH JIeTepMiHallil, KOpEeNsiil paHTOBUX TOPSIKIB 1

knacudikaniiHoi 31aTHocTi 3a rromieto mixg ROC-AUC.

6. BucHoBkn
i mepCcneKTUBH MOJAJIbIINX I0C/TiI)KEHb

V mporieci podOTH MOCTIIOBHO Peati30BaHO STaIu
moOyTOBY, HABYaHHSA ¥ OMLIHIOBaHHS TiOpHIHOI Mozemi
LITYYHOTO 1HTENEeKTy, IMpU3HAYEHOI JJIsi aBTOHOMHOTO
BHU3HAUCHHS  JOCTOBIPHOCTI  pe3yNbTaTiB  Balimarii
B iHpoOpMaliHHUX CUCTEMAX.

Ha nepmomy erarti copMynb0BaHO MaTEMATHIHY
TIOCTaHOBKY 3a71a4i, po3po0JIEHO CTPYKTYpHE i CEMaHTHYHE
MOJaHHSA JaHWX, BHU3HAYEHO MexXaHi3M 00’ €IHaHHS
MOJIaTbHOCTEH.

Ha npyromy — peamizoBaHO apXiTeKTypy, IO
noeaHye rpadoBy HEHPOHHY MEpexy JUlsd aHalizy
TOTONOTi{

mporleciB  Bamifamii Ta TpaHCchOpMEpHUit

KOJyBaJbHUK 3  METOI  OOpOOJIEHHSI  TEKCTOBHX

KOHTEKCTiB. IX iHTerpaiis B CIIEHOMY BEKTOPHOMY
3abe3neyunia KOMIUIEKCHE

pocTopi MOJTAaHHS

3aJIe)KHOCTEH 1 KOHTEKCTIB TIEPEBipOK.
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VY peanizoBaHii cHUCTEMi BUKOPHCTaHO MOAYJIi
MOTIePEeTHROI HOpMalizallii O03HaK, 3JHUTTS IPUXOBAHHUX
CTaHIB 32 3BKEHUM KOE(II[IEHTOM ¢ , perpeciiHui map
13 CHIMOIJHOIO AaKTHBAI€I0, a TaKOoX ONTHMI3AIliI0
Adam 3

IIBUIKOCTI HaBYaHHs. HaBuaHHS mpoBOIMIIOCS Ha HAOOPi

METOAOM aJallTHUBHUM PeryItOBaHHAM

maanx DgraphFin V2 i3 wacoBuMH # TEKCTOBHMU
aTpuOyTamM, 30KpeMa 3 eTallaMd OYHIIEHHS, IMITyTaIlil
Ta HOpMaJi3allii 9acOBUX MITOK.

ExcniepuMeHTanbHI pe3ybTaTi 3aCBITUWIH CTaOUIbHY
30DKHICTP HaBUaHHS O3 TIepeHaBUaHHS, MiHIMalbHI
snauenns MSE, MAE Tta ECE, a Takox HaiBui

nokasanku R’, xopemsnii Cmipmena p i ROC-AUC

HOPIBHSHO 3 0a30BHMH CEMAaHTHYHHMH, CTPYKTYPHHMH
W KIACHYHUMHM MOJAEIIMH. AHami3 Bar MeXaHi3My
CaMOyBard MiATBEPANB KOPEKTHY iIeHTH(]IKAIIO 3HATYIINX
3aJIeKHOCTEH MIXK By3J1aMH U aTpuOyTamMu JaHuX.

OTxe, po3pobiieHa ribpuaHa MOJIENb
MIPOJIEMOHCTPYBaIa MiIBUIIEHY TOYHICTH, Y3TOIKEHICTh
1  HagIHHICTH

MPOTHO3iB, IO  WiATBepmKye 1l

e(l)eKTI/IBHiCTI) y 3agadax ABTOMAaTHU30BaHOT'O

OIIHIOBAHHS  JIOCTOBIPHOCTI  pe3yNbTaTiB  Baiimarii
B iHpopMaLifHUX CHCTEMAX.

[opmanpmii gocmimKkeHHs] MOXYTh OYTH CIIpSIMOBaHi
Ha pO3MIMPEHHS TiOpWAHOI apXiTeKTypu B Hampsmi
MyJIBTHAMOJAIBHOTO KOHTEKCTHOTO aHali3y, JAONOBHIOYH
CTPYKTYpHI

IMOIaHHS

rpadoBi ¥ CEMaHTHYHI TEKCTOBI BHIU

30BHIIIHIMH  ONEpAaIlifHIMH  CHUTHAJIaMU
(HampuKIIaa, CHCTCMHUMH METPHKAMH MPOJIYKTUBHOCTI,
JoraMH HaBaHTa)kKeHHs, mapamerpamu QoS). [uTerpartis
TaKAX KaHAJiB Ma€ IMOTCHIiAT MiABUIIUTH YYyTIHBICTH
MOJIeIl 10 JIATEHTHUX KOpPEeJsLid, mo He (IKCYIThCs
Ha pIiBHI BaJiNaIifHUX TIPOTOKONIB, ajic BIUIUBAIOTH
HA  TOBEAIHKY CHCTEMH B  pealbHOMY  daci.
Kpim Toro, mepcreKTUBHUM € TOCTIIKCHHS MEXaHi3MiB
JUHAMIYHOTO TIEPEpO3MOALTy Bar 0 MiX CEMaHTHKOIO

Ta CTPYKTYpOIO 3aJIe)KHO BiJl KOHTEKCTY Bamijalii,
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HYBRID MODELS OF ARTIFICIAL INTELLIGENCE
IN AUTOMATED ASSESSMENT TASKS
FOR THE RELIABILITY OF INFORMATION SYSTEM VALIDATION RESULTS

The subject of the study is the automated assessment of the reliability of validation results in information systems, taking into
account the structural dependencies between components and the semantic content of validation artifacts. The purpose of the work
is to improve the reliability and reproducibility of validation by developing a hybrid artificial intelligence model that integrates
graph and semantic data representations for regression assessment of reliability. Research objectives: analysis of structural
and structural-semantic models (AST, PDG, CPG, Vul-LMGNN, ECHO, C-PCFG) in the context of information system
validation; formulation of a mathematical formulation of the reliability assessment problem; development of a hybrid model
architecture based on GNN and a transformer encoder; implementation of a mechanism for integrating structural and semantic
modalities in a common vector space; experimental research on the DgraphFin V2 graph financial dataset and comparison
with baseline models. Research methods include graph neural networks, BERT/CodeBERT-type transformer encoders, regression
modeling with sigmoid activation, Adam optimization, and statistical quality assessment and calibration (MSE, MAE, ECE, R?,
Spearman p, ROC-AUC). Results. The proposed hybrid architecture provides regression reliability estimation in the interval [0;1]
and demonstrates stable convergence without signs of overfitting, as well as better values of all key metrics compared to purely
semantic, purely structural, and classical statistical models. Analysis of the weights of the self-attention mechanism confirmed
the correct identification of significant structural and semantic dependencies. Conclusion: The proposed model provides a more
accurate calibrated assessment of the reliability of validation results, which makes it possible to automate the selection of unreliable
results, reduce the influence of the human factor, and increase the reproducibility of validation procedures. A promising direction
for further research is the development of multimodal architectures with dynamic weight redistribution between modalities.

Keywords: hybrid artificial intelligence models; information system validation; graph neural networks; transformer models;
reliability assessment; DgraphFin V2; regression modeling; probability calibration.
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THEORETICAL-ALGEBRAIC BASICS
OF EVOLUTIONARY TEST SYNTHESIS
FOR GATEWAYS COMPONENTS OF HIGH-DENSITY IOT SYSTEMS

Relevance. The modern Internet of Things (loT) paradigm is undergoing a fundamental transformation, shifting from simple
telemetry collection networks to complex, High-Density loT ecosystems, where Intelligent 10T Gateways play a pivotal role.
The architectural heterogeneity creates a "state explosion™ problem, where the space of possible configurations and failure scenarios
exceeds the capabilities of traditional deterministic testing methods, which are unable to effectively detect deeply hidden
vulnerabilities. Object of research: processes of automated synthesis of diagnostic tests and reliability verification for multi-layer
heterogeneous components of intelligent loT gateways. Purpose of the article: development of theoretical foundations and
a mathematical model for evolutionary test synthesis for intelligent 10T gateways. Research objectives: formalization of the adaptation of
genetic algorithms to the specifics of 10T architecture; improving the efficiency of critical defect detection. Research methods:
apparatus of the theory of universal algebras and category theory. Research results. The article proposes and mathematically
substantiates a generalized model of test synthesis based on the use of a pair of universal algebras describing the test scenario space
and evolutionary operators. An extended conceptual apparatus is introduced and systematized, mapping population genetics
terminology to the field of technical diagnostics of cyber-physical systems. The existence of a homomorphism between algebraic
models of classic genetic algorithms and vulnerability search processes in 10T devices is proven. A test synthesis method based on the
mathematical apparatus of modern algebra has been developed. The application of category theory to describe morphisms between
gateway state spaces and evolutionary operators is substantiated, guaranteeing the correctness of test set transformations.
Conclusions. The proposed approach allows to create a universal testing methodology that provides a significant increase in code
coverage and defect detection. Scope of application of the obtained results: computer-aided design and diagnostics systems for 10T,
testing platforms for cyber-physical systems, development of toolkits for QA engineers in the Embedded Systems and Edge Al fields.
Keywords: Internet of Things; intelligent gateway; genetic algorithms; universal algebra; category theory; test synthesis.

Introduction

Statement of the problem

The evolution of digital ecosystems over the past
decade has been characterized by unprecedented growth
in the number of connected devices that form the global
infrastructure of the Internet of Things (1oT). According
to analysts' forecasts, the number of active loT
connections continues to grow exponentially, transforming
industry, healthcare, and urban infrastructure within the
concepts of Industry 4.0 and 5.0. The central hub that
provides functional compatibility, security, and
manageability in these heterogeneous networks is the
Intelligent loT Gateway. Unlike traditional network
bridges, modern gateways are complex computing
platforms that integrate routing, protocol conversion,
cryptographic protection, and edge analytics (Edge Al)
functions [1].

The architectural complexity of such devices creates
unique challenges for ensuring their reliability.
The gateway must simultaneously handle thousands
of concurrent connections through various physical

interfaces (Ethernet, Wi-Fi, BLE, Zigbee, LoRa, etc.),
manage message queues (MQTT, AMQP), maintain data
integrity during power outages, and withstand
cyberattacks. This multidimensionality of the system
state space leads to a phenomenon known as "state
explosion”, which makes exhaustive testing physically
impossible and economically impractical. As noted in [2],
traditional test generation methods focused on
deterministic digital circuits are powerless against
the dynamic nature of the 1oT.

Research confirms that critical failures in such
systems often arise from complex temporal correlations
and resource contention when processing asynchronous
interrupts [3], or require the reproduction of specific,
deep sequences of network packets that cannot be
generated by stateless fuzzing methods [4].

Therefore, there is a pressing scientific need to
develop new, intelligent methods for automated test
synthesis that can effectively explore the solution space
and identify critical vulnerabilities within an acceptable
time frame. The most promising direction is the use
ofevolutionary  computing, in  particular  genetic
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algorithms (GA), which demonstrate high efficiency in
optimization tasks where the device under investigation is
presented as a "black box". However, the direct,
unadapted application of classical GAs for testing
gateways faces problems of premature convergence,
generation of syntactically incorrect tests, and low
learning speed. Solving these problems requires the
creation of a rigorous theoretical basis that will allow
formalizing the process of adapting biological metaphors
of evolution to engineering tasks of technical diagnostics.

Analysis of recent research and publications

The issue of testing 10T systems and the application
of evolutionary methods is the subject of active research
by the global scientific community. Systematic literature
reviews in recent years indicate a transition from testing
individual components to comprehensive end-to-end
testing that covers devices, gateways, and cloud platforms.

Researchers Minani et al. [2] propose testing
taxonomies that take into account the heterogeneity and
distributed nature of 10T, but note the lack of formalized
methods for automatically generating test data that would
take into account the semantics of protocols.

Considerable attention is paid to the use of genetic
algorithms for cybersecurity tasks in 10T, in particular for
intrusion detection. Works [5-8] demonstrate the
successful application of GA for optimizing neural
network parameters (CNN, LSTM) and feature selection
in attack detection systems. However, these studies focus
primarily on traffic classification rather than on the
generation of test scenarios capable of causing system
failure, which is the goal of stress testing and fuzzing
(the introduction of invalid, inappropriate, or randomly
generated inputs).

The theoretical aspects of formalizing complex
systems are considered through the prism of algebraic
approaches and category theory. Studies [9, 10]
demonstrate the effectiveness of algebraic methods for
verifying arithmetic schemes and synthesizing program
invariants. The application of category theory to model-
based systems engineering (MBSE) and architecture
modeling is discussed in [11]. The authors argue that
category theory provides a powerful toolkit for describing
the composability of systems, allowing the interaction of
components to be modeled as morphisms. However, as
noted in the work, there is a gap between abstract theory
and engineering testing practice, especially in the context
of evolutionary methods.
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Thus, the task of creating a mathematical model that
combines the heuristic power of evolutionary algorithms
with the rigor of algebraic structures for the purposeful
synthesis of tests for complex loT gateways remains
unresolved.

The aim of this work is to develop the theoretical
foundations and mathematical model of evolutionary test
synthesis for intelligent 10T gateways based on the use of
universal algebra and category theory to formalize the
processes of adapting genetic algorithms to the multilayer
architecture of cyber-physical systems.

Main material

1. Correspondence of evolutionary theory
conceptual frameworks and technical diagnostics

Genetic algorithms are a class of stochastic search
and optimization methods based on the mechanisms of
natural selection and genetics. For the correct application
of this mathematical apparatus in the field of technical
diagnostics, it is necessary to establish a clear
isomorphism between biological entities and the objects
of testing of intelligent gateways.

Classic GAs, which operate on fixed-length bit
strings, are ineffective for loT gateways due to their
complex heterogeneous structure. The gateway operates
with data at different levels of abstraction: from physical
parameters (RSSI signal level, battery voltage, etc.)
to high-level data structures (JSON objects in the
MQTT protocol, binary CBOR format in the CoAP
protocol [12]). Therefore, the concept of an "individual"
in a test population must be transformed from a simple
vector to a complex, hierarchical data structure that
describes the scenario of interaction with the system.

Analysis of the structure of smart gateways and the
specifics of their testing [1, 2] allows us to form
an extended list of terminology correspondences, which
is the basis for further formalization, the main concepts
of which are given in Table 1.

The specificity of 10T requires the introduction of
new concepts that are absent in classical digital automata
theory. In particular, the concept of a "multi-protocol
chromosome"” describes a scenario that includes
a sequence of actions in different protocols (for example,
receiving data via Zigbee and sending via MQTT), while
an "energy phenotype" reflects an energy consumption
profile that is critical for battery-powered devices.
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Table 1. Systematization of the correspondence between the concepts of population genetics and test diagnostics of 10T systems

The concept of The concept of loT technical Interpretation and implementation in the context of the gateway
genetics diagnostics

Allele Permissible set of parameter values | A set of valid and invalid values for a specific gateway component

Gene Elementary test impact parameter Atomic configuration within a scenario

Chromosome Parameter vector / Test set Complete, ordered specification of a single test case

Genotype Coded representation of the test Data structure subject to genetic operations

Phenotype System behavior under load Observed gateway response to the test

Population Set of tests A set of test scenarios executed in parallel or sequentially at the
current stage of evolution (generation)

Fitness Test effectiveness / Coverage Numerical metric that aggregates: code coverage percentage, number
of detected failures, degree of resource load

Mutation Parameter modification Stochastic change of values: bit inversion, change of numerical
values, substitution of data types

Crossover Combination of scenarios Creation of a new test by recombining parts of parent scenarios

Locus Parameter location in the structure | Semantic binding of a gene to a specific gateway component

2. Development of evolutionary test
synthesis mathematical model

To ensure the rigour of transferring evolutionary
search methods to the field of diagnostics, it is proposed
to use the apparatus of universal algebra. This allows us
to abstract from the specific physical nature of signals
and work with generalised operations on sets, which is
particularly relevant for heterogeneous systems [10, 13].

Let us define an algebra as a pair (M,D), where

M is the algebra carrier (a non-empty set of elements),
and D is the signature (a set of operations of a given
arity). It is proposed to describe the process of
evolutionary test synthesis using a system of two
interrelated algebras:

1. Algebra of scenario generation (individual level)
A'(M],D]), where M ={c;,...,c;,....c,} — is the set

of all n acceptable and unacceptable input vectors

(test sets) for the gate; the elements of this set are

chromosomes ¢, ; Df:{dlz;l,d;j,...,d[rl} — signature

containing generation operations (df), unary mutation

operations (d;.), binary crossover operations (d;') and

other specific operators (e.g., translocation).
2. Algebra of population evolution (population

level): A} (M;,D; ), where M] — the set of all possible
subsets of tests (populations); D; ={d/’,d;? d;’}

selection, reproduction, and reduction (selection of the
best) operations.
Similarly, a classical genetic algorithm can be described

by a pair of algebras A (M;,D}) ma A (M,.,D;).

The key idea of the proposed approach is to establish
homomorphism. f: Al — A" Ta f,: Al - A

The presence of homomorphism guarantees that
applying an abstract genetic operator (e.g., bit string
crossover) to the test model corresponds to a correct
operation in the real space of gateway parameters
(e.g., correct merging of protocol configurations),
which generates a valid test for execution. If this
principle is violated (e.g., crossover creates a packet
with an incorrect checksum that is rejected by the driver),
then homomorphism is absent, and the efficiency of the
algorithm degrades to a random search.

For a more in-depth modeling of structural
relationships, we suggest using category theory [11, 14, 15].
This allows us to consider the testing process as
a mapping between categories of states.

Let K, is a category where ObK, objects are the
states of the gate during testing (memory configurations,
queues, registers, etc.), and the morphisms Mor K, are
transitions between states caused by test influences.
Let Kg, — be the category of the evolutionary process,

where the objects ObK_, are test populations, and the
morphisms Mor K, are evolutionary transformations.
The existence of a functor F=(K,,K;) allows us to

automatically translate fitness function optimization
strategies into strategies for finding paths to erroneous
system states.

The conclusion about the nesting of categories is
particularly important. If we consider the category

of simple tests K, (changing one parameter) and
the category of complex stress tests K, (simultaneous

change of a group of parameters), then K,  is
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a subcategory of K, . This theoretically justifies the

advantage of genetic algorithms operating in space K,

(with macro-mutation operators) over local search
methods, as they are capable of detecting complex,
correlated defects that are unattainable for simple
morphisms.

3. Application of universal algebras and category
theory for creating test synthesis methods

Based on the developed mathematical foundation,
a number of modified test synthesis methods adapted
to the specifics of 10T gateways are proposed.

Heuristic combination method. Given the high
uncertainty of loT environment behavior, no single
heuristic (e.g., bit inversion alone) can guarantee
effective vulnerability discovery. The method of
combining heuristics is described by an extended

signature D” of A®(M®,D®)algebra, which includes

a set of heterogeneous heuristics d,”,d;,...,d” based
on mutation, crossover, and other
D® ={dS,d;,....ds}. )

The algorithm adaptively selects an operator at each
step based on its current effectiveness (probabilistic
approach). For the specifics of gateways, it is proposed to
use a specialized combined crossover operator with
translocation. The principle of its operation is as follows:
during crossover, one of the offspring receives part of the
genes from the first parent (inheritance), and the other
part — inverted or logically opposite values from the
second parent (entropy introduction). When applied in the
loT field, this allows for the automatic generation of
"contrast” load scenarios. For example, the system
simultaneously attempts to transmit valid critical priority
data via MQTT and a stream of damaged packets via the
CoAP interface. This approach effectively detects errors
in the prioritization and isolation mechanisms of
processes in the gateway operating system.

A test synthesis method that takes into account
a priori information about the structure. One of the
main problems with applying classical GAs to network
protocols is the destruction of data structure. Simple
crossover operators break bit strings at arbitrary
locations, leading to a violation of the integrity of
JSON/XML structures or checksums (CRC). Such tests
are rejected by the gateway's input parsers even before
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the main
ineffective.
To solve this problem, a hierarchical chromosome
structure with the introduction of control genes is
proposed. The chromosome is represented as a tuple:

C= <Gctl ! Gdata> ! (2)

logic is executed, which makes testing

where G, — higher-level control genes that determine

testing strategy; G, — information genes containing

specific parameters.
A structurally adaptive crossover operator dg,, is

also introduced, which allows breaking a chromosome
exclusively at the boundaries of logical blocks (between
the header and body of a packet, between configuration
records, etc.). This guarantees that the test remains
syntactically correct when its semantics change, ensuring
that the test penetrates deeply into the logic of the device.

Evolutionary method on parallel computing
structures. Testing loT gateways is an extremely
time-consuming process. A single test can take from
seconds to minutes due to the need to wait for network
timeouts and system stabilization. Thus, sequential
execution of a population of 100 tests can take hours.

The algebraic model is extended by introducing

parallel operations. Let algebra A”(M”, D”) be given,

the operation of evaluating the fitness y(x) of

an individual x, which is the most computationally
complex, is transferred to parallel streams. In the
proposed method, the population P, is divided into

subsets {Pt,l,...,Pt_k}, which are processed by

independent nodes in a cloud or fog environment.

Each node emulates a virtual instance of the
gateway or interacts with a separate physical interface of
the test bench. The central orchestrator performs only
selection and reproduction operations. This allows for
nearly linear acceleration of the test synthesis process,
which is critical for ensuring continuous integration
(CI/CD) in loT development [16].

Method based on evolutionary strategies. Many
parameters of gateway operation are continuous rather
than discrete in nature: supply voltage level, processor
temperature, time intervals for maintaining persistent
connections, sensor thresholds, etc. For such parameters,
the bit representation of classical GA is unnatural and
inefficient. A method based on evolutionary strategies is
used, where a chromosome is a vector of real numbers.
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The mutation operator is implemented by adding a random
variable x, with a normal distribution to each parameter:

x=x+N(0,0,), (3)
where o, — the mean square deviation (mutation step),

which is also part of the genotype and adapts during
evolution (self-adaptation).

This allows for hardware-level stress testing
by finding the limit values of parameters (for example,
the minimum permissible voltage at which the gateway
still functions but begins to allow errors in writing
to flash memory), which is impossible to do using
combinatorial logic methods [17].

Test synthesis using non-homologous
chromosomes. Gateways work with variable-length data
streams (message queues, fragmented IP packets). Classic
crossover works with chromosomes of fixed length
(homologous), which limits its applicability. The concept
of non-homologous chromosomes with different lengths
and structures is introduced.

In this case, it is proposed to apply a modified
crossover algorithm with a correction phase:

1. Selection of breakpoints at arbitrary (even
asymmetrical) locations on the parent chromosomes.

2. Exchange of sections, which leads to a change
in the length of the offspring.

3. Correction phase:

— if the length of the offspring exceeds the
permissible  MTU (Maximum Transmission Unit),
truncation or fragmentation of the packet is performed;

Algebraic Space
(Evolution Process)

Population of Tests

Chromosome Structure

Control Data
Genes Genes

(Strategy + Payload)

Evolutionary Operators
« Selection
« Structural Crossover
+ Gaussian Mutation
+ Length Correction
* Reproduction

Decoding
(Mapping)
——

Feedback Loop
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— if the length is insufficient (mandatory fields are
lost), neutral fillers are added. This approach allows for
the evolutionary study of specific classes of
vulnerabilities, such as buffer overflows and attacks
on packet fragmentation mechanisms.

4. Test synthesis based on the mathematical apparatus
of modern algebra

Integrating all the methods we've looked at lets us
build a single, generalized test synthesis scheme for smart
gateways (Fig. 1).

The process is described as an iterative procedure
in the multidimensional space of gateway states,

controlled by a multifactorial fitness function ().

The formula for the fitness function for the loT
gateway looks like this:

,LI(X)=W1 ’ Scov +W2 ' Edetect +W3 : Rusage _W4 'Texec (4)

where S, — code coverage or protocol state space
coverage; E,.. — the weight of the detected errors

(depending on their criticality); R — peak resource

usage
usage (memory, central processing
stimulates the search for DoS attacks; T,

exec

unit), which
— penalty for
test execution time (to optimize the length of the set);

w, i=14 — weight coefficients that can be adjusted

depending on the testing objective.

Gateway State Space
(Physical Execution)

Intelligent Gateway
« Protocols (MQTT, CoAP)
« CPU, RAM, Flash Storage
« Security Module (TPM)
« Network Interfaces
« Data Aggregation Logic

St —\h-T:&nwlwow,

Monitoring & Telemetry
« Code Coverage
« Detected Errors
+ Resource Usage Peaks
« Execution Time

Fitness Function Evaluation

Fig. 1. Generalized scheme of test synthesis based on an algebraic approach
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As a result of the analysis, the following generalized
algorithm for synthesizing tests for loT gateway
components is proposed:

1. Initialization. Formation of the initial population
of scenarios using templates and taking into account the
structure (2).

2. Evaluation. Parallel launch of tests on digital
twins or physical devices. Collection of metrics via
telemetry interfaces (4).

3. Selection. Selection of tests that caused anomalies
or reached deep branches of the code.

4. Recombination and mutation. Application of
an adaptive set of operators (1) from algebra A",
including combined crossover and mutations of
evolutionary strategies (3) for physical parameters.

5. Correction. Restoration of the structural integrity
of tests for non-homologous chromosomes.

6. Termination condition. Achievement of the target
reliability level or exhaustion of the time budget.

100

925
88.5
85.7
82.0
80
75.2
69.7
60
531
49.2
40
20
0

Protocol Adapter Data Aggregator

Coverage (%)

Fig. 2. Comparison of gateway component coverage

Thus, for the protocol adapter, the best coverage is
92.5%, which is explained by the use of a structurally
adaptive crossover that preserves the syntactic
correctness of packets. For local storage and network
interface, the coverage also exceeds 89%, which indicates
the successful operation of evolutionary strategies with
real numbers when testing resource constraints.

An important aspect is not only the final result, but
also the speed at which it is achieved. Figure 3 shows the
generalized dynamics of the testing process, averaged
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Research results and their discussion

Security Module

To experimentally verify the proposed model,
a software package was developed that implements
adapted genetic algorithms. Testing was performed on
a model of an intelligent gateway with heterogeneous
interfaces operating under realistic load conditions [18].

The effectiveness of the proposed method was
evaluated in comparison with three existing approaches:

— classical random testing [19-21];

— testing based on rules created by experts (heuristic
expert) [22, 23];

— methods based on state-of-the-art FSM models
[4, 24, 25].

Fig. 2 shows comparative histograms of the final
error coverage for five key gateway components.

Analysis of the diagrams shows a significant
advantage of the proposed method for all system
components.

93.0
89.0
Testing Method
Random Testing
Heuristic (Expert)
=== State-of-the-Art (FSM/Model)
mmm Proposed Method

Network Interface Local Storage

across the entire system. The graph shows that the
proposed method is characterized by the steepest slope
in the initial stages (0-40% of the process duration).
This indicates the high convergence speed of the algorithm
due to the use of a priori information about the gateway
structure. While random testing methods show almost linear,
slow growth, the proposed approach quickly reaches a
coverage level of over 90%. The use of non-homologous
chromosomes made it possible to avoid the population
stagnation observed in the heuristic method graph.
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100
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0 20 40
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Fig. 3. Generalized dynamics of gateway component coverage

Thus, experiments confirm that algebraic
formalization of the test synthesis process provides
a significant increase in code coverage and defect
detection compared to random search and static
analysis methods.

Conclusions
and prospects for further development
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1. A theoretical algebraic model for synthesizing
tests for intelligent 10T gateways has been developed
and substantiated, based on the use of a pair of
universal algebras (scenario generation and population
evolution). This made it possible to formalize the
process of testing complex heterogeneous systems and
prove the mathematical correctness of transferring
evolutionary computing methods to the field of
technical diagnostics.

2. An extended classification of concepts
(gene-parameter,  chromosome-scenario,  phenotype-
behavior) has been proposed, which, unlike classical
approaches, takes into account the specifics of loT:
multi-protocol, energy dependence, real-time operation,
and variable data formats.

3. The effectiveness of using a combination of
heuristics and combined crossover to overcome local
extrema when searching for vulnerabilities has been
proven. It has been shown that the introduction of
structural constraints (control genes) and chromosome

Random Testing (52.3%)

Heuristic (Expert) (74.1%)
== = State-of-the-Art (FSM/Model) (87.2%)
=== Proposed Method (91.1%)

60 80 100

length correction mechanisms significantly increases the
percentage of valid tests in the population, allowing
computational resources to be focused on verifying
the deep logic of the gateway.

4. The practical implementation of the proposed
methods on parallel computing structures solves the
problem of critical time constraints when testing
high-density networks, ensuring the scalability of the
diagnostic process and the possibility of integration
into modern development pipelines.

The theoretical and algebraic solutions obtained in
this work and the proven effectiveness of evolutionary
test synthesis create a fundamental basis for the transition
from disparate testing tasks to the creation of
a comprehensive methodology. The priority direction for
further scientific research is the development of methods
for component and integral diagnostics of the intelligent
gateway of the peripheral layer of a multi-density 1oT.
The implementation of this direction involves solving
two interrelated classes of problems:

1. At the level of individual gateway subsystems
(components), further work will focus on deepening
the specialization of evolutionary operators to take
into account hardware specifics (development of
methods for generating stress tests for the gateway's
neural processing units (NPUs), creation of adaptive
scenarios for testing the physical level in conditions
of high signal interference characteristic of dense
LoRaWAN, ZigBee, Wi-Fi 6, etc. networks).
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2. Development of integral diagnostics methods
(detection of defects that arise exclusively during the
interaction of correctly functioning separate components
(taking into account resource collisions, inter-level
tracking of error propagation).

Thus, the proposed algebraic approach creates
a reliable foundation for the implementation of new
directions, since its abstract nature allows expanding
the signature of operations without changing the overall
architecture of the method.

Conflict of interest

51

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)

could influence the research and its results presented
in this article.

Funding

The study was conducted without financial support.

Data availability

The manuscript has no associated data.

Use of artificial intelligence

The authors declare that they have no conflict
of interest with respect to this research, including
financial, personal, authorship, or other conflicts that

References

The authors confirm that they did not use
artificial intelligence technology in the creation
of this work.

1. Beniwal, G., Singhrova, A. (2022), "A systematic literature review on loT gateways", Journal of King Saud University —
Computer and Information Sciences, No. 34(10), P. 9541-9563. DOI: https://doi.org/10.1016/j.jksuci.2021.11.007
2. Minani, J. B., Sabir, F., Moha, N., Guéhéneuc, Y.-G. (2024), "A Systematic Review of 10T Systems Testing: Objectives,

Approaches, Tools, and Challenges",
https://doi.org/10.1109/TSE.2024.3363611

IEEE Transactions on Software Engineering, No.

50(4), P. 785-815. DOI:

3. Trimananda, R., Agajari, S.A.H., Chuang, J., Demsky, B., Xu, G. H., Lu, S. (2020), "Understanding and automatically
detecting conflicting interactions between smart home loT applications”, Proceedings of the 28th ACM Joint Meeting on
European Software Engineering Conference and Symposium on the Foundations of Software Engineering, P. 1215-1227.

DOI: https://doi.org/10.1145/3368089.3409682

4. Shu, Z., Yan, G. (2022), "loTInfer: Automated Blackbox Fuzz Testing of loT Network Protocols Guided by Finite State
Machine Inference”, IEEE Internet of Things Journal, No. 9(22), P. 22737-22751. DOI: https://doi.org/10.1109/J10T.2022.3182589

5. Hakiki, R.I., Azerine, A., Tlemsani, R., Golabi, M., Idoumghar, L. (2025), "Enhancing IoT intrusion detection with genetic
algorithm-optimized convolutional neural networks", The Journal DOI: https://doi.org/10.1007/s11227-025-07626-8

6. Jain, V., Agrawal, M. (2020), "Applying Genetic Algorithm in Intrusion Detection System of loT Applications",

2020 4th International Conference on Trends in
DOI: https://doi.org/10.1109/ICOE148184.2020.9143019

Electronics and

Informatics (ICOEI) (48184), P. 284-287.

7. Dong, J., Li, Z., Zheng, Y., Luo, J., Zhang, M., Yang, X. (2024), "Real-time fault detection for IloT facilities

using GA-Att-LSTM based on edge-cloud
DOI: https://doi.org/10.3389/fnbot.2024.1499703

collaboration”,

Frontiers in  Neurorobotics, No. 18, P. 1499703.

8. Katsura, Y., Endo, A., Arai, |, Fujikawa, K. (2025), "Efficient IDS for 10T Networks Using Host-Based Data Aggregation
and Multi-Entropy Analysis", IEEE Access, No. 13, P. 125406-125419. DOI: https://doi.org/10.1109/ACCESS.2025.3589057

9. Sampathkumar, B., Das, R., Martin, B., Enescu, F., Kalla, P. (2025), "An Algebraic Approach to Partial Synthesis
of Arithmetic Circuits”, Proceedings of the 30th Asia and South Pacific Design Automation Conference, P. 1097-1103.

DOI: https://doi.org/10.1145/3658617.3697724

10. Humenberger, A., Amrollahi, D., Bjerner, N., Kovacs, L. (2022), "Algebra-Based Reasoning for Loop Synthesis",
Formal Aspects of Computing, No. 34(1), P. 1-31. DOI: https://doi.org/10.1145/3527458

11. Vidalie, J., Batteux, M., Mhenni, F., Choley, J.-Y. (2022), "Category Theory Framework for System Engineering and Safety

Assessment  Model  Synchronization
https://doi.org/10.3390/app12125880

Methodologies",

Applied

Sciences, No.  12(12), P. 5880. DOI:

12. Molina Araque, S., Martinez, I., Papadopoulos, G.Z., Montavont, N., Toutain, L. (2023), "Yet Another Compact Time
Series Data Representation Using CBOR Templates (YACTS)", Sensors, No. 23(11), P. 5124. DOI: https://doi.org/10.3390/s23115124



https://doi.org/10.1016/j.jksuci.2021.11.007
https://doi.org/10.1109/TSE.2024.3363611
https://doi.org/10.1145/3368089.3409682
https://doi.org/10.1109/JIOT.2022.3182589
https://doi.org/10.1007/s11227-025-07626-8
https://doi.org/10.1109/ICOEI48184.2020.9143019
https://doi.org/10.3389/fnbot.2024.1499703
https://doi.org/10.1109/ACCESS.2025.3589057
https://doi.org/10.1145/3658617.3697724
https://doi.org/10.1145/3527458
https://doi.org/10.3390/app12125880
https://doi.org/10.3390/s23115124

52

ISSN 3083-7715 (online) Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)
ISSN 3083-7650 (0135-1710)(print) Management Information System and Devices. 2026. No. 1 (188)

13. Tao, T. (2024), A pilot project in universal algebra to explore new ways to collaborate and use machine assistance?
URL:  https://terrytao.wordpress.com/2024/09/25/a-pilot-project-in-universal-algebra-to-explore-new-ways-to-collaborate-and-use-
machine-assistance/ (nzara 3sepuenns: 21.01.2026).

14. Mabrok, M.A., Ryan, M J. (2017), "Category Theory as a Formal Mathematical Foundation for Model-Based Systems
Engineering”, Applied Mathematics & Information Sciences, No. 11(1), P. 43-51. DOI: https://doi.org/10.18576/amis/110106

15. Breiner, S., Subrahmanian, E., Sriram, R.D. (2023), "Category Theory". In A. M. Madni, N. Augustine, & M. Sievers
(Eds.), Handbook of Model-Based Systems Engineering, P. 1259-1299. DOI: https://doi.org/10.1007/978-3-030-93582-5_85

16. Jamil, M.A. (2025), "Evolutionary Algorithm Behavior to Optimize the 10T Scheduling Problem", 2025 IEEE International
Conference on E-Business Engineering (ICEBE), P. 288-291. DOI: https://doi.org/10.1109/ICEBE68123.2025.00052

17. Surayya, A., Muzakkir Hussain, M., Reddy, V.D., Abdul, A., Gazi, F. (2025), "Evolutionary Algorithms for Edge Server
Placement in Vehicular Edge Computing”, IEEE Access, No. 13, P. 79030-79052. DOI: https://doi.org/10.1109/ACCESS.2025.3566172

18. De Benedictis, A., Flammini, F., Mazzocca, N., Somma, A., Vitale, F. (2023), "Digital Twins for Anomaly Detection in the
Industrial Internet of Things: Conceptual Architecture and Proof-of-Concept”, IEEE Transactions on Industrial Informatics,
No. 19(12), P. 11553-11563. DOI: https://doi.org/10.1109/T11.2023.3246983

19. Muench, M., Stijohann, J., Kargl, F., Francillon, A., Balzarotti, D. (2018), "What You Corrupt Is Not What You Crash:
Challenges in Fuzzing Embedded Devices", Proceedings 2018 Network and Distributed System Security Symposium. Network
and Distributed System Security Symposium, San Diego, CA. DOI: https://doi.org/10.14722/ndss.2018.23166

20. Al-Garadi, M.A., Mohamed, A., Al-Ali, A K., Du, X., Ali, ., Guizani, M. (2020), "A Survey of Machine and Deep
Learning Methods for Internet of Things (1oT) Security”, IEEE Communications Surveys & Tutorials, No. 22(3), P. 1646-1685.
DOI: https://doi.org/10.1109/COMST.2020.2988293

21. Aldysty, A.R., Moustafa, N., Lakshika, E. (2025), "A Holistic Review of Fuzzing for Vulnerability Assessment
in Industrial Network Protocols". IEEE Open Journal of the Communications Society, No. 6, P. 4437-4461.
DOI: https://doi.org/10.1109/0JCOMS.2025.3569291

22. Qureshi, A.-H., Larijani, H., Ahmad, J., Mtetwa, N. (2019), "A Heuristic Intrusion Detection System for Internet-of-Things
(1oT)". Intelligent Computing, Vol. 997, P. 86-98. DOI: https://doi.org/10.1007/978-3-030-22871-2 7

23. Latha, R., Thangaraj, J.J. (2025), "lIoT security using heuristic aided symmetric convolution-based deep temporal
convolution network for intrusion detection by extracting multi-cascaded deep attention features”, Expert Systems with Applications,
No. 269, P. 126363. DOI: https://doi.org/10.1016/j.eswa.2024.126363

24, Németh, G.A. (2025), "Model-based mutation testing for Finite State Machine specifications with MTR",
Infocommunications Journal, No. 17(3), P. 84-91. DOI: https://doi.org/10.36244/1CJ.2025.3.10

25. Pan, Z., Zhang, L., Hu, Z.,, Li, Y., Chen, Y. (2022), "SATFuzz: A Stateful Network Protocol Fuzzing Framework from
a Novel Perspective", Applied Sciences, No. 12(15), P. 7459. DOI: https://doi.org/10.3390/app12157459

Received (Haoiiuna) 22.01.2026
Accepted for publication ([lpuiinama do opyxy) 29.01.2026
Publication date ([{ama nyonixayii) 12.03.2026

Bioomocmi npo aemopis / About the Authors

[anyenko Bonogumup IBanoBuu — HarionansHuil TeXHIYHHN yHiBepcHTEeT "XapKiBCHKHN MONITEXHIYHUN IHCTUTYT", CTapIIUA
BHKJIa[a4d Kadeapu KOMI IOTEPHOI iHKeHepii Ta mporpaMyBaHHs; XapKiB, YKpaiHa;
Volodymyr Panchenko — National Technical University "Kharkiv Polytechnic Institute”, Senior Lecturer at the Computer
Engineering and Programming Department; Kharkiv, Ukraine;
e-mail: Volodymyr.Panchenko@khpi.edu.ua
ORCID ID: https://orcid.org/0000-0003-3364-3398

Kyuyk Teopriii AHaToailioBU4 — JOKTOp TeXHIYHUX Hayk, mpodecop, HamioHanbHUil TexHIUHWMIA YyHiBepcUTET "XapKiBCHKHMA
MOJIITeXHIYHUH 1HCTHTYT", Tpodecop Kadenpn KOMIT FOTEpHOI iHKeHepil Ta mporpaMyBaHH:; XapkiB, YKpaiHa;
Heorhii Kuchuk — Doctor of Technical Sciences, Professor, National Technical University "Kharkiv Polytechnic Institute"”,
Professor at the Computer Engineering and Programming Department; Kharkiv, Ukraine;
e-mail: mkuchuk56@ukr.net
ORCID ID: http://orcid.org/0000-0002-2862-438X



https://terrytao.wordpress.com/2024/09/25/a-pilot-project-in-universal-algebra-to-explore-new-ways-to-collaborate-and-use-machine-assistance/
https://terrytao.wordpress.com/2024/09/25/a-pilot-project-in-universal-algebra-to-explore-new-ways-to-collaborate-and-use-machine-assistance/
https://doi.org/10.18576/amis/110106
https://doi.org/10.1007/978-3-030-93582-5_85
https://doi.org/10.1109/ICEBE68123.2025.00052
https://doi.org/10.1109/ACCESS.2025.3566172
https://doi.org/10.1109/TII.2023.3246983
https://doi.org/10.14722/ndss.2018.23166
https://doi.org/10.1109/COMST.2020.2988293
https://doi.org/10.1109/OJCOMS.2025.3569291
https://doi.org/10.1007/978-3-030-22871-2_7
https://doi.org/10.1016/j.eswa.2024.126363
https://doi.org/10.36244/ICJ.2025.3.10
https://doi.org/10.3390/app12157459
mailto:Volodymyr.Panchenko@khpi.edu.ua
https://orcid.org/0000-0003-3364-3398
mailto:mkuchuk56@ukr.net
http://orcid.org/0000-0002-2862-438X

53

Aemomamuzosani cucmemu ynpagiinus ma npunaou agmomamuxu. 2026. Ne 1 (188) ISSN 3083-7715 (online)
Management Information System and Devices. 2026. No. 1 (188) ISSN 3083-7650 (0135-1710)(print)

TEOPETUKO-AJITEBPATYHI OCHOBH
EBOJIIOLIMHOI'O CUHTE3Y TECTIB
KOMITOHEHTIB IHTEJIEKTYAJIBHUX HIJIIO3IB
BUCOKOIJIBHUX IOT-CUCTEM

Axmyansuicms. Cyuacua napaouema Inmepnemy peueii (loT) nepeoicusae hynoamenmanvhy mpancgopmayiro, nepexooadu 6io
npocmux Mmepedic 300py menemempii 00 CKIAOHUX, BUCOKOWITbHUX eKocucmeM, Oe KI04o8y poib Gi0ieparoms iHmenekmyanvi
wiio3u. ApximexmypHa eemepozeHHiCmb Wai03i6 nopooxcye npodaemy "kombinamopnoeo sudyxy cmamuig”, Koau npocmip MOMCIUBUX
KoHGhizypayiti ma cyenapiie 6i0M0O8 nepesuuye MONCIUGOCME MPAOUYILHUX OeMepMIHOBAHUX MemOoOi8 Mecny68ants, He 30amHux
eekmusHo susenAmuU 2AUOOKO Npuxosami epasiueocmi. O6’€KmMom O00CHIOHCEHHA € Npoyecu asMoMamu308aHO20 CUHMESY
oiaznocmuunux mecmis i eepughixayii HadiliHocmi Oiia 6a2amowaposux 2emepoceHHux KOMnoHenmie inmenekmyanvhux loT-uino3sis.
Mema cmammi — po3po6aents meopemuuHUX 3acad i Mamemamuytoi Mooeni esonoYitiHo2o cunmesy mecmis 05 iHMEeNeKMYatbHux
wozie 1oT. 3aedanusn docnioycenns: gopmanizayis aoanmayii eeHeMuyHUX anopummis 0o ocodausocmeti apximexmypu loT;
nioBULeHHs. eheKMUBHOCMI BUABIEHHA KPUMUYHUX Oeghekmis. 3acmocoeani memoou: anapam meopii YHIGEPCATbHUX aneeop
i meopii kameeopii. Pezyiomamu 0ocnioxncennsn. Y pobomi 3anponoHo8ano it MamemMamuyHo OOIPYHMOBAHO MOOeNb CUHME3Y
mecmis, AKa 6a3yeEMvbCs HA BUKOPUCMAHKI NAPU YHIBEPCATbHUX aleebp, w0 ONUCYIomb NPOCMIp MeCmosux CYeHapiie ma e8omoyiliHi
onepamopu. Ynposaosiceno il cuCmemMamu308aH0 po3uupeHuti NOHAMIUHULL anapam, wo 8i0MmeoprE 6NPOBAONCEHHST MePMIHON02TT
nonynsyitnoi cenemuxu y cgepy mexuiunoi Oiacnocmuku Kibepizuunux cucmem. [logedeHo HAAGHICMb 20MOMOPQDIZMY
Midic aneedpaiuHuMu MOOenaMU KIACUYHUX 2eHeMUYHUX aneopummie i npoyecamu nowyky epasnugocmetl y loT-winiosax. Pospobdneno
Memoo cunme3y mecmis Ha OCHO8I MAMeMamuiyHo2o anapamy cyyacHoi aneebpu. O6IpyHmosano 3acmocy8anis meopii kamezopiti
0151 ONUCY MOPDI3MI6 MIdHC NPOCIMOPAMU CINAHIE WINIO3Y Ul eBONIOYILIHUMYU ONEPAMOPAMU, WO OAE 3MO2Y 2APAHMYEAmMU KOPEKMHICMb
nepemeopens mecmosux Habopie. Bucnoeku. 3anpononosanuii nioxio cnpusie cmeopennio yHieepcanbHo20 nioxo0y 00 mecmyeanis,
wo 3abesneuye cymmese niosuwjeHHs nOKpumms Kooy i eusenenus oegexmis. Cehepa euxopucmanns OOCAHYMUX Pe3VIbMaAmie:
cucmemu  A8MOMAMU308aH020 NPoekmysanus 1 Oiaenocmuku 0na loT, naamgopmu mecmyeanns Kibep@izuunux cucmem,
Ppo3pobnenns incmpymenmapiio ons QA-inocenepis y cpepi Embedded Systems ma Edge Al.

Kniwouosi cnosa: Inmepnem peueil; iHmeneKmyanbHuil wini03; 2eHeMuyHi aicopummu, YHigepcanbHa anzebpa; meopis

Kamezopiil, cunmes mecmis.
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ITerpos K. E., boxko O. 1O.

METOJI ABTOMATHYHOI PO3MITKH
O3HAK CTPYKTYPHOI CKJIAJHOCTI JOKYMEHTIB
I3 BAKOPUCTAHHSAM BEJIMKUX MOBHUX MOJIEJEN

Ilpeomemom Oocnidscenna € Memoou A8MOMAMU308AHO20 AHANI3Y U  GUBHAYEHHS O3HAK CMPYKMYPHOI  CKAAOHOCMI
CabKOCMPYKMypo8anux OiloBUx OOKYMEHMi6 i3 3ACMOCYBAHHAM CYHACHUX MYAbMUMOOANbHUX GEIUKUX MOGHUX MOOenell.
Mema — po3pobumu ii excnepuMeHmanbHo nepesipumu npaye30amHuicms mMemooy agmoMamuiHoi po3mMimku 03HAK CMPYKMypHOL
CKNaOHOCMi  OOKYMeHmi6, sAKuil 3abe3neuye MONCIUGICMb NPOSHO3VEAHHSA SKOCMI NOOANbUWOl eKCmpakyii OaHux, a makKoic
nobyoysamu Mamemamuuny Mooenb OAs onmumizayii eubopy Kougizypayii MOGHUX Moolenell Yy Hpocmopi Kpumepiig
"axicmb — eapmicmb". 3aed0aHHa nepedbauaromev GOPMANIZAYIIO MAKCOHOMII O3HAK, (DOPMYBAHHS eKCNEPUMEHMATbHO2O
KOpNycy, po3pobieHHA YHI(IKOGAHOI cxemu NpoOMRMUHZY Ul PO36’A3aHHA 3adaui OazamokpumepianvHoi onmumizayii eubopy
MoOene. Memooonoziuny 0CHO8Y OO0CHIONCEHHA CMAHOSNAMb MemoOU CUCMEMHO20 AHANI3Y, eMNIpudHe NpoQinoeanHs
BENIUKUX MOBHUX MOoOeTell, Memoou iHdceHepii nioKkazox (prompt engineering), Memoou MamemMamuyHoi Cmamucmuxy (Kopeusyiiuru
auanis, pospaxynox mempuk Precision, Recall, F1) ona oyinmiosanus axocmi kiacu@ixayii, a maxkoxc memoou OUcKpemuoi
onmumizayii O 3HAXOOMCEHHS KOoMnpomichux piwens. Pesynomamu. Ocnosnum pe3ynibmamom 00CHiodceHb € po3pooneHull
OPUTHATLHULL MEMOO ABMOMAMUYHOT PO3MIMKU O3HAK CMPYKMYPHOL CKIAOHOCMI OOKYMEHMI8, W0 0d€ 3M02y A8MOMAMUYHO
2eHepysamu  CmMpyKmyposanuii. npogine ckiadHocmi OoKymewma U o0pobnsimu tioeo opucinanvhe eizyarvhe PDF-nooawuns.
Taxooic 3anpononosano 3eadiceny Qynxyito akocmi, saxka 6epe 0o ysazu Cmynilb 6NAUSY KOMCHOI O3HAKU HA NOMUTKU eKCMparyii,
ma eudineno Ilapemo-onmumanvhi Koupicypayii, wo YMOMCIUSTIOIOMb MIHIMI3aYil0 eumpam 3 027140y HA 3A0aHi 6UMO2U
0o Haoitinocmi. Ha niocmaei Oocsenymux pesyiomamie MOXNCHA 3poOumu neéHi 6UCHO8KU. Excnepumenmanvno 006edeHo,
WO EeKOHOMIUHO e@eKmueHi MoOeii 6 pexdCuMi 3 GUKOPUCMAHHAM NPUKIAié 3a0e3neuyromsv GUCOKY MOYHICIb PO3MIMKU,
AKA KOHKYPYE 3 pe3yibmamamu 3HAYHO 8apmMICHUX Mmooenel. Ycmanogneno, wo 3acmocy8anHs pedlCUMié 13 pOUUPEHUM
MIpKYBaHuAM 01 3a0aui OinapHoi Kiacughikayii € eKOHOMIUHO HeOOYITbHUM uYepe3 OUCHPONOpYiliHe 3POCMAHHA 8apMOCHI
6e3 cymmegozo npupocmy SKOCMI. 3anponoHO8AHULl MemooO po36’sa3ye npobiemy GIOCYMHOCMI [HCMPYMEHMIE NonepeoHbo2o
OYIHIOBAHHS ~CKAAOHOCMI 6 CUCMmeMax I[HMeNeKmyanbHo20 onpayiogants OoKymenmis. Bin 3abesneuye npoenososanicmo
i Kepoeauicmv npoyecié excmpakyii, 0aruu 3mozy peanizyeamu a0anmueHy Mapuipymusayilo OOKYMeHMI8 3a1exCHo 6i0 ix
cknaonocmi. L{e cmeoproe niorpynms oas no6yoo8u egeKmusHUX NPOMUCTIOBUX CUCTEM I3 30a1aHCOBAHUMU NOKASHUKAMU MOYHOCTI
ma eapmocmi ekcnayamayii, ycyeaiouu HeoOXioHicms y mpyooMicmKiil pyuHiti po3amimyi.

Knrouogi cnosa: crabxocmpykmyposanuii OOKyMeHnm, eKcmpaxyis oanux, npomnm-iwdicunipune; Ilapemo-onmumansuicme,;
MYALMUMOOATbHI MOOeI.

1. Beryn

ABTOMATH3AIIiS OTPAIIOBAaHHS JIIOBUX JOKYMCHTIB

€  BaXJIMBUM  HampsSMOM  PO3BHTKY  CYYacHHX
IHPOPMAIIHHIX CUCTEM YIPaBIiHHS.

[Mompu pocsirHeHHsT y cdepi IHTEIEKTYaIbHOTO
aHaJi3y TEKCTIB, IPOIEC EKCTPaKIil CTPYKTypOBAaHHUX
JMAHUX 13 JOKYMCHTIB 3aJIMIIA€ThC HETPUBIaIbHUM
3aB/IaHHSAM Yepe3 Pi3HOMAHITTS (opMaTiB, HEY3TOKEHICTh
PO3MITKM ¥ HasBHICTb NPUXOBAHUX KOHTEKCTYAIBHHX
3anexxHoctei. OIHIOBaHHSA CTPYKTYpHOI CKJIaTHOCTI
JIOKyMEHTa  MOX€  CIIyryBaTd  OCHOBOIO IS
MPOTHO3YBAaHHS SKOCTI IMONANBIIOI EKCTPaKLii JaHWX
i BHOOpY BiAmOBiIHOI crpaTerii iXx 0OpoOJEHHS.
TpagumiiHi TWiAXOAM 10 BU3HAYCHHA O3HAK CKJIATHOCTI

nepen0avyaloTh eKCIEePTHUN aHali3, 0 € TPYAOMICTKUM

MPOIECOM, Ma€ EJIEMEHT Cy0’€KTHBHOCTI W IOraHO
MacmTadyeThCs ISl BEUKUX JOKYMEHTHHUX KOPITYCIB.

3acrocyBaHHS BemMKHX MOBHHX Mmomeneir (LLM)
JUIL  pO3B’sI3aHHS 1I1i€l TpoOJeMH € TepCIeKTHBHUM
HAOpsSIMOM JIOCTI/DKCHb 1 CTBOPIOE TEPEIYMOBH IS
AaBTOMATH30BAaHOTO pO3MI3HAaBaHHSA TaKUX O3HaK 0e3
MOTIEPEIHROr0 HABUAHHS Ha CIIEliali30BaHUX JaHHX.
[IpoTe BinCYTHICTh ampoOOBaHUX METOJIB aBTOMATHYHOI
PO3MITKH YCKJIQIHIOE OI[IHIOBAHHS HAJIHHOCTI OTPUMAaHHUX
pe3yNbTaTiB i MOPIBHAHHA €(EKTHBHOCTI BHKOPHCTaHHS
PI3HHUX MOJETEH.

ToMy aKTyanbHUM € pPO3pOOJIIEHHI  METOIy
ABTOMATHYHOI PO3MITKH O3HaK CTPYKTYpPHOI CKJIaJHOCTI
JOKYMEHTIB i3 BHUKOPHUCTAHHSIM  MYJBTHMOJAIBHUX
MOBHUX MOJIeJIel. Y CTaHOBIICHHS KOPEJSILIHHUX 3B’ 3KIB

Mi’K aBTOMATHUYHO BUSBJICHUMU O3HAKaAMHU CKJIa,I[HOCTi Ta
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(haKTHYHUMHU TIOKAa3HUKAMHU SKOCTI EKCTPaKIii JaHuX
(3oxpema wmiporo F1) macte 3MOry OIIIHHTH TPaKTUIHY
TaKuX MoOJelel s

MPUIATHICTH MOTepeIHHOTO

MMPOTrHO3yBAHHSA CK.]'IaZ[HOCTi OIpantOBaHHA Z[OKyMeHTiB.

2. AHaJi3 JiTepaTypHUX JxKepest
i BU3HAYEHHS NPO0GJIeMH T0CTiIzKEeHHSI

BuBueHHS CTPYKTYpHOI CKIagHOCTI JOKYMEHTIB
Ma€ TpHUBay ICTOpilO, sIKa OXOIUTIOE TIEPioJ BiJ CHCTEM
HAa OCHOBI NpPaBWJI JO CYYacHHX METONIB TJIHOOKOTO
HaBuaHHA. Y paHHIX poborax [1, 2] po3risHyTO METOIH,
IO IPYHTYIOTbCS HA  3aCTOCYBaHHI  EKCIIEPTHHX
MpaBWI 1 TpaMAaTWYHHUX WIAXOIIB I OIHCY JIOTIYHOT
CTPYKTYpH IOKyMeHTiB. OJHAK CYTT€BUMH HEIOJiKaMHU
TaKAX METOJIB € YYTJIUBICTh J0 "mymy" # CKJIaIHICTH
MacmtabyBaHHSA Ha HOBI THIM MakeTiB  depe3
HEOOXiHICTh PYYHOTO CTBOPEHHS HaOOpiB MpaBuIl.
[Mogampmri  cTaTHCTHYHI

meromu [3] ® KIacuU4HE

MallMHHe HaB4YaHHS [4] Janu  3MOTy  YacTKOBO
aBTOMATH3yBaTH pO3MI3HABAHHS CTPYKTYPHHX EJIEMEHTIB,
npore W Haganmi moTpeOyBald  BENMKHX  00CSATIB
HaBYAJBHUX JTAHUX 1 PYYHOI PO3MITKH.

3 MOSBOIO CrHelialli30BaHMX MOJENeH TIMOOKOTo
HAaBYaHHS, 10 BHKOPHCTOBYIOTBCS JJISI  aHAIIZY
JIOKYMEHTIB, JOCIITHUKH JIOCSTJIM 3HAYHOIO TOKPAICHHS
TOYHOCTI aHaJi3y CKJIAIHUX MakeTiB. [IpHKIIagoM Takmx
mogeneir € TableNet [5], npusHayena ajist BHUSABIECHHS
Tabmump, abo cepii mozmeneit LayoutLM [6], me Oys
peani3oBaHMH  MeXaHi3M  caMOyBarm 3 OIISAY
Ha TpocTopoBi BigHOmeHHs. Lli apxitekTypu 00’ eqHaIN
TEKCTOBI, Bi3yaJbHi Ta INPOCTOPOBI O3HAKH, IO AAJIO
3MOTY pO3YMITH CcIaOKOCTPYKTYpOBaHI JOKYMEHTH,
30KpeMa paxyHKH-(pakTypu 4 ¢opmu. IIpore HaBiTh
HaMKpaI MOIETi 3aJIHUIIagucs 3aJeKHUMHU BiJ] BEIUKHUX
o0CsriB aHOTOBaHMX JaHUX, a pydYHa PO3MITKA TaKHX
KOPITyCiB 3aJMIIA€THCS ONHIEI0 3 OCHOBHHX MpPOOIEM.
[Mpouec py4yHOI pO3MITKM BUMara€ 3HaYHHMX PECYPCIB,
a HANIHHICTD PO3MITKH 3aJUIIAETHCA HHU3BKOIO IS
CKJIaJIHUX BHUIAJKIB.

VY cydacHux CTymisix [7-9] aBTOpH HOBOMATH, IO
CTPYKTYpHa CKJAJHICTh JOKYMEHTIB Oe3IocepeaHbo
BIUIMBAaE Ha MPOJIYKTUBHICTH cUCTeM iH(popmallil,
30KpeMa Ha MOKa3HHUK SIKOCTI eKkcTpakuii nanux F1-mipu
(F1-score).
CTPYKTYpOIO,
BKIIAJCHUMH TaOJUISAMHU CHOCTEPIra€ThCsd 3MCHIICHHS

50%,

Jna  moxkymeHTiB 13 GaraTOpiBHEBOIO

HEOJHO3HAYHUMU mignucamu abo
3HayeHHs Fl-mipu 1o SKIIO TOPIBHIOBATH

3 MPOCTUMH (hOopMaTaMHu.
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Lle crBoproe 00’e€KTHBHY NOTpPeOy B MeTonax, sKi
Morinu O TOmepeAHbO BH3HAYATH PIBEHb CKIAIHOCTI
JOKYMEHTA 1€ JI0 €Tally eKCTpaKIii JaHuX.

IMonpu 3HauHi ycmixu y cdepi BUKOPUCTAHHS
3ac00iB IITYYHOTO IHTENEKTY IJIsi POOOTH 3 JIOKyMEHTaMH,
CyYacHi IiIXOAN He PO3B’A3yI0Th MPOOIEMH aBTOMATHIHOTO
OLIIHIOBAHHS O3HAK CTPYKTYPHOI CKJIaJHOCTI TOKYMEHTIB.
HasBHi cumcremm aHamizy MakeTiB ab0 TOTPeOYIOTh
NIOBHOI PO3MITKH, a00 30CepeKYyIOThCsS Ha BHUSBICHHI
€JIEMEHTIB MakeTa (3aroJOBKW, TaOJWI, CIUCKH), aje
HE Ha KOHIENTYaJIbHHX BJIACTHBOCTSX, LIO BIUIMBAIOTH
HAa SKICTh PO3IIi3HABaHHS.

Otxe, HaBiTh HalCy4acHIIl METOIM He 3a0e3MeuyIoTh
YHIBEpCANBHOTO 3ac00y KUIBKICHOTO TPOTHO3YBaHHS
CKJIaTHOCTI TOKYMEHTA.

OctaHHi JOCHi/KeHHS y cdepi CHHTE3y BEIMKHX
MOBHHX MOJeNed BIIKPWIM HOBI MOXJIHMBOCTI JUIs
KOTHITUBHOTO aHAJ3y MOKYMEHTIB 0Oe3 MOIepeIHhOTro
HapuaHHs. Tak, aBtopu mpans [10, 11] 3acBiguwmny,
mo LLM 371aTHi y3arajibHIOBaTH KOHTEKCT, BIICTEKYBATH
CTPYKTYpy Ta
B JIOKYMEHTI y pexmMi 0e3 TpUKIAIiB
(zero-shot mode). Ilpore mutanHs 3actocyBanHs LLM
JUIL  aBTOMATHYHOI

ineHTH(diKyBaTH  JIOTIYHI  3B’S3KH

HaBITh
PO3MITKH  O3HAaK  CKJIaTHOCTI
JOKYMEHTIB 3aJIMIIAE€THCS MPAKTHYHO HEIOCIIIKCHIM.
OcobnnBo 1€  CTOCYEThCS  Oi3HEC-NOKYMEHTIB, e
PI3HOMaHITHICTE (DOPMATIB 1 MOBHUX CTPYKTYP CTBOPIOE
CYTTEBI TPYAHOILI JJIS KIIACHYHUX MOJICIICH.

BiZICYTHI

Kpim Toro, y HaykoBiii JiTeparypi

JIOCII/DKEHHS, 10 OIHIOIOTh Y3TOJKEHICTh PpillleHb
MDK PpI3HUMH MOBHHMH MOZEISIMH a00 e(eKTHBHICTh
(ensemble)

JokymeHTIB. Tozi sIk MyJnbTHareHTHi apxirtektypu [12, 13]

aHcaMOJIEeBUX MiAXOMIB IO  PO3MITKH

JIEMOHCTPYIOTh ~ TlepeBark B 3ajadax  JIOTiYHOTO
MIpKyBaHHS, 1X 3aCTOCYBaHHS 0 3aBJaHb OI[IHIOBAHHS
CKJIQJIHOCTI IUTOBHX JIOKYMEHTIB 11l He 0YyJI0 IpeIMeToM
CHCTEMHOI0 aHaJIi3y.

MoxeMo mizicyMyBaTH, 110 pe3yJIbTaTh MOoNepeTHiX
JIOCTIKeHb JaloTh 3MOTY C(HOpPMYIIOBATH OCHOBHY
po0JieMy: TIONPH HAsBHICTh PO3BMHEHMX METOJIB aHAI3Y
MaKeTiB 1 Bi3yaJlbHO-TEKCTOBOTO MOJIAaHHS JTOKYMEHTIB,
He iCHy€ e(heKTUBHHMX METOIIB aBTOMATHYHOTO BU3HAYCHHS
O3HAaK CTPYKTYPHOI CKJIQJHOCTi, SKi O TOEIHYBaIH
nepesaru LLM, MoxuBicTh po60TH 0€3 py4yHOT aHOTawii
Ta BITBOPIOBaHICTh pe3yJbTariB. Lle cTBoproe nepexymoBn
Uit po3poOieHHs ¥ TOpIBHSAHHSA  e€(EeKTHBHOCTI
HOBHX METOJiB, 30KpeMa aHCaMOJCBHX IIIXOMIB i3

BUKOPHCTAHHSIM DO3IIMPEHOT0 MHCICHHsAM (reasoning
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models) sk apbitTpa Mik pilIEHHAMH KiJTBKOX MOJeNei

HIDKYOTO PiBHSI.

3. MerTa ii 3aBIaHHs JOCTiIKEeHHS

Meroro  JocHmijpKeHHS €  po3poOieHHs — Ta

eKCTIIEpUMEHTAJIbHA TIEPEeBipKa METOAy aBTOMATHYIHOI
CTPYKTYpPHOI
nokyMeHTiB y (opmaTi PDF i3 BuUKOpHCTaHHSIM BEIHKHIX

PO3MITKH  O3HaK CKIagHoCcTI  Oi3Hec-
MOBHHUX MOJIeNIeld, a TakoX MNoOyaoBa Ha ILil OCHOBI
dopmanpeHoi Mozeni BuOOpYy KoHiryparii Mopaeneit
y mpocTopi "SKIiCTh — BapTICTB".

3anpormoHOBaHMKH ~ MeTOX ~ Mae  3a0e3nednTH
HMOBIPHICTE OTpPUMaHHS JUIi KOXKHOTO JIOKYMEHTa
CTPYKTYpPOBaHOTO INOJAHHS HOTO CKJIAIHOCTI, SIKE MOXKe

BUKOPHCTOBYBATHCS MJIsl TIPOTHO3YBaHHS OYiKyBaHOI

SKOCTI  eKCTpakmii  cIabKOCTPYKTYpOBaHHMX  JaHHUX
JUIs  aJalTUBHOTO  BHUOOpY  Mojeneld  eKCcTpakuil
Ta JUII  KEpPOBAaHOTO  KOMIPOMICY MDK  SIKICTIO

1 BapTicTIO 0OpPOOIIECHHS.

JUis  TOCATHEHHS TIIOCTaBICHOI METH B POOOTI
HEOOXiTHO pO3B’sI3aTH TaKi 3aBJIaHHS:

— yTOYHHTH U (hopMami3yBaTH TaKCOHOMIIO O3HAK
CTPYKTYPHOI CKJIaJHOCTI Oi3HEC-ZIOKYMEHTIB, BHOKPEMHUTU
MiAMHOXXWHY O3HAaK, HAaHOINbII peNeBaHTHUX LTS 3a4adi
SKCTpaKIIii clTaOKOCTPYKTYPOBAaHUX JAHUX, i OOIPYHTYBaTU

kputepii ix  BimOopy I eKCIepUMEHTaIbHOI
NepeBipKU METOY;
— cdopMyBaTH  eKCIICpUMEHTAJIbHHH  KOPILYC

OisHec-mokymeHTiB y ¢Qopmari PDF 3 pyuHoro
€TAJIOHHOI0 PO3MITKOI0 OOpaHWX O3HAK CTPYKTYPHOI
CKJIAZIHOCTI Ta IPHUB’SI3KOI0 /10 PE3YJIbTATIB EKCTpaKIii
JAHHX 13 MTOTIePETHBOTO JOCIiIKEHHS, 3a0€3eYNTH IM
JIOCTAaTHE PI3HOMAHITTS CTPYKTYP 1 THIIIB CKJIaHOCTI;

aBTOMAaTHYHOL

— po3poOHUTH  METO.X PpO3MITKH

O03HAK CTPYKTYPHOi CKJIAJHOCTI 3 BUKOPUCTAHHSIM

MYJIBTUMOJAIIBHUX BCIIMKHX MOBHHX MOZ[CHCﬁ,

BU3HAYMTH (opMaT BXimHOI iHGoOpMamii (mepemada

PDF-mokymenTtiB y Buriagi OiHapHHX — BKIIAJICHB),
yHiikOBaHy cXeMy BHUXIJHHX JaHuX (pIlIEHHA PO
HasBHICTb O3HAKH, TEKCTOBE MOSCHEHHS I 4YHCIIOBa
OlLlIHKa BIEBHEHOCTi), a TaKOX INPHHIMIN MOO0YAOBH
3aIUTIB 1 HANAIITYBaHHS PEXKUMIB pOOOTH MOJIeleil;

—  EKCNIEPHMEHTAJIBHO OLIHUTH SIKICTh aBTOMATHYHOI
PO3MITKH O3HAK CKJIAJHOCTI IS KiJTbKOX MOBHHX MOJENeH
pi3HMX TpoBaiifiepiB Yy PpI3HHX peXuMmax podoTh
TTOTJIHOICHUM

(6e3 mpuknmamiB, 3 TNPUKIAAAMH, 3

BHYTPIIIHIM ~ MIPKYBaHHSIM), IIODIBHSITH PE3yJbTaTH
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3 Py4YHOIO PO3MITKOIO I MpOaHai3yBaTH BILIUB OKPEMHX
O3HAaK Ha SKICTh EKCTPAKIIii JaHUX;

— mnoOynyBaTH 3BaXKCHY (YHKIIO SIKOCTI JUIs
MHOXXHHH MOJeNiel, 5Ka arperye 3HAa4eHHS SKOCTi
ABTOMAaTHYHOI PO3MITKM 32 BCiMa PO3IJISSHYTUMH
O3HaKaMH 3 OIVIAY Ha CHIIH X 3B’S3KYy 3 pe3yJibTaTaMH
eKCTpakiii CITa0KOCTPYKTYpOBAHMUX [aHHWX, Ta Ha Il
mifcTaBi CHOPMYIIOBATH 3aJady ONTHMi3amii BHOOpPY
HiIMHOXKWHH MOJIeJIed y mpocTopi "sKICTh — BapTicTh'";

— pO3B’sA3aTH IOCTABJICHY 3ajJady ONTHMi3allii
Ha OCHOBI EMIIpUYHUX JaHHUX TIPO SKICTh 1 BapTiCTh
BUKOPUCTaHHS MOBHHX MoJejed, Buokpemutu [lapero-
ONITHUMANIbHI KOH(]Irypamii Monenei i omucaTd NpaBHIIO
CIeniaai30BaHoOro

MMPU3HAYCHHS MO,Z[GJ'ICﬁ OKpEMUM

O3HaKaM CTPYKTYpHOi CKJIagHOCTI, ske 3a0e3meduye
MPaKTHYHO JTOLUTHHUHN OallaHC MK TOYHICTIO PO3MITKH,

BapTICTIO Ta MPOTHO30BAHICTIO MPOLECY EKCTPAKIIIT TAHHX.

4. Matepianu it MeTOTH X0CTiTIZKEHHS

Jns po3B’s3aHHA 3a7adi aBTOMAaTHYHOI PO3MITKH
O3HAK CTPYKTYPHOI CKJIQJTHOCTI IOKYMEHTIB 3aIIPOTIOHOBAHO
OpUTIHAIBHUI  METOI Ha  OCHOBI  EMIIPHYHOTO
nipo¢iroBaHHs €(heKTHBHOCTI BEIMKMX MOBHHUX MOJIEIICH.

KiodoBa rimoTe3a MeTomy Mojsrae B TOMY, IO
pi3HI MOJeNi JEeMOHCTPYIOTh HEOJHAKOBY €(EKTHBHICTH
Ha PI3HUX THUTNAX O3HAK CKIAJHOCTI, TOMy HpPHU3HAYCHHS
KOXHIA  O3Halll ONTHUMAJIBHOI MOJENi 3abe3meuye
BHIIYy 3arajbHy TOYHICTH 32 KOHTPOJIBOBAHOI BapTOCTI
MOPIBHSHO 3 YHIBEPCAIBHUM IMiAXOAOM BUKOPHCTAHHS
OIHIET MOAEN! UTS BCIX O3HAK.

MeTton nepeadavae peaizairito TPHOX
MOCIIIIOBHAX €TAaIliB.

1. TIpodimtoBaHHsT Mozeneil Ha eKCIepUMEHTAIEHOMY
KOpITyCi 3 €TaJOHHOIO PO3MITKOIO Ui BHU3HAYCHHS
e(eKTUBHOCTI KOXXKHOI KOH(Qirypamii Mojeni Ha KOXHIH
O3HaIll CKJIAJHOCTI Ta BHMIPIOBAHHSI OOYHCIIOBAIBHOT
BapTOCTI.

2. OnTtuManpHe TPHU3HAYECHHS MOJeNeld O O3HaK
3 OIIsI/ly Ha TOYHICTh, BAPTICTH 1 ACTEPMiHI3M PE3yIIbTaTiB.

3. 3acTocyBanHs1 C(HOPMOBAHOI CHCTEMH IPH3HAYCHB
JI0O HOBUX JOKYMEHTIB 3 TMapajelbHUM OOpOOJICHHSIM
PI3HHUX 03HAK PI3HUMH MOJICIISIMU.

Peaunizanist mepmoro eramy nosisirae 'y GopmyBaHHI
eKCIIEpPIMEHTAIBHOTO KOPITyCY 3 €TAJIOHHOK PO3MITKOIO
Ta B CHCTEMaTHYHOMY OIHIOBaHHI KOHQirypamii
MojeNlell 3a MeTpHUKaMHu SKOCTI Ta BapTocTi. Takwit
KOpIyC HeoOXimHWi aist npodiaroBaHHS e(EeKTHBHOCTI

MojieNel 1 BU3SHAYCHHS ONTUMAIIbHIX KOHDITYyparLiii.
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B inmeansHEX yMOBax MeTol Mae OyTH mepeBipeHHn
HAa TIOBHOMY Ha0opi O3HAaK CKJIATHOCTi, BHSBICHHUX
y THOMepenHiX NOCIHiIKeHHSIX OOpOOJICHHS JOKYMEHTIB.
OnmHak KOMIUIGKCHA IIepeBipKa BCIX MOXJIMBHX O3HAK
NOB’si3aHa 31 3HAYHMMHU OOYMCIIIOBAILHHMHU BUTpaTaMH
W BHUMarae CyTITE€BUX peCypciB IS TpoQiltoBaHHI
Mmojeneil. ToMy MOUUIBHEM € Bi0ip pernpe3eHTaTHBHOI
HOIIMHOXKHMHH ~ O3HaK, [0 3a0e3ledye  JOCTaTHIO
BaTiJIalli}0 METOY 32 YMOBU KOHTPOJIBOBAHUX BUTPAT.

J7st eKcriepuMEeHTAIBHOT TTepeBipKH METOY O3HAKH
O0OHMParOTHCS 32 TAKUMU KPUTEPISIMH:

1) emmipu4HO MiATBEPHKEHUN BIUIMB HA SKICTh
eKCTpaKilii — O3Haka Mae JEeMOHCTPYBAaTH CTaTUCTUYHO
3HAYYIly KOPEJALI0 3 METPUKAMH SKOCTI eKCTpaKIii
JIAHUX;

2) TOKPHTTS Pi3HHUX THIB KOTHITUBHOI CKJIAJHOCTI —
BiZliOpaHi O3HAKW MalOTh JAEMOHCTPYBATH Pi3HI acleKTH
(cTpyKTypHi,
KOHTEKCTYyaJIbHi), 1100 3a0€3MeUnT! pernpe3eHTaTHBHICTD

CKJIATHOCTI  JOKYMCHTIB CEMaHTHYHI,
BHCHOBKIB;

3) mocrtaTHe MOJAaHHS B KOPIyCi — KOKHA O3HAKa
Mae OyTH TPUCYTHA B HEOOXiAHIA KUTBKOCTI TOKYMEHTIB
JUI. HaJiHOTO OI[IHIOBaHHS SIKOCTI ii aBTOMAaTHYHOI
PO3MITKH Pi3HUMH MOJETISIMU;
pecypciB —
KIJIBKICTh BifiOpaHMX oO3HaK Mae OyTu 30ajlaHcoBaHa

4) oOMEXEeHHs  JOCIiIHUIBKHAX

3 JIOCTYNHHMH OOYMCIIOBAIbHHUMH  pecypcamu i
OromkeToM Ha BUKopHcTaHHsT API koMepuiiftHux Moaenei.

Po3mip excrniepuMeHTabHOT BHOIPKH JOKYMEHTIB
3 0a30BOT0 KOPITyCY BH3HAYAETHCS HA OCHOBI NMPHHIMITY
cTparn(ikoBaHOi BUNAAKOBOI BUOIPKH 31 30€peKeHHIM
pO3MOALTY  O3HAK  CKIQJHOCTI, IO  3a0e3medye
PENPE3CHTATUBHICTD PE3YJIbTATIB 32 YMOBH CKOPOYCHHS
00YNCITIOBATEHUX BUTPAT.

KoHkpeTHI mapamMeTpu  eKCIIEPUMEHTY, SK-OT:
KOpIycy,

BJIACTHUBOCTI JOKYMEHTIB — MOAAaHO B II’ITOMY PO3dLTi

KIJIBKICTh BHOKPEMJIGHHX O3HAK, pO3Mip
1i€i cTaTTi.

s mpodintoBanHs e()EKTUBHOCTI aBTOMATHYHOI
PO3MITKH O3HaK CKJIAJHOCTI BHKOPHCTOBYIOTHCSI BEJHMKI
MOBHI MOJIeJi, SKi 3aJI0BOJILHAIOTH MEpesiueHi HUKYe
BAUMOTH. Mogeni MaioTh MiATPUMYBaTH Oe3locepenHe
PDF-caiinis 6e3

MIEPETBOPEHHS B TEKCTOBHH (popmar.

00po0eHHs MOTIEPETHHOTO

LI}I BUMOra 3yMOBJICHAa THM, IO 3Ha4YHa 4YaCTUHA
O3HAaK CTPYKTYPHOI CKIagHOCTI (30Kpema 00’ e€IaHaHHS
KOMIPOK,  Bi3yaJbHE  pPO3TallyBaHHS  EJIEMCHTIB,
MPOCTOPOBI  3aJISKHOCTI) 3aKOJOBaHA y Bi3yaIbHOMY

MOJIaHHI JOKYMCHTA.
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10 YCKJIATHIOE 200 YHEMOXJIMBIIIOE KOPEKTHY 1MeHTH(IKaIiI0
OKpEeMHUX O3HaK CKJIaAHOCTI. MyJbTHMOJAIBHI MOJEII,
mo o60pobnarore PDF HatuBHO, 30epiraroTb TOBHUH
KOHTEKCT JOKYMEHTa, 30KpeMa Bi3yallbHy CTPYKTYpY
mo €
OIIIHIOBAHHS 1X 37aTHOCTI IO PO3MITKH O3HAK.

" MAakKeT, KPpUTUYHUM  1JId 00’ €KTUBHOTO

Monemi OyTH  IOCTYyITHUMH
(API) 0Ge3

JIOKJIBHOTO PO3ropTaHHA iH(pacTpykTypu. Ll BuMora

MarThb qgepes3

nporpaMHuil  iHTEpdeiic HEOOXiTHOCTI
3a0e3neuye MpaKkTUIHY 3aCTOCOBHICTH METOY: Pe3yJIbTaTh
MOXYTb OYTH JIETKO BiATBOpPEHI iHIMMMH IOCIiTHUKAMHU
abo IMIUIEMEHTOBaHI y BHUpPOOHMYMX CcHUCTeMax 0e3
CKJIIaMHOTO TEXHIYHOTO HamamTyBaHHSA. API-moctyn
TaKOX TapaHTy€ BUKOPHCTAHHS aKTyaJlbHHX Bepciii
Mojenel i 3abe3medye MacmTaboBaHiCTE 0OOPOOICHHS.

Oxpemuii iHTepec CTaHOBUTH EKCIEpUMEHTalIbHa
nepeBipka Mozesell y pexumax Mipkysanus (thinking
modes), siki 3a0e3meuyroTh MOKPOKOBE OOIPYHTYBaHHS
MIPUHHATHUX PilICHb.

[Monpu Te, mo Taki peXUMH 3a3BUYail HE JalOTh
3MOTH BCTaHOBJIOBATH TEeMIlepaTypy Ha piBHI HyIs i,
BIAMOBITHO, HE TapaHTYIOTh IMOBHOI JI€TEPMiHOBAaHOCTI
pe3ysbTaTiB, BOHM €(eKTHBHI /ISl OLIHIOBAaHHS BIUTHBY
eKCIUTIIMTHUX ~ MPOILECiB  MIpKyBaHb Ha  TOYHICTh
PO3MITKH CKJIQJHUX O3HAK. [IOpiBHAHHS POIYKTHBHOCTI
CTaH/IapPTHUX PEXUMIB 1 PEKHUMIB MIpKyBaHb J]a€ 3MOTY
BUSIBUTH THUIH O3HAK, JUIS SKUX TOKPOKOBE MipKyBaHHS
3a0e3neuye CyTTEBE MOKPALIEHHS SKOCTI.

SIKiCTh aBTOMAaTHYHOI PO3MITKM KOXKHOI OiHapHOI
O3HAKH CKJIAZHOCTI OI[IHFOBAJIACsi CIIOCOOOM IOPIBHSIHHS
pe3yNmbTaTiB pOOOTH MOJENICH 3 ETAJIOHHOK PYYHOIO

PO3MITKOIO.

T xoxuoi osmaku f(i=1...,m), ze m -
3arajibHa  KiIbKICTh O3HAK CKJIAJHOCTI, Ta KOKHOI
KOHiTyparii
METpHKH OiHapHOT Kiacudikarii.

Mozem  OOYHCIIOBANMCS  CTaHAAPTHI

Hexaii nnst o3Haku f; Ta qokymenra d Bimowmi:
-y, € {0,1} — CTAJIOHHE 3HAYCHHS (PyYHA PO3MITKA);

— ¥, €{01} — nepenbaucHe 3HauCHHs (PE3yIbTAT

poboTu Mozei).

Ha ocHOBI MOpiBHSIHHS €TaJIOHHMX 1 Meper0adeHnx
3Ha4YeHb U1 BCIX JOKYMEHTIB KOPIyCy BH3HAYarOThCS
0a30Bi BEIMYNHHU:

— TP (True Positives) — KiIbKiCTh JTOKYMEHTIB,
Je  O3HaKa

(yi =1y =l);

MMpaBUJIbHO  BHU3HA4YC€HA K MOPUCYTHA
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— FP (False Positives) — KilbKiCTh JTOKYMEHTIB,
JIe O3HaKa XMOHO BU3HAUYEHA K IPUCYTHS (yi =0,y = 1) ;

— TN (True Negatives) — KiUIbKICTh JTOKYMEHTIB,

e O3HaKa BIZICYTHS

(v =0y, =0);

— FN (False Negatives) — xiipKicTh TOKYMEHTIB,

paBUJIBHO BH3HA4YCHA SIK

Jie O3HaKa XUOHO BHU3HAYCHA SIK BIICYTHS (yi =1y = 0) .

Ha ocHOBiI mepeniueHMX BEIHMYUH OOYUCIIOIOTHCS
YOTUPU METPUKH SKOCTI.

1. Precision (TOYHICTB) — dYacTKa MNPaBIIBHUX
MO3UTUBHUX TMepeadadeHb Cepel  yCiX MO3UTHBHHX

nependaveHs:

Precision; =

L 1
TP +FP @

2. Recall (moBHoTa) —

BHU3HAYCHHUX

YacTKa IPAaBUIIBHO

MO3UTHBHUX  BUMAAKIB  cepei  ycCixX

CTAJIOHHUX ITO3UTHUBHUX BI/IHaI[KiBI

TP
Recall, = ————— 2
TP +FN,
3. Fl-mipa - TrTapMOHIYHE cepemHE TOYHOCTI

Ta IIOBHOTU:
Precision,- Recall,

FL=2. —
Precision, + Recall,

©)

4. Accuracy (tounicth Kiacudikamii) — yacTka

MpaBWIBHUX Iepea0adeHb (SIK  IMO3UTHBHUX, TakK
1 HeTaTHBHUX):
TP +TN.
Accuracy; = # 4

Jlyis  IHTEerpajbHOTO OI[IHIOBAHHS SKOCTI POOOTH
KOH(}Iryparii Moemi Ha BCiX 03HAKaX BUKOPHUCTOBYBABCS
Fl-mipu. BiamoigHo

IIOKa3HUK MaKpOyCEepeIHEHOL

0 3arajbHONPUHHATOI  METOMOJIOTIi  OIIIHFOBaHHS
MyJbTUKIacoBoi knacudikauwii [14, 15] us merpuka
po3paxoByeThCst K cepenHe apudmermune Fl-mip mis
OKpeMHX KiaciB (0O3HaK), IO A€ 3MOTY PiBHOMPABHO
OpaTu 10 yBaru BHECOK 5K MOIIMPEHHX, TaK 1 PIIKiICHIX

KJ1aciB 0€3 3MIIEHHs, BIACTUBOIO 3BAXKEHUM METOaM.
n
Flmacro :(J-/n)ZFli, I=l,...,n. (5)
i=1

Ie#t mokazHuK 3abe3nedye 30amaHCOBaHy yBary
JI0 SIKOCTI PO3MITKM BCiX O3HaK HE3AJIeKHO Bif iX
MIOJIaHHS. B KOPITyCi i BHUKOPHCTOBYETHCS K OCHOBHHUI
KpUTEpiii mas TOpIBHAHHA  ©()EKTUBHOCTI  PI3HHX
KoH(iryparii Mmozxenen.

Hpyruit eranm wmeroxmy moisrae y dopmamizanmii
Ta  PO3B’s3aHHI  3ajadi

ONTUMAITFHOTO  BHOOPY
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MIIMHOKMHU MOJICJICH JUIi  aBTOMATHYHOI PO3MITKU
O3HaK ckiamHocTi. Ha BimMiHY Big TpuUBIaTBHOTO
MiX0My, 10 Mepeadayae BUKOPUCTAHHS OJHIET MOEII
JUIL BCIX O3HAK, 3alpOMOHOBAHMH METOA JIa€ 3MOry
HaKOLIBII

NPU3HAYUTH KOXKHIM  O3HaILl e(eKTHBHY

Mozenb, (OpMYyIOUM CHemiali30BaHy CHCTEMY, IO
3a0e3Medye ONTHUMAIbHE CITIBBIIHOMICHHS MDK SIKICTIO
PO3MITKH 1 OOYHCIFOBATEHIMH BUTPATAMH.

Ha ocHOBI pe3ynbTaTiB MpoQisItOBaHHS MaEMO:
M={m,m,,..m.},

— MHOXHUHY MoJienen

ne k — KUIbKICTh MOJETIEH;
— MHOXuHY o3Hak cknagnoeti C={C,,C,,... C,},

IIe N — KUIBKICTh O3HAK;

— sHasenns FL; - Fl-mipa, pjocsarayra
Mozemmo M; Ha osHani C; (i=1... k; j=1... n);

— BEKTOp BapTOCTi V=(v1,v2,...,vk), e v, —
BapTICTh BUKOPHCTaHHA Mozaemi M, amst oOpoOieHHs

OJTHOTO JIOKyMEHTA.

Kputnuna ocoOnuBicTh 3amadi TONATaE B TOMY,
mo Mozenb M, 3a oxHy omepamito (oxnH BUKIHK API),
sKa Ma€ BapTICTh (KOIITye) V;, 3IIICHIOE PO3MITKY
BCIX N O3HaK OJHOYACHO, ane 3 pi3HOK sKicTio F1,
JIs KOKHOi o3Haku C;. lle npuHUMIOBO BimpisHse

110 3319y BiJ] KJIACHYHUX 337124 MIPU3HAUCHHS, /1€ KOXKEH
pecypc BUKOPHCTOBYETHCS IS OTHOTO 00’ €KTa.
3anponoHyeMo

X={X,%,... X}, 71e

OiHapHMH  BEKTOp  pilleHb

X =1, sxmo wmomenp M,

I
3aCTOCOBY€EThCs, Ta X; =0 — B iHmIOMY BUmaaky. SkicTh
PO3MITKM O3HaKu C; 3a YMOBH BHOOpY IiJIMHOXHUHH

MozeNel X BU3HAYA€THCS SIK MAKCUMYM Cepell SIKOCTEM

ycix 00OpaHuX MOJIEeIeH:
F1,(x)= max F1,. (6)

ieft.kpx =1

Jns mOpiBHSHHA pi3HUX KOHQIrypamiii mopeinen
BHKOPHCTOBY€EThCS CKalsipHa (YHKIS SKOCTI Q(S),
sIKa arperye 3HadeHHA F1 s BCiX O3HaK CTPYKTYpHOL
cknazHocTi. Y Haifnpoctimomy sunaaky Q(S) moxe

3ajaBaThcs K 3BHYallHe cepeiHE  apudMeTHuHe
3HaueHHa F1 3a o3Hakammy, 1m0 (GakTUYHO Hependavae
PiBHY BaXXJIMBICTh yCiX O3HAK.

OpnHak norepeHiil aHai3 KOpessiliii MK O3HaKamu
CTPYKTYpHOI CKIamHOCTI Ta 3arampHOl0 F1 excrpaxmii
JaHUX TI0Ka3aB, IO

OKpeMi O3HaKu IO-Pi3HOMY

BIUIMBAIOTh HA fAKICTh eKCTpakmii. ToMmy IOLiIBHO
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BUKOPHCTOBYBAaTH 3Ba)KEHHH IHTErpajbHUM TOKA3HMUK,
y SKOMy O3HaKd i3 cCwipHIIMM 3B’s3koM i3 F1

€KCTpaKllii MatoTh OUIBIINI BHECOK Y (QYHKIIIO SKOCTI.

Hexaii C — MHOXHHA O3HaK CTPYKTYpHOI
ckmagHocti.  Jns  koxkHoi o3Haku  €CeC  Ha
MOMePETHROMY ~ eTami  OOYHCIIOETBCS  KOCQIIieHT

Kopesmii I,

MiX OIiHApPHOIO HASBHICTIO ITi€l O3HAKU
ta Fl sxkocti ekcrpakmii gaHuUX (3a pe3yiabTaTaMu
30BHIIIHHOTO EKCIICPUMECHTY ).

Ha ocHOBi MOy IiB X KOPETAIiN 3aJaf0ThCS BaTru:

I |
W,=e——
ngc| rg I

SIKi BiITBOPIOIOTH BiTHOCHY Ba)KJIMBICTH KOXXHOI O3HAKU

, ceC, )

070 1 BIUIMBY Ha SKICTh €KCTPaKIIii.

Io3Hauatoun sik Flg, skicTe posmiTkn o3Hakn f
JUTSE MHOKHHH MoJieield S (BH3HaYeHy sk MakcumyM F1
cepen mozeneit i3 S ), QyHKIiIO AKOCTI IsI MHOXKHHHU

MO,I[eJIeﬁ S c M Bu3HAaYaTUMEMO TaKUM YHHOM.
Q(S):ZCECWC.F]'S,C' (8)

KOHCTPYKIIis
MeXaHi3My poOOTH CHUCTeMH: JUII KOXKHOI o3Haku Ce C

Taxa BIAMOBIIa€  MIPAKTHYHOMY

HAa  eTami  HaNallTyBaHHA  OOWpaeThCS  MOZETH

i3 MHOXHHHU S, sfiKa JEMOHCTPYE HaWBHIIE 3HAYCHHS

F1 i Hamami came [ MOJIENb BHKOPHCTOBYETHCS

m,c?

U aBTOMATHYHOI PO3MITKH  BiIIOBITHOI O3HAKH.

Barn W,, oTpumaHni 3 Tabmuili KOpEnsmii, 3a0€3NeIyoTh
Y3TOJUKEHICTh IUIBOBOTO KPHUTEPIiIO Q(S) 3 pEabHOI0

3HAYYIIiCTIO 03HAK TS 3amayi eKCTpaKIii
CITA0OKOCTPYKTYPOBAHUX JAaHUX: O3HAKU, IO CHJIBHIIIE
smiHoro  F1

OiMBIIMI BIUIMB Ha TPHHHATTS pILIEHb OO BHUOOPY

MoB’s13aHI  3i eKCTpakmii, MamTh
KOH}irypariii Moeen.
3aranbpHa BapTicTh OOPOOJICHHS! OHOTO JIOKYMEHTA

JTIOPIBHIOE CyMi BapTOCTEH yCiX 00paHUX MOJIEICH:
k
Cost(X)=D . Vi-X. ©)

V HaBeAeHHX O3HaKax TIPUITYCKA€THCA, MO JUIA

KOXXHOI'O JOKYMCHTa PO3rIAga€ThCA (biKCOBaHI/Iﬁ

TIePEeNTiK O3HAK CTPYKTYPHOI CKIIAIHOCTI, 8 KO’KHA MOAEIH

3 MHOXMHH M mig yac ofHOro 3amycky Gopmye
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OLIHKKA JUIS BCIX IUX O3HAK oaHOuYacHo. lle Bkasye
Ha Te, IO BapTICTh BUKOPUCTAHHS MOJICNI HE 3aJIC)KUTh
BiZl KUTBKOCTI O3HaK, siKi (pakTW4HO OYyIyTh 3aKpiIuieHi
3a Ii€I0 MOJICILTIO: SIKIO 0O/ail O/[HA O3HAKA MPH3HAYECHA

Mozmem M, IOKYMEHT OOpOOJSIETHCS HEIO IOBHICTIO,

i mo ¢yukiii BapTocti COSt (S) JOJAETHCS BHECOK C, .
Orxe, Cost ( S ) IHTEPIPETYETHCS SIK CyMapHi BUTPaTH
Ha 00pOOIIEHHS OJTHOTO TOKYMEHTa BCiMa MOIETISMH, SIKi

MICTUTh MHOXKHHa S . DYHKIIIS AKOCTI Q(S) , 3a7aHa K
cepenHe apu(MeTHUHe 3HaYeHHA MakcuMyMiB max F1, ,
meS

32 O3HaKaMH, BIATBOPIOE HaWKpaumMid JOCSHKHUI
piBess F1 nmns KOXHOI O3HAaKHM 3a YMOBH, IO U ii
PO3MITKH 3aCTOCOBYIOTBCS JIMIIE MOJIENI 3 MHOKHHU S .
MakcumMyM 3a MOJEISIMH  O3Ha4yae, IO Ha eTami
HaJIAIITYBaHHS CUCTEMHM IS KOXKHOI O3HAaKU OOMPAETHCS
BIJIMOBilaJIbHA MOJIENTb 13 S, KA JEMOHCTPYE HaWBHIIE

3HaueHHs F1 s i€l o3HakM, i Hajali caMme I MOJENb

BUKOPHCTOBYEThCS ~ JUUIsl ~ ABTOMATHYHOI  PO3MITKH

BiJIMIOBITHOT O3HAKH B POOOUOMY PEKHMI.
CdopmynsoBana 3amada € 3a/1a4ero

OaraTokpurTepiaabHOT orrrumizanii 3 IBOMa

KOHQTIKTYIOUAMH MIJISIMHA: MaKCHUMi3aIli€0 SKOCTI Q(X)

Ta Minimisauiero Baprocti COSt(X). 3anexno Bin

0COOJIMBOCTEN NMPUKIAAHOI ray3i Ta HassBHUX 0OMEXEHb
pecypciB  3amady BHOOPY ONTHMAJBHOI ITiIMHOXHHA
MoJieneld MOKHa C(OPMYITIOBATH B KIIBKOX BapiaHTax.
PosristnemMo Tpu OCHOBHUX.
MaxkcaMmizamisi fkocTi 3a yMOBH OOMEIKCHHS
Ha BapTIiCTh. 3aCTOCOBYETHCS, KON OIOKET (hikCOBaHMI
1 HEOOXiZIHO OTpUMAaTH HaKKpally MOXJIHBY SIKICTh
po3MiTkn. MaTtemMaTHdHa MOJENb Ma€ TAKHA BUTIISI:

maxQ(x)|Cost(x)£V{max}, x €{0,1},i=1....k, (10)

ne V —

max MaKCHUMaJIbHO

JIOIyCTHMa  BapTICTb

00pOOJICHHS OJTHOTO JTOKYMECHTA.

Minimizaniss BapTocTi 32 YMOBH rapaHTil SKOCTI.
Leit BapiaHT MOULTBHUIMA, KOJH ICHYIOTH CyBOPI BUMOTH
IO TOYHOCTI PO3MITKM ¥ HEOOXiZHO MOCITTH iX

3 MiHIMQJILHUMH BUTPATaMH:

max Cost(x)|F1;(x)>7;, j=1...,n, x €{0,1}, i=1...,k, (11)

Ie 7. — MiHIMambHO TpUHATHE 3HadeHHA F1-Mipn

j
JUIA | -1 O3HAKH.
Iomyk IMapeTo-onTHMAJILHUX pillleHb. 3arajioM,

KOJIM BaXJIMBO 3HAWTH KOMIIPOMIC, PO3TILIIA€ThCA 3aa4da

OaraTokpuTepiaabHOT onTuMizariii. MHoxuHa

pimenp  X* HazuBaeTbead  Ilapero-onTumanbHORO,

SKIIO HE ICHYe IHIIOro pimeHHS X, 10 OJHOYACHO
Q(x)2Q(x*)

nokpamgye oOunBa Kpurepii, TOOTO
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ta Cost(x)<Cost(x*). Kpim Ttoro, xoua 6 oxHa

3 HEPIBHOCTEH € CTPOTOIO.

3agava HaJEXWUTh 0 KJacy 3ajad KOMOiHaTOpHOI
ontuMizamii 3 OiHApHUMH 3MIHHUMH ¥ HEJiHIHHOIO
UTbOBOIO (PyHKIIEI0. 3a CBOEIO CTPYKTYpOIO BOHA €
y3araJbHEHHAM BiOMOI 3aJadi IPO MOKPUTTS MHOKHHH
(Set Cover Problem) [16], yckmamHeHOI I0JaTKOBHM
KpUTEpieM SKOCTI Ta "M’SIKHUM" XapakTepoM IOKPHUTTS
(uepe3 QyHKIIII0O MAKCUMYMY).

3Bakaiouy, II0 OTPHMaHa MaTeMaTHYHA MOJEIb
€ THIIOBOIO 33/1a4€l0 JHMCKPETHOI onTuMizamii, ii
PO3B’S3YIOTH BIIOMHMH METOIAaMHU 3 BHKOPHCTaHHSIM
(OR-Tools, PuLP  Tomro)

po3po0IeHHsT  cHemiaii30BaHUX

CTaHIApTHUX  0i0MoTEeK
0e3  HeoOXimHOCTI
ANTOPUTMIB.

BuxigauMm MatepiazoM IS €KCHEpHUMEHTY B3SITO
Marepian IonepeaHsoro pociiukeHHs [11], B skomy
Oyro chopmoBaHo Kopryc i3 115 CHHTETHYHHMX iHBOWCIB.
Jlyist HUX Bpy4YHY BUKOHAHO po3MiTKy 11 OiHapHHMX O3HaK
CTPYKTYPHOI CKJIagHOCTI [JOKyMEHTa Ta OOYICICHO
METPUKY SKOCTI eKcTpakmii maHux F1 mns Kigbkox
BEJINKUX MOBHHX MOJIETIEH.

AHaIi3 KOpeJsIiid MK HasBHICTIO KOXKHOI O3HAKH
it 3HaueHHaM F1 moxaszas, mio jmme gacTuHa KPHUTEPiiB
JIEMOHCTPY€ CTIMKHMIA i CTATHCTHYHO 3HAYYIIMU 3B’S30K

13 AKICTIO EKCTPAKIIii TaHUX.
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JIis  eKCeprMEHTAIBHOTO JIOCHIKCHHS 00paHo
YOTUPHU O3HAKH CTPYKTYPHOI CKIIAJHOCTI, SIKi € HaOLIbII
EKCTPaKIii

peiI€CBaHTHUMU JUIA 3a,uaqi

CTa0KOCTPYKTYpoBaHUX naHux 3 PDF-mokyMmeHTiB
00JIIKOBOTO ITPU3HAYCHHSI:

— HasBHICTH HEMiINWCAHUX MAHUX Y TaOIWIHIN
gactui (has unlabeled data);

— HagBHICTP HEOJHO3HAYHUX ab0 IIOTEHIIWHO
cynepeunusux moiis (has ambiguous fields);

— HAasBHICTB JaHUX, IO OXOILTIOIOTH KiTbKa PSAKIB
yu cToBmuiB Tadauii (has spanning data);
BUKOHAHHS

— HEOOXIIOHICTh apuMETHIHIX

OoOuYuCIIeHb  JJIsl  BITHOBJIEHHS BIJCYTHIX 3HaueHb
(requires calculations).

Bubip came 1i€i miAMHOXHMHH O3HAK 3yMOBIICHHH
TaKMMH MipKyBaHHSIMH: TIO-TIEpILIE, [l O3HAKH IEMOHCTPYIOTh
HAWCUJIBHIIIMKA BIUIMB HA SKICTh EKCTPAaKIii IS BCIX
JOCTIDKYBAaHUX MOJIENe; Io-Apyre, BOHH HNOKPUBAIOThH
pi3Hi Kateropii CKJIaAHOCTI (CTPYKTYpHi, CEMaHTHYHI,
KOHTEKCTYaJIbHi); IO-TPeTe, IX aBTOMAaTHYHE BH3HAYCHHS
CTaHOBUTH 33/1a4y, 10 TMOTPeOy€e KOTHITHBHOTO aHaJi3y
CTPYKTYpH # 3MiCTy TOKyMEHTA.

VY3aranpHeHi 3HaueHHS KoOe(II€HTIB Kopemsuil
[lipcona Mix o0OpaHMMH O3HaKaMH ¥ 3arajgbHOIO
F1-Miporo sSIKOCTI eKCTpakiii AaHUX AJIsl TPhOX MOJeNei

HaBeleHo B Ta0um. 1.

Ta6muust 1. Koegiyicnmu xopensayii mise oznakamu cmpykmyphoi cknaonocmi ma F1-wipu sxocmi excmparyii oanux

O3Haka CTPYKTYPHOI CKJIAHOCTI JOKYMeHTa 3uavenns Fl-mipu — Cepenne |r|
GPT-4.1-nano GPT-40-mini Gemini 2.5 Flash
has_ambiguous_fields -0.298 -0.257 —-0.469 0.341
has_spanning_data —0.462 -0.431 —0.449 0.447
has_unlabeled data -0.477 -0.563 -0.597 0.546
requires_calculations -0.331 -0.131 -0.277 0.246

Bix’emHi 3HaueHHS [ BIANOBIZAIOTH 3MEHIIEHHIO

Fl-mipy B  mpHCYTHOCTI  BIONOBIOHOI  O3HAKM.
3HadyniicTe Koe(illieHTIB OLiHIOBANACh 3a t -KpUTEpieM
Creromenta: anst obcsary BuOipkn N =115 Ta piBHA

3HagymocTi «=0.05 kpuTHuHEe 3HAYEHHA KOpENsALil

CTaHoBUTH | |, ~0.183. Bixnosimuo, yci koediuieHTH,

0 MEPEeBUIIYIOTh L€ 3HAYEHHSI 33  MOJYyJEM,
€ CTATUCTUYHO 3HAUYIINMH.

VYci 4oTHpH O3HAaKM MAaloTh HOMITHHE 3BOPOTHHMH
3B 30K 3 SKICTIO €KCTPAKIIii: y MPUCYTHOCTI IIUX O3HAK

3HaueHHs F1, sk mpaBuio, 3MeHmIyeTbes. HaiibGinbie
3a MOJyJIEeM CepeiHE 3Ha4yeHH] |r| CIIOCTEPIraeThCs

IS O3HAKM HEMANUCAHMX TaOMMYHUX JaHUX 1 IS
O3HaKH JaHWX, SKi OXOIUTIOIOTh KiJdbKa PSAIKIB abo

CTOBIIIIB, 1[0 CBITYHUTH MPO X OCOOTUBO HECTIPUATIUBUIMA
BIUIMB Ha CTaOUIBHICT, aBTOMATH30BAHOI'O BUTSTAHHS
peKBi3uTiB. BakimBo, 1m0 4YacTMHa OOpaHUX O3HAK
MPUHIMIOBO HE MOXe OYTH KOPEKTHO BH3HAa4YeHA
JINIIE Ha OCHOBI JIHIAHOIO TEKCTOBOI'O IIOJAHHS
JOKYMEHTA.

O3Haku, MOB’s3aHI 3 KOMIPKaMH, IO OXOILUTIOIOTh
KiJTbKa psIIKiB @00 CTOBMIIB, 31 CKJIAICHUMH KOMipKaMHu
3 KUIBKOMA JIOTIYHHUMHU IIOJISIMH YHM HEIiIHCAaHUMHU
YHUCIOBUMH JaHUMH, 3aJIeXKaTh BiJl MPOCTOPOBOTO
pO3MillleHHsI eJIeMeHTiB Tabiuimi Ha cropinmi. s ix
HAmIHHOI PO3MITKM MOAETh MAa€  OIpPalbOBYBATH
CTpYKTypoBaHe  abo

PDF-mokymenta (TaOnuaHy pPO3MITKY,

MYJbTUMOJAJIbHE IIOJaHHS
KOOpAWHATH,

iepapxito OJIOKIB), a He JHIIe "TUIOCKHN" TEKCT.
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OTmxe, oOpaHuii HaOlp O3HAK A€ 3MOTY HE TIIBKH
OIIHUTH BIUIUB CTPYKTYPHOI CKIAQAHOCTI Ha SKICTh
eKCTpakKIlii, ajie ¥ MpOTeCTyBaTH 3JIaTHICTh BEIHUKHUX
MOBHHX MOJENCH IHTepHpeTyBaTH IIOBHY Bi3yalbHO-
CTPYKTYPHY OpraHi3aiilo JOKyMEHTa.

JU1s1 eKxcriepuMEHTATBHOT IepEeBIPKU 3aIIPOIIOHOBAHOTO
METOJy aBTOMATHYHOI pO3MITKH Oyino chopMoBaHO
migBubipKy 3 44 JOKyMEHTIB 0a30BOTO  KOPIIYCY.
Jlo Hei yBIWNUIM I1HBOWMCH 3 €TaJOHHOI (PYYHOIO)
po3miTkol0 BCiX 11 O3HaK CTPYKTYpHOI CKIIaIHOCTI
Ta BIIOMHMH 3HaueHHsAMH F1-mipu SKOCTI ekcTpakuii
JUTSL KOXKHOT MOJIElT.

[linBubipka ¢dopmyBasacs TakuM 4YHHOM, [I00
3a0€3MEeYUTH JOCTATHIO KUTBKICTh TPUKIAAIB TMO3UTUBHIX
1 HETaTUBHMX 3HAY€Hb JUISi KOXKHOI 3 YOTHPHOX OOpaHMX
O3HaK Ta ix moegHanb. Came Ha mMX 44 JOKyMEHTax
MPOBOAMIIOCS NPO(]IIIOBaHHI MOJIENe Ta OIIHIOBAJIACH
AKICTh aBTOMATHYHOI PO3MITKH O3HAK CTPYKTYypHOI

CKJIAHOCTI.

5. Pe3ysbTaTH AOCTiTKeHHS Ta iX 00roBopeHHs

PosrisHemMo oTpuMaHi pe3yibTaTH aBTOMATHYHOT
PO3MITKH HYOTHPHOX O3HAK CTPYKTYPHOI CKIIAJHOCTI
Jutst iaBuOipku 3 44 PDF-1oKyMeHTIB.

Jnst KOXKHOTO JOKYMEHTa 3aCTOCOBYBAJHUCS KiJIbKa
KOH(DIrypamii  BeIMKHX Mozenein

MOBHHX TPbhOX
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nocravanpHukie  (Anthropic Claude, OpenAl GPT-5,
Google Gemini) y pisEEX pexnmax poGoTh: 0e3
OPUKIANIB y MiAKa3i[i, 3 BHUKOPUCTAHHSIM IPHUKIIAIIB
i 3a HaIBHOCTI WIATPAMKH TaK 3BaHUX PEKHIMIiB
mipkyBauas (thinking mode). OmiHroBaHHS BHKOHYBAIOCS
OKpPEeMO Uil KOXKHOI 3 YOTHPHbOX O3HAK CKIAIHOCTI,
a TaKkoX 3a IHTErpaJlbHUM IIOKa3HUKOM — CepelHIM
apudmeTnaHIM 3Ha4eHHM F 1-mipu (macro-F1) 3a Bcima
O3HaKaMH JJIs1 KOXKHOI KOH(piryparii Moaeni.
Y Tabn. 2 momaHo 3BenmeHi 3HaueHHs F1-mipum
JUIsL KOXKHOT MOJENI, PeXXUMy 3aCTOCYBaHHS Ta O3HAKH,
macro-F1, mo gae

PO3MITKH SK MDK pi3HHUMH

a TaKoX BIAMOBiOHI 3MOTY

MTOPIBHIOBATH  SIKICTh
MOCTaYalbHAKAMHU, TaK 1 MK pPEKUMaMH Ul OIHUX
1 THX caMUX MOJeJeH.

B ekcrnepuMeHTI po3MiTKa O3HaK CTPYKTYpHOI
CKJIQJIHOCTI BHKOHYBajlacs 3 BHKOPHUCTAHHSM €JIMHOTO
CTaH/IapTU30BAaHOTO  IIPOMIITA. Yci  1oKyMeHTH
mepenaBanucs 10 mojeneit sk Oimapai PDF-BriageHHs
gepe3 API: okpemo mepenaBaBcs PDF-¢aiin, mo
MiIArae  po3MiTIi, a TaKkoXX OAMH abo JeKibKa
PDF-¢aiinis i3 mpukmagamu. 1 mpuKiIagiB J0OaTKOBO
HaJaBanmca OKpemi (ailmd 3 ETAJIOHHOIO PO3MITKOIO
O3HAK, I[0 3aCTOCOBYBAJIUCS B MPOMIITI IS JEMOHCTpAIil
dopmaty
KPHTEPiiB CKJIQJHOCTI.

L1JIBOBOTO BIAMOBIAI Ta  IHTepHpeTamii

Taomuust 2. Oyinka sKocmi agMoMamuyHoi pO3MIMKY 03HAK CIMPYKMYPHOT CKAAOHOCMI OJisl PI3HUX MOOeNel | pelCcUMie

3navenns F1-mipu
Pexum Mopnean macro has unlabeled has ambiguous has spanning requires
data fields data calculations
claude-haiku-4.5 0.456 0.065 0.708 0.764 0.286
claude-sonnet-4.5 0.594 0.359 0.864 0.653 0.500
gemini-2.5-flash 0.710 0.846 0.619 0.488 0.889
ZeroShot gemini-3-pro 0.781 0.909 0.629 0.588 1.000
gpt-5-mini 0.700 0.462 0.898 0.439 1.000
gpt-5.1 0.618 0.500 0.780 0.692 0.500
gpt-5.1codex 0.594 0.333 0.905 0.138 1.000
gemini 2.5 flash 0.828 0.929 0.652 0.731 1.000
FewShot gemini3 pro 0.771 0.966 0.414 0.703 1.000
gpt-5-mini 0.660 0.400 0.846 0.562 0.833
gpt-5.1 0.619 0.903 0.757 0.816 0.000
Thinking claude sonnet 4.5 0.615 0.286 0.800 0.375 1.000
Thinking claude sonnet 4.5 0.793 0.897 0.800 0.474 1.000
FewShot gemini 3 pro 0.725 0.929 0.364 0.606 1.000

VY Bcix KoHQirypamisx 0e3 BUKOPUCTaHHS PEXKHUMIB
mipkyBanHs (thinking mode) mapamerp TemnepaTypu
(temperature)
3a0e3MeuyBai0 MAKCHUMAIIBHO MOJKIIMBY ACTEPMIHOBAHICTh

BCTAHOBIIOBaBCA Ha piBHi 0, 110

pe3ynbTatTiB A (ikcoBaHOTO HAOOpPy BXiAHUX (ailmiB
i TekcTy migkasku. lle HamamTyBaHHS € MPHHIUIIOBUM,

OCKIJIbKM J]a€ 3MOTY IHTEPIPETYBaTH PO301KHOCTI

B IIOKAa3HHKAX SKOCTI SK HACIIJOK BiIMIHHOCTEH
MDK MOJIEISIMA Ta pEXKUMaMH, a HE CTOXaCTHYHUX
Bapialiii reneparii.

V  TtekcTi

ImpoMIiTa $SIBHO 3aJaBajlacd BHMOra

MIOBEPTATH pe3ysbTaT po3MiTKH y Burisini JSON-06’ekra
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(hikcoBaHOI CTpyKTypu. Y BiAmoBini ¢popMyBaBcs 3aruc,
o MicTHB ixeHTH]iKaTOp mokymenta (document_id)
i CIIOBHHMK KpuTepiiB Criteria, y sikomy mis KOXHOL
03HAKM CTPYKTYPHOI CKJIAIHOCTI 30epiraBcs TPIHKOBHUit
onuc: label, evidence ta confidence. Ilone label morno
HaOyBaTH OJHOTO 3 TPHOX (hikcoBaHOTO
cnoBHuka (present, absent, unsure), To0To 3amaBayio
TPUHApHE PIllIeHHS 00 HAsSBHOCTI O3HAKH.

3Ha4YCHb

Jnst obuncnenns 6iHapuux metpuk skocti (TP, FP,
TN, FN, Precision, Recall,
JIOJIATKOBO BinoOpaXkanucst y OlHapHY 3MiHHY: 3HaYCHH:I

Fl-mipu) mi 3HaYeHHS

present TIIYMAunJIoCca SK MO3UTUBHUHI KJ1aC, a 3Ha4YCHHA
absent i unsure — ik HeraTUBHUIA.

confidence
BIIEBHEHOCTI Mojielti B mianasowni [0;1], a mone evidence —

[Mome MICTHJIO  YHCJIOBY  OIIHKY
CTHCIIC TEKCTOBE MOSICHEHHS 13 MOCHIAHHSIM Ha KOHKPETHi
enement PDF-mokyMmenTa, Ha miAcTaBi SKuUX OyIJ0
MPUAHATO BIATIOBIAHE PilICHHS.

Takuit (opMmaT BiANOBII, KOPCTKO BHU3HAYCHUI
NPOMIITOM, € BAXIMBHM SK JUI1 IHTEPIPETOBAHOCTI
pe3ynbrariB (0coONMBO B pa3i pEXUMIB MIpKyBaHH:),
Tak 1 I MONANBIIOI TEePEeBipKA ETANOHHOI PO3MITKA
Ta ITepaTHBHOTO BJIOCKOHAJIIEHHS CAMOTO TIPOMIITA.

Oxpemy Tpyny KoH¢Irypamiii CTAaHOBHIJIM TaK 3BaHi
(thinking  mode)
i3 PO3MIMPEHUM MHCIIEHHAM. IX BUKOPHMCTaHHS BHSBHIO

PSOKUMU  MipKyBaHHS Mojenen
HU3KY NMPaKTHYHUX oOMexeHb. [lo-mepiie, i pexuMy

mipkyBanHs Anthropic Claude wiHiManBHO gOCTYMHE

3HaUYEHHs TMapamerpa temperature cranoBuno |1,
a i reasoning-pexxumy Gemini 0.2, mo He nae
3MOT'y  peali3yBaTH  IOBHICTIO  JCTEPMiHOBaHHH

creHapiii OOpOOJICHHS, AHAIOTIYHMH 1O pPEXHUMIB i3
temperature =0. 3a Takux HaJgAITyBaHb HABITH IS

(hikcoBaHoro Habopy BximHux PDF-daiiniB, npuxmamis
1 TeKCTy IIiAKa3KH BIiJNOBIAI MOZIET 3aJHIIal0ThCS
CTOXaCTHYHUMH: MOBTOPHI 3aIlyCKH MOXXYTh IOBEPTATH
pisHi Bapiantu 3HaueHp label, evidence ta confidence
JUISL THX CaMHUX JOKYMEHTIB.

EKCIICPUMCHTAIbHI

ITo-nmpyre, pe3ynbTatu

NPOJAEMOHCTPYBAIM, IO  BUKOPUCTaHHA  PEXUMIB
mipkyBanHs (thinking mode) ne 3abesmeuye cyTTEBOro
BUTpAlly B SAKOCTI s 3amadi OiHApHOI pPO3MITKH
YOTHPHOX O3HAaK CTPYKTYpHOI CKIJIQJHOCTI. 3Ha4YeHHS
F1-mipu okpemux o3Hak Ta Macro-F1 mis koH}irypariit
tumy Thinking i Thinking + FewShot samumaroTscst
Ha piBHi Haiikpammnx FewShot-kondirypariit abo muie
HE3HAYyHO iX NEepEeBUIYIOTh, TOI[i K CIIO)KHMBAaHHA
TOKEHIB 1, BIiNMOBITHO, BapTICTh BUKOHAHHS 3aIlUTIiB

3pOCTalOTh Y KiJIbKA Pas3iB.

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)
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VY noeaHaHHI 3 MiJBUIIEHOI HEIETEPMIHOBAHICTIO

e poburs thinking-pexxumu MeHIT TIPUBAGIHBUME
JUIsl TIPOMHCIIOBOTO 3aCTOCYBAHHSI caMe B DO3IJISHYTIiH
MTOCTAHOBIII 33/a4i, ¢ KPUTHYHUMHU € BiITBOPIOBAHICTh
pe3yibTaTiB i NpPOTHO30BaHI BHUTPaTH, a CTPYKTypa
pimenus (popmar JSON 3 label, evidence i confidence)
yKe 3abe3redye JIOCTaTHIO IHTEPIPETOBaHIiCTh 0e3
HEOOXiTHOCTI TOJTATKOBOTO 0araToeTarrHOTO MipKyBaHHSI.
010
OKpeMy

BopHouac  pe3ynbTaTH  CIIOCTEPEKEHHS

poboTH  peXWMiB  MIpKYBaHHS  MAaroTh
METOJIOJIOTIYHY I[IHHICTh. AHaJli3 MPOMIKHHX MipKyBaHb
MOJENi, CTPYKTYpH C(OPMOBAHUX MOSICHEHB 1 BIACTUBHX
NOMHJIOK Jla€ 3MOTY Kpaile 3po3yMiTH, 5K came
IHTepIPETYIOTECS (HOPMYIIOBAaHHS KPUTEPIiB Y TPOMIITI.
lle po3yMiHHS MOXE  BHKOPHUCTOBYBATHUCS IS
LiJIECTIPSIMOBAHOTO BJIOCKOHAJICHHS MiIKA30K: YTOYHCHHS
BU3HAYCHb O3HAK, J000py OUIBII pernpe3eHTaTHBHUX
MPUKIAAiB, 3MIiHH I1HCTPYKHOid mog0 oOpoOIeHHS
NPUTPaHUYHUX BUTIA]IKIB.

OTKe, He3BAXKAI0UN Ha T€, IO PEKUMH MipKyBaHHS
B PO3MIAHYTIH 3a7a4yi HE € CKOHOMIYHO MJOIUIbBHUMHU
Ul TPOAYKTOBOTO  3aCTOCYBaHHs, BOHH  MOXYTh
po3rIsiAaTHCs K KOPHCHHH 1HCTPYMEHT JiarHOCTHUKH
1 HaJIaroKCHHS TPOMIITIB Ha €Tari JOCITiHKSHHS.

Jast  OmiHIOBaHHSA  €KOHOMIYHOI  HOIIIBHOCTI
3aCTOCYBaHHS pI3HUX KOHQirypamiii Moneneil Oyio
TOKCHIB 1 BapTiCTh

NPOAHATI30BaHO  CIIOXKMBAHHS

BUKOHAaHHS pO3MITKH Koprycy i3 44 JOKyMEHTIB.
Jnst K0)KHOT MOZIes i OKpeMO Opaiucst 10 yBard KiIbKiCTb
BXIIHAX 1 BHUXIJHHX TOKCHIB, Tapu(u TOCTadaIbHUKA
32 1 MIH TOKEHIB BIJIOBIIHOTO THUIy, a TaKOX
ITiICyMKOBa BapTicTh 0OpOOIICHHS Bei€l BUOIPKH.

Ha migcraBi nmux MOKa3HHUKIB OylI0 OOYHCICHO
MOBHY BapTICTh 3aIllycKy KOXXHOI KOHGirypamii mozmemi
B Mexax 3BeneHi

MIPOBEACHOTO  CKCIEPUMEHTY.

pe3yibTaTd HaBeleHO B Tabm. 3, mo 1ae 3Mory
0e3mocepeIHRO TIOPIBHIOBATH MOJIEII HE JIHIIE 33 SIKICTIO
PO3MITKM O3HaK, a ¥ 3a BHTpaTaMH, HEOOXiTHHUMHU
JUISL TOCSATHEHHS TaKol SIKOCTI.

Y MexaHi3Mi IIHOYTBOPEHHS CY4YacHHX XMapHHUX
LLM npHHIMIIOBUM € HE TLIBKU caM (DakT 3acToCyBaHHS
Tiel 49u iHmMOI Momem, a ¥ cmocid 11 ekcruryararii:
00CsT BXiJHHMX 1 BUXIZIHUX TOKEHIB, HAasBHICTb PEKHMIB
MIpPKyBaHHS, BUKOPHCTaHHS KCIIyBaHHS, a TaKOX
Hix’€JHaHHA CTAapIIMX BEpCid Mojeneil i3 po3MIMpEeHUM
(YHKIIIOHATIOM.

Y T1abn. 3 momaHO OLIHKY BapTOCTi Ui KOXHOT
KOH(QiTrypamii B NPHUITYIIEHHI 3aCTOCYBaHHS BEPXHBOTO

tapuHOTrO PIiBHS JUIS BiAIOBITHOTO IOCTaYaIbHUKA
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Ta Oe3 orisy Ha MexaHi3mu KeuryBaHHs. Lle o3Hauvae, 44 nOKyMEHTIB y MeXax eKCIEePHMEHTYy, TOHIi SK

IO HaBeICHI 3HAYCHHS BiATBOPIOIOTH KOHCEPBATHBHY peallbHa BapTICTh ISl MaluxX oOcsATiB Moxe OyTu

(MakcuMasbHy) OLIHKY BUTpar y Ipoieci o0poOieHHs HIDKYOI0 Yepe3 Ait0 TapudHUX rpajariil.

Taoauus 3. Cnoswcusanna mokenis i eapmicms UKOPUCMAHHS MOOeell

BxinHi Tokenn | Buxinni TokeHu
Pexxum Moaenn . nina, BapTiCTh, . umiHa, BapTiCTh, 3a_ra.m)Ha

KUJIBK. USD/IM USD KUJIbK. USD/1M USD Baprictb, USD

claude-haiku-4.5 459680 0.100 0.046 25658 5.000 0.128 0.174

claude-sonnet-4.5 459680 0.300 0.138 21579 15.000 0.324 0.462

gemini-2.5-flash 130930 1.000 0.131 17194 2.500 0.043 0.174

ZeroShot gemini-3-pro 301498 4.000 1.206 14380 18.000 0.259 1.465

gpt-5-mini 340290 0.250 0.085 64232 2.000 0.128 0.214

gpt-5.1 318090 1.250 0.398 16777 10.000 0.168 0.565

gpt-5.1codex 318090 1.250 0.398 58229 10.000 0.582 0.980

gemini 2.5 flash 432754 1.000 0.433 17512 2.500 0.044 0.477

FewShot gemini3 pro 667336 4.000 2.669 16055 18.000 0.289 2.958

gpt-5-mini 827852 1.250 1.035 60548 10.000 0.605 1.640

gpt-5.1 740998 1.250 0.926 16554 10.000 0.166 1.092

Thinking claude sonnet 4.5 461000 0.300 0.138 128791 15.000 1.932 2.070

Thinking claude sonnet 4.5 852173 0.300 0.256 156324 15.000 2.345 2.601

FewShot gemini 3 pro 657584 4.000 2.630 16325 18.000 0.294 2.924
st mogeneit Google # Anthropic mina 3a oguHHITIO Omxe, HaNaMTyBaHHA JIMITIB IS  PEXKHMIB
TOKeHa  (QopMaIbHO HE  3aJCXKHUTh  Bil  TOTO, MIpKYBaHHS ~ TIEPETBOPIOETECS  HA  ONTHUMI3aIliiHY

BUKOPUCTOBYETBCSI CTAHIAPTHUH PEXKUM YU PEXKUM

MipkyBaHHS. OmHaK JOCTym [0 TakOrO PEXHMY
HAJlA€ThCsI TIEPEBAKHO B CTApIIUX BEpCisiX MojelneH,
o BXXe came 1o coOi mijBuILye 0a30BUi Tapud, SKIIO
MOPIBHIOBATH 3 "JErKUMHU" KOHQITypaiismMu.

Kpim Toro, y pexumax MipKyBaHHS CYTTEBO
3pOCTa€ KIAbKICTh BHXIAHMX TOKEHIB: [0 3BHYAHHOI
BiAMOBIAI MoOzeli JOJAIOThCA TOKEHH, IIOB’S3aHi
3 MMPOMDKHUMHU KPOKaMHU MipKyBaHHS (JIAHIIFOXKOK AYMOK,
TUIAaHYBaHHS, PO3TOPTaHHS CTPYKTYPOBaHUX IIOSICHEHb
TOIIIO).

PO3IIAAar0ThCA K BI/IXi,HHi, i AJI1 HUX 3aCTOCOBYETBHCA

Y Oimiary Taki "TOkeHM  MipKyBaHH"

Tapud Ha BHXIAHI TOKCHH, SKAHA y  OLIBIIOCTI

KOMEPIIIHUX TUIaHIB ICTOTHO BUINWH, HIXK JJIS BXiTHHX.
reasoning-

HaBITh

Sk HacmioK, CyMapHi BUTpaTth s

KoH(pirypamiifi MOXyThb 3pocTaTH B pa3H
3a HE3MIHHOI KUJILKOCTI 00pOOJIEHUX TOKYMEHTIB.

BaxnuBuM eneMeHTOM THYYKOCTI € 3[aTHICTh
0o0OMe)XyBaTH MaKCUMajbHy KUIBKICTh TOKEHIB, IO

MOXYTb OyTH BUTpaueHi MiJ yac 0OpoONEHHS OJHOTO

3aJjayy: HEOOXIJHO JOCATTH IMPUHHATHOTO KOMIIPOMICY

MK TIOUOWHOIO MIpKYBaHHSA, CTaOUIBHICTIO SIKOCTI

Ta MPOTHO30BAHICTIO BUTPAT.

JonatkoBuM YMHHUKOM € TapudHi Tpajamii

BEJIMKUX II0CTAQYaIbHHUKIB: BapTicTh | MIIH TOKEHIB

3a3BMYall  3aJCXUTh  Big ~ cymMapHoro  obcsry

BUKOPHCTAHHSI 32 TICBHUI NIEpioj.
Y T1abn. 3 mus NpPOCTOTH TOPIBHSHHS B3STO [0
yBard MakCHUMalbHi (Hairipiii, Ha JyMKYy KOpHCTYyBaua)

craBkd. Ha mpakTumi B creHapisix  00poOieHHS

HNOOJMHOKHX  JIOKyMEHTIB a00 HE3HauHHX MNapTii

pcajibHa IIiHa 3a TOKCH MOXC 6yTI/I HW)XYOK0, SKIIO

o0Ocsr  3aCTOCyBaHHS  HE  JOCAra€  HaWBHUINKX

Tapu(HUX KOPUIOPIB.

BonHouac 3a yMoBH MacoBOro o0po0OIieHHs 3HAUHOT
KIJIBKOCTI  JIOKYMEHTIB ~ CyMapHi  BHTpaTH  pi3Ko
3pOCTAIOTh, 1 BIUIMB BUOOpPY pexumy (ZeroShot, FewShot
abo Thinking) i KOHKpeTHOI MOJENi cTae KPUTHYHUM
JUTS EKOHOMIYHOT €()eKTUBHOCTI CUCTEMHU.

Oxkpemo 3HAYCHHI

Ba)XJIMBO  HAroJOCHTH  Ha

3amuTy, 30KpemMa # Ha erani "oOMipKoByBaHH:". MEXaHi3My KellyBaHHS TOKEHIB. Y HU3Il peaizalii
Ile nmae 3MoOry KOHTPOIIOBAaTH BEPXHIO  MEXY LLM APl nmepenbaueHO MOMXIMBICTH  HOBTOPHO
BaprocTi  "MipkyBampHHX'" ~3amuTiB 1 3amoOiratu BUKOPHUCTOBYBaTH TONEPEAHbO 3adikcoBaHi (parMeHTH
HEKOHTPOJIbOBAHOMY PO3LIUPEHHIO BUXITHOT 3anuTiB  (HANpHKIad, CHCTEMHI IHCTPYKLil, CIIJIbHY
MOCJIITOBHOCTI, OJHAK BOJHOYAC CTBOPIOE  PHU3UK YacTUHY mpommTa abo He3MiHHI mpukianu). Jlo Toro x
nepeqyacHoro  oOpi3aHHS  JIAHIIOXKKA  MipKyBaHb BapTICTh "KemoBaHUX" BXiJHUX TOKEHIB 3HAYHO HMXKYa

1, 3pEIITOI0, AeTpajallii SKOCTI BiAMOBIII.

3a MOBHY I_liHy CTaHAApPTHOT'O BBEACHHS.
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Jis  3amadi pO3MITKHM  O3HAK

CTPYKTYpPHOIL

CKJIAHOCTI 1€ OCOONMBO aKTyalbHO B CIEHAPifX
13 3aCTOCYBaHHSM MPUKIIAIIB, € OJMH 1 TONH camuil HaOIp
ETAJIOHHUX IPUKIAIB 0araTopa3oBO BHKOPUCTOBYETHCS
JUI. PO3MITKH pI3HHX JOKyMEHTIB. [lepeHeceHHs Iux
NPUKITAIIB 0 KEIly Ja€ 3MOry CYTTEBO 3MEHIIUTH
cyMapHi BXIiHI Bognouac

BUTpaTu Ha TOKCHH.

KCIIYBaHHS MNPAaKTHYHO HE BIUIMBAa€ Ha BapTiCTh
BUXIIHUX TOKEHIB, a caMe¢ BHXIJHI TOKeHH (30KpeMa
1 TOKEHU MipKyBaHHS) € HAWOLIBII BapTiCHUMH.

OTxe, MeXaHI3M KellyBaHHS €()EeKTHBHO 3HIKYE
BUTPAaTH B obcarom

KOHQITypamisx i3 3HAYHUM

MOBTOPIOBAHOTO  BXIZIHOTO KOHTEKCTY, alie Maibke
HE JIoloMarae B pasi, KOJM OCHOBHA YacTHHA BapTOCTi
3yYMOBJICHA BEJIMKOIO JOBXHHOKO BUXIJIHUX BiIIOBIICH.

3aramom HaBeneHI (akTopu MOKa3ylOTh, MIO0
OLIIHIOBaHHS E€KOHOMIYHOI JOIIIIBHOCTI BHKOPUCTAaHHS
Tiel 9M 1HIOIOI MOJAeTi He MOXKe OOMEeXyBaTHCS IUIIS
MOPIBHSHHIM "HOMiHANBHUX" TapUdiB 32 1 MJIH TOKEHIB.
HeoOximHO 3BakaTh Ha pO3MOIIN  HAaBaHTAKCHHS
MK BXIIHAMHM § BHXIIHAMH TOKEHAMH, HAaSIBHICTDH
a00  BIICYTHICTP  pPEXHMIB  MipKyBaHHS, OOCSTH
3aCTOCYBaHHS, MOXJIMBICTb KEIyBaHHS MOBTOPIOBAaHMX
(parMeHTiB TPOMNTA, & TAaKOX NPAKTHYHI OOMEKEHHS
Ha TeMIlepaTypHI HaJAIITyBaHHS W MaKCUMaJbHY
JTOBXKUHY BiITIOBIIi.

Tinbku 3 orusiy Ha nepelivyeHi acleKkTH BapTiCHUM
aHaJi3 YMOXXJIMBIIOE KOPEKTHE TOPIBHAHHS MOJIENCH
MiXk c0000 Ta 0OIpyHTOBaHE O0OpaHHs KOH)Iryparii, 1o
3a0e3neuyroTh  HaWKkpamid — OamaHc MK SIKICTIO
PO3MITKH O3HaK CTPYKTYPHOI CKJIQJHOCTI W BHTpaTaMu
Ha 00YHCITIOBANIBHI PECYPCH.

IIpakTuyHe BUKOPUCTAHHSA CUCTEMH ABTOMATUYHOI
CTPYKTYpPHOI

yBard He JMIIE J0 TOCSKHOI AKOCTi, a W 10 BapTOCTI

pO3MiTKI/I O3HaK CKJ'IaZlHOCTi BUMarae
34CTOCYBAHHA BCJIMKUX MOBHUX MOHGHCﬁ.

Buiie 3anpornoHoBaHo 3BaxeHY (GYHKIIIO SKOCTI

Q(S), sxa arperye Fl-mipm 3a BciMa o3HaKammu

3 BHUKOPUCTaHHAM Bar W,, TPOMOPLIHHHUX CEpeaHIM

3a Mozeni aOCONIOTHUM 3HAYEHHAM  KoeQilli€HTiB

kopensuii | r,| Mk HasBHicTO o3Hakm CeC

i3aranpHOI0 F1 sKiCTIO €KCTpAaKIIil TaHHX.

OTxe, O3HAaKW, IO JEMOHCTPYIOTh CHJIBHIMINI
3B’S30K 13 Jerpajaimiclo abo TMOKpameHHSIM SKOCTi
OibIIMIA BHECOK Yy IUILOBUH

eKCTpakKmii, MarTh

nokasHuk Q (S ) .

Jnst koxkuoi momemi mMeM ta osmaku ceC

3a pe3ynbTaTaMH EKCIIEPHUMEHTy Oylro o0YmciIeHo
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3HaueHHA F1 _, 10 BHW3HAYae SKICTb aBTOMATHYHOI

PO3MITKH BiJIOBITHOI O3HAKH, a TaKOX EMITiPHIHY

BapTiCTh TOBHOTO TMPOTOHY Monem C,, BCTaHOBICHY

m >
HAa OCHOBI (PAKTHYHOTO CIIOKMBAHHS BXiTHHUX 1 BUXiTHUX
TOKeHiB. JIJIsI KOXKHOI MiIMHOXXHUHH Mozened S < M

snavenns Flo, s3paxenoi dynkuii sxocti Q(S)
Cost(S)

3a Qopmymamu (7)—(9), Tobro sk Makcumym F1 3a

Ta (QYyHKOIi BapTOCTi 00YHCITIOBAITHCS

MOJEISIMU I KOXKHOI O3HAaKH, 3BaKC€HAa CyMa 3HA4YCHb

SIKOCTi 3 BUKOPUCTaHHAM Bar W,, OTpUMaHUX i3 Tabiuii
KOpeJIsIlii, 1 cyma BapTocTed C,, AJsl BCIX MoOAeneH, ski
MICTUTb MHOKHHA S .

Taka KOHCTPYKIIiS BIATIOBia€ CIEHAPIIO, y SIKOMY
JUISL KO)KHOI O3HaKM CTPYKTYPHOI CKIJIQJHOCTI Ha erami
HANAIITYBaHHA  CHCTEeMH  OOWpaeThCS  BIAIIOBimHA
MOZENb i3 MHOXHHH S, OO0 JEMOHCTPY€E HaiBHIIE

3HaveHHa F1, .. Came mio Mojenb Hajgali 3aCTOCOBAHO

JUIA  aBTOMATHYHOI PO3MITKH  BiJIOBiTHOI
KoH(pirypamii

BH3HAYA€ThCSI CYMOIO BapTOCTEH ycix MopeneH, sKi

O3HaKH,

TOOlI K  BapTiCTh  BUKOPHCTaHHS

xo4ya O a7 omHiel o3HAaKM OEpyTh y4acThb Yy PO3MITII:
Cost(S)=)>  .c,. Ha

s Cm eTani

3aBepIIATBHOMY
¢byHKIiI0
SIKOCTI Q(S) Ta (YHKIiIO BapTOCTI COSt(S) , SIKi

(M—9),

M IMHOXWHA

JIOCITIPKEHHS no0yoBaHO 3BaXKEHY

00YHUCITIOIOTHCS 3a ¢dbopmynamu

i chopmympoBaHO 3amady  BHOOpPY
MOJIeNel y IpocTopi "SKICTh — BAPTICTh' .
Jnst 3amaHoi MHOXKMHHM Mozenein M HeoOximHo

3HAWTH TIMHOXKHHY S < M, sika MakcuMi3ye Q(S)

3a YMOBH, 10 3arajbHa BapTiCTh COSt(S) HE TIePEeBUIIYE
MPHUITYCTEMOTO OIOKETHOTO TTOPOTY.

[Ticns nporo 3 MHOXHHM BCiX KOH(irypamii
Oyno BuokpemieHo Ilapero-ontumanbHi (edeKTHBHI)
HaOoOpH MoJielieit, IS SIKUX He icHye iHmoro Habopy S',
II0 Ma€ He Tipuly SIKICTh 3a He OUIbILIy BapTiCTh, TOOTO
Q(S")>Q(S), Cost(S")< Cost(S).

xoua 0 OJIHa 3 HepiBHOCTeﬁ € CTPOroro.

Kpim 1poro,

CyKynHiCTh Takux KoH}irypamiii ommcye ¢poHT
[Napero B mpocTopi "SKicTh — BapTicTh" i 3aa€ MPAKTUIHO
peleBaHTHI KOMIIPOMICH MDK SKICTIO aBTOMATHYHOL
PO3MITKHU ¥ BUTpaTaMu Ha BUKOPUCTAHHS MOJIEIICH.

Y  Tabn. 4
KoH]iryparmii
Jdns xoxxHOro Habopy Mozeneit S TomaHO CyMapHY

HaBenmeHo  Ilapero-onmTumanbHi

BIIIOBITHO JIO 3pOCTaHHA BapTOCTI.
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Baprictb  COSt(S) (3a pesymbraramm 0GpOGIEHHS

44 nOKyMEHTIB) Ta 3BaXEHY SIKICTb Q(S) , obumcieHy

3a OIMCAHOK BHUILNE CXEMOK (3HAYCHHS HAaBEICHO
3 OKPYTJICHHSIM JI0 TPhOX 3HAKIB).
OtpumaHi pe3ysbTaTh JEMOHCTPYIOTb, IO ONTHMAIBHO

migiOpani  HeBenuKi HAOOpM  HENOPOTUX  MOJEINeH

J0o1oMararTb 3a0€3MeYynuTU Maiibxke MaKCHUMAaJIbHY
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JOCSKHY SIKICTh PO3MITKH CKJIaHOCTI 32 3HAYHO HIDKYOT

BapTOCTi, HIK TPOCTE BHUKOPHCTAHHS BCIX IOCTYITHHX

Moyienel, 1 0e3 3ayueHHs] BapTICHUX PEXHMIB MipKyBaHHSL.

st xoxxHo [Tapero-onTumanbHol KoHGIrypanii S ,

[0 HaBeleHi B TaOI. 4, BIAMNOBIAHA MOJENIb IJIsS O3HAKH
€ € C BH3HAYAETHCS 32 IPABUIOM:

m*(c;S)=argmaxF1,, . (12)

meS

Taémuus 4. [lapemo-onmumanvui Habopu mooenet y npocmopi "saxicms — eapmicmsp'"
D Yy

Ne Ha6ip moneseii, S Bapricts Cost(S), USD 3BazeHa sikicTb, Q(S)
1 { gemini-2.5-flash } 0.174 0.702
2 { claude-haiku-4-5, gemini-2.5-flash } 0.348 0.800
3 { gemini-2.5-flashF } 0.477 0.824
4 { claude-haiku-4-5, gemini-2.5-flash, gpt-5-mini } 0.562 0.858
5 { gemini-2.5-flashF, gpt-5-mini } 0.690 0.877
6 { claude-haiku-4-5, gemini-2.5-flashF, gpt-5-mini } 0.864 0.887
7 { gpt-5-mini, gpt-5.1F } 1.305 0.892
8 { gemini-2.5-flashF, gpt-5-mini, gpt-5.1F } 1.782 0.901
9 { gemini-2.5-flashF, gpt-5.1-codex, gpt-5.1F } 2.548 0.903
10 | { gemini-3-pro-previewF, gpt-5-mini, gpt-5.1F } 4.264 0.914
11 | { gemini-3-pro-previewF, gpt-5.1-codex, gpt-5.1F } 5.030 0.916
[HmIMu crmoBaMu, AJist KOKHOT O3HAKH OOHMPAETHCS eTamax OOpOOJICHHS JOKYMEHTIB. 3ampOIOHOBaHU
MOJIENIb 13 MHOXHHH S, sKa JIEMOHCTpYE HaWBHIIE METOJ pobuts Ipouec eKCTpaKIii
3HadeHHsA Fl-Mmipm it miel o3HakW, i came IIs1 MOAETH CTa0KOCTPYKTYpoBaHUX naHux 3 PDF-mokyMmeHTiB
BUKOPHCTOBYETHCS /151 11 aBTOMAaTHYHOT PO3MITKH. He JMme Oilbll TOYHMM, a H HPOrHO30BAHHMM

Otxe, Tabn. 4 mae He IMIIe PO3YMIHHS IIOAO
ONTHUMAaJBbHUX HAaOOpPIB MojeNnel y mpocTopi "BapTicTh —
SKICTB", a ¥ OOHO3HAYHO 3a7a€ PO3MOIN O3HAK MiX
MOJICJISIMU JIJIsl KOXKHOT 00paHoi kKoHpiryparii.

6. BucHOBKH
i MepCIEeKTHBY MOJAJILINNX JOCTIIKEeHb

Y Mexax NpOBEACHOTo IOCIIKEHHS po3po0iieHo
METOJl aBTOMATHYHOI PO3MITKA O3HaK CTPYKTYpHOI
CKJIaJIHOCTI JTOKyMeHTIB y ¢opmari PDF 3 BukopucTaHHsM
BEJIMKHAX momener. Merton Moxke

MOBHHX Oyt

BIPOBA/DKEHUH  JUI  JIOBUIBHOI ~ MHOXKHMHHM  O3HAaK
1 JOBUTHHOTO HAOOpPY MozeNel 1 He 00MEXY€ETHCS IIEBHOIO
KIUJIBKICTIO KPUTEPIiB YM KOHKPETHHMH apXiTEKTypaMu.
Kito4oBoro ineero € Te, MO IOKYMEHT IIONAEThCS 0
MOBHOI MO/ieNi y BUIVISLAL LiTiCHOTO (aiiny, a Ha BUXOI
(hopMy€eThCSl CTPYKTYpOBAaHHH ONWC HOTO CKIIAXHOCTI,
SIKMWA MICTHTB JIJIsl KO)KHOI O3HAKH YiTKE PIIIeHHs mpo il
HasBHICTb, CTHCJIE TEKCTOBE IIOSCHEHHS Ta YHCIIOBY
OLIIHKY BIIEBHEHOCTI B IIbOMY PIillICHHI.

Take momaHHA €

VHIBEepCaIbHUM 1 MOXe

0e3rocepe/IHbO  BUKOPUCTOBYBATUCS HA  MOJANIBIIMX

i kepoBanuM. OCKUIBKM Uil O3HaK CTPYKTYpPHOI

CKJIAJIHOCTI 3a3JaJeriab JOCIIIKEHO 1X 3B’ SI30K 13 SKICTIO

eKCTpaKii, npodisb CKJIaZIHOCTI ~ KOHKPETHOTO

JOKyMEHTa MOXXE BHKOPHCTOBYBATHCS SIK OKpeMa

BXIiJIHA BJIACTHBICTh: 32 HUM MOJKHA OIIIHUTH OYiKyBaHUMN
piBeHb SKOCTI BWIJIyYeHHS [JaHUX, BHU3HAYUTH, YU
JIOCTaTHBO 3aCTOCYBaTH HEIOPOTY MOJAENb, YU JOIIIHHO
3aMy4uTd  OUIBII TOTY)XKHY Monenb abo Tmepeaatd
JIOKyMEHT Ha JI0/IaTKOBY NIEPEBIPKY OIeparopy.

OTxe, po3MiTKa 03HAK CKJIAIHOCTI IIEPETBOPIOETHCS
SAKOTO  CHCTEMa

Ha IHCTPYMEHT, 3a JOHOMOI'OI0

eKcTpakmii Ha0yBae BIIACTHBOCTEH IPOTHO30BAHOCTI

(ouikyBaHWII  piBeHb  SIKOCTI  BIIOMHH  Hamepen)

i KepoBaHOCTI (KOpUCTyBad ab0 pO3pOOHUK MOXKE SBHO
00MpaTh KOMIIPOMIC MIX SIKICTIO Ta BUTPATaMH).

B ekcrmepuMeHTanbHIA YacTHHI POOOTH METON
3aCTOCOBAaHO JI0 IIAMHOXHMHH 3 YOTHUPHOX O3HAK
CTPYKTYPHOI CKJIAaTHOCTI, IUIA SIKUX IIOTIEpEeNHBO OyIo
BCTAHOBJICHO HaAMOLNbII BHpa3HWH BIUIMB Ha SIKICTh
eKCTpaKIii 13 MOXJIUBUX

magux. lle maumme opuH

BapiaHTiB  HajamTyBaHHi  Meroay. Cam  MeTon

HE TPWB’S3aHUN aHI JO KOHKPETHOI KUIBKOCTI O3HAK,

aHi J0 KOHKPETHMX THIIIB JOKYMEHTIB: 3a HasBHOCTI
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HOBUX O3HaK abo HOBMX (OpPMATIB JOKYMEHTIB

JIOCTATHRO TIOBTOPHTH €Tall aHANi3y 3B’SI3Ky MiK
O3HaKaMHM Ta SKICTIO eKCTpakuii 1 OHOBUTH Baru
B iHTerpambpHiil (yHKIIi sSKOCTi. ABTOMaTHYHA PO3MITKa
O3HaK CKJIQJHOCTI 3a JONOMOTOI0 BEIMKUX MOBHHX
Mojenell y bOMY pasi Ja€ 3MOTY OTPUMYBATH HOTPiOHI
JaHi s OyJb-KOro oOCSTy JOKYMEHTIB 0e3 pi3Koro
3pOCTaHHs BUTPAT Ha PYYHY Ipalfo, TOMi SIK MOBHICTIO
py4Ha pO3MiTKa Takoro camoro oocsry Oyna 6 3HaYyHO
BapTICHOIO Ta MPAKTUYHO HEPEATbHOK VIS MiATPHMKH
B aKTyaJIbHOMY CTaHi.

ExcrieprMeHTaIBHI  pe3yabTaTH  MPOJEMOHCTPYBAIIH,
110 PO3POOJICHHI METOJI CIIPHSIE JOCSTHEHHIO Y3rO/PKEHOCTI
ABTOMATHYHOI PO3MITKH 3 PYYHOIO Ha PiBHi, JOCTATHEOMY
JUIsl IPAaKTUYHOTO BUKOPHCTAHHS B PEabHUX KOHBEEpPax
00poOIeHHs JOKYMEHTIB. 3alpoNOHOBaHA 3BaXkKEHa
(dyHKIIS sgKocTi, ska Oepe 10 yBaru pi3HUN BILUIMB
OKpEMHX O3HaK Ha IIJCyMKOBY TOYHICTh EKCTPAaKLil,
y TO€IHAHHI 3 PO3B’SA3aHHAM ONTHMI3AIiHHOT 3a7adi
B MPOCTOPi "SKICTh — BapTICTh" mama 3MOry moOyIyBaTH
[Mapero-onTuManbHi KOHQIryparii MOBHUX MOZEJIEH.
HEBEJINKI BITHOCHO

Ilokazano, 1m0 Habopu

HEIOPOTHX MoOJeNell y pexuMax 0e3 MNPHUKIAIiB

1 3 HE3HaYHOIO KUIBKICTIO TIPUKIAJIB 3a0e3MeqyloTh
Maibke  MaKCHUMaJbHO AKICTh

JOCSKHY — 3BaXKCHY

KoH]iryparii
3 peKUMaMH MOTIHOICHOr0 BHYTPILIHBOTO MipKyBaHHS

aBTOMAaTHYHOI  pO3MITKH.  BomHowac
HE TIPOJIEMOHCTPYBAJIN MEpeBary, sika O BUIIPaBJIOBYBaja
CYTT€EBE 3POCTAHHS BUTPAT.

Ie mixTBepmKye, MO aBTOMaTHYHY PO3MITKY O3HaK
CKJIAIHOCTI JOIITBHO OyAyBaTH HE Ha HAMCKIAIHIIIMX
1 HalIOPOXKUYMX MOJIENSAX, a Ha MPOAyMaHii KoMOiHaril
KUTBKOX OUTBII TOCTYITHHUX MOJICCH, ONTHMAIBHO IiaiOpaHmX
3 OIJISY HA CIIIBBiHOLIEHHS "'AKICTh — BapTICTh".

IlepcrieKTHBH TMOMANBIIMX JOCHTIIHKECHb OB’ s3aHi
3 PO3IIMPEHHSIM TAaKCOHOMIi O3HaK CTPYKTYPHOI CKIJIA/IHOCTI,
3ay4CHHSIM IIAPIIOTO KOJIa THINB JOKYMEHTIB Ta
IHTErpamiero MOAYJIi aBTOMAaTHYHOI PO3MITKH  JI0
MPOMHUCIIOBUX CHUCTEM EKCTPaKLii CIa0KOCTPYKTYPOBaHUX

nanuX. [Ipo¢ine ckiagHOCTI JOKyMEHTa MOXKE CIyTyBaTH
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test the performance of a method for automatic marking of signs of structural complexity in documents, which provides the ability to
predict the quality of further data extraction, as well as to build a mathematical model for optimizing the selection of language model
configurations in the "quality-cost" criteria space. The tasks involve formalizing the taxonomy of features, forming an experimental
corpus, developing a unified prompting scheme, and solving the problem of multi-criteria optimization of model selection.
The methodological basis of the study consists of methods of system analysis, empirical profiling of large language models, prompt
engineering methods, methods of mathematical statistics (correlation analysis, calculation of Precision, Recall, F1) for evaluating
classification quality, as well as discrete optimization methods for finding compromise solutions. Results. The main result of the
research is the development of an original method for automatic tagging of document structural complexity features, which allows
automatically generating a structured document complexity profile and processing its original visual PDF representation.
A weighted quality function is also proposed, which takes into account the degree of influence of each feature on extraction errors,
and Pareto-optimal configurations are identified that enable cost minimization given the specified reliability requirements.
Based on the results achieved, certain conclusions can be drawn. It has been experimentally proven that cost-effective models
in example-based mode provide high marking accuracy that competes with the results of significantly more expensive models. It has
been established that the use of extended reasoning modes for binary classification tasks is economically unfeasible due to
a disproportionate increase in cost without a significant increase in quality. The proposed method solves the problem of the lack of
tools for preliminary assessment of complexity in intelligent document processing systems. It ensures the predictability
and controllability of extraction processes, enabling adaptive routing of documents depending on their complexity. This creates
the basis for building effective industrial systems with balanced accuracy and operating costs, eliminating the need for
labor-intensive manual marking.
Keywords: weakly structured document; data extraction; prompt engineering; Pareto optimality; multimodal models.
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MOJIEJIb TMHAMIYHOI AKTUBAIIIL
KOPEJISINIMHUX 3B’SI3KIB B OHTOJIOTTYHUX TPAD®AX
B YMOBAX OIIPAIIIOBAHHS PI3BHOPITHUX JAHHUX

IIpeomem Oocniorcennsn — npoyecu iHmepnpemayii CmpyKmypHux 3aiesiCHocmeli y KOpRopamueHux OHMOA0IHHUX 2papax 6 ymosax
ONpayrOB8anHs PI3HOPIOHUX OAHUX (MEKCMOBUX HOBUHHUX | KINbKICHUX MeXHiuHux cueHanig). Onucano nepexio i0 cmamuiHoO20
Mpaxmysanus epaga 3Hans AK ikcosanoeo Habopy 36’A3Ki6 00 OUHAMIYHOI MoOeni, 0e CMPYKMYPHI 8iOHOWEHHS € NPOCTNOPOM
nomenyitnux Kopenayiu. Mema cmammi nonseac y QOpMYSaHHi KOHYENMyanivHOi ma Gopmanizoeanoi mooeni YMOSHOT
akmueayii 3a1exiCHOCmell Y KOPNOPAMUSHUX OHMOL0SIUHUX 2paghax, wo 0ae 3mo2y I00KpeMumu Cmaii mononiociuHi 36 'a3xku 6io ix
CUTNYAMUBHOI 6NIUBOBOCMI 8 KOHKPEMHOMY YAaCO80MY KOHMeKCcmi. 3a80aHHA 00CniOxdceHHA: ¢hopmanizayis CmpyKmypHO20
wapy epaga AK cucmemu NOMEHYIHUX 3ANEHCHOCEU, BUSHAYEHHA Kpumepiig i QyHKyii akmusayii O nepexooy 3anexcHocmi
6 AKMUGHUL CMAaH, PO3POONIEHHS MeXawizmy iHmezpayii noOiceuUx CUSHANIE K mpueepié aKmueayii;, aiecopummivHa peanizayis
MoOeni 6 [HMENeKMYanbHux CUCMeMAax RIOMpUMKU npuiHamms piwenv. Memoou 00cnioxncenus ocHosani Ha meopii epaghis,
OHMONOGIUHOMY  MOOENIOBAHHI A  CeMAHMUYHOMY MIPKY8aHHI (semantic reasoning). Ilpoyedypny peanizayiro  mooeni
30TlICHEHO 8 Medcax 6a2amoazeHmHO20 NAUNIAUHY 3 YNPOBAOHCEHHAM 8eIUKUX MOGHUX Mooenel (LLM-azenmig) ons inmepnpemayii
CEeHMUMEHMY HO8UH I azpeeayii pPISHOPIOHUX O3HAK 0Oe3 napamempuuno2o HaeuauHs. Pesyavmamu emnipuunoi nepesipku,
npogedenoi 6 pedicumi cygopoi uacosoi yzeodxcenocmi (forward-only), niomeepounu egpexmusnicme modeni. ¥V pescumi close—close
BUKOPUCMAHHA 2PAP0B8020 KOHMEKCMY 3a0e3neyuno 3p0OCmanHa KymMyaamuenoi doxionocmi 3 +3.58% oo +13.42%, wo ceiouums
npo cmiiikuii egexm niocunenns cuenany. Y peowcumi close—open Oocsenymo maxcumanvnozo pesynemamy +19.80%,
wo OeMOHCMpPYE OOMIHAHMHY PONb HOBUHHO-CEMAHMUYHO20 KOMNOHEHMA 6 HIYHOMY pedcumi 3a YMOSU KOPUSYB8AIbHO2O
enaugy cmpykmypu epaga. Bucnoeku. 3anpononosana modenv 0ac 3M02y YCYHYmMu HeKOPEKmHe OMOMONCHEHHS HASAGHOCMI
CMPYKMYPHO20 38 A3KY 3 (PAKMUYHUM 6NAUBOM. YCmaHo61eHo, wo iHmezpayis Gopmanizoeano2o mexaumizmy axmueayii (Ha ocHo8i
CMPYKMYPHO20 WAAXy 00 2-hop, peneeammuoz0 CcUcHALY Ma Hacosoi 6anioHocmi) 3abesneyye cucmemamuiHe NOKPAWEHHA
SAKOCMI NPOSHO3I8 Y 3a0a4ax ONpaylO6anHsl PisHOPIOHUX OAHUX.

Knrouoei cnosa: modenv akmusayii; epagh snamnv, pisHopiowni oaui; LLM-acenmu; ingpopmayiini cucmemu,; nputiHamms piuieHs.

ITocTaHoBKa MpoGIEMHI

VY cy4acHHX AOCHI/DKEHHSIX OHTOJOTIYHI rpadoBi
MOJZIeNi BigIrparOTh KIIOYOBY pPOJb Y MOJICITIOBAaHHI
CKJIaIHUX CHUCTEM, J€ 3B’SI3KM MK 00 €KTamu
3MIHIOIOTBCS B Yaci (HapUKIIad, y COIiaIbHIX Mepexkax,
OiomoriuHux cucremax, (piHaHCOBMX PHHKAaX), a TaKOX
Yy KOPHOPAaTUBHUX iH(POPMAMiHHUX CHCTEMaX i CHCTeMax
minTpuMku npuidHATTS pimens [1-3]. HasBHi migxomu
IO aHaJli3y YacoBOTO Tpad)0BOrO MOIAHHS CIPSMOBaHI
Ha BUBYEHHS CTPYKTYpH rpada Ta ii BIIMBY Ha MojaHHS
By3JiB. AJle 1 MiAXOJM 3a3BUYail TPAKTYIOTh 3B’SI3KH

SK aKTHBHI TOCTIHHO abo He (HopMali3ylOTh YMOBHU

IX [OMHAMIYHOI aKTuUBalil B KOHTEKCTI 30BHILIHIX
IOIIEBUX CUTHAJIIB.

v KOPHOpPaTHBHUX OHTOJIOTTYHHX rpadax
CTPYKTYpHI 3B’SI3KM (Hanmpukiajg, "MOCTadalbHUK —

"bipMa — KOHKYpeHT"') TpaauliiHO

PO3TISLIAIOTRCS SIK CTATHYHI a00 SIK anpiopHO 3a1aHi s

Kkiient"  abo

MOJCIIOBaHHA BIUIMBY B 3aJa4ax IIPOTHO3yBaHHS.

Ane B peaIbHUX €KOHOMIYHHMX CHCTEMax HasBHICTh

CTPYKTYPHOTO 3B’SI3Ky HE TapaHTye HOro (haKTHIHOTO
[4]. Bnmus
KOHKPETHOI KOPEJIIIHHOI 3aIe)KHOCTI MOYKE aKTUBYBATHUCS

BIUIMBY B OyJb-IKHH MOMEHT dYacy
JIMIIE 332 HassBHOCTI IEBHUX YMOB a00 TO/iH.

HesignoBigHicTe MiX (iKCOBAHOIO CTPYKTYPOIO
rpaga 3HaHb 1 JUHAMIYHOIO AaKTYaJbHICTIO BIUIMBY
3B’S3KiB  CTBOpIOE  (yHOAMEHTANbHY  mIpobiemy:
BIJICYTHICTh ()OPMaJBHOTO MEXaHi3My, 110 BiIOKPEMIIIOE
MOTEHI[IMHAN CTPYKTYpHUH 3B’S30K Big HOTO 4YacoBOi
aKTHBalil SK BIUIMBOBOrO (pakTopa B KOHKPETHOMY
KOHTEeKCTi abo MomeHTI uacy. HasBHI nocmimkeHHS
JUHAMIYHUX TpadiB pO3MISLNAIOTh 3MiHY —TOIOJOTII
yx 4vacoBi "ckpuHIIOTH" rpada, ane He 3a0e3MEUyIOTH
(hopmarbHOI YMOBHOI aKTHBAIlil 3aI€KHOCTEH HAa OCHOBI
CUTHAJBHUX 1 4YacOBHX KpUTEpiiB. VY NpaKkTHYHUX
3ajayax, HaNpuKiIai, JUIsd IPOTHO3YBAHHS HAaINpIMKy
pyxy wiH abo AWHAMIYHOI OIIIHKM PH3MKIB HEOOXimHe
MO/IEIIIOBaHHS, 10 Oepe /10 yBaru He Jiume "HasBHICTB"
3B’3KiB, ajle ¥ YMOBHM iX HAasBHOTO aKTHBAI[IITHOTO
BrumBy. [lomibna mnoTpeda

iHTerpanii - pi3HOPIAHMX

JoKepen iHpopmarii CIIOCTEPITaeThes TaKOX
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y  JOCHi/DKeHHSIX  (DIHAHCOBOIO  TIPOTHO3YBaHHS,
e IMOE€THAHHSI TEXHIYHUX, (hyHIaMEeHTaITbHUX
1 TEKCTOBHX JAHHX CIpPHS€E IIIBUIICHHIO SKOCTI

iHTepIpeTalii pUHKOBHX cUTHAMIB [5]. Peamizamis Takoro
MEXaHI3My [a€ 3MOTY OUIBII TOYHO IMOJABATH IOJIEBI
 YacoBi KOHTEKCTH, II0 BH3HAYAIOTh 3MiHY CTaHiB
Y CKIIaJHUX CHUCTEMaXx, SIKi OMHCYIOThCS rpadaMu 3HaHb.
Bukopucranas momieBux TpadiB 3HaHb UL OMKCY
MIPOIIECIB 1 B3aEMOIII MiXK €JIEMEHTAMH CKJIaIHUX CHCTEM
TaKOXX BUCBITIIOETHCS B CYYaCHHUX TIparlax [6].

OTxe, aKTyaJbHICTb JOCHIIPKEHHS 3yMOBJICHA
HeoOXigHicTIO (opMamizamii MeXaHI3MIB JHHAMIYHOT
aKTHBAIil KOPEJSILIHHUX 3aJIe)KHOCTEH Yy KOPIOPATUBHUX
OHTONIOTIYHMX Tpadax 1 pPO3pPOONCHHI  MOJENeH,
3IaTHUX OpaTu /0 yBard 4acoBi W CHTHaJbHI YMOBH,
0 BU3HAYAIOTh (DaKTUYHY Mdif0 3B’S3KIB Y KOHKpPETHI
MoMeHTH u4acy. lle Mae

BAXXJIMBC 3HAYCHHA JJIA

moOymoBH OUTBII TOYHHX 1 AaNaNTHBHUX MOJEIeH
1 CUCTEM MIATPUMKH NPUHHSTTS PillIeHb, IO IHTErPYIOTh
CTPYKTYpHI
aHamizy manux [3, 7].

3HaHHA U METOaU iHTCJ’IeKTyaJ'IBHOFO

AHaJIi3 0CTaHHIX J0CaiTKeHb i myOJikanii

Sk Oyno 3a3HadeHO, OWHAMi4HI rpadu SK MOIei
3MIiHIOBaHUX BIJHOIICHBb MikK 00’€KTaMHU JOCITIKYIOThHCS
B pI3HUX HampsMax Cy4acHOI HayKu. Y KIACHIHHUX
rpadis
3aCTOCOBYIOTHCSI MOJICTi HAa OCHOBi TpaOBHX MEpex i3

mixo#ax /0 aHaji3y  4YacoBHX LIMPOKO
YaCOBUM KOMITOHEHTOM, a TaKOX MiIX0/H JI0 MipKyBaHHS
B TemmopaibHux Tpadax 3mamp (temporal knowledge
graph reasoning), siki 6epyTh 10 yBard 4acoBi 3aJ€KHOCTI
MK CyTHOCTSIMH Ta iX BimHomeHusmu [4, 8, 9]. Tlopsn
13 JIOCHI/PKEHHSIMH TEMITOPAJIbHUX 1 IWHAMIYHUX Trpadis
y CcydacHHX poOOTax aKTHBHO PO3BHBAETHCS HAIPAM
rpadoBux
0COONMBY yBary MpHUAIICHO CEMaHTHYHIN y3roMKEHOCTI

OHTOJIOTIYHO  KEpPOBaHUX Mozenen, ge

MOJAaHHS CYTHOCTCH 1 BigHOIIeHb. Taki miaxXoau
PO3TISIIAIOTh OHTOJIOTiIO SIK KOHIIENITyaJdbHUH piBEHBb
iHTerpanii 3HaHbp, MO 3ade3nedye (HopMalTizalliio 3MICTY
3B’s3KiB, YyHi(iKal[ifo AaHUX 3 PIZHOPITHHUX JKEpes
1 TIIBHUINCHHS HTEPIPETOBAHOCTI AHANITHIHUX TPOICIYP
y cknaaHux iHpopmaniiHux cucremax [10, 11]. IToxioHy
iHTeprperanio poii rpadiB 3HaHB K IHOPACTPYKTYypH
AHATITHYHOTO OOPOOJICHHS JaHUX TaKOX BHCBITIEHO
B cyudacHux pnociikeHHsx knowledge graph-driven
MIOXOAiB 7O  MATPUMKA  TPHAHATTA  PIllICHb,
Jle HaroJIOIICHO Ha 3HAY€HHI CEMaHTHYHO Y3TOJDKEHOTO
MOJIAHHSI

3B’S3KiB [UISI TOOYJOBH IHTEIEKTyaJbHHX
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aHamitnuHux  cucteM  [12].  Tak, y  BuUBUeHHI
rpadoBUX MOJeNeH 3HaYyHy yBary MPHIUIEHO MOOYIOBi
0araTopiBHEBOI'O MO/IaHHs IpadiB 3HAHb 1 BAKOPUCTAHHIO
CTpYKTypHOI  iH(pOpMaii

pi3HHX  piBHIB s

3ama4  MIPKYBaHHS ¥ aHami3y 3aJeKHOCTCH Mik
cyrHocTsiMH [13]. OxpemMuM HampsiMOM JOCTIDKEHb €
aHaJIi3 CTPYKTYPHHX 3AIEKHOCTEH y rpadOBHX MOJICIIAX
JaHUX 3 OINSLy Ha 4YacoBi OOMeXeHHsA. 3o0Kpema
B po0oTax, NPHUCBSYEHHX TEMIOPAILHUM TpadoBUM
(byHKIIOHATTBHUM (temporal  graph
functional dependencies), 3ameKHOCTI MiX CYTHOCTAMH

PO3TIITHYTO

3aJIC)KHOCTAM

BIAMOBIIHO O YacOBHUX OOMEXKEHb
Ta eporomii rpadopux manux [14]. OgHak Taki MiaXoau
3IeOUTBIIOTO CIPSIMOBaHI Ha BHSBICHHS H IIEpPEeBIpKY
y3rOJDKEHOCTI JIaHMX Yy YacoBUX rpadax, a He Ha
(opmaizaiiito yMOBHOI aKTHBAIlil BIUIUBY CTPYKTYPHHUX
3B’513KIB Y KOHKPETHOMY KOHTEKCTI MOIii.
KOHTEKCTI B  HU3MI

Y  monioHOMY CTYHIH

3alpOINOHOBAHO  IOMIE€BO-OPIEHTOBAHI  MIAXOAW 1O
BUKOPHUCTaHHA TpadiB 3HAHb, y MeXax SKHX MOMIii
€ MexaHi3MamMH  iHTepnperanii a0  YTOYHEHHS
B3a€MO3B’SI3KIB MIXK CyTHOCTSIMH. 30KpeMa B po0oTi [15]
3alpOMOHOBAHO  MiAXiH A0  1moOyJnoBHM  TOJIEBO-
opieHTOBaHMX TrpadiB 3HaHb IS aHANI3y CKIAJIHUX
BUPOOHMYMX CHCTEM, Je TOAii — I TpUrepu Juis
iHTEpIIpeTanii 3aNe)XHOCTEH MK €JIEMEHTaMH CHCTEMH.
IonieBi rpadm 3HAHb TaKOXK 3aCTOCOBYIOTHCS IS
MOJICIIIOBaHHS 1HXXEHEPHHUX IIPOIECiB 1 B3aEMOMAINA MiX
ix emementamu [6]. IIpore momiOHI Moserni 34¢01TBIIOrO
OpIEHTOBaHI Ha aHANI3 NMPHYUHHO-HACIIIKOBUX 3B’SI3KiB
abo JiarHOCTMKY MOiH, Toxmi sIK 3amada Qopmaizaiii
YMOBHOI aKTHBamlii CTPYKTypHHX 3aJIe)KHOCTEH y rpadi
3HaHb Y KOHTEKCTI 30BHINIHIX CHTHAIB 3aJIHMIIAE€THCSI
HEI0CTaTHHO BUBYECHOIO.

Y  po3BUTKY JociikeHb rpadoBUX MoJeNnei
HACTYITHAM KOHILIENITYaJIbHUM KPOKOM CTajlo (hOpPMYBaHHS
HaNpsIMy OHTOJIOTIYHO KepoBaHHX rpadoBUX MOeJeH,
Jie CTPYKTYPHI 3B’SI3KM pO3IIISIAIOTECS HE JIMIIE SIK
TOMOJIOTIYHI ~ eJeMeHTH rpada, ame 1 sK Hocil
(dopmaizoBaHoro ceMaHTudHoro 3micty. Lle mae 3mory
3aJIeKHOCTEH

PO3MEXKYyBaTH  ONMUC  MOTCHIIHHUX

MDK CYTHOCTSAMH ¥ MeXaHi3MH iX iHTeprperarii
B aHAJIITHYHUX 3aJia4ax. Y JOCITIDKEHHSIX 3 OHTOJOTIYHO
KepoBaHOi iHTerpamii Oi3Hec-TaHUX HAroJOIICHO, IO
BUKOPHCTAaHHS OHTOJIOTIH CHpUSIE THYYKOCTI MOOYZOBH
T ABHIITYE
1 BIATBOPIOBAHICTb NPOLECIB MATPUMKUA HPUHHATTS

AHANNTAYHUX  MOJENeH Ta TIPO30PICTh

piteHp y OaraTomKepeTbHIX iH(pOpMaLiHHUX

cepelloBHUIlaX, LI0 OCOOJIHMBO BaXJIMBO JJsi NOOYHOBH
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MOSICHIOBAHUX ~ AHAJITUYHUX  MoJeNiedl Ha  OCHOBI
rpadis 3uans [10-12].

ABTOpH CTYAIH, SKi DPO3IJISJAOTh KOPHOPaTHBHI
rpadu CTPYKTYpHI

BIHONICHHSA 5K (DIKCOBaHI ¥ 3aBKIU MOTCHIHHO

3HaHb, HaWJacTile TPaKTYIOTh

aKTUBHI JIs 3aJad  TMPOTHO3YBaHHA. Taki Mopemi

He 3a0e3MeuyloTh  SIBHOTO  MEXaHi3My  YMOBHOI
aKTHBAIlii — HASIBHICTH 3B’A3Ky CKBIBAJICHTHA WOTO
BIUIMBOBOCTI B OY/Ib-SIKUl MOMEHT. SIKIIIO TOBOPUTH IIPO
yacose rpadoBe HaBuanHs (temporal graph learning), To
ICHYIOTb HIJIXO/IH, IO BUKOPUCTOBYIOTh TO/IIi SIK TPUTePH
JUTS 3MiHU Bar abo akTuBarii miarpadis. Ane i miaxonn
OpIEHTOBaHI Ha BHYTPIIIHIO €BOJIIOIIIO rpada, a He Ha
IHTETpallil0 30BHIIIHIX TIOJI€BUX CHTHATIB SK YMOB,
110 aKTHUBYIOTh KOPEIALIHI 3aJI€KHOCTI.

Otxe, JIOCITIKEHHS

cydacHi JIEMOHCTPYIOTb,

0 TO€AHAHHS TrpadoBUX Mo 3 OHTOJOTIYHUM

KOHIICTITyaJJbHAM  pIBHEM CTBOPIOE  METOIOJOTiUHI
nepenyMoBH sl (opMmaii3oBaHOrO  OMHCY  yMOB
iHTepmpeTamii  CTPYKTypHHX  3aJeKHOCTEH  MiX

cytHocTsMH. CaMme OHTOJIOTIYHO BHM3HAYCHUH MMiAXIT
CIIPHSE PO3MEKYBAHHIO ITOTCHLIHHOI HAsBHOCTI 3B’S3KY
i yMoB ioro ¢akTuyHOl akTyamizanii B KOHKPETHOMY
MIOJIIEBOMY KOHTEKCTi.

[Mompu 3Ha4yHy KiNBKICTH poOOIT y  raiysi
JUHAMIYHUX TrpadiB, 4acoBUX 3aJIS)KHOCTEH 1 rpadoBux
3HaHb, 3aBJaHHSd Qopmaiizamii MexaHi3MiB YMOBHOI
aKTHBAIlil CTPYKTYPHUX 3aJIeKHOCTEH y KOPIIOPaTUBHHUX
OHTOJIOTIYHMX Tpadax Ha OCHOBI 30BHIIIHIX IOJIEBUX
CUTHAJIB 3aJIMIIAETHCS HEAOCTaTHRO BUBYCHUM. Came 11
HEepO3B’si3aHa 4YacTWHA BU3HAYa€ TMpeIMeT  IbOTO
JIOCTI/KEHHSI, Y SIKOMY OHTOJIOTIYHAa MOJIEIb PO3TIISIAETHCS
SK KOHICNTyaJbHa OCHOBa (hOPMAIi30BAHOTO OIKCY
CTPYKTYPHHX 3aJE€XKHOCTEH, IO J]a€ 3MOTY BiIOKPEMHTH
X MOTeHLiHY HAasSBHICTh Bil yMOB (DaKTHYHOT aKTHBAIi]

B KOHKPETHOMY HOHi€BOMy KOHTEKCTI.

Bu3znaueHHs1 MeTH i 3aBJaHb JOCJTIIKEHHS
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QITOPUTMIYHOT ~ peaii3ailii  MeXaHi3My  aKTHBAIlil
B iH()OpMALiHHUX CHCTEMAX.

JIIst  MOCSATHEHHS IOCTAaBIIEHOT METH HEOOXIigHO
BUKOHATH TaKi 3aBIaHHS:

1) dopmanizyBaTn CTPYKTYpHHMIA IIap KOPIIOPATUBHOTO
OHTOJNIOTIYHOTO Tpada SK CHCTEMY IOTCHIIIHHHUX
3aJIeXKHOCTEH 13 TUITI30BAHUMU BiJHOIICHHIMH,

2) Bm3HauWTH Habip YMOB 1 (YHKIiIO aKTHBAIl,
3a JIOTIOMOTOI0 SIKUX MOTEHIIIIHA 3aJIeKHICTh TIEPEXOAUTh
Y CTaH aKTHBHOI;

3) moOymyBatu (opMalbHHA MeXaHi3M (YHKIIIT
aKTUBALIl 3aJIe)KHOCTEIH;
MOXJTHBICTh Moedi

4) moka3atu iHTerpanii

B CHUCTEMH IIPOTHO3YBaHHS, IO MPALIOITh 13
PI3HOPITHUMH JaAHUMH.

3amnporoHOBaHMH MiAXiA JEMOHCTPYE BHKOPHUCTaHHS
OHTOJIOTIYHOT'O KOHIIETITYaJIbHOTO PiBHS SIK OCHOBHU JUIS
(dopmamizoBaHOTO  aHaJily  yMOBHOi  aKTHBHOCTI
CTPYKTYPHUX 3aJI©)KHOCTEH Yy KOpIOpaTHBHUX Tpadax
3HaHb. OTXKe, Mepes aBTOpaMH CTATTi IOCTAE 3aBIAaHHSI
no0OyoBH (hOpMaNbHOI MOJIENI, sIKa AaCTh 3MOTY TepenTH
BiJl CTaTHYHOI iHTepIpeTalii rpada 3HaHb JO YMOBHO-
JMHAMIYHOI 1HTepIpeTarii 3aJe)KHOCTeH, 10 aKTUBYIOThCS

TOJIiEBUMHM 1 YaCOBUMH (DaKTOpaMH.

3aﬂp0HOHOBaHa MO1e/1b

MeTtor0 CTarTi € PO3pOOJCHHS MOJEIi YMOBHOT
aKTHBAIII] 3aJIE)KHOCTEH Y KOPHOPATUBHUX OHTOJIOTTYHUX
rpadax y TpOIECi OMpAIfOBAHHS PI3HOPITHUX JaHUX,
sKa Ja€ 3MOTY: IHTEpIIPETyBaTH CTPYKTYPHI BiTHOIICHHS
SK TOTCHINHHI

3aJIKHOCTI; (HOpMaNbHO BH3HAYATH

YMOBH iX JOUHAMIYHOI aKTHWBaIii; pPO3MEKOBYBATH

MOCTIMHI CTPYKTYpPHI 3B’SI3KM Ta X KOHTEKCTHO-YaCOBY
BIUIMBOBICTh; IHTETPYBaTH IOMI€BI CHTHANH SK TPUTCPU

aKTHBalil 3aJeXHOCTel; 3a0e3neuyBaTH MOXKIHMBICTH

KopnopatuBHy Monens 3HaHb IOJAHO Y BHIJIIL
OHTOJIOTi4HOTO Tpada, sKuii Pikcye MHOKUHY CYTHOCTEH

(xoMmaHii) 1 THUMI30BaHI BiTHOMICHHS MK HUMH
(mocTavabHUK, KOHKYPEHT, mapTHep, JIOYIpHS
CTPYKTypa, KIi€eHT Tomo). Taka Momenb 3amae

CTPYKTYPHHI TPOCTIp KOPIOPATUBHHUX B32EMO3B’SI3KiB
1 € CTaTMYHOIO: HasBHICTH pebpa BimoOpaxae ¢akxT
ICHYBaHHS CKOHOMIYHOI'O BIIHOIICHHS, OJHAK HE
BH3HAYa€ HOro aKTyaJbHY 3HAYYIIICTh Y KOHKPETHHI
MOMEHT 4acy. Y JAeSKuX MiJXoJax [0 MOJIEIIOBaHHS
rpadis

YMOBHOI 3MiHH CTaHy a00 TOSBU 3B’SI3KiB 3aJICKHO Bif

JUHAMIYHHX PO3TIISIAETECS  MOXKIIMBICTh
KOHTEKCTHUX (hakTopiB 1 wyacoBux ymoB [16]. IIpore
B KOpIOPaTHMBHUX OHTOJIOTIYHUX Tpadax CTPyKTypHi
BIJHOIICHHS 3a3BUYail 3aiMIIaloThbcs  (DIKCOBAaHMMH,
TOJII SIK 3MIHIOETBCSI HE CaMa CTPYKTYpa, a IHTeprpeTaris
iX BIUIMBY B KOHKPETHOMY KOHTEKCTi. Y KJIACHYHIN
iHTeprperanii rpagOBUX CTPYKTYp HAasSBHICTH 3B’SI3KY
YacTO HESBHO OTOTOXKHIOETHCS 3 HASIBHICTIO 3aJIEXKHOCTI,
0 Y3rODKYEThCS 3 MigXogamMu 10 (opmaiizarii
TaKk 3BaHMX TpadoBHX (QYHKLIIOHANBHUX 3aJICKHOCTEH

(graph functional dependencies) y mocmimkeHHSIX
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rpadoBux apanux [17, 18]. Ilpore B KopnopaTHBHOMY
CePeIOBUII CTPYKTYpHHUH 3B 530K 1 (aKTUYHUI BILIHB
HE € eKBIBAICHTHHUMH: €KOHOMIYHI BIJIHOCHHU MOXYTb
30epiraTucsi TPUBAJIMH dYac, aje CTaBaTH 3HAYYIIUMH
JUIIe 33 HACTaHHS NEBHUX MOJIH, 1HQOpMaIiiHIX
CUTHAIB 200 pHHKOBHUX YMOB.

VY Mexax 3alporoHOBAHOTO MiAXOJy 3alpOIOHOBAHO
PO3pI3HEHHS MK CTPYKTYPHHM BiTHOIICHHSM  SIK
€JIEMEHTOM OHTOJIOTIYHOI MOJIeJl 3HaHb 1 AKTHBHOIO
3aJIEXKHICTIO SIK JMHAMIYHAM CTaHOM I[bOTO BiIHOIICHHS,
II0 BHHHMKAaE 33 BUKOHAHHSA JIOJAaTKOBHX  YMOB.
BimnoBimHO, OHTONOTIYHWIA Tpad pPO3TIATAETHCS SIK
MPOCTIp MOTEHLIHHUX 3alIe)KHOCTEH, a He sIK (DikcoBaHA
cucreMa mirounx BiomBiB. [lomiOHe TiaymadeHHS
Y3TO/PKY€EThCS 3 MiAXomaMH 10 (OPMAIBLHOTO OIUCY
3ajexHoctet y rpadoBux wmomensx jganux  [17].
Take po3MeKyBaHHS TaKOX CITIBBIIHOCUTBCS 3 PI3HULCIO
MK CTPYKTYpHHUMH ¥ (QYHKIIOHATHHUMH 3B’SI3KaMU
B ckmagHux Mepexkax [4]. Tlepexim Bim crartmyHOol
CTPYKTYpPH [0 TUHAMIYHOI IHTEepHpeTamii peaizyeThecs
4yepe3 MOJCJIb YMOBHOI aKTHBAIlii 3aJIeKHOCTEH, sKa
(opmanizye yMOBH, 3a SKHX CTPYKTYPHHH 3B’SI30K
HaOyBa€ CTaTyCcy aKTUBHOTO B 3aJaHOMYy 4YacOBOMY
KOHTEKCTI. Taxa IHTEpIIpeTanis Jae 3MOry
BUKOPHCTOBYBaTH rpad) 3HaHb HE SK MeXaHi3M MpsMol
a SK CTPYKTypHE OOMEXEHHS

mepeqadi  CHUTHANIB,

MOpPOCTOPY  JOIMYCTHMHX 3aleKHOCTEH y mpomeaypi
OPUAHATTS PillleHb, IO Y3TOMKYEThCSA 13 CydacHHMH
rpadis
CTPYKTYpHOI OCHOBH IHTENEKTyalbHUX CHCTEM MiJATPUMKH

MiIXOAaMH /10 BUKOPHUCTAHHS 3HaHp SIK
NPUIHATTS pilieHs [7].
dopmanbHO KOPIOPATUBHUN OHTOJIOTIYHUM Tpad

3aJ1a€ThCA AK

G:(V,E,rV,rE), 1)
me V. — MHOXHHA CYTHOCTEH (KOPIIOpPATHBHHX BY3IIiB);
EcVxV — MHOXHHA THIT30BaHUX CTPYKTYpPHHX
BiJIHOIIIEHB; TE(E) — tun  BigHomenus (supplier,

competitor, partner tompo); 7V (V) — THN BEPIIUHHU (THUI

€KOHOMIYHOTO Ccy0’€KTa B KOpHopaTuBHOMY rpadi).
KoxxHe cTpyKTypHE BIZHOWIEHHS cyTHOCTeH ecE

IHTEPIIPETYETHCS SIK MOTEHIINHA 3a1eXHICTh. HasBHICTH

BITHOIICHHS HE O3Ha4yae (aKTHIHOTO BIUIMBY MIiX

cytHocTamu. Jlns mapu cyrtHocted (U,V) moTeHuiiina
3aJICKHICTh ICHYE, SIKIIO (U,V)eE abo € Tumi3oBaHUI

Pu—»v:(u :VO,Vl,...,Vk :V), Jc (Vi'Vi+l)€E'

HIAX

Iisx P

v DOBIIIAJAETHCS K OPIEHTOBAHMM JIAHIIOT
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CTPYKTYpPHUX BijHOIIEHb Trpada,

(Vi\Vi, )€E

y SKOMYy KOXHE

tE(e).

Otxe, TOTEHII{HA 3aJ€XKHICTh BIATBOPIOE CTPYKTYPHY

pebpo 30epirae  CBiff  THI

MOJKJIMBICTB TIe€peiadi BIUIUBY.

Jns mepexomy 0 JAWHAMIYHOL IHTepHpeTarii
BIPOBA/DKEHO  CHTHANbHY  (QyHKIiIO S ( u,t) , 1o
BimoOpakae ~ HAsSBHICTP  PEICBAHTHOTO  CHTHAIY,

OB SI3aHOTO 13 CYTHICTIO U y MoMeHT dacy t. CurHan
MOJKE MaTH JOBUIbHY MPHPOIY (TEKCTOBY, YUCIOBY abo
arperoBaHy), MOJIeNIb HE HaKJIajgae oOMeXeHb Ha CHOCiO

fioro oOuncieHHs. CHrHan BBaXKAETHCS PEJICBAHTHUM,

SIKILIO S(u,t);tO. Yac t BIJINIOBIiJa€  MOMEHTY

u
BUHWKHEHHS CHUTHAly, IIOB’S3aHOTO 13 CYTHICTIO U,
Tonl AK !, BH3HaYae MOMEHT NPHUHHATTA PIIUCHHS IS
nUIbOBOT  CyTHOCTI V. JlomaTkoBo — BIPOBAIKEHO
napametp 4acoBoi BamimHocTi At>0. Ilepenaua BrmBy

Bil U 0 V JIONMyCKA€ThCS JIMINE 32 yMOBH 4YacoBOi
ysromwkenoeti 0<(t, —t, ) <At.

AXTUBHA 3aJIEXKHICTH

D,ine (UsV,1,)€{0,1} . 3nauenns D

BHU3HAYA€ThCS  (YHKIIIEIO

e =1 Mae  Micle

TONI W JWIIE TOMi, KOJMM OJHOYACHO BHUKOHYIOTHCS
TpHU YMOBH:
1) icHye TmOTeHIHA 3aleXHICTh MK U Ta V

(npsiMe BiHOIIEHHS 200 CTPYKTYPHUH IIISX);
2) icHy€e peNeBaHTHUN CUTHAT S (u,tu ) ;

3) peaiizyeThcs yMOBa 4acoBoi BaiigHOCTI. B ycix

inumx Bumagkax D,y (U,V,t,)=0.

OTXe, CTPYKTYpHE BiJHOWIEHHS € CTaTHIHUM
€JIEeMEHTOM MOJEIi 3HaHb, TOJI SIK aKTHBHA 3aJI€KHICTh
3yMOBJICHa WOTO JMHAMIYHUM CTaHOM, IO 3aJIeKUTh
Bil CUTHaTy ¢

qacy. Mogaens € a6CTpaKTHO}0

Ta BIIOKPEMJICHOIO BiJl KOHKPETHHX aJTOPHTMIB
aHaJi3y JaHMX.

3IIIICHIOETHCS
LLM-

HaBYaHHA.

[MponenypHa peamizamis Mopedi

B Mexax (ikcoBaHOro 0araTtoareHTHOI'O

aimaiay 6e3 apaMeTPUIHOTO
@dopMyBaHHS CUTHAIIB BiIOYBA€ThHCS y JBA €TaIIH.
[To-meprme, mms KOXXHOI HOBHHHOI CTaTTi, IO
CTOCYETBCSI KOMIaHII U y JIeHb t, 3aCTOCOBY€eThCS areHT
aHaiizy ToHameHOCTI (Sentiment Agent), sikuii renepye
CTHCIHMI OIHC TOJNil Ta KaTeropialbHUN CEHTHUMCHT.
Hani arent-arperatop (Aggregator Agent) o6’eanye Bci
CTaTTi 3a JIeHb, YCYBa€ MyOmikaTu, GopMye y3araabHEHUI
MiICYMKOBHIA MOTepeIHIH

TiJICYMOK, CEHTHUMEHT,
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HamnpsiM TPOTHO3Y W piBEeHb BIEBHEHOCTI. SIK HaCIiNIOK,

(opMyeThCs arperopaHnii HOBUHHHMIT curHam S, (u,t) .
[o-npyre, GopMyeTbesi KBaHTUTATUBHUH (TEXHIYHHIN)

Sra(unt). oTpumye

CTPYKTYpPOBaHHIA CIIOBHHK O3HAK X (u,t) , PO3paxoBaHUX

CHUTHaJ Texaiynuit areHT

A0 MOMCHTY MMPOrHO3yBaHHA, HOpMaJ’Ii?,OBaHPIX,

JTUCKPETU30BAHUX, MIPUBEACHUX 10 (iKCOBAHMUX OMEHIB
TpymH,
MOEIHAHHS PI3HOPIAHUX (HIHAHCOBMX O3HAK, 30KpeMa

i po3nmineHNx Ha (yHKIIOHANBHI noJi0He

TEXHIYHUX, ($yHIaMEeHTaTBHAX i TEKCTOBHX,
BUKOPHCTOBYETHCS TAaKOXK Yy 3aJadax MpPOTHO3yBaHHS
PUHKOBOI AWHAMIKU [5]. AreHT mpairoe 3a MXOPCTKO
3a/1aHOI0 HOPMATHUBHOIO crenu(ikamieio, sKka BH3HAYA€e
NpaBWiia 1HTEpHpeTamii BXIIHUX O3HAK 1 Y3TOJLKEHHS
CHUTHANIB pI3HHX Tpym. Y Mexax i€l Mporexypu
NepeBipPSAETHCS JOTIYHA Y3TOKEHICTh 03HAK, ITONEPEAHBO
BU3HAYA€ThCS HAINPAMOK CHTHATY, @ TAKOX OLIHIOETHCS
piBeHb BIEBHEHOCTI. Y pa3i cymepewinBHX abo
HEJIOCTATHIX CHTHAJB CHCTEMa JOIyCKae HeHTpaibHe
pimenns (Neutral).

LLM y npoMmy mpomeci He 3AIHCHIOE YHCIOBHX
o0unciieHb, a BHKOHYE IHTEpIIpeTaliiHy Ipoueaypy
BIATIOBIHO 110 POPMaIi30BaHOTO MPOTOKOTY CEMAaHTHYHOTO
MmipkyBanHs (Semantic reasoning).

Ha erami BU3HA4YEGHHS aKTHBHUX 3aJIC)KHOCTEH
JUIS  IJTOBOI KOMITaHIi V Yy MOMEHT NpPUHHATTA

pimenHs t, 3 rpada 3HaHBP BHIy4aeThCs miarpad

v
3aBMIMONIKK 10 ABOX KpokiB (2-hop neighborhood), sikuit
MICTUTB BCi CYTHOCTiI U, MOB’si3aHi 3 V 0e3mocepeaHbo

abo uepe3 omuwH TpoMiKHHMKH ~ By3on. — KokeH

2-hop-nmaHIFoKOK MOJAHO SIK THII30BaHY MOCTiIOBHICTh

P,,, moexuam k<2. Jlns KoXHOI cCyTHOCTI U

MEPEeBIPSAETHCS  HASBHICTh TOTCHIIHHOI  3aJICKHOCTI,

PENIEBAaHTHOTO CUTHAILY S(U,tu) Ta peaiizanii yMoBH

9acoBOi BaJIiHOCTI. 3a BUKOHAHHS IIUX YMOB 3aJICKHICTh

BBAKAETHCS aKTHBHOI Ta D,y (U,Vt,)=1. O6Mexenns
rmubuan - g0 2-hop  3ymMoBIeHO — OOMEXEHHIM
KOHTeKCTHOro BikHa LLM, mnpumymeHHsIM  1po

3aTyXaHHs BIUIMBY 31 301IBIICHHAM JIOBXHHU JIAHIFOKKA

H  HeoOXxinmHicTIO  30epekeHHs  IHTEPIPETOBAHOCTI
MPOILIECY CEMaHTHYHOTO MIpKyBaHHS.

Jnist OLiHIOBAaHHSI BHECKY CTPYKTYPHOTO KOHTEKCTY
peaiti3oBaHoO 1Ba BapiaHTH (DiHAIBHOT arperartii.

VY Bapianti AGG ¢QiHaIBHHI areHT OTPUMYyE€ JIHIIIE
arperoBaHWii HOBUHHUHU 1 TEXHIYHUN CHUTHAIM LITHOBOL

KOMHaHﬁ; Fpa(l)OBI/Iﬁ KOHTCKCT HE BUKOPUCTOBYETLCH.
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Y Bapianti GRAPH nonarkoBo mnepenatorbest
2-hop-naHITroKKY 3B°SI3KiB, TUITH BiTHONIEHE i arperoBaHi
CUTHQJIM TOB’s3aHUX KommaHiil. ['pad y mpomy pasi
He TEHepye CHTHall Oe3lOCepellHBO, a € CTPYKTYpPHUM
OOMEXEHHSIM TIPOCTOpY MOTEHIIMHUX 3alieKHOCTEH,

BU3HAYAIOYM JONMYCTUMI LUIIXH Iepelnadi  BIUIHBY

MIDX CYTHOCTSIMH.
ExcniepuMeHTaNbHE  OLIHIOBAHHS — MPOBOIMJIIOCS

(forward-only)  Ge3

BUKOPHUCTaHHA MaiOyTHBOI iHQopmarii. ms KoKHOTO

B PEXUMI TUIBKM  BIepen
Toproporo aHs { curHamm QopMmyBanaHcs Ha OCHOBI
JIAHUX, JOCTYIIHUX HA MOMEHT 3aKPHUTTS JHSI, a IPOTHO3
¢dopmyBaBes Ha niepion t+1 y pexxumax Close-to-Close i
Close-to-Open. [Iyis1 KO)XHOTO THKEpa TeHepYBaBCs OJUH
i3 curnanis Up, Down a6o Neutral. TTotim dopmyBaBcs
piBHOBaroBumii mopTdeib 3a BCiMa aKTHBHAMH CHTHAJIAMHU
0e3 orJIsiIy Ha TpaH3aKI[iiiHI BUTPATH.

OCHOBHMMH  MeTpUKaMH Oynu  KyMyJISITHBHA
JOXITHICTh, CEepelHs JEHHA JOXIAHICTh, KOeQIIlieHT
[Hapna (Sharpe ratio) # uactka TPUOYTKOBHX YTOI.
JlonaTkoBO OCTIMKYBaBCsA PO3MOILT MPUOYTKOBOCTI 3a
piBHsiMu confidence, 4y TiauBicTh Pe3ysIbTATIB 10 PEKUMIB
Close-to-Close ta Close-to-Open i pizuuns Mk AGG
i GRAPH. TounicTh mNporHo3y He po3risaanacs sk
0a3oBa MeETpUKa, OCKUIbKM 33jJla4a 1HTepPIPETyEThCs
K 331242 (POPMYBaAHHS TOPTOBOTO PillICHHSL.

OOMEXEHHAMH EKCIIEPUMEHTY MOXKHA BBaXKaTH
rpaga
CTPYKTYpHOTO KOHTEKCTYy M0 [IBOX KpokiB (2-hop),

CTaTUYHICTh 3HaHb, OOMEXEHHS TIUOWHU
ITHOpYBaHHS TPAH3AKIIHHUX BHUTPAT i MapaMETPUIHOTO
HaBUYaHHS, a TAKOX BHKOpucTaHHs onHiei LLM-mozeni
0e3 ToHKoro Hanamrysanss (fine-tuning).

Jisi  eKCcriepUMEHTY TOpIBHSHO TPU  MIAXOIH
10 (OpMyBaHHsS TOPrOBOTO CHTHAIy Ha TOpU30HT | +1:
arenta TtexHiuHoro asamizy (TA), momem arperamii
HOBMH 1 TEXHIYHHMX O3HaK 0Oe3 3acrocyBaHHS rpada
(AGG) i mogmeni 3 orismy Ha CTPYKTYpHHH TpadoBuit
konrekcT (GRAPH).

ATeHT TexHiYHOrO aHamizy QopMmye curHam 06e3
MapamMeTpUYHOrO HaBYaHHSI, BUKOPHUCTOBYIOUH (DiIKCOBaHHMN
AJITOPUTM CEMaHTUYHOTO MapKyBaHHsI TIOBEPX MOIEPEIHBO
PO3paxoBaHKX TEXHIYHKUX O3HAK. Ha BiIMiHY Bijl KIIACHYHHX
MiIXOIB, IHAWKATOPH HE 3aCTOCOBYIOTHCS K MEXaHIdHI
Tpurepn abo BXOJAM MOJENI MAalIMHHOTO HaBYaHHS,
a TONAlOThCS B HOPMATi30BaHIA 1 AMCKPETH30BaHIN
¢dopmi, amanroBaHii mnst intepnperaunii LLM. O3naku
CTPYKTYPOBAHO 3a (PYHKIIIOHATEHUMH TpyINamu (TpeHH,
IMITyJIbC, Tiarna3oHu / mpo0ol, 00CAT, BOJTATHILHICTH TOIIIO),

KOXKHa 3 SKAX Mae (iKCoBaHy pOJIb y TpoIexypi
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Hns

BpaxyBaHHSI KOPEJIbOBAHNX IHAUKATOPiB BUKOPHUCTOBYETHCS

NPUAHATTS ~ PiLIEHHS. YHUKHEHHSI I1OJBIHOTO
MPaBUIO BHOOPY OJHOTO PENPE3CHTATHBHOIO CHUTHAITY
B MeXax CiMelcTBa, a IIYMOBI 3HAYCHHS BiJICIKAIOTHCS
4yepe3 30HU HEUTPATbHOCTI.

TA €
pasi

CyNepeyHOCTe MK TpymamMu oO3HaK abo cimabkoi

KirouoBoro BJIACTHBICTIO areHra

KOHCEpBAaTHBHICTh 32  3aMOBUYBAHHSAM:
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PO3MIIBHOCTI CHTHANIB MOBepTaeThesi mporHo3 Neutral
3 HHU3BKHM piBHeM ymeBHeHOcTi. lle 3abe3meuye
IHTEpIIPETOBAHICTh, BIATBOPIOBAHICTH 1 CTIMKICTH 10

BHIIAQAKOBUX (DIyKTyaIliit.

Y  pexuMi CTaHAApTHOI JEHHOI  JOXITHOCTI
close—close  T+1  orpumaHo Taki  3HaYEeHHS
KYMYJSTHBHOI JOXIHOCTI pIiBHOBAaroBOTO MOPTQes

(puc. 1): TA —4.35%; AGG +3.58%; GRAPH +13.42%.

Cumulative Return (with Reinvestment)

0.125 4 — TA- equity curve
AGG - equity curve
0.100 § = GRAPH - equity curve

0.075 1
0.050 1
0.025 1

0.000 1 ST T

Cumulative Return (equity - 1)

—0.025 | M\;\,_r\
~0.050
n 5 5 N 5 n A A 5
S oS o8 o9 A o9 o oS A\
% >0 > >0 > 20 50 > >
8% ol 8% ot il 8% ol 8% 2
Date

Puc. 1. KymynsaTuBHa JOXiTHICTS pIBHOBAroBoro nopTdeis B pexxumi close—close

Arent texuiuHoro anamizy (TA) nemoHCTpye

BiZ’€EMHY JIOXIIHICTH YIpPOJIOBX OLIBIIOT YacTHHH
nepiofy, IO CBiJYUTH MpPO OOMExeHy e(eKTHBHICTH
130JIbOBAaHUX TEXHIYHUX CHUTHAJIB Y IEBHOMY PUHKOBOMY
pexumi. Crpareris AGG, sika TNO€AHYE CEMaHTHYHY
IHTEpIpeTamilo HOBMH 13 TEXHIYHHUM  CHTHAJOM,
3a0e3rnedyye MOMIPHO MO3UTHBHUI pe3ynbTar, OAHAaK Il
KyMyJISITUBHA  JIOXINHICT  3QJIMINAETHCS  BiJJHOCHO
HM3BKOIO Ta CYIIPOBODKYETHCS ITiIBUIIICHOIO BaPIaTHBHICTIO.

HonaBanHs rpaoBOr0 KOHTEKCTYy MPU3BOIUTH

JI0 CYTTEBOTO TIOKpAlIEHHS pe3yJbTaTiB: CTpaTeris

GRAPH nocsirae kymynsatuBHOI jmoximHocTi +13.42%,
mo npuban3Ho Ha 10 BiIICOTKOBMX ITyHKTIB INEPEBHILYE
AGG. BaxnmBo, mo I mepeBara HE € HACTiIKOM
MMOOIMHOKUX EKCTPEMallbHUX IHIB. AHII3 TpaekTopil
KyMYJISITUBHOI JIOXiTHOCTi CBIIMMTH TIPO MOCTYIOBE

W BIZHOCHO CTaOlIbHE HAKOIMYEHHS

edexry

pesynbTary,
o0 BKa3ye Ha  CTIHKICTh iHTerparii
CTPYKTYPHOTO KOHTEKCTY.

VY pexumi close—open OTpUMaHO TaKi 3HAYCHHS
KyMYJIITUBHOI ~ JIOXiZIHOCTI pIBHOBaroBOro MOpTQens

(puc. 2): TA —1.64%; AGG +17.82%; GRAPH +19.80%.

Cumulative Return (with Reinvestment)

<

N

o
L

— TA - equity curve
AGG - equity curve
0154 — GRAPH - equity curve

0.10 1

0.05

0.00 1

Cumulative Return (equity - 1)

03’@’
el e

Date

Puc. 2. KymynsaTuBHa JOXiITHICTH pIBHOBAroBOTO MOPTQEIS B pexkuMi close—open

PesynpraTu AEMOHCTPYIOTB CYTTEBY IIepeBary

CTpaTeriif, 0 BUKOPHUCTOBYIOTh HOBHHHHH KOHTEKCT

(AGG i GRAPH), Hajg uHMCTHM TEXHIYHUM aHaJi30M
i puHKOBHM OeHuUMapkoM. lle CBiTYMTH TPO BHUCOKY
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YyTJIMBICTh PEXHMY HIYHOTO I[IHOBOTO pPO3PUBY IO

CEMaHTUYHOT iHTepmpeTamii ~ HOBHWH. Junamika
KyMYJIITUBHOI JIOXIZIHOCTI CBIAYMTH TIPO OJM3BKICTH
tpaekTopiit AGG 1 GRAPH npotsrom 6inbimoi yacTiHN
nepioay. IlimcymMkoBa pi3HUISI MK HHMH CTAHOBUTH
mpuONM3HO +2 BiJCOTKOBUX ITyHKTIB, IO € iCTOTHO
MEHIIOI, HIK Yy pexumi close—close. OTxe, y HIYHOMY
pexXHMMi OCHOBHHUM JDKEpENIOM CHTHANy € HOBHHHO-
CeMaHTHYHUI  KOMIOHEHT, TOIi sK  rpadoBuii
KOHTEKCT BiJirpa€ KOPHUTYBaJbHY pOJb, YTOYHIOIOYH

0a30BHil CUrHAIL.

BucHoBku

Y crarti  3amnporoHOBaHO
MPOICAYyPHY peaizallito

B LLM-apxiTekTypi Ta TNPOTOKON EKCIIEPUMEHTAIHHOI

MOJENb  YMOBHOI

aKTHBaIll 3alexHocTel, i
OLIHKM B PEXHMI CyBOpOi YacoBOi Yy3TO/HKEHOCTI
(forward-only, T +1).
OCTIKCHHS MEXaHI3My JIWHAMITHOL

Mogens  cmnpsiMoBaHa  Ha
iHTepIpeTamii
CTPYKTYPHHX  3QJI)KHOCTEH Yy  KOPHOPaTHBHOMY
OHTOIIOTIYHOMY Tpadi.

3anpornoHoBaHo 3MiHY MiAXOAY A0 IiHTepHpeTarii
rpada 3HaHb: BiJl CTATUYHOI CEMAHTHKH IO JUHAMIYHOI
mozem. Tyt rpad e He mKepenoM O€3MOCEPEIHBOTO
CHUTHATy, a TPOCTOPOM NOTCHIIMHUX 3aJIC)KHOCTEH.
AKTHBAIlS 3B’S3KIB BiIOYBAa€THCS JIMIIEC 32 BUKOHAHHS
(hopMarbHO BH3HAUEHHWX YMOB, IO YCYBa€ HEKOPEKTHE
OTOTOXKHEHHsI HAasIBHOCTI pedpa 3 HasBHICTIO (PaKTHYHOTO
BrumBy. Takuii migxin 3a0e3nedye 4iTKe pO3MEKyBaHHS
CTPYKTYpHOTO i JuHamiuHoro piBHIB [4]. CTpyKTypHUii
IIap OHTOJIOTIYHOTO rpada 3alUIaeThcsd (QIKCOBaHMM,
TOMI SK KOHTCKCTHHH IAp CHUTHAIIB Ma€ YacoBY
npupoxy. Mopenb yMOBHOI akTHBAlii BHKOHYE pOJb
(hopMaIbHOTO MEXaHI3My MepPexoay MiXK [IUMH PIBHIMHU.

Byno BmpoBamKeHO CTPOTHA KpUTepid akKTHBAIii,
OCHOBaHMH  Ha BUKOHAHHI

OJHOYaCHOMY TPpHOX

YMOB: HAasBHOCTI CTPyKTypHOTO mUIAXy (mo 2-hop),

PENICBAaHTHOTO  CHUTHaly ¥ 4acoBOi  BaJIiIHOCTI.
Taka Qopmamizamis 3a0e3nedye  BiATBOPIOBAHICTS,
IHTCPIPETOBAHICTh 1 BIJIOKPEMJICHICTh MOJETI  BiJ

KOHKPETHHUX aJITOPUTMIB OOUMCIICHHS CUTHAIIB.

Pesynpratu MPOBEICHNX EKCIIePHMEHTIB
HIITBEPPKYIOTh MPAKTUYHY 3HAYYLIICTh CTPYKTYPHOTO
KOHTEKCTy. Y pexumi close—close Bapianr GRAPH
MIPOJIEMOHCTPYBaB KyMYJSTUBHY HoximHicTe +13.42%
npotu +3.58% y Bapianti AGG T1a —4.35% y TeXHIYHOTO
(TA), mo

Ha 10 BiZICOTKOBHX IMYHKTIB II0J0 MOJeli 63 rpadoBOro

areHra 03HAYa€ TPHUPICT TNPHUOIHIHO
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KOHTEeKCTy. Y pexumi close—open nepesara GRAPH
Hanx AGG 36epiraetecst (+19.80% mporu +17.82%),
xoua i MacmTad i 3MEHUIYEThCS NPUOIM3HO A0 JIBOX
MyHKTiB, IO CBIJYATh IPO JOMIHYBaHHSI HOBHUHHO-
CEMaHTUYHOT'O KOMIIOHEHTa B HIYHOMY iH(pOpMAaIiHHOMY
pexuMi. B 00ox Bumankax TA neMoHCTpye Bin’ eMHUMA
abo Hectidikuit pesynbrar (—1.64% Ta —4.35%), o
CBIIUUTh TPO OOMEXKEHICTh 130JbOBAHUX TEXHIYHHUX
CUTHAJIB y JAOCII/IKYBaHil IIOCTAaHOBIII.
3aranoM [OCSTHYTI pe3yibTaTd IiATBEPIHKYIOTh,
o iHTerpailis (opMali3oBaHOI'O MeEXaHi3My YMOBHOI
aKTHBalii B MeXaxX KOPIIOPATHBHOIO OHTOJOTIYHOTO
rpada 3abe3meyye CHCTEMATHYHE MOKPAIICHHS SIKOCTI
CHTHAJy TIOPIBHSHO 3 MOJCII0 0e3 CTPYKTYpPHOTO
KOHTEeKCTy. BHecok rpadoBOoro Imapy HacamIepes

moyiiirac B craOumizamii Ta IACWIEHHI HOBHWHHO-

TEXHIYHOTO CHUTHANy, L0 CBIQYUTh NPO AOIIIBHICTH
JIOCTIIKCHDb Y JTUHAMIYHUX

IoJaJIbIINX HaHp?[Mi

MoJesiell IHTepIpeTanii CTpyKTypHHX 3aJIe)KHOCTEH.

Konduikr inTepecis

ABTOp CTarTi JAekiIapye, IO HE Mae€ KOHQIIKTY

iHTepeciB,  30Kkpema  (iHAaHCOBOTO,  OCOOHCTOTO,
ABTOPCHKOTO 91 OyAb-SKOTO 1HIIIOTO XapaKTepy, SKHA Mir
Ou BIUIMHYTH Ha JOCTI/DKCHHS, a TaKOXX Ha Pe3yJIbTaTH,

oIryOJIiKOBaHi B i poOOTi.

®dinaHCyBaHHSA

Hocnmimkennss  mpoBoamnocs  0e3  (iHAHCOBOI

TiATPUMKH.

HJocTynHicTh 1aHux

Jani OynyTh HajaHi 32 OOTPYHTOBaHUM 3aIIUTOM.

Bukopucranas 3aco0iB IITYy4HOro iHTe1eKTY

Ilign vac mMmAroTOBKM IOIO PYKOIKCY aBTOP
3actocoByBaB monenb Gemini 3 Flash (Thinking mode).
3a nonomororo 11 BUKOHAHO CTHIIICTUYHE pelaryBaHHs
aBTOPCBKOTO TEKCTy U CTPYKTYpOBaHO IONEPEIHBO
3i0pani  Te3n. KpiM 1pOro, MTY4YHHH  IHTECICKT
BUKOPHCTaHO Ha erami 300py iH(opMalii g MomyKy
aKTyalbHHX JDKepel Y BIIKPUTHX HayKoOBHX 0a3ax
JaHuX. Y mpoueci momyky iHdopmanii IHCTpyMEHT
3aCTOCOBYBaBCSl Juisi iieHTHdIKalii KIIOYOBUX TeM i

nepestiky myOuiKarii, ki 3roZioM aBTOp ONpalbOBYBaB
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Bpy4HY. Yci 3reHepoBaHi MOBHI BHUIIPABJIICHHS PETEIBHO
MepeBipeHo Ha TpeAMeT 30epeXeHHsS OpPUTIHAJIHHOTO
3micty. @akronoriyHa iHdopmamlis Ta NOCHIAHHS,
3HafimeHi 3a gomomoroio I, BepudikoBano uepes

nepIopKepena i odimiiiai 6a3u qaHuX.
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BukopucraHHst IUTYYHOTO IHTEJEKTY  KOJHHUM
YMHOM HE BIUTMHYJIO Ha IHTepmpeTamito iH(opmarii,
(GhopMyBaHHS HAyKOBOI TiMOTE3W ab0 KiHIIEBI BHCHOBKH
JOCIIKeHHS. Bech HayKOBHI 3MICT 1 aHaTI3 Pe3yIbTaTiB

€ MPOJIyKTOM IHTEJIEKTYyaJIbHOT Mpalli aBTopa.
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MODEL OF DYNAMIC ACTIVATION OF CORRELATION RELATIONS
IN ONTOLOGICAL GRAPHS WHEN PROCESSING HETEROGENEOUS DATA

Subject of the study is the processes of interpreting structural dependencies in corporate ontological graphs when processing
heterogeneous data (textual news and quantitative technical signals). The paper considers the transition from a static interpretation
of the knowledge graph as a fixed set of connections to a dynamic model, where structural relations act as a space of potential
correlations. The goal of the article is to form a conceptual and formalized model of conditional activation of dependencies
in corporate ontological graphs, which allows separating stable topological connections from their situational influence in a specific
time context. The research tasks include: formalization of the structural layer of the graph as a system of potential dependencies;
determination of the criteria and activation function for the transition of the dependency to the active state; development of
a mechanism for integrating event signals as activation triggers; algorithmic implementation of the model in intelligent decision-
making support systems. The research methods are based on graph theory, ontological modeling, and semantic reasoning.
The procedural implementation of the model is carried out within a multi-agent pipeline using large language models (LLM agents)
to interpret news sentiment and aggregate heterogeneous features without parametric learning. The results of empirical testing
conducted in the forward-only mode confirmed the effectiveness of the model. In the close—close mode, the use of the graph context
provided an increase in cumulative profitability from +3.58% to +13.42%, which indicates a stable signal amplification effect.
In the close—open mode, the maximum result of +19.80% was obtained, which demonstrates the dominant role of the news-semantic
component in the night mode under the corrective influence of the graph structure. Conclusions. The proposed model allows
eliminating the incorrect identification of the presence of a structural connection with the actual impact. It is established that the
integration of a formalized activation mechanism (based on the structural path to 2-hop, relevant signal, and temporal validity)
provides a systematic improvement in the quality of predictions in heterogeneous data processing problems.
Keywords: activation model; knowledge graph; heterogeneous data; LLM agents; information systems; decision making.

bibnioepaghiuni onucu / Bibliographic descriptions

[umnenko A. I'. Monens nuHaMivHOI akTHBAIlii KOPEISMIIHNX 3B’S3KiB B OHTOJOTIYHHX Tpadax B yMOBaxX ONpaIFOBaHHS
pi3HOpIMHHMX [aHUX. Aemomamuzoeani cucmemu ynpagiinhs ma npuiaou asmomamuxu. 2026. Ne 1 (188). C. 69-717.
DOI: https://doi.org/10.30837/0135-1710.2026.188.069

Pylypenko, A. (2026), "Model of dynamic activation of correlation relations in ontological graphs when processing
heterogeneous data", Management Information System and Devices, No. 1 (188), P. 69-77.
DOI: https://doi.org/10.30837/0135-1710.2026.188.069



mailto:andrii.pylypenko@nure.ua
https://orcid.org/0009-0008-2861-7906
https://doi.org/10.30837/0135-1710.2026.188.069
https://doi.org/10.30837/0135-1710.2026.188.069

78

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)

UDC 004.412.2.056.3:004.77

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)
Management Information System and Devices. 2026. No. 1 (188)

DOI: https://doi.org/10.30837/0135-1710.2026.188.078

Vitalii Tkachov

METHOD OF RESTORING CRITICAL INFORMATION SYSTEM SERVICES
ON A MOBILE PLATFORM UNDER CONDITIONS OF CONTROLLED DEGRADATION

The subject of this work is methods for restoring critical services of an information system on a mobile platform under intermittent
connectivity and controlled degradation. The objective of the study is to develop a service-oriented recovery method that ensures
a measurable reduction in the shortfall in meeting service quality threshold requirements within connectivity windows, taking
into account resource constraints and the ability to complete service state reconciliation within the current connectivity window.
The study used the following methods: system analysis, mathematical modeling of service states and profiles, formalization
of the shortfall in meeting service quality threshold requirements, a predicate description of the window feasibility of recovery steps,
and a computational experiment to evaluate recovery performance metrics. The article aimed to solve the following tasks:
formalize a recovery step as a transition between service profiles that reduces the shortfall in meeting service quality threshold
requirements; introduce a condition for the window feasibility of a recovery step as a combination of resource feasibility and the
possibility of completing service state coordination within the current connectivity window; to construct a rule for forming a set of
recovery steps within a window that ensures a reduction in the deficit provided at least one step is executed and is consistent
with permissible managed degradation actions as a peripheral resource release mechanism. Achieved results consist in the
implementation of a window feasibility formalism and a system of metrics for evaluating compliance with feasibility conditions,
the proportion of windows with deficit reduction, the cumulative deficit of critical services, and recovery time, which makes it
possible to distinguish environmental constraints from the properties of control decisions. Conclusions: Ignoring the possibility
of completing service state coordination within the current connectivity window leads to the emergence of incomplete recovery
transitions and discrepancies between the expected recovery effect and the actual deficit dynamics, whereas the proposed
method identifies the steps taken within the current connectivity window and ensures a reduction in the deficit of critical
services in windows where recovery is possible. This enhances survivability by reducing the duration of degradation episodes of
critical functions and decreasing the cumulative deficit. The practical value lies in the possibility of using the method for onboard
information systems of UAV groups and other mobile nodes with connectivity windows of variable duration and bandwidth.
Keywords: information system; survivability; critical service; controlled degradation; connectivity window; service recovery.

1. Introduction linked to risk-oriented management and robust task

distribution under dynamically changing operating

Information systems on mobile platforms (ISMP)
operate in environments where available computing,
power, and network resources are subject to fluctuations
in availability, and connectivity between system
components is intermittent [1, 2]. Such MISP are
characterized by short operational control intervals,
connectivity windows of variable duration and
bandwidth, as well as non-stationary load and disruptive
influences [3]. Under these conditions, critical functions
of ISMPs are implemented by services, the requirements
for which are formulated in terms of service quality
metrics, and violations of these requirements manifest as
a failure to meet service quality thresholds.

The survivability of an information system on
a mobile platform is understood as an integral property
consisting of the system’s ability to maintain or restore
the execution of its primary function in real time despite
resource shortages, intermittent connectivity, and
incomplete observability of states [4-6]. In the context
of mobile platforms, ensuring this resilience is closely

conditions [7, 8]. At the operational management level,
this means that in each short control interval, the
ISMP must ensure the minimum acceptable level of
performance for the critical service core and, following
a degradation episode, perform recovery transitions of
critical services to profiles that ensure the fulfillment
of threshold requirements for service quality metrics.
Situations of failure in functional capability that are
significant for mobile environments often take the form
of controlled degradation, where the ISMP maintains
operability by reducing the functionality of some
non-critical services or by simplifying data processing,
thereby freeing up resources to maintain the minimum
acceptable level of operability of the critical service core.
However, after the degradation episode ends, a separate
task of restoring critical services arises, which cannot be
reduced to a general redistribution of resources [9].
Restoration requires the allocation of resources and the
completion of service state synchronization within
available connectivity windows. If reconfigurations are

© Vitalii Tkachov, 2026
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initiated without verifying the possibility of completing
service state synchronization within the current connectivity
window, incomplete recovery transitions occur, the
volume of unfulfilled state synchronization accumulates,
repeated violations of service quality threshold
requirements are recorded after partial recovery, and the
time to return to an operational state increases.

An additional complication is that the recovery
of critical services often relies on auxiliary actions of
controlled degradation of non-critical components and
data [10-12]. Such actions must remain permissible
under correctness and consistency invariants; otherwise,
the short-term release of resources leads to long-term
consequences in the form of data degradation, state
conflicts, or cascading secondary failures. Therefore, it is
relevant to develop a recovery method that operates at the
service level due to the failure to meet service quality
threshold requirements, generates recovery steps only
if it is possible to complete service state coordination
within available connectivity windows, and aligns with
permissible managed degradation actions as a peripheral
resource release mechanism.

2. Analysis of recent research and publications

Modern approaches to ensuring the sustainable
operation of edge computing systems are evolving toward
the integration of mechanisms for adaptation,
redundancy, fault tolerance, and coordination between
computing and connectivity. A summary of the state of
the art is presented in [13], where risk factors
characteristic of edge computing are identified, including
high node mobility, degraded or intermittent connectivity,
and power constraints. A classification of measures to
improve resilience is also provided, including adaptive
redundancy, monitoring and anomaly detection, joint
optimization of computation and connectivity, and
multi-level resource coordination.

A separate area consists of studies devoted to self-
adaptive mechanisms in edge computing environments.
In particular, in [14], the principles of adaptation design
are systematized, a taxonomy of adaptive behavior
properties is formed, and the limitations of existing
approaches are outlined, including the specifics of
reactive schemes, insufficient attention to adaptation
at the communication infrastructure level, and the limited
suitability of centralized control for decentralized
network conditions. This directly reinforces the need for
methods capable of generating and executing actions
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within short connectivity control intervals, implemented
via connectivity windows of variable duration and
bandwidth, without assuming full synchronization of
states in each interval.

In cloud container environments, the field of
controlled functionality reduction is actively developing
as a means of preserving the availability of critical
components during resource shortages. In [15],
a cooperative model of controlled functionality
degradation is proposed, where the infrastructure
operator performs degradation actions based on the
criticality of containers. The goal is to maximize the
availability of critical services during large-scale failures.

At the same time, the authors of [13-15] largely
assume constant availability of control within the data
center and do not separately highlight the requirement to
complete service state synchronization within available
connectivity windows, which is critical for information
systems operating on mobile platforms.

For edge computing infrastructures and fog
computing environments, methods for recovering from
failures of network chains of functions and service routes
in resource-constrained multi-layer topologies are
important. In [16], post-failure recovery of service
function chains in fog networks under multiple and
simultaneous failures is considered. Heuristics for
rerouting and remapping requests are proposed, taking
into account delays and node load. This increases the
proportion of restored chains and reduces recovery time
without designating separate backup paths. These results
are important as an infrastructure foundation; however,
they are focused on restoring network links and do not
formalize service-oriented recovery steps due to the
lack of fulfillment of threshold requirements for quality
of service metrics, with control over the ability to
complete state synchronization within the current
connectivity window. In other words, the survivability
metrics of such systems are not formalized.

The study [17] considers the joint control of
handover and service migration as a problem of
maximizing long-term utility, taking into account service
delay and the resource cost of migration. However, this
approach formulates the problem as the optimization of
system component placement and migration processes.
In the task of restoring critical services in a controlled
degradation mode, decisions regarding the relocation or
reallocation of resources and the preliminary verification
of the possibility of completing service state
synchronization within the current connectivity window
for each recovery transition are fundamental.
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Thus, the works [13-17] under consideration cover
the general framework of resilience and adaptation of
information systems in edge computing environments,
infrastructure mechanisms for controlled functionality
reduction, post-failure recovery of network links, and
the tasks of service migration under mobility. Beyond
their immediate focus lies the service-oriented
formulation of critical service recovery within the
connectivity windows of a mobile platform as a sequence
of discrete recovery steps.

For such steps, the possibility of completing service
state synchronization within available connectivity
windows must be verified, and effectiveness must be
assessed by reducing the shortfall in meeting threshold
requirements for service quality indicators, taking into
account permissible controlled degradation actions as
a peripheral tool for freeing up ISMP resources.

3. Research objective and tasks

The objective of the research is to develop a method
for restoring critical services of an information system
on a mobile platform under controlled degradation
conditions, which, in real time under intermittent
connectivity and  resource  constraints,  ensures
a measurable reduction in the shortfall in meeting service
quality threshold requirements.

To achieve this objective, the following tasks
have been set:

— formalize the critical service recovery step as
a transition between service profiles, leading to
a reduction in the shortfall in meeting service quality
threshold requirements;

— introduce a window feasibility condition for the
recovery step that simultaneously accounts for resource
feasibility on the mobile platform and the possibility
of completing service state synchronization within
the current connectivity window; — develop a rule for
forming recovery steps in each connectivity window
that guarantees a reduction in the shortfall in meeting
service quality threshold requirements provided there is at
least one feasible step and does not result in incomplete
recovery transitions.

4. Materials and Methods

We consider the set of servicesS and the subset
of critical services S, c S .
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For each service seS, a finite ordered set of
operational profiles is specified:

P ={01...,L}, 1)
where the elements of the set 0,1,...,L, define the

permissible levels of functionality and service quality:
0 corresponds to the minimum permissible level,
and L, to the maximum level. The value L, determines

the number of levels of functionality and service quality
available for the service s.
The current service profile at a given point in time t

is denoted by p,(t)eP,, which is consistent with the
definition of the set P, (1).

For each service, an aggregated service quality
metric g, (t) and a threshold value 6, are recorded.

Subsequently, the shortfall in meeting the threshold
requirement for the service quality metric is
defined as:

d, (t)=max{0,6, —q,(t)}, seS. )
If d,(t)=0, then the requirement is met; if

d, (t)>0, then it is violated. Formula (2) is used as

the baseline coordinate of the service state when
constructing recovery steps.

To link the quality metric to profiles, a piecewise-
constant model of the dependence of the service quality
metric [18] on the profile is introduced:

A, (t) =3, (. (1)) @)

In (3), 4, (-) is a tabular characteristic of the service
profile that records the expected quality level for the
profile p,. Subsequently, formula (3) allows us to
interpret the change in the profile p, (t) as a controlled
change in g, (t) and, accordingly, in the deficit d,(t)

according to formula (2).
Intermittent continuity is defined by a sequence
of continuity windows

W, =77 +A ], k=12,..., (4)
where 7, is the start time of the k -th window; A, is the
duration of the k -th window.

The windows (4) define the time intervals

within which exchanges for service state coordination
are permitted.

The capacity of the nth window (k) is defined as

the maximum allowable amount of data for service
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state synchronization that can be transmitted within
the window:

Co=[""b(t)t, ©)
where b(t) is the instantaneous (ideal) channel capacity

at the moment t .

Subsequently, the wvalue C, (5) is used as

a constraint on the possibility of completing service
state synchronization during the execution of recovery
steps within the window (4).
A recovery step is defined as a discrete transition
of the service profile one level upward:
a=(s,p—o>p+l), seS, pef0..L-1. (6)

Formula (6) specifies that recovery steps are
considered specifically for critical services, and the
transition is defined between adjacent profiles.

Each step a from equation (6) is associated with:

—a vector of additional platform resources
required T(a)eR";

— the amount of data required to synchronize
the state of the services in g(a)e R, , which must be
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transmitted or received to complete state synchronization
during the transition.

The window feasibility of the recovery step in
the k window is determined by the predicate

p(ak)=1eT(a)<R Ag(a)<C,, @)
where R, is the vector of available platform resources
at the beginning of the window W, .

In (7), the inequality F(a)s ﬁk is evaluated
component-by-component. Mechanism (7) is key to
filtering out steps for which, within the current
connectivity window, it is impossible to complete service
state synchronization or the required platform resources
are unavailable.

The expected reduction in the deficit for
the recovery step (the recovery step effect) is
estimated through the reduction in the deficit of
fulfilling the threshold requirement (2). For the step
a=(s,p—>p+1), the expected reduction in the

deficit is introduced:

Ad (a) = max {0, max{0,6, -, (p)} —max {0,6, -, ( p+1)}} . ©)

In (8), the expected reduction in the d,(t) deficit

resulting from the transition between adjacent profiles
is determined.
Within the k -th window, a set of recovery steps A,

is selected. Its feasibility is defined by the following
total constraints:
> r(a)<R., > g(a)<C, . ©)
acA, acA,

In (9), the first constraint is consistent with the
resource part of predicate (7), and the second — with the
possibility of completing the coordination of service
states within the current capacity-based connectivity
window (5). Subsequently, the conditions in (9) are used
as the basic rule for the permissible simultaneous
execution of multiple recovery steps.

The operational requirement for window-based
deficit reduction is formulated as the presence of at least
one critical service for which the deficit in meeting the
threshold requirements for service quality metrics is
reduced within the window. For a set of recovery steps
A, this requirement is expressed by the condition:

3 Ad(a)>0. (10)

aehA

Formula (10) is directly related to the definition
of d(a) (8) and the deficit d,(t) (2) and is used as

a criterion that the window W, has ensured an actual

reduction in the deficit of critical services. In the context
of survivability, condition (10) specifies an operational
requirement for recovery as the process of returning
the ISMP to the region of admissible states of
critical services. In particular, the fulfillment of (10)
within connectivity windows means that the ISMP
changes its configuration and ensures a measurable
reduction in the shortfall of meeting threshold
requirements for service quality metrics, i.e., it shortens
the intervals during which survivability is achieved
solely through controlled degradation.

In the case where the set of recovery steps that can
be performed within the current connectivity window
according to (7) is empty due to a resource shortage,
it is permissible to employ subordinate controlled
degradation actions of non-critical components to free up
resources. Let B, be the set of degradation actions in the

k -th window; each action be B, is associated with

a resource release vector (b)e R .
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Then the resource constraint in (9) is refined
as follows:

> r(a)<R.+ > u(b). (11)
acA, beB,

Formula (11) allows us to formally describe
that degradation actions are used solely to ensure
the feasibility of recovery and are not considered
an independent goal.

To ensure that degradation does not compromise
data processing correctness, a predicate of degradation
action admissibility is introduced:  (b)=1, which is
interpreted as the satisfaction of correctness invariants
and error constraints. In general form, this is specified
by a system of error budgets:

y(b)=1lovje{l....l}:e(b)<E;, (12
where e, (b) is the estimate of the increase in the j-th

component of the error or the risk of violating invariants
caused by the execution of the degradation action b ;

E, is the permissible limit value of e (b).

Formula (12) is used as a constraint on the selection
of the set B, in each window.

5. Research results and their discussion

5.1. Research scenarios
and initial experimental conditions

The method is evaluated in a discrete operational
cycle with intermittent connectivity, described by
a sequence of windows W, (4) and their capacities C, (5).
Within each window, steps a to restore critical services
defined as profile increases (6) may be performed,
provided that window feasibility ¢(a,k) =1 is satisfied
according to (7). Service quality is modeled via a profile
characteristic g, (t)=4, (p,(t)) (3), and a violation of

the threshold requirement for the service quality indicator
is recorded as a deficit d,(t) (2). When forming the set

of recovery steps A, , aggregate resource constraints and

state coordination (9) are used, and the criterion for the
actual reduction of the deficit within the window is
specified by condition (10).

For the study, a set of scenarios was developed that
replicate combinations of resource shortages and window
connectivity typical of mobile platforms:

— scenarios with critical connectivity constraints.
The platform’s resource vector ﬁk is relatively stable;
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however, the windows W, are short and of variable

duration, and capacity C, varies from window to

window. Under these conditions, the key factor is the
limit on the amount of data required for state
reconciliation, which is specified by the second part of

predicate g(a)<C, (7). The goal of this group of

scenarios is to verify that the method generates recovery
steps only if it is possible to complete service state
synchronization within the current connectivity window
and ensures a reduction in the deficit provided that
at least one step is performed within the current
connectivity window;

— scenarios with critical resource constraints.
Windows W, are sufficiently long and C, generally

do not constitute a bottleneck; however R, decrease due

to load or degradation of the mobile platform on which
the information system operates. In this group, the
resource component of predicate (7) and the satisfaction
of the aggregate constraint (9) are decisive. Separately,
scenarios of a sharp decrease in available resources
and scenarios of gradual resource degradation over time
are simulated, allowing us to evaluate the method’s
behavior as the proportion of windows increases in which
the set of steps performed within the current connectivity
window narrows;

— combined scenarios. At the same time, C, and

R, change, and a shortfall in the threshold requirements

for service quality metrics occurs in a cascading manner
as a result of a degradation episode. Such modes are
closest to real-world operation: within connectivity
windows, only small amounts of state coordination
are possible, and within platform windows, the
platform has limited resources for performing recovery
transitions. For this group of scenarios, the fulfillment
of condition (10) is verified without the accumulation
of unfinished recovery transitions, as well as the
reduction of the integral deficit of critical services,
determined based on d, (t) (2) and Ad(a) (8).

Figure 1 shows the implementation of window-
based connectivity for a mobile platform: the intervals
W, have variable durations and are spaced apart in time,

and the capacity C,

windows, reflecting the non-stationarity of throughput
within the connectivity windows. It is precisely this
variability that imposes operational constraints on service
state synchronization and necessitates verifying the
feasibility of completing service state synchronization
within each current connectivity window in accordance
with (5) and (7).

varies significantly between
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Fig. 1. Connectivity windows W, and normalized capacity C, for service state coordination

The initial conditions for all scenarios are defined as
the state following a degradation episode. At the start
of the simulation, at least one critical service is in

a profile p,(0) for which the deficit d (0) (2) is

positive, indicating a violation of the service quality
threshold requirement. Non-critical services can be
transferred to degraded profiles, which is interpreted
as a controlled degradation that has already been
performed, freeing up part of the resource to maintain
the minimum acceptable level of performance of the
critical service core. Subsequently, the recovery method
operates by forming sets A, of steps of the form (6),

taking into account feasibility (7) and aggregate
constraints (9). The initial conditions for all scenarios
are defined as the state following a degradation event.

In combined scenarios, the possibility of secondary
resource release through controlled degradation is
additionally provided for, which is formally accounted
for by refining the resource balance (11). Such actions
are permitted provided that the feasibility predicate

w(b)=1, defined by the constraints (12), is satisfied.

This ensures that degradation is used as an auxiliary
mechanism to ensure the feasibility of restoration
and excludes the use of degradation actions for
the purpose of deliberately altering restoration
performance indicators.

5.2. Performance indicators for restoration
and methods for calculating them

The method is evaluated based on metrics that
directly rely on the shortfall in meeting the threshold

requirements for service quality metrics d,(t) (2),

the profile-based quality model g, (-) (3), the definition

of the recovery step (6), the window feasibility

predicate ¢(a,k) (7), the step effect Ad(a) (8),

and the condition for window-based deficit reduction
within the window (10). A finite simulation period is
considered, defined by the sequence K of connectivity

windows W, (4),k =1K .

The total deficit of critical services over the
simulation period is defined as an integral (in discrete
form — cumulative) indicator:

D.=3Yd,(z). (13)

k=1 seS;
where d,(z,) is calculated according to (2) and using

g, (z,) or the tabulated relationship (3). Formula (13) is
used to compare methods based on the cumulative deficit
of critical services across a sequence of windows.

To account for the varying importance of critical
services, a weighted variant is introduced:

D, = iZwsds (7)), w,>0, (14)

k=1 seS,
where the weights w, are set according to the priority
scale of critical services. Metric (14) is applied if it is
necessary to emphasize the contribution of individual
critical services without changing the definition of
the deficit (2).

Next, it is necessary to formalize the window
feasibility metrics and the satisfaction of feasibility
conditions during recovery execution. For each
window W,, a set of potentially feasible recovery
steps is determined:

F.={a:(s,p—> p+1) and p(a,k)=1} . (15)

Formula (15) establishes that feasibility is defined
as a combination of resource feasibility and the ability

to complete service state coordination within the
current connectivity window.
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The proportion of windows in which there is at least

one feasible recovery step is defined by the recovery

availability metric:

1 K
Pr :E21(|Fk|>0), (16)
k=1
where 1(-) is an indicator function. Metric (16)

characterizes the extent to which environmental
conditions (resources and connectivity) allow recovery
to be performed, regardless of which actions are selected
by the method.

Let A, be the set of recovery steps actually

performed by the method within the window W,.

Compliance with the window feasibility conditions
during recovery execution is evaluated by the fraction
of steps that are feasible within the current connectivity
window as defined in (7):

= ZszlzaeAk Lp(ak)=1) |
) > alAl

For a method that generates A,

17)

taking into
account (7) and (9), p, =1 is expected; whereas for

the basic comparison modes, indicator (17) provides
a Quantitative measure of the occurrence of
non-terminating recovery transitions.

Separately, an indicator of state coordination
capacity excess is introduced, which is relevant
specifically for modes that do not account for state
coordination completion conditions within the current
connectivity window:

G, =gmax{0, > g(a)—Ck}. (18)

achA,

Indicator (18) is not a substitute for (17), but
complements it with a quantitative assessment of the
volume of data required for service state coordination that
cannot be transmitted within the connectivity windows.

Since the reduction of the deficit within the window

is determined by (Ad(a)) (8) and condition (10),

an indicator of the reduction of the deficit within the
window is introduced:

l, :l(ZAd(a)>OJ, (19)

ach
which is a formalized representation of criterion (10).
The proportion of windows in which a deficit reduction
is observed is defined as

1
pngzlk- (20)
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Indicator (20) is applied together with (16): if pg
is high but p, is low, this means that steps were

taken, but the method did not ensure a reduction
in the deficit in the corresponding windows.

For an operational interpretation of the deficit
reduction, the reduction in the total deficit of critical
services within the window is also used:

AD, =Y (d,(r)-d,(r, +4,)). (2D

seS;

Indicator (21) is used as a consistency check: in
a correctly constructed model and when determining

Ad(a) (8), indicator (19) must correlate with the
sign of AD, .

The recovery time is estimated as the moment when
the zero-deficit state d,(t) is reached for each critical
service. For the service seS,, the recovery time is
defined as:

T, = min{fk :dy (7)) = O} , (22)
where 7, represents the start of the windows (4).

For the ISMP as a whole, an aggregate indicator
is used:

Toa = MaxT,, (23)

seS,

which reflects the time required to restore the full critical
set of services. Formulas (22)-(23) are used
in conjunction with the integral indicators (13)-(14):
the former evaluate the restoration rate, while the latter
evaluate the cumulative deficit characteristic over the
entire simulation period.

The method for calculating the above indicators is
as follows. Indicators (13)-(23) are calculated according
to the simulation protocol, in which the following are

recorded for each window W, : initial profiles p;(z,),

selected recovery steps A,, degradation actions if

present B,, available resources R, capacity C,, and
values ¢, (z,) or tabulated values g, (p, (7, )). Next:
Step 1. Deficits d,(z,) are determined d,(t) (2)
using g, (t) (3).
Step 2. For each step ae A, ¢(ak) (7) and
Ad (a) (8) are calculated.
Step 3. F, (15) is formed and p. (16) is calculated.
Step 4. Using A, p, (17) and G, (18) are

calculated.
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Step 5. I, (19), pp
calculated.

Step 6. Determine T, (22), T,.
integrated indicators D, (13) and D, (14).

The presented system of indicators allows us to
distinguish three aspects of recovery quality: the presence
of feasible opportunities in the environment p;;

(20), and AD, (21) are

(23), and the

compliance with feasibility conditions and conditions for
completing state alignment during the execution of
recovery actions p,, G, ; reduction of the deficit and

recovery speed p,, AD,, T . with a direct link to the

deficit g, (t) and the step effect Ad(a).

5.3. Basic comparison modes and conditions
for correct matching

The comparison was performed using a set of
basic modes that differ in the rule for forming sets
of recovery steps A, in the window W, (4) and in the

method of accounting for the deficit d, (t) (2), the step
effect Ad(a) (8), and window feasibility ¢(a,k) (7).

In all modes, the recovery steps take the form (6), i.e.,
they correspond to raising the critical service profile
by one level.

Thus, the basic modes are:

1. Mode RO (passive control). In each window,
recovery steps are not performed, ie, A =9.

This mode is used as the lower bound for deficit
reduction metrics (19)—(21), recovery time (22)—(23),
and for estimating cumulative deficit (13)—(14).

2. Mode R1 (resource-constrained recovery without
considering the possibility of completing state
coordination  within  the  connectivity — window).
The set A, is formed from the steps (6) with a focus

on maximizing the total effect (8) under the constraint of
only the resource part (9). The window capacity C, and

the condition g(a)<C,, which is part of predicate (7),

are intentionally disregarded. The consequences of this
simplification are captured by indicators (17)—(18),
where G, (18) characterizes the accumulated volume

of data for state synchronization that cannot be
transmitted within the connectivity windows.

3. Mode R2 (restoration with a constraint on the
extent of state coordination and a priority for minimal
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coordination). The set A, consists only of steps for which

the condition g(a)<C, holds, in accordance with the

second part of (7). Selection is performed with a priority
for minimizing Za%g(a), provided that the deficit

does not increase; that is, steps with a small g(a) are

preferred even if Ad(a) is small (8). The resource

feasibility is controlled via the first constraint (9).
This mode contrasts with R1 and demonstrates the
effect of the priority of minimum coordination
in the absence of a focus on reducing the deficit
on p, (20), AD, (13), T, (23).

4. Mode R3 (fixed priority of critical services).
A fixed order of critical services is specified: s,, s,, ...

by importance. In each window, steps (6) are sequentially
considered for s, then for s,, and so on, with the first

step added to A for which ¢(a,k)=1 is satisfied

and the aggregate constraints (9) are not violated.
Mode R3 does not optimize the total effect (8) and
provides a reproducible behavioral benchmark where
the decision is determined by a fixed order of services.

These modes cover three typical simplifications:
ignoring the constraint on the possibility of completing
state coordination within the connectivity window (R1),
the absence of a focus on reducing the deficit subject
to the coordination constraint (R2), and the rejection
of adaptive selection in favor of a fixed order of
services (R3). Their comparison with the method using
deficit (2), window feasibility (7), and condition (10) is
performed according to indicators (13)—(23).

5.4. Results for the window feasibility
of recovery steps

This subsection analyzes compliance with the
window feasibility conditions of recovery steps in terms

of the fulfillment of ¢(a,k) (7) and consistency with
the aggregate constraints (9). The main focus is
on three aspects: the presence in the mobile platform’s
computing environment of at least one feasible step F,
according to (15) and the proportion of such
windows p. according to (16); the proportion of actually
executed steps that are feasible within the current
connectivity window, p, (17); the presence or absence

of coordination capacity exceedances, G, (18).
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Compliance with the feasibility conditions of
recovery steps is defined as follows. For the proposed
method, the sets of steps A, are formed such that each

selected step belongs to the set of feasible steps F, (15),
and the set of steps satisfies constraint (9). Given the
definition of the predicate ¢(a,k) (7), this means that
for all k and all aeA, ¢(ak)=1 holds. For the
indicator (17), this yields p, =1, and for the accumulated
capacity excess (18) — the absence of excesses, i.e., G, =0.

Fig. 2 shows the relationship between the window
capacity C, and the actual amount of state coordination

used for two control rules. For the proposed method,
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the coordination volume is consistent with the
constraint Zaeﬂg(a)sck (9). Therefore, capacity

usage does not exceed the window limits. For the base
mode R1, the planned coordination volume is
additionally ~ shown, which may exceed C,.
This illustrates the consequence of approaches that
do not account for the condition g(a)<C,, which
determines the possibility of completing service
state coordination within the current connectivity
window during the action formation phase: a portion of
the planned recovery transitions remains incomplete
within the window, which is related to the second

component of the predicate ¢(a,k) ().

12.5 1

10.0

~
n
L

5.0

Coordination volume

T T T

0 10 20 30

—&— Window capacity Cy
Coordination used (method)

T T T T
40 50 60 70 ¢

—&— Coordination used (R1)
x  Plan R1 (possible excess)

Fig. 2. Comparison of the capacity C, use for state coordination

This result is a direct consequence of constructing
the A, taking into account (7) and (9) and is confirmed
in experiments by the consistent absence of unfinished
state-consistency transitions.

For mode R1, in which the window capacity C, (5)
and the synchronization constraint are not taken into
account during the formation of A, a distinct property is

observed: immediately after the execution of the resource
part (9), windows arise for which

> g(a)>C,,

ach,
which is directly captured by the indicator G, >0 in (18)
and reduces p,, in (17).

Thus, a comparison of (17)—(18) demonstrates that
ignoring the condition g(a)<C,, which determines the
possibility of completing service state synchronization
within the current connectivity window, generates

errors that are critical for a mobile platform with
intermittent connectivity.

Modes R2 and R3, unlike R1, explicitly check
the condition g(a)<C, in the step selection procedure
and adhere to the aggregate constraints (9). Therefore,
for them, the metrics p, (17) and G, (18) also indicate
correct fulfillment of the feasibility conditions.
The differences between the method and these
regimes manifest in how the feasibility steps translate
into a reduction in the deficit within the window,
which is consistent with the indicator 1, (19) and

the ratio p, (20).

Next, we consider the availability of recovery within
connectivity windows as a property of the environment.
The indicator pr (16) characterizes the presence of
a recovery possibility in the computational environment:
does there exist at least one stepa of the form (6)

for which ¢(a,k)=1 (7), i.e., does the ISTM allow
recovery to be performed in this window. Analysis

of the previously introduced scenarios reveals two
consistent patterns.
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First, in scenarios with determining connectivity
constraints, pp is predominantly determined by the
condition g(a)<C, as a component of predicate (7),
i.e., by the ratio between the data volume required
to reconcile the state g(a) and the capacity C, (5).
Even with sufficient resources R,, the sets F, (15)
are reduced to steps with small g(a), and for small C, ,
they may become empty, which reduces pr in (16).
Second, in scenarios with deterministic resource
constraints, pr is determined primarily by the condition
F(a)s §k as a component of predicate (7) and by the
resource constraints in (9): the set F, (15) may be non-
empty for g(a)<C,, but recovery steps become

unavailable due to a shortage of R, for any candidate a.

In combined scenarios, these two effects manifest
simultaneously, underscoring the appropriateness of
precisely predicate (7) as a common condition for
window feasibility.

To interpret which constraint actually determines
the composition of the set A, it is advisable to

evaluate the residual capacity after selecting steps.

For each window, a residual state-consistency
capacity is introduced:
S¢=C.— > g(a), (24)
ach

which must be non-negative for modes that satisfy the
second constraint (9), and characterizes how fully the
capacity of the window C, (5) is utilized.

Similarly, the wvector residual

capacity is introduced:
§ =R - 1(a), (25)
achA
which is non-negative component-wise under the
first constraint (9) and indicates whether the solution
was constrained by the platform resource.
To reduce capacity utilization to a dimensionless
quantity, the window utilization coefficient is applied:
U, :m C, >0. (26)
Ck

u, <1 applied to modes that satisfy constraint (9). u, >1

state-consistency

is possible for modes that do not consider this constraint
during formation A, .

The  obtained values (24)-(26) provide
an unambiguous interpretation of the modes of the
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previously introduced scenarios. In scenarios with
determining connectivity constraints, the proposed
method is characterized by binding the coordination
constraint itself: the residual state coordination capacity
S2 (24) is small in a significant portion of the windows,

while u, (26) approaches unity. This means that the

method utilizes the capacity of the state coordination
window and generates recovery transitions within the
bounds of constraint (9). In contrast, in scenarios with
resource-constrained conditions, the resource component
is more frequently constrained: the residual resource
vector S (25) has small components, while S (24)

may remain relatively large, i.e., the window capacity is
not fully utilized due to a lack of resources for steps (6).
For mode R1, the coefficient u, (26) exceeds 1 in

some windows, and the magnitude of this excess is
accumulated by the indicator G, (18). This is direct

quantitative confirmation that the formation of the A,

without accounting for constraint (9) leads to incomplete
coordination exchanges within the connectivity windows
and repeated violations of the threshold requirements
for service quality indicators.

The results obtained show that the proposed method
ensures compliance with the window feasibility
conditions for recovery steps: the executed steps are
feasible within the current connectivity window
according to (7) and satisfy the aggregate constraints (9),
as reflected in p, (17) and the absence of violations

of G, (18). The indicator p. in (16) distinguishes
situations where recovery is possible within the window
from situations where the environment has no feasible
steps according to (15). The residual state coordination
capacity (24), the residual resource vector (25), and the

coefficient (26) specify which constraint is decisive
in each scenario class.

5.5. Results for window-based reduction
of critical service shortages

This subsection analyzes the method’s ability to
convert the recovery capabilities available on the mobile
platform into an actual reduction in the deficit of critical
services. To this end, the deficit reduction indicator
within the window 1, (19), the proportion of windows in

which a reduction in the deficit is observed p, (20), and
the magnitude of the reduction in the total deficit of
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critical services within the window AD, (21) are used.
Additionally, the recovery availability metric from p.
(16) is used, which allows distinguishing environmental
constraints from the quality of management decisions.
Since p- (16) represents the proportion of windows
in which there is at least one recovery step that can be
performed within the current connectivity window,
and p, (20) reflects the proportion of windows in which
the method resulted in an actual reduction of the

deficit (19), it is appropriate to estimate the conversion
rate of feasibility into deficit reduction:

n=—Le—, 27)
Peté
where ¢ >0 is a small number to avoid division by zero
in the case of p. =0.

Formula (27) is used as a generalized indicator of
how effectively the method utilizes windows in which
recovery is possible.

In  scenarios with determining connectivity
constraints, the set F, (15) is often restricted to steps

with a small amount of coordination g(a) due to the
constraint g(a)ka, which is part of predicate (7).
Under such conditions, the indicator p. (16) decreases,
reflecting the environmental constraints. The key point is
that windows with |F,|>0 create an opportunity to
reduce the deficit, which is realized through the
selection A, satisfying condition (10), and thus
I, =1 (19). This is why 7 (27) is interpreted as
a characteristic of the formation rule A, .

For the proposed method, the reduction of the
deficit in the window is ensured by the selection construct
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A, which combines the feasibility requirement (7), the
total constraints (9), and condition (10). This means that
if there is at least one step a from ¢(ak)=1 and

Ad(a)>0 (8), the method forms A such that
ZaeAk Ad(a)>0 (10), i.e., ensures I, =1 (19). In this

sense, progress is a controlled property of the solution,
related to deficits (2) and step effects (8).

Next, we consider the magnitude of the deficit
reduction within the window and its stability.
The indicator 1, (19) captures the fact of the deficit

reduction but does not reflect its magnitude. Therefore,
the analysis is supplemented by the average magnitude
of the positive deficit reduction:

D - ::lmax{o, AD, }

K
dahte

Formula (28) characterizes the average magnitude
of the reduction in the total deficit of critical services in
those windows where a deficit reduction is recorded.

Fig. 3 shows the dynamics of the total deficit
of critical services and its accumulation over time,
reflecting the integral characteristic of the system’s
operation in degraded modes. It can be seen that after
a series of windows in which completion steps of
recovery are possible, the total deficit decreases to zero
and remains there, while the accumulated deficit
reaches a plateau, corresponding to the completion
of recovery. In this scenario implementation, the curves
for the method and R1 are visually similar, which
is interpreted as the decisive influence of
environmental constraints over differences in control
rules. That is why the indicators p- and p, in Fig. 4

(28)

are additionally analyzed.
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Fig. 4. Indicators of the separation between the possibility of recovery and the actual reduction of the deficit in connectivity windows

Fig. 4 demonstrates the separation of the possibility
of recovery and the actual reduction of the deficit in
connectivity windows. The vertical markers correspond
to windows in which there is at least one recovery step

(Fa:p(ak)=1), ie., the environment allows recovery

to be performed. The points I, reflect the actual

reduction of the deficit in the window, i.e., the realization
of the reduction of the critical service deficit. In this
experiment, p. is small (of the order of 0.15), which
implies rare windows with recovery potential;

accordingly, p, is bounded from above and turns out to
be close to p., which is consistent with the structural

constraint p, < p- and explains the shape of the

shortage curves in Fig. 3.

In modes that do not account for the constraint
on the ability to complete service state coordination
within the current connectivity window, a discrepancy
arises between the estimated reduction in the deficit
based on the aggregate effect (8) and the actual change
in the deficit (21). If the synchronization constraint

Zae&g(a)sck (9) is violated within the window,
as reflected by the excess G, >0 (18), part of the

planned synchronization exchanges cannot be completed.
In such a situation, zae& Ad(a) may remain positive,

but the actual reduction in the deficit AD, (21) becomes

unstable and may approach zero in individual windows.
This is why it is advisable to analyze the reduction in the
deficit using the pair of indicators I, (19) and AD, (21),

rather than solely through step effects (8).

For the proposed method, this discrepancy is
eliminated by the feasibility constraint (7) and the total
constraints (9), which is consistent with the previous
results via p, (17) and G, (18). Therefore, the progress

value in the window according to (21) becomes
consistent with the cumulative effect of the selected steps

ZEEAK Ad(a) in (10), and the average progress value

AD" in (28) reflects precisely the effectiveness of the
step selection.
The reduction in the deficit is distributed among

critical services as follows. Since AD, (21) aggregates

the contributions of all critical services, it is important to
ensure that recovery does not focus on a single service
at the expense of keeping others in a deficit state for
an extended period. To achieve this, individual recovery
times T, (22) and the aggregated time T, (23) are used.

(19) and
AD, (21), but T, (23) remains high, this means that the

reduction in the deficit across the windows is achieved
unevenly across services, and certain critical services
may be restored significantly later.

For the R3 fixed-priority mode, this situation
is typical by design: deficit reduction is prioritized
for services with the highest priority, which may
increase p, (20) in early windows, but increases

the T, (23) and the cumulative deficit D; (13) due to

the prolonged persistence of deficits in lower-priority
critical services. In the proposed method, this is
addressed by basing the step selection criterion on the
deficit (2) and the step effect (8), while priority is
determined by the step’s contribution to reducing
the deficit and its window feasibility (7). This is reflected
in an increase in p, (20) and a decrease in T, (23)

If the method reduces the deficit at I,

in the absence of coordination violations Gg (18).

Next, the relationship between the reduction of
the deficit within the connectivity windows and the
integral deficit indicators is formalized. The reduction
of the deficit according to (19), (21) is local in
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nature, whereas the integral estimate is given by the
accumulated deficit D, (13) and the weighted

deficit D, (14). The reduction of D, (13) is determined

by p, (20) and AD® (28). When comparing modes,

it is important to consider modes in which the deficit
reduction is achieved through frequent small steps,
and modes in which steps with a large expected effect
are applied without controlling the possibility of
completing state convergence within the window, leading
to the occurrence of overshoots G, (18) and unstable
dynamics AD, (21).

As a result, the results are consistent with the logic
of constructing the indicators. Compliance with the
window feasibility conditions (17)—(18) ensures that the
planned effect of the steps (8) corresponds to the actual
change in the deficit (21). The presence of opportunities
in the environment is captured via pr (16), and
the effectiveness of their use is assessed via p, (20)
and the coefficient n (27). The total impact on the
quality of recovery is reflected through the integral
indicators (13)—(14) and the recovery time (22)—(23),

which are direct functions of the deficit (2) and are
therefore correctly linked to condition (10).

5.6. Sensitivity analysis of connectivity parameters
and state coordination volume

The sensitivity of critical service recovery under
intermittent connectivity is determined by how the sets
of recovery steps performed within the current
connectivity window F, (15) and, accordingly, the

indicators pr (16), p, (20), n (27), D, (13) and
T (23) while varying the window parameters W, (4),
their capacity C, (5), and the matching characteristics
g(a) included in (7) and (9). The following analysis is

conducted at the level of parameterized series, in which
individual factors are varied while other scenario
parameters remain constant.

To isolate the effects, scaling factors are introduced
that are applied to the environment parameters and
recovery steps:

1. Scaling of the connectivity window sizes:

C(a)=aC,, a>0. (29)

Equation (29) models the change in the capacity
of connectivity windows caused by a change in the
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window’s throughput or duration, assuming constant
recovery profiles.

2. Scaling of the volume of recovery step state
coordination:

9,(a)=pg(a), B>0. (30)

Formula (30) is interpreted as a change in the
volume of data required for state synchronization during
the execution of recovery steps, for example, due to
varying state compactness, different incremental
synchronization policies, or varying levels of detail
during recovery.

3. Scaling of the available mobile platform resource:

ﬁk(y)zyﬁk, 7>0. (31)

Formula (31) reflects different mobile platform load
modes or different hardware configurations.

In the subsequent sensitivity analysis, all
dependencies are derived as a consequence of defining
window feasibility (7) and constructing the sets F, (15).

Next, the monotonicity of recovery availability
within connectivity windows is formalized. The set
of feasible steps F, (15) is considered with respect
to the scaling parameters (29)-(31). The following
monotonicities directly follow from the definition
of the predicate (7):

1. For a, > ¢ , the following is enabled:

F (C(al))g F (C (a, )), (32)
since the condition g(a)<C,(a) in (7) becomes weaker

as « increases according to (29), whereas the resource
part of (7) remains unchanged. Equation (32) implies
that increasing the window size cannot reduce the set
of available recovery steps.

2. For B, = f,, the opposite inclusion holds:

Fe(95;) = Fi(94,), (33)
because the condition g,(a)<C, in (7) becomes stricter

as f

establishes that increasing the scope of recovery step
coordination narrows the set of feasible steps.
3. For y, 2 y,, the following holds

RRG)R(RR). G0

since the component-wise condition T (a) <R, (7) in (7)

increases according to (30). Equation (33)

weakens as y increases according to (31).
Since the recovery feasibility indicator p- (16) is
defined by the fact that the set F, (15) is non-empty, it
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follows from (32) and (34) that p. is non-decreasing
with respectto « and y, and from (33) the p- does not
increase with respect to /. This is important for
interpretation: the variation of p. is, first and foremost,

a characteristic of the presence of conditions for recovery
in the environment.

The actual reduction in the deficit within the
window is estimated by the indicator 1, (19) and the

ratio p, (20), while the conversion is estimated by the
coefficient n (27). The definitions imply the constraint
Pe < P, (35)

since a reduction in the deficit within the window
is possible only if there is at least one feasible recovery

step (15) with ¢(a,k)=1 (7), i.e., when |F|>0 (16).
Inequality (35) is structural and does not depend
on the specific selection method A, .

At the same time, p, and 7 are determined
by the value of p. and the rule for using the set of
candidates F, in the window. The key parameter is the
ratio between g(a) and C, , which defines the recovery
resolution. If for most candidates a satisfies g(a)=C,,
then the set F, in (15) often contains only 1-2 steps, and
the choice of A, is close to the deterministic bound (7).
In this mode, n (27) approaches 1 provided that these
steps satisfy Ad(a)>0 (8), since then the satisfaction
of condition (10) becomes inevitable.

Another limiting regime arises when g(a)< C,
for many a. Then F, (15) increases, and the total

constraint (9) becomes dominant. In this case, the
sensitivity of p, and 7 is determined by the ability

of the formation rule A, to ensure zaEAk Ad(a)>0 (10)
while satisfying (9). In this mode, the influence of the
parameter S (30) is most noticeable: an increase in
g,(a) narrows F, (33) and increases competition
between steps for window capacity, which may
reduce p, (20) for a constant pr (16) if steps with
asmall Ad(a) (8) remain predominantly feasible.

The cumulative deficit D, (13) and the recovery

time T

max

(23) are integral consequences of the reduction
in the deficit within connectivity windows and its
magnitude. From the definition AD, (21) and summation
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over windows, it follows that the decrease in D;
is ensured simultaneously by an increase in the
proportion of windows with a decrease in the
deficit p, (20) and an increase in the average positive

decrease in the deficit AD" (28). Therefore, the
parameters o, B, y (29)-(31) affect D, and T,
primarily through two channels:

— by changing the proportion of windows in which
recovery is possible (via pr (16) based on the
monotonicities (32)—(34));

— by changing the magnitude of the deficit reduction
within the window (via which specific steps remain
feasible in F, (15) and how they are formed in A, under
constraint (9)).

This implies the following. A decrease in « (29)
or an increase in S (30) leads to the constraint

g(a)<C, (7) being satisfied less frequently, the sets F,

and the

recovery skipping some connectivity windows, which
increases D, (13) and T, (23). Conversely, increasing

becoming narrower, p. (16) decreasing,

a or decreasing S expands the sets F, (32)—(33),
and T,

max !

which potentially reduces D provided

that the formation rule A, ensures the fulfillment of (10)
without violating (9).

Analysis  of (29)—(35) vyields the following
operational interpretation. If the environment is
characterized by small C, (5) or high variability A, (4),

then the assurance of recovery is determined by the ratio
between the available resource R, and the scope of state

coordination g(a) (7). In this context, it is advisable to

construct recovery profiles such that there are steps with
small g(a) and a non-zero effect Ad(a) (8). Such steps

form non-empty sets F, (15) under strict window

conditions, increase pr (16), and ensure the possibility
of satisfying condition (10) while maintaining the
feasibility conditions (7), (9).

Thus, the sensitivity of the method to connectivity
parameters and coordination volumes is structural in
nature and directly follows from the definition of window
feasibility (7), the sets of feasible steps (15), and the
progress indicators (19)—(21). This allows the obtained
results to be interpreted as a consequence of the
relationship  between window capacity (5), step
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coordination volumes (g (a)), and available resources (R, ),

which together determine the domain of admissible
recovery actions in each connectivity window.

5.7. Discussion of the Research Results

It is appropriate to interpret the results obtained
by distinguishing between two reasons for the lack of
a reduction in the shortage of critical services:
environmental constraints and the characteristics of
management decisions. Environmental constraints are
reflected by the non-emptiness of the set of feasible
steps F, (15) and the indicator p- (16), which
is directly determined by the window feasibility
predicate (7). The properties of a control decision are
manifested in how often and by how much the method
ensures a reduction in the deficit within the connectivity
windows, which is recorded by 1, (19), p, (20), the

conversion coefficient n (27), and the values AD, (21)

and AD" (28). The decrease in p, is interpreted in
conjunction with the change in p., since recovery
within the window is possible provided that |F |> 0.

From a survivability perspective, the results
obtained should be interpreted as confirmation that
the recovery of critical services in the ISMP is
a controllable component of maintaining survivability.
The metrics p- (16) and p, (20) reflect, respectively,

the potential and realized ability of the ISMP to restore
critical ~ functions  within ~ window  connectivity.
The metrics D, (13) and T, (23) characterize the

duration and intensity of the degradation mode during
which the failure to meet the threshold requirements
for service quality metrics persists. In this context,
compliance with the window feasibility conditions

specified by ¢(ak) (7) and the constraints (9) is

a necessary condition for ensuring real-time recovery,
as it eliminates incomplete recovery transitions that
prolong degradation intervals and increase the risk of
secondary violations of critical requirements.

It is important that the ability to complete service
state synchronization within the current connectivity

window, defined by the condition g(a)<C, as

a component of ¢(a,k) (7) and the second constraint

(9), is a determining constraint for the mobile platform.
Ignoring this constraint manifests as the occurrence
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of G, (18) and a decrease in p, (17) in modes that

form A without the constraint

Z,dsAkg(a)SCk 9).

In a service-oriented interpretation, this implies
an accumulation of uncompleted balancing exchanges
and a discrepancy between the expected effect
Zwk Ad(a) (8) and the actual reduction in the deficit

accounting  for

AD, (21). In contrast, satisfying conditions (7) and (9)
ensures consistency between the local estimate of the
effect Ad(a) (8) and the actual reduction in the

deficit AD, , which is essential for mobile environments

with short connectivity windows.
The issue of recovery separability is also important.
Sensitivity analysis shows that the relationship between

capacity C, (5) and state synchronization volumes g(a) (7)

determines the range of possible recovery steps within the
window. The monotonicities (32)—(34) and the structural
constraint (35) reflect that an increase in environment
availability does not guarantee a reduction in the
cumulative deficit Dy in (13): if the set of feasible

steps F, (15) grows, but most steps have a small
effect Ad(a) (8), then the reduction in the deficit may
occur in a significant proportion of windows p, (20),
but be small in magnitude AD* (28), which increases
Tm

then the choice within the window is determined by the

N (23). If the steps are characterized by g(a)~C,,
constraint g(a)<C, (7), and the effectiveness of the
recovery is determined by the presence of steps with
Ad(a)>0 (8). It is advisable to construct recovery
profiles such that the set of steps of the form (6)
contains steps with small g(a) (7) and a non-zero

effect Ad(a) (8), since they ensure the non-emptiness of

F, (15) and increase pr (16) in strict windowing modes.

Separately, it is worth noting the limits of
applicability arising from the previously adopted
abstractions. First, service quality is represented by the

aggregate metric q,(t) and the threshold 6, while the

deficit is defined by formula (2). Such a model is suitable
for formalizing deficit reduction; however, in real
systems, service may have a multidimensional SLA
profile, and the deficit may be determined by a more
complex composition of metrics. This does not alter the
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feasibility logic (7) or condition (10), but requires
refinement of the definition d,(t) (2) and the step
effect Ad(a) (8) for the multidimensional case.

Second, discrete profiles P, (1) and a tabular

correspondence of profile quality (3) are used. In ISMPs
with continuous control or a large number of modes,

a procedure for quantizing profiles and evaluating @ () is
required. The accuracy of such a procedure will directly
affect the correctness of the evaluation Ad (a) (8).

Third, the method relies on an estimate of the
window capacity C, (5) and the state alignment volume
g(a) (7). In practical implementation, these values are
determined via telemetry and may be subject to error.
Overestimation C, or underestimation g(a) leads to

steps for which state coordination completion within the
current connectivity window is impossible being
incorrectly identified as feasible, which manifests as an
increase in G, (18) and a discrepancy between

zaeAkAd(a) (10) and the actual AD, (21).

g(a),

conversely, narrows F, (15) and reduces pr (16), which

Underestimating C,  or  overestimating

may artificially increase D, (13) and T, (23) under

constant environmental conditions. In applied scenarios,
it is advisable to monitor the quality of estimation C,

and g(a), as well as to use the residual state alignment

capacity (24) and the residual resource vector (25) as
indicators of approaching the feasibility boundaries.
Fourth, this study does not introduce specific
constraints on the intensity of reconfigurations as
a separate control mechanism. The key elements in this
work are the feasibility conditions for steps within the

window, defined by (¢(a,k)) (7) and the constraints (9),

and condition (10). If the applied control loop requires
additional stabilization regarding switching frequency,
such constraints can be introduced as external regulations
based on known solutions [19], [20].

The scope of application of the proposed method
corresponds to architectures in which a mobile platform
combines the functions of an edge computing node and
a coordinator for a group of subordinate unmanned aerial
vehicles (UAVs). A typical ISMP is the onboard
information system of the carrier vehicle, which provides
mission planning and task distribution among vehicles,
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situational awareness based on the aggregation of sensor
streams, navigation correction and reference map
alignment, the generation of control commands and
execution monitoring, and the secure exchange of
telemetry for critical flight safety parameters. Intermittent
connectivity in such a system is determined by flight
geometry, shielding, radio channel conditions, and
electronic countermeasures. This defines connectivity
windows with variable duration and bandwidth for
communication between the carrier aircraft, subordinate
aircraft, and the ground control station, and limits the
window capacity for state synchronization. During
a degradation episode, the ISMP performs a controlled
reduction of non-critical service profiles, specifically by
reducing the update frequency of secondary telemetry
streams, switching to coarser video processing models,
deferring the synchronization of non-critical logs, and
limiting map detail. These actions free up computational
resources and bandwidth to maintain the minimum
acceptable level of performance for the critical service
core. Once conditions have stabilized, the task of
restoring critical services to their normal profiles arises,
with the feasibility of restoration determined by the
availability of onboard resources and the ability to
complete service state synchronization within the current
connectivity window. This applies to the synchronization
of map increments, updated task parameters, integrity
check data, sensor aggregation parameters, and other state
components that must be transmitted or received before
the end of the window. Under such conditions, the
application of the recovery step window feasibility
predicate (7) and the condition of deficit reduction within
the window (10) ensures the formation of only those
transitions that elevate the critical service profile, for
which state synchronization can be completed within
the available window. This reduces the likelihood of
accumulating incomplete reconfigurations, repeated
violations of service quality thresholds, and erroneous
recovery, which in a UAV group translates into a loss of
coordination and reduced mission stability.
Thus, service-oriented recovery, based on the deficit
(2) and the step effect (8) and subject to window
feasibility (7) and aggregate constraints (9), ensures
a measurable reduction of the deficit within connectivity
windows, as reflected by the metrics (19)—(23) and
integral measures (13)-(14). The limits of applicability
are determined by the accuracy of estimating the
parameters of windows (4) and (5), the characteristics
of state coordination within (7), as well as the level




94

ISSN 3083-7715 (online)

ISSN 3083-7650 (0135-1710)(print)
of detail of service profiles (1)—(3). This provides
a basis for refining profile models and procedures
for evaluating feasibility parameters without altering
the logic of window-based recovery, as defined by
equations (7), (9), and (10).

6. Conclusions and prospects for further research

This paper solves the problem of restoring critical
services of an information system on a mobile platform
under conditions of controlled degradation with
intermittent  connectivity and resource constraints.
The proposed method presents recovery as a sequence
of discrete steps to improve service profiles, with
performance monitoring through the reduction of the
shortfall in meeting threshold requirements for service
quality indicators. This formulation distinguishes
recovery transitions that ensure an actual reduction in the
deficit from reconfigurations that do not lead to
a reduction in the deficit within connectivity windows.

It is shown that the correctness of the recovery of
critical ISMP services is determined by the resource
feasibility of actions and the possibility of completing
service state coordination within the current connectivity
window. It has been established that ignoring the
constraint on state coordination within the window leads
to the accumulation of unfinished coordination
exchanges, discrepancies between the expected effect of
recovery actions and the actual dynamics of the deficit,
as well as to repeated violations of threshold
requirements after partial recovery.

In the context of improving the survivability of the
ISMP, the method provides an operational mechanism for
maintaining and restoring critical functions during
a connectivity window with variable duration and
bandwidth. Reducing the cumulative deficit of critical
services and shortening the recovery time of the critical set
correspond to a reduction in the duration of degradation
episodes of critical services and an increase in the proportion
of control intervals in which service quality threshold
requirements are met. The method generates recovery steps
based on window feasibility and on aggregate resource and
state coordination constraints, ensuring recovery without
accumulating unfinished transitions.

A distinctive feature of the proposed method
is the introduction of a window feasibility condition for
a step, which accounts for resource feasibility on the
mobile platform and the possibility of completing
service state coordination within the current connectivity
window. This ensures the pruning of steps for
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which completion of coordination within the window
is impossible, and consistency between the expected
reduction in the deficit and the actual change in the
deficit. The evaluation metric system ensures the
separation of computational environment constraints
and control decision properties, as well as the comparison
of recovery modes based on cumulative deficit, the
magnitude of deficit reduction within the window,
and recovery time.

The value of the results is determined by the
method’s suitability for implementation as an operational
recovery control module in a window-based ISMP,
particularly in onboard information systems of
UAYV groups. The method ensures the return of critical
services to their normal profiles without accumulating
unfinished  coordination  exchanges and  while
maintaining the acceptability of controlled degradation as
a peripheral tool for freeing up resources. This reduces
the likelihood of repeated violations of service
quality  thresholds  following  partial  recovery
and shortens the system stabilization time after
a degradation episode.

Prospects for further research cover three areas.
First, it is advisable to generalize the quality deficit from
a scalar metric to a multidimensional profile of
requirements for critical services with a formalized
rule for aggregating deficits, while maintaining the
criterion of deficit reduction within the connectivity
window. Second, it is necessary to extend the
window feasibility model to account for errors in
estimating window capacity and the scope of state
coordination [21], including robust feasibility estimates
and adaptive adjustment of coordination parameters [22].
Third, it is promising to account for dependencies
between services and partial state coordination modes
of the ISMP [23], which will allow for the formation
of recovery steps with varying granularity and improve
the efficiency of using short connectivity windows while
preserving the correctness of ISMP recovery.
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METO/ BITHOBJIEHHS KPUTHYHUX CEPBICIB
THOOPMAIIMHOI CHCTEMH HA MOBLJIBHIN IJIAT®OPMI
B YMOBAX KEPOBAHOI JIET'PAJTAIIIT

Ilpeomemom podomu ¢ memoou 6IOHOGNEHHST KPUMUYHUX Cepsicié IH@OpMayiinol cucmemu Ha MoOLIbHIN niamgpopmi
3a nepepusyacmoi 38’s3Hocmi ma Keposanoi Oeepadayii. Mema 00cniodncenHs — po3podumu  CcepeiCHO-OPIEHMOBAHUL
MemoO  BIOHOBNEHHA, AKUU 3a0e3neuye BUMIpIO6aHe 3MeHueHHs Oeiyumy BUKOHAHMA NOPO2OSUX BUMO2 00 HOKA3HUKIE
aKocmi  00CTY208Y8AHHS 8 Medcax 6IKOH 38’A3HOCMI 3 02710y HA PeCcypcHi 0OMedceHHs U MOJICIUBOCHT  3A8epUuieHHs
V32000iCeHHs. CMAHy Cepeicie 'y NOMOYHOMY 6IKHI 38’A3HOCMi. YV O00CHIOJNCeHHI 3acmOCOo8aHO MAaKi Memoou: CcucmemHuil
aHaniz, mamemamuyne MOOETOBAHHSA CmaHie i npoginie cepsicie, Gopmanizayis Oepiyumy UKOHAHHA NOPO2OBUX GUMOZ
00  NOKA3HUKI@  AKOCMi — 00CNY208Y8aHHA,  NPeOUKAMHUL  ONUC  GIKOHHOI  30ilicHeHOoCcmi  8IOHOBMIOBANLHUX — KPOKIG
i 06uYUCNI06ANbHUL eKCnepuMeHm 0Nl OYiHIOBANHS NOKA3HUKIG pe3yibmamueHocmi eionoenenns. Y cmammi nepedbauanocs
po3g’sizamu  maxi 3ae0ammA: YopManizyeamu KpOK GIOHOGLEHHS 5K Nepexio MidC CepeiCHUMU NpOGiisimu, Wo 3MeHWye
Oeiyum BUKOHAHHA NOPO20BUX 6UMO2 00 NOKASHUKIE AKOCHI 00CIY208Y8AMHA; 6NPOSAOUMU YMOBY GIKOHHOI 30ilicHeHOCmi
KPOKY GIOHOGNEHHA AK NOEOHAHHA PecypCHOi 30iliCHEeHOCMI mMa MOJICTUBOCI 3ABePUIEHHS  Y3200ICEHHS CMAHy Cepeicié
Y Medcax nomouH020 GiKHA 36 ’A3HOCMI; NoOYOyeamu Npasuno OpMYGaHHS MHONCUHU KPOKI6 GIOHOGNEHHA Yy  6IKHI,
AKe 3abe3neuye 3meHuleHHs Oeiyumy 3a HAAGHOCMI Xoua O 00H020 30IUCHEH020 KPOKY U Y3200MCYEMbC 3 OONYCMUMUMU
Ooiamu  Kepoeanoi  Oecpadayii Ak  nepugepiiinoco  incmpymenma — euginbhenus — pecypcig.  Jocaznymi  pesynvmamu
nonAeaioms Yy 6Npo8addiCeHHi opmanizmy Gikonnoi 30itichenocmi ma cucmemu NOKA3HUKIG Os OYIHIOBAHHS OOMPUMAHHS
VMO8 3O0TUCHEHOCMI, YACMKU GIKOH 3I 3MEHWEeHHAM Oe@iyumy, HAKONUYY8anbHo20 Oe@iyumy KpUmMuuHux cepeicié i uacy
BIOHOBNIEHHS, WO 0AE 3MOZY  BIOOKpeMMO8amu  OOMedCeHHA cepedosuwya 6i0  lacmueocmetli  Kepy8aibHUX  pilieHb.

Bucnosku: icnopysanHa MOJMCITUBOCHI 3AGEPUIEHHA  Y3200JICEHHA CMAHY Cepeici@ Yy Medcax NOomouHo20 BIKHA 38 A3HOCHI
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npu3600Uums 00 NOAGU HE3ABEPUIEHUX BIOHOGIIOBATLHUX NEPexo0is [ pPO30INCHOCMI MIdC OUIKYBAHUM eheKkmom GIOHO6IEeHH s
il paxmuunoro ounamixoro oediyumy, mooi K 3anponoOHOBAHUL MemOO GOPpMYE KpOKuU, 30TliCHeHi 8 NOMOYHOMY BIKHI 36 A3HOCHII,
ma 3abe3nevye 3MeHuleHHs Oeiyumy KpumuuHux cepeicié y 6iKHAX, Oe 6iOHO6NIeHHs € Moodcausum. Lle nidsuwgye owcusyuicmo
VHACHIOOK — CKOPOYEeHHS Mpusanocmi O0ecpalayiiiHux —enizoli@ KpumuuHux QYHKYiti ma 3MeHUWeHHs HAKONUYYBANbHO20
Odeghiyumy. I[lpaxmuyna yiHHICMb NONASAE 6 MONCIUBOCMI BGUKOPUCMIAHHA Memoody O0as OOpmosux IHOOPMAYiuHUX cucmem
epyn bnJIA ma inwux mobineHux 8y31i6 i3 6ikHaMU 38 A3HOCMI 31 3SMIHHOW MPUBANICMIO MA NPONYCKHOIO 30AMHICIO.

Kniouosi cnosa: ingopmayitina cucmema, Hcugyyicms, KpumuuHuil cepeic;, Keposama oOeepadayis; GiKHO 38 SI3HOCMI;
8IOHOBIEHHS. CepBICY.
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Yamuit C. @., Jlemuuceka I. O.

HEMPOCUMBOJIbHU ®PEMMBOPK
®OPMYBAHHSI MEHTAJIbHUX MOJIEJIEN PILLIEHD
IHTEJEKTYAJBHUX CUCTEM

IIpeomemom podomu ¢ npoyec no6yoo8u MeHMATLHUX MOOeaell pilleHb [HMEeNeKMYalbHUx cucmem O KOPUCMY8auie 3 DIZHUM
pisHem KOMnemeHmHOCmI ma 8i0MEopeHHs NOCAIO08HOCHell iX 83A€MO0ii 3 IHMENeKMYATbHUMU CUCTNEMAMU & CIPYKIMYPO8aHe
MenmanbHe nooanHs. Mema 00CHioHceHHA — po3podumu HeupoCUMBONIbHULL NIOXI0, W0 IHMe2Pye KOHYENMYaibHy MEHMAIbHY
MoOenb, cucmemy NpuUHYUnié nodyo0osu il HeupoCUMBOIbHY peanizayilo MeHmanbHoi Mooeni 0as 3a6e3neyeHHs NepPCOHANI308AHUX
NOSICHEHb 6 THMEeNeKMYAIbHUX cucmemax. 3a60aHHA: po3pooumu HeupoOCUMBOIbHUL QpeliMeopK nodY008U MEeHMATbHUX MOOeell;
po3wupumuy  cucmemy NPUHYUNié OAs NEPCoHANi3ayii NOACHeHb, eKCNePUMEHMANbHO Nepesipumu HelupoCUMBONbHUL DpelMBopK
Gopmysantsi MeHmManbHUX Mooenel pileHb [HMENeKmyaibHux cucmem. Memoou 00CHiONHCeHHs OCHOBAHI HA 3ACMOCY8AHHI
HelpOCUMBONLHO20 WMYYHORO THMENEKMY, W0 NOCOHYE MAWUHHE HAGUAHHA 3 NPUYUHHO-HACTIOKOBUM CUMBOIbHUM MIPKYBAHHAM,
BUKOPUCMAHHI ONEpaAmopie NIHIIHOI meMnopanvbHoi 102iKu 0 gepudixayii Kay3anrbHux 3anexicHocmeti i a0anmueHOMY MeXaHi3Mi
8i000py KOHYenmie 3a pieHeMm KoMnemeHmMHocmi Kopucmysaua. Pezynemamu 0ocnioycenua. Po3pobneno HeupocumeonvHuil
@petimeopx  opmysanns MeHMAibHUX Mooenel piuleHb THMENeKMYANIbHUX CUCMEM, KU MICMUmb: MEHMAIbHY MOOeb,
wo inmezpyc MHOJICUHU NOZUMUGHUX 1 HE2AMUGHUX 61ACMUBOCHIEN DIueHHs, KAY3aaibHul 2pag npudunHO-HACTIOKOBUX
3anedxcHocmell I JHeBICMUYHI MIMKU 01 THmMepnpemayii cmpykmypu mooeni RpupoOHOI0 MO0, 3ANPONOHOBAHO DO3UWUDEH)
cucmemy npunHyunie¢ nob6y00su MeHMAIbHUX Mooenell, AKA 00 HAABHUX NPUHYUNIE BIONO0GIOHOCMI, MHOMCUHHOCMI, HENOGHOMU
1l OONOGHEHHS. OOJYYAE HOBI NPUHYURU Oemanizayii, MeMnoparvHOl Y3200M4CeHOCMI Ma HOBeOIHKOB020 BUBCOCHHS, CMEOPUMU
adanmueny nopo2ogy (yHKYio 8i060pY KOHYenmis, o 6U3HAYAE piGeHb Oemanizayii MeHmanbHoi Mooeni 8I0N0GIOHO 00 pieHs
KOMNEmeHmHOCHi KOHKpemHo20 Kopucmyeaua. [Joeedeno, wo cucmema 3 YOmupbox NPUHYUnie € HeoOXioHotw, ane He O0CMAMHbOI0
YMOBOI0 KOPEKMHOCMI HelpOCUMBOIbHOI MeHMAaNbHOi Moodeni. ExcnepumenmanvHa nepegipka niomeepouna cymmege nioguuyenHs
MeMNOPaNbHOI  Y32002CEHOCMI  KAY3ANbHUX 3ANeHCHOCMeEl NOPIGHAHO 3 HaAeHumu memodamu. Bucnoexu. 3anpononosanuii
@peiimeopx 3abe3neuye nobOyoo8y NePCOHANI308AHUX MEHMANbHUX MoOenell 3 8epuIiKo8aHUMU KAY3ATbHUMU 3ANEeHCHOCHIAMU,
8I0N0GIOAE GUMO2AM NPO30POCMi MoOenell WMYYyHo20 IHmenekmy U 3abe3neyye macumabo8aHy nepCcoHanizayiio NOACHeHb
071 IHMENEeKMY ANbHUX CUCTEM.

Knrouogi cnosa: neiipocumeonvhuti wimyuHuil inmenekm; MEHMAlbHA MOOelb, IHMeNeKmyaivha ingopmayitina cucmema,
NOSICHIOBATILHULL UMY YHULL THMENEeKM,; NEPCOHANIZAYIs,; MEMNOPATIbHA Y3200JICEHICMb, Kay3anbHe MIPKY8AHH; (POPMYBAHHS NOSCHEHD.

Beryn

Inrenexryansni  ingopmaniitni  cuctemun  (IIC)
IIUPOKO 3aCTOCOBYIOTBCS [UISL MIATPHUMKH HPUHHATTS

pileHs y Takux cgepax, K MEAMIMHA, (PiHAHCH, OCBITA,

MPOMUCIIOBICTE. 3POCTaHHSA CKJIATHOCTI BHYTPIIIHIX
mogneneir IIC, 30kpemMa BHAcHiIOK BHKOPHUCTAHHS
IMHOOKUX ~ HEHPOHHMX  MeEpexX, NPU3BOMUTH  JIO

(bopMyBaHHS pilllCHh TAaKUMH CHCTEMaMH B PEKUMI
HEMpo30poi "JOpHOI CKPUHBKH", IO CYTTEBO YCKIIAIHIOE
IHTEpIIpEeTaMio X pillleHb KiHIEBUMH KOPUCTyBadaMH.
HopmatuBHi eBponeiiceki Bumorn EU Al Act [1]
ta GDPR [2]
Ha 3a0e3MCUCHHS MPO30POCTI NPHHHATTSA PpilieHh 3a

opieHTytoTb  po3pobOnukiB  IIC
JIOTIOMOT010 (POPMYBaHHS 3pO3yMUINX ISl KOPUCTYBaYiB
nosicieHb. DopMyBaHHA IIOSCHEHb JOCTIKYIOTH Y
MeKax HayKOBOT'O HalpsMy IOSICHIOBAILHOTO HITYYHOT'O

inrenekty (XAI, Explainable Artificial Intelligence).

Tpagumiiino metonn XAl aHamizylOTh BHECOK BXiTHHX
o3Hak y pimenas [IC i1 Ha 1ii OCHOBI TreHEpYyIOTh
y3arajgbHEeHI TOsSCHEHHsA. Taki TOsSCHEHHA He OepyTh
JO yBarM OCOOJMBOCTI CHPUHHATTS KOHKPETHOTO
KOpHCTyBa4a, IO CHPWYHMHSAE 3HIKEHHS DPIBHA IIOBipH
o IIC, a Takox yCKIaJHIOE NpakTHUYHE 3aCTOCYBAHHS
JOCATHYTHX Pe3yJIbTaTiB.

Jnst  momonaHHSA ~— BKA3aHOTO  OOMEXEHHS i
3a0e3nedeHHs] TMEPCOHATI30BAHNX TOSCHEHb MOXYTh
OyTn BHpOBa/pKeHI MeHTanbHI Mogneni. OcTtaHHI €
BHYTPIIIHIM KOTHITUBHHM IIOJIaHHSIM, SIKE KOPUCTYyBadi
BUKODHCTOBYIOTH  JUIsl  IHTepmpeTamii  IOBEXiHKH
CKJIQJIHUX CHCTEM 1 TPOTHO3yBaHHS pe3yNbTaTiB IX
poborn [3]. ToOTO MeHTambHa MOJENb BH3HAYAE
po3ymiHHEa KopucTyBadamu 1IC mpHYMHHO-HACTITKOBHX
3B’SI3KIB 'y OTPHMAHOMY pillleHHI, TOMY € OCHOBOIO
g hopMyBaHHS

aJalITUBHUX HepCOHaJ'Ii3OBaHI/IX

mosicieHb  [4]. [loOymoBa  MEHTalFHUX  MoOJeNeH
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Ha OCHOBI iH(OpMAIlil III0I0 MOBEIIHKH IHTCIEKTYaTIbHOT
CHUCTEMH € TEepCHEKTHBHAM HAIPSIMOM IIepCcOHai3aril
XAL Tlpore HasBHI MIX0AXU 10 MOOYIOBA MEHTAIBHHX
Mozeneld  opieHTOBaHi

HacaMIiepelT Ha  CKCICPTHC

BUSIBIICHHS ~ KOTHITHBHHX CXeM 3a  pe3yJbTaTaMu
inTeps’io [5].

[epcrieKTUBHUM HAMPSIMOM TSI PO3B’I3aHHS 3a1a4i
ABTOMATHU30BAaHOTO ()OPMYBaHHS MEHTAIBHUX MOAENeH
€  BHKOPHUCTaHHS  HEHPOCHMBOJBHOTO  MITYYHOTO
Al). Ocranniit

noeanye Tpa}lHHiﬁHe MAallMHHE HaBYaHHA 3 MPUYHUHHO-

iatenekty (NeSy, Neurosymbolic

HaCJ'Ii,I[KOBI/IM MipKyBaHH?[M Y MeXkax CHMBOJIbBHUX

cUCTEM, 10 CTBOPIOE YMOBH Ui  NOOYAOBH
iHTeprperoBaHux Mopener pimens [IC [6, 7]. OctanHiM
4acoM po3po0JieH0 HHU3KY CKIanHukiB NeSy-mimxomy
mo moOymoBW MeEHTampHHX Mozenei pimens 1IC,
30KpeMa KOHLIENTYalIbHY MOJIEINb, III0 OMHUCYE CTPYKTYPY
MEHTAJIHOTO MTOJIaHHS PIillIeHHS Yepe3 3HAaHHSA, KOHIETITH
W gmocBin KopucTyBaua [8]; cHCTeMy IPHHIIMIIIB,
IO BHU3HAYAIOTH BUMOTH A0 IOOYIOBH MEHTAJIBHHUX
MoJieNiell 30BHIIIHIX KOpUCTyBadiB [9]; nBomIapoBy

NeSy-apxiTekTypy, sSKy  MOXHAa  3aCTOCOBYBAaTH
B moOymoBi MeHTanbHoi momeni [10], a Takok MeTon
po3pobneHHs 11i€i HelipocuMBoONBHOI apxitexTypu [11].
IepemiueHi CKIAQAHUKUA € €IEMEHTAMH, Ha OCHOBI SKHX
MOXe OyTH MOOYZOBaHO €IWHY CHCTEMY (OPMYBaHHS
MeHTanbHOT Mozeni pimenns [IC 3 BuUKopHCTaHHIM
HEHPOCHMBOJIBHOTO IIAXOAY, SKa MAa€ 3aJOBOJLHATH
BUMOTH IIOJO MPO30POCTI CUCTEM LITYYHOTO 1HTEIEKTY,
Bm3HaueHuX EU Al Act Article 13 [1].

3a3HaueHe CBIUUTH MPO aKTyaJIbHICTh PO3POOJICHHS
KOMIUIEKCHOTO HEHPOCHMBOJIFHOTO (pEHMBOpKY, IO
IHTETpYE B €IUHY CHCTEMY KOHIICNTYajbHYy MEHTaJbHY
MoJenb, 11 HEHpPOCHMBOJBHY pealizalilo, a TaKoX
MPUHIUIKA TOOYJOBH MEHTAIbHUX MOJENeH 3 Orisay
Ha pIiBEHb KOMIIETEHTHOCTI KOPHCTYBa4iB Ha OCHOBI
BiIOOpY
o0OY0BH NEPCOHATI30BAaHNUX MOSICHEHD.

aJalTHBHOTO  MEXaHi3My KOHILIENTIB It

AHaJIi3 JiTepaTypHUX JKepet
i mocTaHoBKA NP00JIeMH AOCTiIzKEeHHS

KoHueniro MEHTaIbHUX MOJEJIEN SIK KOTHITUBHOTO

MeXaHi3My iHTeprpeTanii CKJIaHUX CUCTEM
3anponoHoBaHo B pobori [3]. BiamoBimHo mo i€l
KOHLIENIIi KOprcTyBad (OopMy€e BHYTPILIHIM CHpOLICHUH
obpa3 cucremu, 3 SKOIO BiH B3aemojie. Llel crporenmii
o0pa3 1ae 3MOTy HpPOTHO3YBaTH IOBEIIHKY CHUCTEMH i

OIIIHIOBATH SIKICTh OTPHMAHUX pilleHb. ToMy MEHTaJbHa
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Mozedb Oe3nocepenHbO BU3HA4Ya€ CTYHIHb JIOBIpH
no pexomerpamin IIC 1 edekTHBHICTH 3acTOCYBaHHS
OCTaHHIX /sl PO3B’sI3aHHS  INPAaKTUYHUX  3aBJlaHb
kopuctyBada [4]. [lapagurma mosicaroBambHOTO XAl 2.0
oOrpyHTOBaHa B gjociuipkenHi [12]. Sk akryanpHHA
HaIpsIM PO3BUTKY IOSICHIOBILHOTO INTYYHOTO IHTENEKTY
XAI 2.0 po3risiae nepcoHasi3amio MosSCHEHb, 0 MOXKe
OyTH pealli3oBaHa Ha OCHOBI MEHTAJIEHUX MOJIEIEH.
Meroaun XAl mepmioro nokominust Mmictsate LIME
Ta SHAP. Meron
nosiciens (LIME, Local Interpretable Model-Agnostic

Explanations) [13] ampokcumye MOBEIIHKY CKJIaIHOTO

JIOKaJIbHUX ArHOCTUYHHX

Ki1acudikaropa yepes iHTepIpPEeTOBaHY JOKAJIbHY MOJIEIb,
mo (QOpMYETBCS B MeXax HOCIIKYBAaHOTO MPUKIAIY.
[losichenHst He 3anexuth Big apxitekrypu 1IC.
[pore LIME reHepye HemepcoHaNi30BaHE CIIIEHE
JUIL  BCIX KOPHCTYBauiB TMOSCHEHHS 0e3  orisay
Ha piBeHb MIATOTOBKM ocTaHHIX. Lleit MeTon He Gepe 1o

yBard TEMIIOPAJbHHUNA acCleKT MPUYUHHO-HACIIIKOBHX

3B’SI3KiB, TOMY He MpU3HAYeHHUH Ui 1OOYI0BU
MeHTaIbHOT Moaedi pimenss [IC.
Merox Wemmi  (SHAP, SHapley  Additive

exPlanations) [14]
KOOTIepaTUBHUX irop. BiH po3moninse BHECOK KOXHOT

po3po0iIeHHii Ha OCHOBI Teopii
BXimHOI O3HakM B oTpuMane pimeHHs. Merox SHAP
peanizye ro0anbpHI Ta JIOKaNbHI ToscHeHHA. OmHaK
BiH (opmye
OCOOIHMBOCTI CHPUUHSATTS MHUX MOSCHEHh KOPHUCTYBAYCM.

yHi(pikOBaHI IOSCHEHHS, ITHOPYIOUYH

Ile oOMexye MOXIMBOCTI HOro 3acTOCyBaHHS JJIst
MOoOYZ0BH MEHTAJIBHUX MOJIETIEH.

3a3HaueHi METOAM MpPHU3HAYCHI IS TMOOYIOBU
MOSICHEHb N0 pimeHp Bxe HasBHOI [IC. MosxmmBocTi
iHTerpauii (yHKIIOHAJIBHOCTI TPAAULIHHOI apXiTeKTypu
IIC 3 Ge3mocepeTHBOO IHTEPIPETAITERO PIICHD JOCATAIOTHCS
3 YIPOBAHKEHHSM HEHPOCUMBOJILHIX METO/IIB.

HeitpocumBonbHMi  mITyyHMid  iHTENnekT [6, 7]
NPU3HAYCHUI AJIs1 TIOAOJIAaHHS OOMEXEHHS TPaMIIiHNX
HEHpPOHHHX MeEpe, TMOB’S3aHOTO0 3  BIJICYTHICTIO
CHMBOJILHOTO BHBEJCHHS Ml Bepudikauii mpoiecy
JIOCSITHEHHST  pe3ynbraty. lloeqHaHHS — TpagumiiHOTO

MaIlMHHOTO  HaBYaHHS 3  NPUYUHHO-HACIIJKOBUM
MIpKYBaHHSIM CHMBOJIBHHUX CHCTEM CTBOPIOE YMOBH
Uit moOyJnoBH  Mojeneld QopMmyBaHHs pillleHb, SKi
MOXYTb OyTH 0e310CepeHb0 IHTEPIIPETOBAHI.

Mopeni  koHuentHoro By3bkoro wicus (CBM,
Concept Bottleneck Models) [15]

apXiTEeKTypy HEHPOHHOI Mepexi SBHUI KOHIENTHUII 11ap

IHTETPYIOTh Y

niepen BuxojoM Kiacugikaropa. KoHmenTn 3a0e3nedyrors
IHTEpIIpeTanilo 3B°S3Ky MDK O3HaKaMH W pilICHHSM.
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[Ipore MHOXHMHA KOHIIENTIB 3aJa€TbCs PO3POOHHKOM
ampiopHo. BimmoBigHO, mepcoHamizamis B MeXax IIbOTO
MIX0/1y He 3a0e3Meuy€eThCs.

Jloriuni Tenzopui mepexi (LTN, Logic Tensor
Networks) [16] peanizytoTh HEHPOCUMBOJIbHE BUBEICHHS
gepe3 TCH30pHE MOIaHHs JOTiYHIX aKCiOM i TpeAnKaTiB.
LTN pmarote 3MOry 3amaBaTH OOMEXKEHHS y BHIVIAMII
morivHUX  dopMyT i

HaBYaTU MCPCKY, 3BaKar04uu

Ha 11 oOmexenHs. Opnak LTN He niaTpumyloTh
MepcoHali3anio Ta He OepyTh NO yBaru TEMIOpPAIBHUI
aCIeKT Yy NPUYMHHO-HACIIIKOBHX 3aJIeKHOCTAX, IO
He 3a0e31edye y3ro/pKeHOCTI 3HAaHb Y MEHTAJIBHIN MOJIEIT.
HeiipocumBosibHe HMOBIpHiCcCHE JIOT1YHE
nporpamyBanns (DeepProbLog) [17] noeanye neiiporHi
KOMIIOHEHTHU IMOBIpHICHI

yepes MpeauKaTd, IO

YMOXITMBIIIOE HAaBYaHHA Mepexi Uil  PO3B’sA3aHHI
JOTiYHMX 3aBAaHb. [lpoTe mepcoHamizalis BiANOBITHO
O piBHS KOMIICTEHTHOCTI KOPHCTyBaya il IepeBipka
TEMITOPAJIBHOT Y3TO/PKEHOCTI B MEXaxX LBOro MiAXOIy

HE MATPUMYETHCS.

HeiipocumBonbHe  HaBuaHHS  KoHuenTiB  [18§]
3a0e3nedye  BHUBEICHHA  a0OCTPaKTHHX  KOHIICITIB
31 CHOCTepe)KEHb Yy  HECTPYKTYPOBAaHUX  CIICHAX.

OpHak el miAxix CIpsMOBaHWI Ha aHANI3 CTATHYHHX
CIICH, 1110 HE J]a€ 3MOT'H 3aCTOCYBaTH HOTO ISl MOOYA0BH
MEHTAJIHOT MOJIEJII.

[punnunum  1oOyJOoBM  MEHTANbHUX  MoJeneit
pimens IC 11 30BHINIHBOTO KOPHCTYBada YTOYHEHO
B poboti [9]. TpamuiifiHi NPHUHIKWOK BiAMOBIAHOCTI,
KOJIM MOJICNIb CTPYKTYPHO Ma€ BiAMOBIATH MOSCHEHHSIM
pitteds IC, MHOXHMHHOCTI, KOJIHM MEHTaJbHI MOJICII
PI3HUX KOPHCTYBadiB € YHIKaJbHUMH, HEMIOBHOTH, KOJIU
MOJIeTIb € KOTHITMBHO CIPOILICHUM IOJaHHIM PIllICHHS,
PO3LIMPEHO TPUHIMIOM JIOTOBHEHHS, 3TITHO 3 SKHM
MOJeNIb Ma€ 3BaKaTH Ha HETaTUBHI BJIACTHUBOCTI
pimrenns [IC. [Ipore nuTaHHS nepcoHaizamii MEHTATBHIX
MojieNel y 1bOMY JOCIIHKEHHI HEe PO3IIITHYTO.

OTxe, HasBHI NPUHIMIN ¥ MiIXOAU A0 TMOOYIOBU
MEHTAJIHUX MOJIeJIeH, sKi 3a0e3MeUyI0Th MOSICHIOBAHICTh
pilllcHb IHTEJIEKTyalbHUX CHCTEM, He OepyTh /10 yBaru
MOXIJIUBOCTI NMOOYZOBH MOJENel BiIMOBIIHO /10 PiBHA
PO3YMiHHS KOpHCTyBaya, a TaKOX HE 3a0e3MeuyloTh
TEMIOPAJIbHY BEPUQIKAI0 3aCTOCOBAHUX JJIsl TOOYI0BU

IMOsACHCHb HpI/I‘II/IHHO-HaCJ'Ii,I[KOBI/IX 3aJIC)KHOCTEH.

Mera ii 3aB1aHHs po0OTH
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KOHICIITYAJIbHY MCHTAJIbHY MOACIIb piU_leHHH

IHTENeKTyanbHOI ~ CHCTEMH, TMPHHIUIHA  TMOOYIOBH

MEHTJIBHUX MOJENEH, a TakoXX HEUPOCHUMBOJIbHY

peanizamito MEHTAIBHOI MOJelNi, Mmo0 3a0e3MeYuTH

MOXIIMBICTh TMOOYJIOBH IEPCOHANII30BAHUX IOSICHEHb
B IHTENIEKTyaIbHAX CHCTEMAaX.

JIns  JOCATHEHHS OKPECHCHOI MeTH HEeOoOXiIHO
BHUKOHATH TaKi 3aBIaHHS: pPO3pOOUTH HEUPOCHMBOIBHUMN
MEHTaJIbLHUX MoOJeJIeH;

(bpeliMBOpK o0y 10BH

3allpONIOHYBATU  NPHUHIUIA 1'[06y,Z[OBI/I MCHTAJIbHUX

Moenei JUTSt nepcoHai3aii MOSICHEHb

B IHTENIEKTyalbHHX CHCTEMaX; eKCIePUMEHTAIBHO
HepeBIPUTH HEHPOCHUMBOJIBHUI (peiiMBOPK GOpMYyBaHHS

MCHTAJIBbHUX MOI[CHeﬁ piH.IeHb iHTCJ’IeKTyaJ’ILHI/IX CHUCTEM.

HejlipocuMBoJIbHUI (peiiMBOPK
(opmyBaHHS NepCcOHANI30BAHOI MEHTAJIBLHOI MOjIeJIi

JIOCIII JKEHHS €
HiAXO0My, 110

Mertoro PO3pOoOIeHHS

HEHPOCHMBOJIBHOTO IHTETpY€E

HefipocumBonbHuit  (peiMBOpK  TIpH3HAYCHUH

TUIS BiJITBOPCHHS II0CJII IOBHOCTEH B3aeMOIil
kopuctyBada 3 IIC y MeHTanbHy MOJENb pilIeHHS

iHTeJ’IeKTyaJ’ILHOII. CHCTCEMU:

Q: B - M, 1)
ae B, — ymopsakoBana TemmopanbHa MOCIITOBHICTH
MO, 0 BiI0Opa)karoTh B3aEMOII0 |— KOpHUCTyBaya

3 [IC; M, — MeHTanpHa MOJIElIb, 1[0 OXOIUTIOE: MHOKHHY
V," nosutmBHEX BnactuBocTel piments 1IC; MHOXKHHY

A HCTaTUBHUX BJIACTUBOCTEH

pimenns  1IC;
rpap G;, mO BIATBOPIOE Kay3albHi 3alEKHOCTI MiX

BJIACTUBOCTAMU piHleHHiI; MHOXUHY JIHTBICTUYHHUX

MiToK L, mpu3HaueHUX sl iHTepmpeTaiil CTPYKTypH

MOJIENI TPUPOIHOIO MOBOIO.
Busnauenna 1
HeiipocumBoabHOIO

MCHTaJIbHOIO MOJCILITIO

piIHeHHH iHTeﬂeKTyaﬂLHO.I. CHUCTCMHU Ha3HMBa€TbHCA

YOTUPUKOMIIOHEHTHA CTpyKTypa M,;, sKa MicTuth

I
MHOXXMHHM TIO3UTHBHHX 1 HETaTHMBHUX BJIACTHBOCTEH
PILICHHS] CUCTEMH, Kay3allbHi 3B’SI3KM MK BJIACTHBOCTSIMHU
pIIICHHS, a TAKOK JIHTBICTHYHI MITKH JJIsI iHTEpHpeTarii
CTpykTypu Mojaeni. Mojenb (opMyeTbesi Ha OCHOBI
JaHUX IIOJIO0 TIOCIHIZOBHOCTI B3a€MOJIl KOpHCTyBaya
3 IHTEJIEeKTYalbHOI 1H(pOpMaLiHOI0 CHCTEMOIO.
[epconarmizaris miei MOAEI B Mexkax po3poOICHOTO
¢bpeiiMBopky TOTpeOye pO3IIUPEHHST 3alPOIMIOHOBAHOT
B mpami [9] cumcTeMH TpPWHIMIIAMH —BiAIOBITHOCTI,
MHOXHHHOCTI, HETIOBHOTH i JIONIOBHEHHS.
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Teeporcenna

Cucrema MPUHIUMIB BiIMOBITHOCTI, MHOXXHHHOCTI,
HEMOBHOTH I  JIONIOBHEHHST € HEeOoOXiJHOMW, aje
HEJIOCTaTHHOI0 YMOBOIO KOPEKTHOCTI HEHPOCHMBOJIBHOI
MEHTAJILHOT MOJIeNi PILICHHS 1HTEeNEeKTyaJbHOI CUCTEMH

mo Moxe icHyBatd Monens M,

B TOMYy CeHCI,
SKa 3aJ0BOJIbHSAE I[i YOTHUPH NPHHIMIH, ajle MOPYILIYE
omHy 3

BUBEIECHHS MEHTAJILHOI MOJEI 3 IOC/IIOBHOCTI B3a€MOIIT

[IIOHaMMeEHIIIe BHUMOT: AaBTOMAaTHU30BaHOT'O

KOpHCTyBada 3 IHTENEKTyalbHOI0 CHUCTEMOIO  (a);
ajanTarii gaeraizauii Mozeni 10 piBHS KOMIETEHTHOCTI
kopuctyBaga (0);

TEMIIOpPabHOI  HECYNEPEWIMBOCTI

Kay3aJpHuX 3anexHocrei rpadga G; (B).

IIpoBenemo moka3 BiJg CYNPOTHBHOTO Ha OCHOBI
TPBHOX BiJNOBITHUX KOHTPIIPHUKIIA/IIB.

Konrprpukinan moao Bumoru (a). Hexail excriepr
mpeaMeTHoi ramy3i moOymyBaB MEHTaNbHY MOZEIH
TPaIUI[HO BPYYHY, HE3BAXKAIOYHM HA TOBEAIHKOBI JaHI
KopucTyBada. Tomi BOHa 3aJOBOJIBHSE BCI YOTHPH
TMPUHIUIHA  BIATOBIAHOCTI, MHOXXUHHOCTI, HETIOBHOTHU
W [OMOBHEHHS, MpOTe HE MOXe OyTH BiATBOpeHa
i BepHu]ikoBaHA HA OCHOBI iH(OpMAIIT OO B3aEMOJIIT
KOPHCTYBa4da 3 IHTEIEKTYaJIbHOIO CHCTEMOIO, OCKIIBKHU
MOJICITh HE MICTUTh MEXaHi3MY peajtizarlil BimoOpakeHHs ().

Kontpnpuknax momo Bumoru (0). MeHTampHa

Mojenb M;, sKka BIiINOBiAa€ YOTHPHOM MPHHIKIAM,

MOJX€ MICTUTH KUJIBKICTh KOHIICITIB, IO IEPEBHIIYE
KOTHITUBHY €MHICTh KOPHCTYBa4a-NOYaTKiBI, BU3HAYCHY
3akoHOM Mimtepa: 7+2 yHikanpHuX enementH [19, 20].
OTxe, I MOAETh HE MOKE OYTH BHKOPHCTaHA 3 METOIO
ajanTanii MOSCHEHHS JuIi Takoro KOpHCTyBada.
s cynmepeunicTp TOB’S3aHA 3 THM, OI0 TNPUHINAIHN
BIiAMOBIAHOCTI, MHOXXHUHHOCTI, HEIIOBHOTH M JOIIOBHEHHS
BHU3HAYAIOTH CKJIAM i CTPYKTYPY BIACTUBOCTEH pillleHHS,
ajie He OOMEXYIOTh KIJIbKICTh KJIFOUOBUX BJIACTHBOCTEH,
JIOCTYIHUX JJISI COPUAHATTS. KOPUCTYBAUEM.

1110710
Kay3albHUH Tpad y CKIagi MEHTaIhbHOI MOJENi MICTUTh

KonTpnpuknan Bumorn  (B). Hexaii
JIYTy, € HaclliIoK Mepeaye npuyuHi B yaci. Takuii rpad
3a7I0BOJIBHSE PO3MIISHYTI YOTHUPU MNPUHIMIH, OCKIUIBKH
OCTaHHI BHM3HAYalOTh CKJIaJ BJIACTHBOCTEH pIllICHHS,
a He iX ymopsakoBaHICTh y dyaci. Tobro BuMora (B)
HE € HACIIAKOM TIPUHITUITIB BIIMOBIAHOCTI,
MHO>XHHHOCTI, HETIOBHOTH i JOTIOBHEHHS.

Tpu po3risiHyTI  KOHTPHIPHKIATM € IOHapHO
HE3aJIe)KHUMH, OCKIUJIBKH KOAEH 3 HUX HE BHKOPHUCTOBYE
YMOBH 1HILIOTO MPUKIIAY, IO 1 CBIAYMTH PO ICTHHHICTH

IIBOTO TBEPIKECHHS.
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OTKe, HEeWpOCHMBOJBHUI (pEeHMBOpK BU3HAYAE
peanizanito BimoOpakeHHs (1) Ha OCHOBI TPUHIHAIIIB
BIAMOBIIHOCTI, MHOXKHHHOCTI, HEITOBHOTH I JOMOBHEHHS.
[Ipore B moOymoBi TEpPCOHANI30BAaHUX MEHTAIBHIX

MOJIeJIel 11 CHCTeMa MPUHIIMITIB MTOTPEeOYE PO3IIMPEHHS.

Po3mmpena cucreM npuHUMIIB MO0OYyA0BH
MEHTAJTBHHUX MojeJieil

(dpeiiMBoOpKy
HasgBHA CHCTeMa MPUHLUIIB I1OOYZOBH MEHTaIbHUX

Y  Mexax  HeWpOCHMBOJIBHOIO

Mojeneii Mae OyTH po3mupeHa 3 OIBsIIy Ha

BuMorun (a)—(B). BigmoBigHO, po3mHMpeHa cUcTeMa

MICTUTH MIPUHLIMITH Jeranizariii, TEMITOpaJIbHOL
Y3TOKEHOCTI Ta IIOBETIHKOBOTO BUBEACHHS.

[puniun nmetamizamii BU3HAYAE, MO0 MEHTaJIbHA
MOJIeNb TIOBMHHA MAaTH JETaJIi3aIlil0 BiIIOBITHO IO PiBHSA
MiATOTOBKKA  KopUcTyBada. [louaTkiBernp  3a3BUYAil
HE 3JaTHUI TPOaHATI3yBaTH CTINBKH X KOHIENTIB Yy
CKJIaJIi pirreHHs, mo i ¢axisernp. Hapmimkosa neramizaris
CIPUYMHSAE TIEPEBAHTAXEHHS ¥  MOSICHEHHS  CTae
"Herpo3opuM" JUI KOpUCTyBada. 3TiJHO 3 NPHHIUIIOM
aKTUBHUX KoHIenTiB V"

neramizamii, KUIBKICTb

y MEHTaJIbHI MOJelNi pillIeHHsI Ma€ MOHOTOHHO 3POCTATH
3 MiABUIIEHHSIM KOMIIETEHTHOCTI KOpUCTyBada. ToOTo

A(Mi,U)= f(u):Aexpert>A >Ajunor’ )

practic
e A(Mi, u) € [0,1]— piBeHB JneTamizallii MEHTalIbHOI

mojeni M. BigmoBimHO g0 PpiBHA U MiATOTOBKH

I
xopuctysaua; f(U) — monoronna 3pocraroua QyHkuis

KOMIIETEHTHOCT], SIKa Ma€ HAWOUIbIIE 3HAYCHHS A,

JUISl KOPUCTyBada-eKCcIepTa i HaiMeHIIe 3Ha4eHHs A

junor
JUIsl HOBAYKa.

[MpyuHOMO TeMOoOpanbHOI Y3roJKEHOCTI BH3HAYAE
000B’SI3KOBY TEMITOPAJIBHY YIOPSIKOBAHICTh Kay3aJIbHOTO

rpada B MeHTaNBHIKH Mozxeni M, , ToOTO mpuyunHA 3aBXIH

Ma€ MepeyBaTH HACTIIKY.
BaxuBicTh LBOr0 MNPUHIMITY IOB’S3aHA 3 THM,
OCHOBI aHaji3y B3aeMopii
rpad MOXKe MICTHTH JAYyTH
3 HCKOPCKTHUM IOJaHHAM 4Yacy, K1 HE
Kay3anbHOI iHTeprperauii. ToMy Ieid HpPUHIUI 331a€
noOyI0Bl  NPHYMHHO-HACITITKOBOTO
rpacda. Bumora TemrmopanbHOi Y3roPKEHOCTI 3aJa€ThCs

oo noOymoBaHMN Ha
xopuctyBadya 3 IIC
MaroTh

OOMEXEHHS B

3 BHKOpucTaHHs oneparopiB G Ta F  miniitHol
temmopansioi Jsorikn (LTL). Onepatop G (globally)

BUMara€ BUKOHAHHS YMOBHM B yciX MaiOyTHIX craHax
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cuctemu. Oniepatop F (future) 3amae BUKOHAHHS YMOBH

KOJIMCh y MaiOyTHboMy cTaHi. Toxi st JTOBiIBHOT

ayrn (d;,d,) 3 rpapa G;, mis sKoi 06OB’s3KOBO

Oyne icTMHHMM cTaH C;, 3aBXAM B MalOyTHbOMY
Mae OyTtH ictuHHUM cTaH d; :

v(d,,d,)eG :s(d,d,)=Gd —>Fd,. 3)

Le#t mpwHOMO 1ae 3MOry BWIYYHTH B IIPOLECi

(d| , dm) > o

nodyxoBu  rpada G, IyTH

HE 33JJ0BOJILHSIOTH YMOBY (3).
[IpuHIMT TOBEAIHKOBOTO BWBEICHHS Iependavac,
IO IMEepCOHAI30BaHa MEHTajbHA MOJIENIb MAa€ 3BaXKaTH
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Ha MOCII0BHICTh B3aemoii 3 [IC KOHKPETHOrO KOPHCTyBaya
(a He numme mpencTaBIEHHS eKCmepTa IoA0 00’ €KTiB
npeaMeTHol rarysi). To0To MeHTalbHA MOJAEIb PIlICHHS
Mae OyTH (YHKI€IO0 TOBEIIHKOBHX JaHUX 33 yMOBH
JIOCTaTHBOTO PO3MIPY N HAOOPY IMX JaHUX:

M, =Q(B,)[B]=n. (4)

3anpornoHoBaHHUN TIPAHITHIT 3abe3meuye
BiJITBOPIOBAHICTh MEHTAJIBHOI MOJETI, IO CTBOPIOE
YMOBH /17151 TOOYTOBH [TEPCOHATI30BAHNX MOSICHEHb.
BignoBigHICTE PO3pOOJICHOI CHCTEMH TPHHITUIIB
i omumcanoi B mocmimkenni [10] HelipocHMBOIBHOT

apXiTEeKTypH MEHTaIBHOI MOAeNi oAaHo B Tab. 1.

Ta6auus 1. Peanizayis npunyunie nooy008u MeHmaibHoi MOOeNi 8 MeNcax HeUpOCUMBONbHOL apXimekmypu

Ipuanun Moaysib apxiTekTypu

MexaHi3M 3a06e3medeHHs

1) BiamoBigHicTh
CTPYKTYpH

NeSy-tpancasitop

IepeTBOPIOE BEKTOP JATEHTHOTO MPOCTOPY Ha CHMBOJIBHHI KOHIICTIT
i3 oHTOJIOTIi, TOOTO 3abe3neuye 3B s130K MiXK HEHPOMEPEIKHUM
i CHMBOJIFHIM PiBHSIMH apXiTEKTYpH

2) Muoxunnicts | VAE-komyBau

Konye innuBigyanbHy MOCTiIOBHICT B3a€MO/Ii KOPHCTyBaya
3 lIC y naTeHTHUI TPUXOBAHUI MPOCTip

3) HemmoBHOTa MexaHi3M yBaru

OinbpTpye KOHIENTH 3a PEJIEBAHTHICTIO JI0 TOTOYHOTO KOHTEKCTY PillIeHHS,
TOOTO B MEHTAJIBHY MOJEINb JIOAAIOTHCS JIUIIIE €ITEMEHTH, JUIS SIKUX
MIEPEBHUILICHO NOPIT 3HAYYIIOCTI JUIs IIEBHOTO THIY KOPUCTyBaya

4) JIonoBHEHHS Monynp HEeTaTUBHHUX O3HAK

dopmye HeraTUBHUNA KOHTYP MEHTAJIBHOI MOZEMI, 110 Niepe1dadyae BIITyYeHHS
BJIACTUBOCTEH, II0 0OMEXYIOTh BUKOPHCTaHHS PIIICHHS

5) Heramizaris AnanTuBHUI KiacupikaTop

THUITy KOPHCTyBa4a

HamamroBye piBeHb feTanizaiii MEHTaIbHOT MOJIENI M1l KOHKPETHHH
THIT KOPUCTYBa4a, TOOTO HOBAYOK OTPUMYE y3araibHeHe MOJIaHHS
pimeHHs, a paxiBelp — AeTali30BaHe MOJAHHS

6) TemnopanbHa
Y3TrOKEHICTh

LTL-Bepudixarop

I[TepeBipsie BIAMOBIAHICTh MOCHIIZOBHOCTI KOHIICTITIB Y MEHTAIBHINH MOJeII
HOPSAKY BUKOPUCTAHHS (aHAIi3y) PillIEHHs KOPUCTYBaveM i BHIydae
iHBEPTOBaHI B Yaci Kay3albHi JIAHIIIOKKHI

7) IloBeniHkoOBe
BUBEICHHSI

Monynb 300py MOBEIIHKOBUX
JIaHUX KOPHCTyBaya

JloryBaHHA HaHUX PO B3aEMOJiI0 KopucTyBaya i3 [1C

Peamizamis mnpuHOWIY aganTUBHOI  JeTami3amil
notpedye QopMyBaHHS MeXaHi3My ajanTainii MOJel.
Takuii MexaHi3M IMIUIEMEHTOBaHO dYepe3 aJalTHBHUH
Mopir BigOOPY KOHIIENTIB, IO OMHCYIOTh BIIACTHBOCTI
pimenns IIC. ExcnepumeHTH, sKi TpOBEIH aBTOPH

B TOMEPEIHIX MOCHIIPKCHHSX, MaId 3MOIY BH3HAYaTH
6asoBwii mopir Bixbopy Ha pisui € = 0,85. OxHak Takuit
(hikcoBaHMIA TIOPIT' MOXKE CIPUYMHHUTH ITI€PCHABAHTaXKCHHS
HOBauKiB. 3 1HIIOro OOKy, Halip MOHATh y MEHTAIBHIN
MoO/IeJIi MOXe OyTH HeJJOCTaTHIM ISt (haxiBIiB.

Jlis moOyHoBU afanTUBHOTO TIOPOTY MPOMOHYETHCS
nopory 6

JMiHIHHA MOJENb YTOYHEHHS 3HA4YCHH:

3aJIe)KHO BiJl U— piBHSA MiATOTOBKH KOPHUCTYBAiB:
o(u)=6" - k-A(M,, u), 5)
ne k — xoedimienT amanrarii.
Cemanrtuka popmyinu (5) monsrae B TAKOMY: BUIIUI

piBEHb KOMIIETEHTHOCTI 03Hauae 36inbenns A(M,, u),

1O MPUBOANMTL 10 3HWKeHHs O(U) 32 yMOBM 3a1aHOTO

6a3oBoro piBHs aganrailii 6 . 3aJeXKHICTH € MOHOTOHHO

CIaIHOO B pa3i 301IbIICHHS A(Mi , u), 1110 3a/10BOJIBHSAEC

yMOBY (2).

ExcnepnMenTajibHa nepesipka

ExcnepumenTansny
(dpeitMBOpKy
BIJITYKiB IO/I0 HOYTOYKIB Ha YKPaiHCHKil MapKeTIIeic-
10710
B TeKCTOBil hopmi. ToOTO izmest eKCIiepUMEHTY IOJISATaEe

MepeBipKy  po3poOIeHOTOo

BUKOHAHO 13 3aCTOCYBaHHSAM Habopy

wiatopmi.  Bianosini HOYTOYKIB  ITOJaHO

B TOMy, IIO0 Ha IiJCTaBi aHami3y BIAT'YKIB OILIIHUTH
peKoMeHamii MO0 TOBapiB 1 TOCIYT y CHCTEMI
€JIEKTPOHHOT KOMEpIii.

Ha ocHOBi TekcroBHX BiamoBime#t cdopmoBaHo
jJaTacer i3 Oco0IuBICTE

BIZITYKIB  KOPUCTYBAadiB.
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Jlaracety TOJisira€ B TOMY, IO BIATYKH MICTATh
MOCTITOBHICTE OOTOBOPEHHSI XapaKTEPHCTUK HOYTOYKiB
i3 MiTKaMHM 4Yacy, HalpuKiIag OOrOBOPEHHS MIONO

3aBaHTa)XXEHHS JpaiiBepiB 13 BIAMOBIIAMH  CIIyKOU
miATPUMKE BUpoOHMKa. Takuii (opmar BiArykiB jgae
3MOTY  TpOaHANi3yBaTH  IOCTIJOBHICTH  B3a€MOJIIl
kopuctyBaya i3 11C.

VY mpoueci (opMyBaHHS JaTraceTy 3 KOXHOTO
BIZITYKY

KOHIICTITIB, 30KpeMa KiTbKICTh CIIiB ¥ BiIT'YKy, TEPMiHH,

i3 3actocyBanHsM JIJIM BuiaydeHo HaOip
3aCTOCOBaHI y BIATYKY, YHCIIOBI 3HAUCHHS MOKA3HHUKIB
y Biaryky. Takoxx BiITyK KOpHUCTyBada CTPYKTypY€ThCH,
TOOTO  BHOKPEMIIIOIOTBCS Yy  BINOBINI  INepeBaru
1 HEeIONIKH 1 HAJTaeThCsA 1X KiTbKiCHA OIiHKA (KiTbKiCTh
mepeBar i HeaomikiB). Ha OCHOBI BHIUIEHHX KOHIIEHTIB
y BIATYKY pPO3PaxoBYEThCS HOro CKIAAHICTB. OcTaHHS
OLIIHIOETBCSI SIK HOPMOBaHa CyMa KUIBKOCTI TEPMIiHiB,
YUCIIOBUX TMapaMeTpiB, a TaKOoX IIepeBar i HEIOMIKIB.
3a CKIamHICTIO BIATYKY OIIHIOETHCS PIBEHB IMIATOTOBKU
KOpHCTyBada. 3aCTOCOBAHO EMITIPHYHI ITOPOTOBI MpaBHIIA.
OtpumanHuii mataceT MICTHTh 44% (axoBHX BIiATYKIB,
25% siarykie HoBaukiB Ta 31% BIATYKIiB JOCBITYCHHUX
KopuctyBauiB. DaxoBi BIATYKM MICTATh HE MEHIIE
HDK IUSTh TEXHIYHMX TEPMIHIB 1 3a3BUYall HaJaHWUX
Juisi irpoBux HOyTOykiB. [loxymisiMu 1iei kareropii
KOMIT'IOTEPIB €, SK MpPaBWIO, T'eHMEpU 3 TEXHIYHOIO
MIATOTOBKOI, SIKi 3QJMINAIOTh PO3FOPHYTI BIATYKH.
Ili BiArykw, HampWKIaA, MICTATH BHMIpH TeMIeparyp,
fps, mnopiBHsAHHA KOH(irypamiii Komm’roTepa TOLIO.
HoBauky 3anummaroTh KOPOTKI  €MOIIHHI  OIIHKH,
Hanpukias "pekoMeHay 0", "KynuB 1 He MKOy" TOLIO.
Taxi OWiHKK HE MICTSTh TeXHIYHUX TepMiHiB. JJocBiqueHi
KOPHUCTYBayi 3aJIMIIAIOTh BIATYKH CEPENHBOI TOBKHHHU,
IO MICTATh THIOBI CIieHapii BUKOPUCTaHHS HOYTOYKIB,
Hanpukian "mis podoTH ¥ HaBYaHHA", "MIIXOAWTH IS
irop". OmHaK i 11l BIITyKH HE MAFOTh TEXHIYHIX TEPMiHiB.
Heiipomepe:kHa uyacTMHA  MEHTAIBHOI  MOJEINi
BIITBOPIOE KJTFOYOBI O3HAaKW pimeHHs ("'TPOIyKTHBHICTH",
TOIIO)

B JIATEHTHHH TPOCTIp O3HAK, K OYJIO MPOIEMOHCTPOBAHO

"aBroHOMHIiCTE", "ekpaH", "0XO0JOmKCHH:"
B po6oTi [10].

CuMBoITbHa YacTHHA (POPMYETHCS Yepe3 MPOMIKHUH
[10, 11] i

Oe3nocepeHbO IHTEPIIPETOBaHA i MpoaHaiz0BaHa.

map i3 HeHpoMepeKHOT MoOxe Oytu
OIiHKY CKJIAJHOCTI OTPUMAHOT MEHTAJIBHOT MO
3aJIe)KHO BiJ PIBHA MIATOTOBKH KOPHUCTYBadiB MOIAHO
B TaOII. 2.
Ounronoris pimerss [IC (pekoMeHIOBaHOTO TIPOIYKTY

B CUCTEMi €JeKTPOHHOI KoMepuii) 3a pe3yjibTaTaMu
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€KCIIEPUMEHTY MICTUTh 12 NMpPUHHATHUX IS KOPHCTyBaua
KOHIICTITIB (BIIACTHBOCTEH PEKOMEHIIOBAHOTO MPOAYKTY),
30kpema: "mpoaykTusHicTh", "fps", "TDP", "aBTOHOMHICTB",
"oxomomkeHHs", "myM". KiIbKiCTh KOHIICTITIB 3aJICKUTh
BiJl PiBHS IiJATOTOBKH (THUITY) KOPHCTYBaya.

Tabmuust 2. Oyinku  cmpykmypHoi  CK1aOHOCMi
HelpOCUMBOIbHOI MEHMANbHOT MOOei
Ouinka U_Hog u_np u_gax

V' — npuiiHATI KOHIENITH 4 7 12
V™ — HeraTtuBHI KOHIIEIITH 8 5 0
|G| — xinbkicTs ayr 3 6 18
Kay3aJbHOTo rpada
A(M:, u) —pi

(M;. ) - piseis 0,30 0,60 1,00
JeTai3alii Moaei

Bespo3mipHuit koedimieHT A(M 0 U) Mae€ 3HAYCHHS

B nmiamazoHi Bim 0 mo 1 Ta komye piBeHb meTaiizarii
BIJIIOBITHO /O pIBHA KOMIIETEHTHOCTI KOPHCTYBaya.
3aranbHa ifes moxo BUOOPy 3HaUYEHB IIHOTO KoedilieHTa
monsrae B TakoMy. KOpHCTyBady-HOBadOK —CIIpUiIMae
JTUIIe  KITI0YOBi

MOHATTS, SKI  XapaKTepH3yIOTb

pEeKOMEHJIOBaHWH TOBap abo TOCIyry B CHUCTeMi
€IeKTPOHHOI KOMepmii. AHami3 BIATYKiB JE€MOHCTPYE,
TaKUX KIIOYOBHX MOHSITH

mo Habip CTaHOBUTH

npubmm3ao  30%  moBHOro  Habopy — KOHIIETITIB.
[Ipocynytuii kopuctyBay, KpiM 0a30BHX HOHSITH, Oepe
O yBaru u cieHapii 3acTOCYBaHHS PEKOMEHIOBAHOTO
pIlIEHHS, IO 3pEIITOI0 CTAHOBHUThH MOHAJ IOJOBUHY
HabOpy KOHIENTiB. A KOpHCTyBad-(axiBeIb OIepye
KOHIIENTaMH, 0 BiTBOPIOIOTH YCi, 30KpeMa i TeXHiuHi,
BJIACTHBOCTI PEKOMEH/I0OBAHOTO MPOAYKTY.

3 ormsity Ha pi3HUM piBEHb JAeTaii3awii Kay3adbHHAN
rpad y Mojedi HOBOTO KOPHUCTyBada, sika MAa€ YOTHPHU
KOHILIENTH, MICTUTH JIMIIE TPH IYTH, IO BiJTBOPIOIOTH
3B 130K MIXK "MIPOIYKTUBHICTB", "0oXonomKeHHs", "rym",
"aBToHOMHICTB". I'pad) y Mozeni ¢axoBoro kopucryBaua
MicTuTh, Hanpukian, nyru "DDRS — {fps, reronaker}",
"CPU — {fps, Temmniepatypa, mrym}".

3Ha4yeHHsA aJalTHUBHOIO MOPOry N TeMIopantbHOI
MOXJTMBOCTI

y31"0ﬂ)KGHOCTi, 1o BCTaHOBJIFOIOTH

nepcoHaizanii MeHTaIbHOT MO, ToJaHo B Tadi. 3.

0(u)

3HaYeHHsS MOMIOHOCTI MIXK KOHIIENTOM 1 MOCIIIAOBHICTIO

AanTUBHUA  TOPIT 3a1ac  MiHIMaJbHE

B3aeMoii kopucrysaua i3 IIC.

basose 3mauenHs koe¢imienra 0,85  Oyno

BUKOPHCTAaHO B TOIMEPEIHIX poOoTax A TOOYyIOBU

HelipocuMBOJbHOT ~ Mojeni. Take 3HaueHHs  Jae

3MOTy HE T[EPEBAaHTAXyBaTH HOBAYKa [0JATKOBHUMH
BIZITBOPIOIOTH

LleTaﬂiSOBaHI/IMl/I KOHICHTaMu, 1o
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BiaactuBocti pimenHs [IC. MiHiManbHe 3Ha4YeHHS

KoedirieaTa CTaHOBUTH 0,72. Excniepumentu
Ha PI3HOTUIHUX Ha0opax JaHUX IMPOJEMOHCTPYBAIIH,
Hix 0,7-0,72

MMPpU3BOANUTL JO AOJYYCHHS HCECYTTEBUX KOHI_IeHTiB

o0 3HWKEHHI KoedimieHTa MeHIIe

y MEHTalbHy Mozeni. BiamoBimHo, 3a yMOBH 3Ha4eHHS
o (u) =0,81

BiTBOPIOIOTH

BiIOMPAIOTBCSA  JIUIE KOHIICTITH, IO

OYEBHUIHI BJIACTUBOCTI pitIeHHs,
aBpasi 0(U)=0,72 B MeHTATbHY MOJIENb JOTYHAIOTHCS

TEXHIYHI BIACTUBOCTI PIllICHHS.

Ta6auus 3. Ilepconanizayis menmanoHoi mooeni

IlapameTtp u_HOG u_np u_chax
6(u) 0,81 0,77 0,72
3HIKeHHS 6 Mmoo ~0,04 ~008 013
6a30Boro
TCI 1,0 0,97 0,95
3mina TCI mono +0,33 +0.3 +0,28
06a30BOro 3HAYEHHS

Iokasuuk TCI (Temporal Consistency Index)
BU3HAYa€ YaCTKy AYT Kay3aJbHOTro rpada, 1o BimoBinae
TEMOOpabHIM  OOMexeHHsM. 3HaueHHs 1,0 s

1

0.9

0.8

B 0.7
0.6

0.5

0.4

LIME SHAP* CBM
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HOBaYKiB J€MOHCTPYE, WIO MOJIENb MICTHTh JIHIIE
KITFOYOBI MPHYMHHO-HACITIKOBI 3B’ SI3KH, B KUX IMPUYHHA
nepeaye 0,95 s

KOPHCTYBaYiB CBiTYWTh, IO OJHa 3 MOyT

HacHigKy. 3HaueHHs (axoBux
MOXe
HE 3aJ0BOJILHATH TEMITOPAIbHI OOMEXKEHHS. 3HAYCHHS
npupocty TCI mozmo 6a30BOro BiITBOPIOE MOKPAIICHHS
mepexoay  Bim  (hiKCOBaHOIo

MOJEIl  BHACTIZOK

9(u)=0,85 0 aJanTHBHOrO mopory. IlopiBHSIHHS

orpuManux koedinientiB (Big 0,34 no 0,28) moxasye,
mo (QikcoBaHMI TOpIr He 3abe3medye aeTasi3alliio
MEHTAJIIHOI MOJENI HacamIepen Uil KOPHCTyBadiB-
HOBauKiB. TOOTO Takuii OPIr MPUBOIUTH IO AOTYIECHHS
JIO MOJICNi TeXHIYHUX KOHIICTTIB, SIKi HE € peICBAaHTHUMU
IUTSL IUX KOPHCTYBAdiB.

Kpim nporo, HeoOXiJHO 3ayBakKUTH, IO MijJ Yac
eKCIIEpIMEHTY 3HAa4YeHHS TEeMIOPAJIBbHOI Y3TOIKEHOCTI
ma meronis LIME 1 SHAP BusHayamuch Ha OCHOBI
MTOPIBHSAHHS 3 Kay3aJIbHUAM rpadom po3po0ieHoi Moaeri.

[TopiBHSHHS pe3ynbTaTiB pOOOTH 3aIIPOIIOHOBAHOTO
(dpeiiMBOpKy 3 TO3ULIH (HOpMYBaHHS EPCOHATI30BaHNX
MOSICHEHb 1 HAsABHUX METOMIB TIOOYIOBH TMOSICHEHBb

3a ouinkoio TCI 306pakeno Ha puc. 1.

LTN Fixed 0=0.85 NeSy+8(u) (proposed)

Puc. 1. INopisuspHa oninka TCI y nporeci moOy1oBH MEHTaIBHOT MOJIEI]

HOpiBHHHHﬂ BHUKOHAHO B JABOX aCIICKTax.

[To-mepre, BCTAHOBIEHO HASBHICTH CyHepedHOCTEH
y TOSICHEHHI 3 OIJIsily Ha TEMIIOpajbHI 3aJeXHOCTI.
[To-gpyre, mpoaHami30BaHO 3aCTOCYBaHHS PO3POOIICHUX
NPUHIUIIB y MPOIECi MOOYAOBH MOSCHEHb.

Meromu LIME i SHAP ¢opmytoTs mokambHi
MOSICHEHHsI 0€3 TPUYMHHO-HACIIIKOBUX 3aJIeKHOCTEH.
Bonu OepyTh 0 yBarm JHWINE CTATUCTHYHI KOPEILALii
MIX BJIACTHBOCTSIMH pilieHHs. Takuil miaxil MpUBOAUTH
no 3umwkeHHs mnokasHmka TCI mo 0,62 mns LIME

ta 0,59 mms SHAP. ToOro kopucrtyBau Mae cam

BimiOpatn  62% T1a  59% BIiJIIOBi/IHO,
13 3aIIPOIIOHOBAHOTO IUMU METOJaAMH HOSICHEHHSL.
Meron CBM (Concept Bottleneck Models) monae

KOHIICTITH, ajie He 3aCTOCOBYE JeTaji3alii KOHIICTITIB,

O3HaK,

1o ¥ Bu3Hauae nokasHuk TCI Ha piBHi 0,66. Metoq LTN
(Logic Tensor Networks) BHKOPHCTOBYE TEeMIIOpabHi
oreparopu it GOpMyBaHHS 0OMEKEHb, YHACIIIOK YOT0
1 TIBUIIYETHCS 3HAYCHHS TEMIOPATIBHOI Y3TOHKEHOCTI.
OnHak MEeTO/1 He TIEPCOHAI3YE MOSCHEHHS.
OOTpyHTYBaHHS

3aporoHOBaHUX Ha  puc. 1

pe3ysbTaTiB  coco0OM  aHalizy peayli3oBaHUX LHMH
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METOJIaMH TPHUHIMIIB MOOYAOBH MEHTaJbHUX MOJIEINEH

mojaHo B TadII. 4.
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Sk BupHO 3 Tabm. 4, mepmi I'STh METOMAIB HE

BUKOPHCTOBYIOTh TIOBHHH Hal0ip MNpHHIUMIB, IO H
3YMOBITIOE pi3HUINIO B 3HaueHHsX TCI.

Ta6auus 4. Bukopucmanusa npunyunie no6y0o8u MeHmanbHux mooeneil 014 nepconanizayii nosicHensb

Metoxa PeaJizoBaHi npuHUMNIuU
LIME Binnosignicts cTpykTypH (1), MHOXHHHICTB (2)
SHAP BinnosigaicTh cTpykTypH (1), MHOXHHHICTB (2)
CBM BigmosignicTs cTpykrypH (1), MHOKHHHICTS (2), HenoBHOTA (3)
LTN BianosinHicTs ctpykTypu (1), MEHOXHHHICTB (2), HeroBHOTa (3), nonoBHeHHs (4),

TEeMITOpaIbHa Y3roKeHIcTh (6)

NeSy 3 pikcoBanum noporom 8* = 0,85

Binnosignicts cTpykTypH (1), MHOXHHHICTB (2), HenoBHOTA (3), TONIOBHEHHS (4)

NeSy 3 anantusauM noporom & (U)

Binnosignicts cTpykTypH (1), MHOXHHHICTE (2), HeTTOBHOTA (3), TOTIOBHEHHS (4),
Jeraiizanis (5), TeMIopaibHa y3ropKeHICTh (6), HoBeiHKOBe BUBeAeHH (7)

OOroBopeHHs pe3yJIbTATIB

MO>KJIMBOCTI

(hperiMBOpKY
3YMOBJICHI PO30DKHICTIO y TOCTAaBIll 3aBIaHHS, KOJHU

ExcnepumenransHo nepeBipeHi

PO3pobIeHOTO HEHPOCHUMBOIILHOTO
3aMicTh TOOYIOBHM THIIOBOTO TIOSICHEHHS IJIsl BCIX
KOpHCTYBaviB (pOpMy€eThCS MEpPCOHATI30BaHA MEHTAIbHA
CTPYKTypa  sKOL
3a TPUHIMIIOM JAeTali3amii 3riTHO 3 PIBHEM MiATOTOBKU

MOJIE€Nb, IIOTOYHA BH3HAYAETHCS
KopuctyBada. ToOTO KUTBKICTh XapaKTEPHUCTHK PilIeHHS
i crerudika 3aCTOCOBAaHUX B OIMHUCI PINICHHS KOHIICHTIB
3ajexaTh B PIBHI KOMIETEHTHOCTI KOpHCTyBada
IHTEIIEKTYaIbHOT CHCTCMH.

3acTocyBaHHS TPUHIIAIIB JIETaJIi3allii, TeMIIOpaTbHOI
Y3rO/PKEHOCTI Ta TIOBEIIHKOBOTO BHBCICHHS IiBHIIY€E
PEIIEBAaHTHICTE OTPHMAaHOI MOZETI B TEMIIOPAIbHOMY
acmekti. Taka

nepesara 3YMOBJICHA THUM, o

BUKOPHCTaHHS 3a/JIaHOTO pIiBHSA JeTamizamii oOMexye
rpaci,
a TepeBipka TEMIIOPAIbHOI Y3TOMKEHOCTI HPUBOIUTH

MHOXXUHY MOXJIMBUX JAyT Yy Kay3aJbHOMY
JI0O BWIYYEHHS TOTEHI[IHHUX MPUYMHHO-HACIIIKOBUX
3aJISKHOCTEH, Y AKUX HACHIJOK Mepeaye MPHUIHHI.

(hperiMBOpKy
3 0COONMBOCTSAMH TOJAHHS BXIJHMUX [aHUX. 30Kpema

OOMeXeHHSI  IbOro 0B’ s13aH1

YKpaiHCBKOMOBHI ~ BIITYKM B CHCTEMi EJEKTPOHHOI
KOMepIIlii MICTATh MepeBaXHO KOPOTKI €MOIIHI OIiHKH,
BOJIHOYAC MOXXHa BUKOPHCTOBYBATH Pi3HI MOBH B MeXax
OIHOTO BIATYKY, IIO YTPYOHIOE BW3HAYCHHS pIBHA
MiATOTOBKK KOPUCTYBaya.

KiroqoBot0 0COOMMBICTIO METOIy € TIOBTOPIOBAHICTH
MEPCOHATI30BAHOT0 TMOSICHEHHS, TOOTO 3a HE3MIHHHX
BXIIHUX IaHWX y MexXax (peHMBOpKYy OyIe CTBOPEHO
OIHYy MW Ty caMy MEHTaJbHY MOJelNb, 10 3abe3rnedye
0210
Ta MOXJIMBICTH MacwitabyBaHHS Uit miaatdopm, sKi

BIINOBITHICTE  BHUMOTaM mpo3opocti  [IC

TEHEePYIOTh 3HAYHY KUTBKICTh BIATYKiB KOPHUCTYBadiB.

HampssmMu mopmanpmMX HOCTIDKEHb IOB’sI3aHI 3
PO3LIMPEHHSIM OHTOJIOTI, 110 BU3HAYAE XapaKTEPUCTHUKU
PIIIEHHS, a TAKOX 3 OIIHIOBAHHAM 3PO3YMLIOCTI OTPIMAHIX
MoJieJiell Ha OCHOBI aHaJTi3y BiATYKiB KOPHCTYBaUiB.

BucHoBkn

3anmpomoHOBaHO HEHPOCHMBOJBHUN  (HperMBOPK

IHTETpy€
TIPUHIINITIB

(¢bopMyBaHHS MEHTAJIBHOI MOJENI, SKHUI

KOHIICTITyaJbHE  MOJAHHS,  CUCTEMY
a TaKoX HEWPOCHMBOJIBHY pealli3alliio
Ile mae

MOACHCHHS

moOy10BH,

MEHTAJIBHOI MOJIENT. 3MOTy cdopMyBaTu
1010

IHTENeKTyaTbHOI CHCTEMH 3 OISy Ha MOTOYHHA

MepCOHaTI30BaH1 pileHHs
PIBEHB MiJTOTOBKU KOPUCTYBaya.

YIOCKOHATICHO CHCTEMY MPHUHIUIIB TOOYZOBH

MEHTAIBHUX  MOJEeNied  pIillleHHS  IHTEJNEKTYyaJbHOI
CHCTEMH, fKa BiIPI3HIAETHCS Bil HASBHOI MPUHIMIIAMH
JeTanizanii, TeMHopaibHOl y3ro/PKEHOCTI Ta TIOBEIIHKOBOTO
BHBEJICHHS MEHTalbHOI Mozeni. Lle mae 3mMory B Mexax
HEHPOCHMBOJIBHOTO Miaxoay (opMyBaTH MEHTaIbHY
MOJENb i3 3aJlaHUM pIiBHEM [eTaji3allil 3 MOXIIUBICTIO
Bepudikarii OTPUMAHUX MPUYNHHO-HACIIIKOBHX
3aJIEKHOCTEH Y TEMIIOPAIBHOMY ACTICKTi.

Bukonana CKCIICPUMCHTAJIbHA

(hperiMBOpKyY
MiJBUIIEHHS TEMITOPaJIbHOI Y3rOJKEHOCTI Kay3aJIbHHX

nepeBipka
po3pobieHoro MATBEpAWIa  CYTTEBE
3aJIKHOCTEH OPIBHAHO 3 HAIBHUMU METOJAMH, A TAKOX
BUKOPHCTaHHSI IOBHOI CHUCTEMH NPUHIHUMIB IMOOYIOBH
MEHTAIbHUX MOJEJCH /i IepCcOoHali3amil MOsICHEHb

moao piIlIeHL iHTeJ’[eKTyaJ'H)HI/IX CHCTCM.

Konduikr inTepeci

ABTOpH JIEKIAPYIOTh, II0 HE MAOTh KOHQIIKTY

iHTepeciB,  30Kkpema  (iHAHCOBOTO,  OCOOHCTOrO,
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aBTOPCBKOTO 4K OyAb-SIKOTO IHIIOTO XapakTepy, SKUii

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)
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HJocTynHicTh JaHuX

Mir OM BIUIMHYTH Ha JOCHiKEHHA, a TaKOX
Ha pe3yJIbTaTH, ONYyOJIiKOBaHi B 1[Il CTATTI. Pykomnuc He Mae NOB’sI3aHUX JIAHKX.
dinancyBaHHs Bukopucranns 3aco0iB IITy4HOr0 iHTEI1EKTY
JocmimkenHs MPOBEICHO oes3 (inaHcoBoi ABTOpH IATBEPIDKYIOT, WIO HE 3aCTOCOBYBAJH
T ATPHMKH. TEXHOJIOTIT IITYYHOT'0 IHTEIEKTY /I HAMCAHHS CTAaTTI.
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systems. Tasks: development of a neurosymbolic framework for constructing mental models of intelligent system decisions; extension
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neurosymbolic artificial intelligence combining machine learning with causal symbolic reasoning, the application of linear temporal
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Results achieved. A neurosymbolic framework for constructing mental models of intelligent system decisions has been developed,
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dependencies, and linguistic labels for natural-language interpretation of the model structure; an extended system of mental model
construction principles that supplements the existing principles of correspondence, multiplicity, incompleteness, and complementation
with the new principles of detailing, temporal consistency, and behavioral inference; an adaptive concept selection threshold function
that determines the detailing level of the mental model according to the competence level of a specific user. It has been formally
proved that the existing four-principle system is a necessary but not sufficient condition for the correctness of a neurosymbolic mental
model. Experimental verification confirmed a substantial improvement in the temporal consistency of causal dependencies compared
to existing methods. Conclusions. The proposed framework enables construction of personalized mental models with verified causal
dependencies, satisfies the transparency requirements of artificial intelligence models, and provides scalable explanation
personalization for intelligent systems.

Keywords: neurosymbolic artificial intelligence; mental model; intelligent information system; explainable Al; personalization;
temporal consistency; causal reasoning; explanation generation.

bibnioepaghiuni onucu / Bibliographic descriptions

Yamuit C. @., Jlemunceka [ O. HeiipocumBonbuuii  ¢peiiMBopk (oOpMyBaHHS MEHTAJbHHX MOJENCH pillleHb
IHTENCKTYAJIbHUX CHUCTEM. A8momamu306ani cucmemu ynpaeninHs ma npunaou asmomamuku. 2026. Ne 1 (188). C. 98-107.
DOI: https://doi.org/10.30837/0135-1710.2026.188.098

Chalyi, S., Leshchynska, 1. (2026), "A neurosymbolic framework for forming mental models of intelligent system decisions”,
Management Information System and Devices, No. 1 (188), P. 98-107. DOI: https://doi.org/10.30837/0135-1710.2026.188.098



mailto:serhii.chalyi@nure.ua
https://orcid.org/0000-0002-9982-9091
mailto:iryna.leshchynska@nure.ua
https://orcid.org/0000-0002-8737-4595
https://doi.org/10.30837/0135-1710.2026.188.098
https://doi.org/10.30837/0135-1710.2026.188.098

108

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)

Aemomamuzosani cucmemu ynpaeiinus ma npunaou agmomamuxu. 2026. Ne 1 (188)
Management Information System and Devices. 2026. No. 1 (188)

UDC 004.9 DOI: https://doi.org/10.30837/0135-1710.2026.188.108

Yehor Korniienko, Oleksii Liashenko

A STUDY OF THE METHODOLOGICAL FOUNDATIONS
FOR IMPLEMENTING BLOCKCHAIN AND SMART CONTRACTS
IN ELECTRIC POWER MICROGRIDS

The subject of research covers the theoretical, methodological, and applied aspects of implementing blockchain technology and
smart contracts into microgrid management systems, as well as the automation processes of energy resource exchange between
participants of a distributed energy system. The purpose of this work is to investigate the methodological foundations for the
application of blockchain and smart contracts in microgrids through the analysis of contemporary scientific research, systematization
of approaches to consensus algorithm implementation, classification of smart contracts by application areas, and experimental
verification of the proposed solutions. To achieve this goal, the following tasks were addressed: analyzing existing microgrid
architectures and management methods; conducting a comparative analysis of consensus algorithms (PoW, PoS, PoA, PBFT, RAFT,
etc.) regarding their applicability in private and public energy grids; developing a classification of smart contracts based on their
application areas; and investigating software tools for implementing decentralized applications. Research Methods. The study
employs system analysis methods to investigate microgrid architecture, comparative analysis to evaluate the efficiency of consensus
algorithms, and classification methods for grouping smart contracts. For the practical part, computer modeling and experimental
verification methods were used: smart contract development in Solidity, testing in the Remix IDE environment, and simulation of
a local blockchain network using the Hardhat toolkit. Research results. The research systematized the methodological foundations
for integrating blockchain into microgrids. It was determined that hybrid or private consensus models are most effective for energy
trading within local communities. A classification of smart contracts was developed and justified, covering four levels: energy
trading, monitoring, distributed management, and cybersecurity. The practical result is the implementation of the EnergyTrading
smart contract, which successfully automates the process of listing offers and purchasing electricity, as confirmed by experiments in a
local environment. The implementation of smart contracts allows for the creation of a reliable P2P platform for electricity trading
without intermediaries, increasing economic efficiency for households. The functionality of the automated settlement mechanism was
experimentally confirmed. At the same time, key challenges were identified: the limited scalability of existing blockchain solutions
and the need to improve cyber defense against vulnerabilities in contract code. Further development requires adaptation of the
legislative framework and modernization of the hardware components of energy grids.

Keywords: microgrid; blockchain; smart contract; P2P energy trading; consensus algorithm; Solidity; renewable energy
sources; decentralization.

1. Introduction

In today’s world, blockchain technologies play
a significant role in various areas, ensuring greater
transparency, security, and decentralization of processes.
Blockchain, as a technology that implements the concept
of a distributed database storing an ordered chain of
records, is widely used in many modern areas of human
activity, such as the financial sector [1], healthcare [2],
supply chain logistics [3], and others.

The relevance of microgrids in the modern energy
system stems from the need to improve energy efficiency
in existing transmission lines [4], reducing carbon
emissions [5], the effective use and integration of
renewable energy sources such as solar, wind, hydro, and
wave energy, and other factors related to the storage,
generation, and transmission of electricity [6-8].
Microgrids in Ukraine represent a highly promising and

necessary direction in the context of energy sector
development, given the instability of the system in recent
years. In October 2022, the Government approved the
Concept for the Implementation of "Smart Grids" in
Ukraine and adopted a detailed Action Plan for its
implementation by 2035 [9].

Blockchain can be implemented in several key
aspects of microgrids, including decentralized energy
management, where it ensures transparency and security
in data exchange among participants. As a result of the
expansion and digitalization of electricity distribution
infrastructures, peer-to-peer energy trading has become
a new paradigm for electricity trading within the
microgrid system [10]. Blockchain-based energy system
management can offer several advantages: data is
protected against loss, tampering, and single points of
failure, while security and privacy are enhanced through
business rules in smart contracts [11]. Blockchain
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technology enables secure transactions between parties
that do not have prior trust in one another, eliminating
the need for intermediaries [12].

2. Analysis of Recent Scientific Publications

Research on blockchain technologies in energy
systems has been actively developing in recent years.
A significant number of scientific papers are devoted to
analyzing the possibilities of integrating distributed
ledgers into various sectors of the economy and industry.
In particular, Karadag et al. [1] systematized the
application of blockchain in the financial sector, while
Kasyapa and Vanmathi [2] conducted a comprehensive
study of the implementation of this technology in
healthcare, including the management of the
pharmaceutical supply chain and the regulation of health
insurance. Prakash [3] explored the potential of
blockchain to enhance the transparency and efficiency
of logistics systems.

In the energy sector, researchers are particularly
interested in the efficiency of power grids and the
integration of renewable energy sources. Ayaz and
co-authors [4] analyzed methods for improving energy
efficiency in smart grids, while Wang et al. [5]
investigated the potential for reducing carbon emissions
from microgrids through optimized management.
The issue of integrating various types of renewable
energy sources is addressed in the works of Dixit [6],
Wang [7], and Pani [8], which cover solar, wind,
and wave energy, respectively.

Regarding the application of blockchain directly in
microgrids, Umar et al. [10] investigated decentralized
energy trading using battery systems in community
microgrids. Han et al. [11, 12] proposed a smart contract
architecture for decentralized energy management and
trading based on blockchain. Aghmadi et al. [13] conducted
a systematic review of architecture, communications,
and cybersecurity in networked microgrids.

The issue of organizing multi-microgrids has been
investigated in the works of Inamdar [14] on nested
microgrids, Alam [15] on networked microgrids, Ayrir [16]
on interconnected microgrids, and Lasseter [17]
on coupled microgrids. Bullich-Massagué et al. [18]
systematized micro-network clustering architectures.

Azbeg and co-authors [20] made a significant
contribution to the study of consensus algorithms by
conducting a comparative analysis of various consensus
mechanisms in blockchain networks. Bach et al. [21]
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compared the efficiency of consensus algorithms
for different types of applications. Individual studies are
devoted to specific algorithms: Islam [22] — Proof
of Authority, Zheng and Feng [23] - PBFT,
Bowman [24] — Proof of Elapsed Time, Xu [25] — RAFT,
Moniz [26] — IBFT.

In the field of smart contracts for energy systems,
Junaidi et al. [31] conducted a systematic review of
blockchain solutions for demand management in power
grids. Wang et al. [32] investigated the application of
smart contracts for energy demand management. Practical
implementations are represented by platforms such as
Power Ledger [33], SunContract [34], and GridPlus [35].

An analysis of scientific publications indicates
growing interest in integrating blockchain into
microgrids. However, despite a significant amount of
research, the issue of systematizing the methodological
foundations for the application of smart contracts in
microgrids remains underdeveloped. Most studies focus
on individual aspects — consensus algorithms, network
architecture, or practical implementations — while
a comprehensive approach to the classification
and methodology of smart contract implementation
requires further research.

3. Research Objectives and Tasks

The objective of this work is to investigate the
methodological foundations for the application of
blockchain and smart contracts in microgrids by
analyzing current scientific research, systematizing
approaches to the wuse of consensus algorithms,
classifying smart contracts by application areas, and
experimentally verifying the proposed solutions.

To achieve this objective, the following tasks
must be addressed:

— analyze existing approaches to the use of smart
contracts in energy microgrids;

— evaluate the advantages and limitations of various
consensus algorithms for private and public blockchain
systems;

— identify key aspects of security and data
management efficiency;

— investigate practical scenarios for the application
of smart contracts to automate energy trading, monitor
resources, and enhance cybersecurity;

— conduct experimental verification of the
developed solutions using a local blockchain model
as an example.
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4. Microgrids and Their Architecture:
Definitions, Advantages, and Management Methods

The term "microgrid” refers to the concept of single
power supply subsystems connected to a small number
of distributed energy resources (DERSs), which can be
either renewable or conventional sources, including
photovoltaic panels, wind power, hydropower, internal
combustion engines, gas turbines, and microturbines,
which may belong to either the microgrid itself or to
individual households. The use of distributed energy
resources can lead to issues such as voltage fluctuations,
short-term self-sufficiency challenges, high capital costs,
and others. In a microgrid, distributed energy resources
must be equipped with appropriate electronic interfaces
and control systems to ensure operational flexibility while
maintaining power quality and energy production.

Microgrids demonstrate compelling advantages over
traditional power grids. These include increased
reliability, reduced energy costs through integration with
renewable energy sources, improved energy security due
to self-sufficiency, environmental benefits from reduced
carbon emissions, and enhanced flexibility. From a grid
perspective, the main advantage of microgrids is that
a microgrid is treated as a controllable system within the
existing power grid, capable of functioning as a single
consumer. From a household perspective, microgrids
meet consumers’ electricity needs at the local level,
ensuring an uninterrupted power supply while reducing
transmission losses and providing voltage support.
Microgrids are particularly useful in remote areas or in
conflict zones where the main power grid may be absent
or unreliable. Additionally, microgrids can provide
energy independence and resilience, which is especially
important in areas prone to natural disasters such as
hurricanes or earthquakes.

Blockchain is a type of distributed ledger
technology, which is a special form of database
maintained by a network of peer-to-peer nodes.
The ledger consists of a linear chain of cryptographically
linked "blocks", each containing a set of transactions,
making these records immutable [19]. Copies of this
ledger are stored by all network participants, ensuring its
integrity through a "consensus" process, during which
nodes collectively verify transactions and add them to the
ledger. Therefore, one of the key aspects of blockchain
systems is the choice of a consensus algorithm, which
determines how nodes reach agreement on each data
block. Consensus algorithms in blockchain networks
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differ in their operating principles, security level, energy
consumption, and productivity [20]. One of the best-
known is Proof of Work (PoW), which provides high
security but requires significant computational resources.
An alternative to it is Proof of Stake (PoS), which
reduces energy consumption by allowing nodes to
validate transactions based on the number of tokens they
hold. Further development led to the emergence of
Delegated Proof of Stake (DPoS), where validators are
elected by voting, which increases transaction speed.
Meanwhile, Proof of Authority (PoA) uses a limited
number of trusted participants to validate blocks, making
it effective for private blockchains. To optimize storage
resources, Proof of Capacity (PoC) / Proof of Space was
proposed, where participants use disk space for mining.

Another approach is implemented by Proof of Burn
(PoB), which involves burning coins to obtain the right to
create new blocks. Distributed systems often use Practical
Byzantine Fault Tolerance (PBFT), which effectively
coordinates the network state among nodes, while Proof
of Elapsed Time (PoET) is used in enterprise solutions
due to its cost-effectiveness and low energy consumption.
Also, among modern algorithms, it is worth noting
Istanbul Byzantine Fault Tolerance (IBFT), which
ensures fast block finalization, and Proof of Weight,
which uses various participant weight parameters to
achieve consensus.

Thus, the choice of algorithm depends on the type of
blockchain and its purpose. Public networks most often
use PoW, PoS, DPoS, PoC, PoB, and PoWeight, while
private networks predominantly use Raft, PoA, IBFT,
PoET, PBFT, and HotStuff. Depending on the requirements
for security, energy efficiency, and transaction processing
speed, the appropriate mechanism is implemented.
For example, for a permissionless network with
an emphasis on security and significant computational
resources, Proof of Work is a suitable option.

Conversely, PoS or DPoS can be used when block
validation speed is a priority. Additionally, PoS and
DPoS provide speed, efficiency, and a sufficient level of
security with lower energy consumption, which is critical
for microgrids, especially in the case of autonomous
(island) networks. The main differences between PoS
and DPoS are that the latter provides higher speed
and scalability due to a smaller number of delegates
participating in consensus, but this may reduce the level
of decentralization. PoS offers a more even distribution
of power among network participants [21]. However,
despite the fact that a permissionless (public) blockchain
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is truly decentralized and open (with nearly zero risk of
information being altered, edited, or deleted) unlike a
non-public blockchain system, in reality, the participants
in the microgrid — household owners — are known in
advance, and trading occurs based on the identification
of parties by territorial, physical, and other characteristics
of households. Therefore, it is necessary to identify
and highlight the advantages and disadvantages of

Table 1. Comparative analysis of leading consensus algorithms
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consensus algorithms specific to private blockchains,
namely Proof of Authority [22], Practical Byzantine
Fault Tolerance [23], Proof of Elapsed Time [24],
RAFT [25], and Istanbul Byzantine Fault Tolerance [26]
(one of the BFT algorithm family: Dynamic BFT [27],
Democratic BFT [28], R-PBFT [29]). A comparative
analysis of leading consensus algorithms is presented
in Table 1.

Consensus algorithm Advantages

Restrictions

RAFT simplicity and clarity; single point of failure (dependence on the leader);
coordination based on "leaders"; scalability issues;
fault tolerance; delay during leader election;
no risk of attack; the node is limited.
high throughput under stable conditions.
PBFT high fault tolerance; complexity;
high scalability; susceptibility to network delays.
access control;
deterministic finality.
PoET energy efficiency; relies on trusted execution environments (TEES);
scalability; security issues;
fast consensus. limited adoption.
HotStuff energy efficiency; delay;complex implementation;

scalability;
simplicity and modularity;
security and reliability.

high resource consumption;
centralization issues.

PoA fast decision-making;
low power consumption;

ease of configuration;accountability and transparency.

dependence on trust;
vulnerability to trust-based attacks.

IBFT guaranteed finality;
defined finality;

unambiguous finality.

risks of centralization;
complex implementation;
susceptibility to network delays.

For the operation of microgrids that use blockchain
to manage energy transactions, ensuring data security and
integrity is critical. The primary tool for achieving this
level of security is cryptography, specifically digital
signatures and hash functions. When a household in
a microgrid performs a transaction, a digital signature
mathematically links it to that transaction. If the digital
signature verifies the authenticity and integrity of the
transaction data, this guarantees that the transaction has
not been altered. Cryptographic hash functions play a key
role in this process. They operate as mathematical
algorithms that convert variable-length data into a fixed
size, enabling efficient searching and minimizing the risk
of collisions — situations where different data produce
the same hash result. Thanks to this, blockchain is
capable of maintaining a high level of security and
stability even in decentralized networks, such as microgrids.
Thus, cryptographic mechanisms form the foundation for
ensuring trust and security in energy transactions within
blockchain-based microgrids. Among the large number of

existing hash functions, the leaders are SHA-2, SHABAL,
SHAVITE, Keccak, and Blake. The distinctive features
of each algorithm include security characteristics,
requirements  for resistance, and computational
resources [30]. Productivity metrics for hash functions
show that there is a natural balance between computational
speed and the level of security they provide. For example,
although SHA-256 demonstrates better productivity in
most scenarios, the choice of SHA-512 may be motivated
by increased security requirements.

5. Analysis, Development, and Integration
of Smart Contracts in Microgrids:
Relevance and Applications

Smart contracts are programmable distributed
systems that operate in a decentralized environment.
They combine several key aspects of computer
engineering, including software development, security,
cryptography, distributed computing, and efficient
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resource management. In addition to recording transactions
or any other sequential information, a blockchain can also
store smart contracts (SCs) that execute when certain
conditions are met. A smart contract is added to the
blockchain similarly to a transaction record. The compiled
code and associated data are sent to the blockchain,
where they are included in a block and added to the
ledger via a consensus mechanism. Like transactions,
smart contracts are secured by cryptographic hashing,
making it impossible to alter or forge them.

Once deployed on the blockchain, a smart contract
acts as a software process that executes when certain
conditions arise, such as energy consumption, energy
production, or any other processes on which the activation
of the smart contract depends. The execution of the smart
contract code takes place in a virtual environment
distributed across all nodes of the blockchain.

From a methodological standpoint, the integration
of smart contracts into microgrids requires a systematic
approach involving several key stages. First, a domain
analysis is conducted to identify business processes that
can be automated. Next, a smart contract model is
developed, taking into account security, execution
efficiency, and compatibility with the selected blockchain
protocol. The next step is testing and verifying the smart
contract in a microgrid simulation environment, which
allows for evaluating its behavior under real-world load
conditions. The final stage of the methodology involves
integrating the smart contract into the operational
microgrid and continuously monitoring its execution,
with the ability to make adjustments based on the data
obtained. This approach ensures not only technical
implementation but also a scientifically grounded
methodology for applying blockchain technologies in
microgrids, enhancing transparency, security, and the
efficiency of energy resource management.

Smart contracts can be written in general-purpose
programming languages such as Golang, Node.js, and
Java, or in specialized languages such as Solidity, which
is the first and most popular language for creating smart
contracts to build decentralized applications (DApps).
Smart contract features such as self-execution and
automation, tamper-resistance, reliability, transparency
and accessibility, security, speed and reliability, self-
verification, computational productivity and costs, and
dependence on a specific programming language make
smart contracts a powerful tool for automating processes
and ensuring security in various blockchain applications,
including the energy sector.
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Smart contracts automate various aspects of the
execution and management of relationships between
consumers, electricity producers, and other participants in
the microgrid. For example, in the context of energy
systems, smart contracts are used to ensure secure and
transparent transactions between energy producers and
consumers, as well as to control the reading, writing, and
processing of data in the blockchain ledger. Blockchain-
based smart contracts automate energy trading and
Demand Response (DR) processes, enabling more
efficient real-time balancing of supply and demand [31].

The application of smart contracts in microgrids is
widespread; for example, one of the most common uses
of smart contracts when building a blockchain-based
microgrid is a situation where a homeowner (household)
has a surplus of generated energy after installing solar
panels or other renewable energy sources. In this case,
a smart contract can establish the terms of the agreement
between the owner and the energy consumer. The details
of the smart contract may include the price and amount of
energy, the duration of the agreement, as well as the
conditions for terminating such a contract. Once the terms
of the smart contract agreement have been agreed upon,
it is deployed on the blockchain ledger. And in the future,
when the solar panel generates excess energy and
the smart contract conditions are met, the contract
automatically initiates a transaction with the entity that
needs this resource, such as the nearest household.
Afterward, payment will be made in accordance with the
terms of the contract. Since the transaction is recorded
in the blockchain ledger, it is secure and transparent
for both the seller and the buyer, and is available for
further inspection and monitoring if necessary.

In addition, smart contracts can dynamically change
the network configuration and the blockchain consensus
algorithm. For example, a smart contract can be created
that adjusts the block size, consensus mechanism, or
transaction fees depending on current network dynamics.
In particular, another application of smart contracts for
decentralized energy systems is the development of
a contract that can verify and prepare energy supply data
for a database, and then analyze the stored data [32].

For example, the use of smart contracts in microgrids
allows for the automation of the energy exchange process
between producers and consumers, eliminating the need
for centralized intermediaries. One of the key components
of this approach is a mechanism for registering offers to
sell electricity, which is implemented via a smart contract
on a blockchain network. For example, let’s consider
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the listEnergy() method (Listing 1), which can be used
in microgrids to register offers to sell -electricity.
This mechanism allows producers (sellers) to set the price

Listing 1

/I Adding an energy offer for sale
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and available volume of energy, ensuring an automated
process for concluding transactions in a smart contract
implemented in the Solidity language.

function listEnergy(uint256 _pricePerKWh, uint256 _availableKWh) external {
require(availableKWh > 0, "KinskicTs eHeprii mae OyTtu 6inmpmoro 3a 0");
require(pricePerKWh > 0, "Ll{ina mae 6ytu Ginbimoro 3a 0");

offerCount++;

offers[offerCount] = EnergyOffer(msg.sender, _pricePerKWh, _availableKWh);
emit EnergyL.isted(offerCount, msg.sender, _pricePerKWh, _availableKWh);

The method’s operation involves several key steps.
First, the input parameters are checked: the function takes
two arguments — _pricePerKWh, which specifies the
price per 1 kWh, and _availableKWh, which indicates
the amount of energy available for sale. The contract
verifies that both values are greater than zero, which
prevents invalid operations. After that, the offer is
registered: a new entry is added to the general list
(offers), containing information about the seller, the
specified price, and the available amount of energy.
Additionally, the offer counter (offerCount) is incremented,
ensuring a unique identifier for each transaction.
The final step is the generation of an event
(emit EnergyListed), which records the creation of a new
offer on the blockchain. This allows all participants in the
microgrid to track the current list of available energy,
ensuring transparency and efficiency in trading operations.

It should be noted that there are various
implementations of smart contracts in distributed energy
systems around the world. One such example is Power
Ledger [33], an Australian startup that has developed
a blockchain platform for peer-to-peer energy trading
using smart contracts to ensure secure and transparent
transactions between energy producers and consumers.
SunContract [34] allows users to set energy prices and
choose suppliers, giving them greater control and
flexibility in managing their energy needs. The platform
is based on a peer-to-peer (P2P) energy trading model,
which allows users to trade energy generated from
renewable sources, such as solar and wind power.
By utilizing smart contracts on the blockchain,
SunContract ensures transparency and automation of
transactions, making the energy trading process more
efficient and accessible to all participants. GridPlus [35]
is also actively working on solutions for integrating

blockchain into the energy sector, including smart
contracts to automate processes and ensure transaction
transparency. The platform aims to promote the use of
renewable energy sources and improve the efficiency
of energy systems.

6. Classification of Smart Contracts in Microgrids

The use of smart contracts is broad in scope,
addressing the tasks and operational scenarios faced
by microgrid engineers and designers.

After analyzing the variety of smart contract
implementation options, the following layers were
identified that characterize the application of smart
contracts: energy trading and energy resource redistribution,
as well as inspection, monitoring, and cybersecurity to
ensure the stable operation of the electricity market and
distribution processes within the microgrid. Figure 1
illustrates the relationship between contract types based
on logical affiliation and application characteristics.
Within the methodological approach, the classification of
smart contracts ensures their orderly implementation in
microgrids. The methodology includes identifying the
functional zones of the microgrid, defining scenarios for
the application of smart contracts, selecting the contract
type according to the set tasks and execution conditions,
as well as evaluating the effectiveness and security of the
chosen solution. This approach not only formalizes the
process of developing and integrating smart contracts
but also creates a foundation for the scalable and
scientifically sound implementation of blockchain
technologies in energy systems.

Energy trading is one of the most common
applications of blockchain in energy systems. A large
number of studies analyze blockchain approaches based
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on smart contracts for energy markets, which eliminate
the need for third parties to create, regulate, or manage
these markets. Such approaches can improve the
efficiency of power systems, reduce peak loads, facilitate
the participation of small sellers in the market, lower
energy costs for residential wusers, and stimulate
investment in renewable energy sources.

Cybersecurity

Energy Trade Management Distributed Management

Inspection and
Monitoring

Fig. 1. Venn diagram illustrating the logical relationship
between types of smart contract applications

Managing resource allocation in microgrids is a key
challenge that can be significantly improved through
smart contracts. Smart contracts can implement
optimization algorithms. This allows for balancing load
distribution among households and energy producers,
ensuring a fair distribution of revenues. Smart contracts
also help reduce peak load by automatically redistributing
energy, leveraging the flexibility of distributed energy
assets such as batteries or electric vehicles. In the case
of decentralized battery management, smart contracts
at this level can analyze information about battery charge
status and capacity using "Inspection and Monitoring"
level smart contracts, as well as send practical
recommendations to  synchronize charging and
discharging processes. Additionally, such contracts can
be used to automatically coordinate decisions among
various network assets, thereby enhancing the efficiency
and reliability of the energy system.

Inspection and monitoring are essential tools for the
operation of any system, including the electricity trading

Listing 2

pragma solidity ~0.8.0;
contract EnergyTrading {
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market and distribution management. Current metrics
or metrics over a specified period play a key role
in forecasting, management, and the stability of the
microgrid. Monitoring electricity traffic, financial
transactions, conflicts or malfunctions, and other
indicators of the microgrid’s operation will help other
smart contracts make decisions and "activate" when
certain levels or values are reached.

Smart contracts also play a vital role in ensuring
cybersecurity within energy systems, including microgrids.
They enable the automation and protection of processes
related to data exchange and information access.

Smart contracts in the "cybersecurity" layer aim
to ensure reliable user authentication and authorization,
preventing unauthorized access to critical data.
Additionally, they ensure transparency and the
immutability of records in the distributed ledger, reducing
the risk of data tampering or cyberattacks. An important
aspect is the ability to create smart contracts that
automatically monitor anomalies or disruptions in system
operation and can activate threat response protocols.
This ensures an increase in the overall level of
cybersecurity in decentralized energy networks.

7. Ethereum-Based Energy Exchange

The goal of the experimental phase was to confirm
the possibility of a secure, transparent, and automated
exchange of energy resources between participants using
smart contracts on the Ethereum platform. To achieve this
goal, two experimental environments were implemented:
the Remix IDE environment for initial testing and the
local Hardhat simulated network for advanced analysis.

In the first phase, the EnergyTrading smart contract,
written in Solidity, was implemented. This contract
models the exchange’s basic functionality: the
registration of energy sale offers and the process of the
buyer acquiring the corresponding volumes. The contract
includes basic protections against overpayment,
processing of available resource quantity checks, and
logging events (Listing 2).

event EnergyL.isted(uint id, address seller, uint pricePerKWh, uint availableKWh);

event EnergyBought(uint id, address buyer, uint kwWh);

struct Offer {
address seller;
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uint pricePerKWh;
uint availableKWh;

}

mapping(uint => Offer) public offers;
uint public nextOfferld;
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function listEnergy(uint pricePerKWh, uint availableKWh) public {
offers[nextOfferld] = Offer(msg.sender, pricePerKWh, availableKWh);
emit EnergyL.isted(nextOfferld, msg.sender, pricePerKWh, availableKWh);

nextOfferld++;

¥

function buyEnergy(uint offerld, uint kwh) public payable {

Offer storage offer = offers[offerld];

require(kWh <= offer.availableKWh, "Not enough energy available™);
require(msg.value >= kWh * offer.pricePerKWh, "Not enough ETH sent");

offer.availableKWh -= kWh;
payable(offer.seller).transfer(msg.value);
emit EnergyBought(offerld, msg.sender, kWh);

Further testing was conducted in two modes.
The first involved using the Remix IDE, where the
contract was successfully compiled, deployed, and
manually tested under typical scenarios. The second
involved the local Hardhat environment, which emulates
a full-fledged blockchain network. Within Hardhat,
a local chain was deployed using the built-in Proof-of-
Work (PoW) consensus mechanism; a corresponding
interact.js script was created; automated simulation of
user interactions (seller/buyer) was implemented; and
execution logs, transaction volumes, and changes in
participants’ balances were collected.

To perform an initial verification of the
EnergyTrading smart contract’s functionality, the Remix
IDE environment — a tool for online development and
testing of Solidity contracts — was used. This allowed
for a quick verification of the basic logic without the
need to set up a local blockchain.

The following steps were performed as part of
the experiment:

1) the contract was compiled — the contract’s
bytecode was successfully generated using the Solidity
0.8.0 compiler. Next, the contract was deployed on the
virtual machine (VM) built into Remix, which emulates
the behavior of the Ethereum network with support for
multiple accounts and balances;

2) an energy sale offer was created — the
listEnergy(pricePerKWh, availableKWh) function was
called with the initial parameters. As a result, a new offer
was saved in the contract’s storage, and the
corresponding EnergyListed event was logged in the
console; a purchase was made — the buyEnergy (offerld,
kwh) function was called, specifying the amount of
energy and the corresponding amount in wei.
This resulted in the transfer of funds to the seller,
an update to the balance, and the triggering of the
EnergyBought event (Fig. 2).

The results showed that the contract’s business logic
functions as expected. Function calls were accompanied
by corresponding transactions and events. Additionally,
Remix provided a visual interface for debugging and
tracking changes in the contract repository, which helped
identify logical errors at an early stage. This phase served
as validation of the smart contract prior to its deployment
in a more complex environment simulating real
blockchain execution.

After the initial validation of the contract in Remix,
interaction was simulated in a local test network created
using the Hardhat toolkit. This provided a flexible and
controlled environment supporting multiple accounts,
automated scripts, and the ability to emulate the
CONSeNsUS process.
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decoded input

Fig. 2. Purchasing electricity via the EnergyTrading smart contract

The EnergyTrading smart contract was compiled
and deployed to the built-in Hardhat network, which by
default simulates the Proof-of-Work (PoW) mechanism.
Following this, interaction was implemented via a script
that executed the typical behavior of energy market
participants — the seller and the buyer. The scenario
consisted of the following steps:

1) initiation of an energy sale offer. The seller’s
account called the listEnergy method, which registers
the offer in the contract with the specified price and
amount of energy;

2) simulation of an energy purchase. Another
account (the buyer) called the buyEnergy method,
transferring the corresponding amount of energy and
ETH within the contract logic;

3) reading the state. After the transactions, the
remaining available energy was retrieved by the offer ID,
and the seller’s balances before and after the transaction
were calculated to verify the correctness of the transfer.

As a result, the functionality of the contract’s core
logic was confirmed. The system responded correctly
to typical use cases, including edge cases (e.g., exceeding
the available energy volume). The use of Hardhat ensured
the determinism of the experiment, and the PoW
consensus allowed us to simulate conditions similar to
those of public Ethereum networks prior to the transition
to Proof-of-Stake. This lays the groundwork for further
research on the application of alternative consensus
algorithms, such as PoA or PaS, in private microgrids.

8. Problems and Challenges

There are a number of significant challenges to
implementing blockchain technology in microgrids,
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one of which is scalability. Currently, blockchain
solutions cannot efficiently execute the complex logic of
a large number of smart contracts in a short time,
requiring more and more resources as the blockchain
system grows. A particular problem arises in the context
of the owverall power grid, where a large number of
transactions per second is expected due to the diversity
of end consumers, power generation points, and market
regulation rules for resources. As of mid-2025, the
integration of blockchain systems into Ukraine’s overall
power grid is impossible due to outdated equipment,
limited support and management resources, and
the absence of relevant legal regulations not only
in Ukraine but globally.

The second issue is security and cybersecurity in the
deployment of blockchain within the energy system,
specifically in microgrids. Potential external interference
with the energy system poses a threat at the national level
and could cause serious problems for users, industry, and
other consumers. Blockchain-based transactions must be
secured at all levels of execution. Controlled management
of consumer finances must be a priority when
implementing blockchain in any power system.
Therefore, improving software and hardware for user
identification, encryption, and other means of protecting
digital data offers a solution to cybersecurity challenges.

In turn, the deployment of smart contracts on the
blockchain poses significant challenges in the areas of
cybersecurity and privacy protection, due to the risk
of losing access keys or their exposure for any reason.
Smart contracts responsible for market control or
resource allocation, despite being fully protected against
forgery and having their defined methods and
management remain unchanged after deployment, can
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have negative consequences in the event of code
vulnerabilities resulting from intentional or accidental
errors on the part of the developer. This can lead to
catastrophic consequences for the operation of the
microgrid and the improper management of energy
resources and finances of end consumers, electricity
producers, and other microgrid participants.

Conclusions and Prospects

This article examined the methodological
foundations for applying blockchain technologies in
microgrids through a comprehensive analysis of the
current state of energy systems, an assessment of
the relevance of microgrids, and the potential of
decentralized solutions. The architectural principles of
microgrids and the possibilities for blockchain integration
were examined based on scientific sources, practical
implementations, and modern technical solutions.
A comparison of consensus algorithms and a classification
of blockchain access models allowed for the formulation
of general principles for selecting technologies for
energy applications.

An important component of the study was a review
of smart contracts and their capabilities in the context
of microgrids. Based on an analysis of the literature,
existing solutions, and development trends, four key areas
of their application were identified: inspection and

monitoring, energy trading management, distributed
management, and cybersecurity.
The proposed classification can serve as

a methodological basis for further standardization of
approaches to the implementation of smart contracts,
taking into account regional requirements, regulatory
constraints, and the specifics of power systems in
different countries.

The study also identifies the main challenges that
complicate the implementation of blockchain solutions
in microgrids. Technical limitations include scalability
issues and high demands on computing resources, which
become critical in large systems with high transaction
frequencies. Security challenges include the risks of

References

117

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)
losing or compromising access keys, the possibility of
errors in the immutable code of smart contracts, and
vulnerabilities that could affect the operation of energy
systems. The decentralized architecture provides
protection against forgery, but at the same time
exacerbates risks associated with developer errors or
hidden software defects.

Given these limitations, a promising direction for
further research is the development of methods for
automated verification and testing of smart contracts
prior to their deployment on the blockchain. Particular
attention should be paid to identifying logical errors,
malicious  activation  conditions, and potential
vulnerabilities. The use of machine learning and artificial
intelligence methods can ensure effective risk detection,
increase the reliability of blockchain solutions, and
accelerate the development of a standardized methodology
for their application in microgrids.

Thus, the results obtained can serve as a basis
for  further applied developments, technology
standardization, and the improvement of blockchain-
based energy management systems.
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On0KUelY 1l CMAPM-KOHMPAKmis y MiKpomepesucax 3a 00noMo2010 aHAlizy CYYACHUX HAYKOBUX cmyoill, cucmemamusayii nioxooig 00
BUKOPUCMAHHA ANI2OPUMMIE KOHCEHCYCy, Kiacupikayii cmapm-Koumpakmis 3a cgepamu 3acmocy8anHs ma eKcnepumeHmanibhol
nepesipKu 3anpononosanux piwens. i1 0ocsaeHenns okpecnenoi memu HeobXiono 6yn0 euKoHamu maxi 3a60aHHA. NPOAHANIZYEaAMuU
HAABHI apXiMeKmypu MiKpomepedic i Memoou ix ynpaguinus,; 30MicHUmMU nopieHanbHull ananis areopummis koncencycy (PoW, PoS,
PoA, PBFT, RAFT mowo) wooo ix 3acmocosnocmi 6 npusamuux i nyOiiuHux eHepeemudHux Mepexicax; po3pooumu Kiacugikayino
CMapm-KOHMpPakmie 3a cghepamu 3acmocy8ants,; OO0CIOUmMU NPOSPaMHi 3acodu peanizayii 0eyeHmpanrizo8aHux 3acmoCyHKIG.
Memoou oocnioxycenna. CucmemHuil auaniz 3acmoco8ano OJisl GUEUEHHS apXiMeKmypu MiKpomepexc, NOPIGHANbHUU aHANI3 —
0151 OYIHIOBANMHSA eHeKMUBHOCMI ANCOPUMMIE KOHCEHCYCY, KAACU@ikayis — Oas pyny8awHs CMapm-KoHmpaxmie. Y npaxmuunitl
YACMUHI  BUKOPUCIAHO MemoOU KOMN HIOMEPHO20 MOOEN08AHHA Ma  eKCNePUMEHMANbHOI NepesipKu. pO3pOONeHHs cmapm-
xkonmpaxmy moegoio Solidity, mecmysanns 6 cepedosuwi Remix IDE i cumynsyis noxanvnoi 6nokuetin-mepesici 3a 00nomMo2oio
incmpymenmapiro Hardhat. Pesyaemamu 0ocnioscennsn. Cucmemamuzoeano MemooOOi02iuHl OCHOSU iHme2payii  OIOKYelny
6 Mikpomepedci. Busnaueno, wo Ona mopeiéii enepeicio 8 Medxicax JOKANbHUX CIIbHOM HatbOinbl eghekmusHumu € 2iopuoni abo
npueamui mooeni Koncencycy. Pospobneno ma ob6rpynmosano knacu@ixayio cmapm-KOHMpaKmis, wjo nepeddoauac Yomupu piHi:
MOp2ieNsa  eHepeiclo, MOHIMOpuHe, po3nodileHe YnpaeniHHa U Kibepbesnexa. I[lpaxmuynum pesynrvmamom cmana peanizayis
cmapm-xonmpaxmy EnergyTrading, skuil ycniwmno agmomamusye peccmpayiio Npono3uyili ma Kyniguo eiekmpoenepeii,
Wo niomeepoONCceHo eKCHePUMEHMOM Y JIOKAAbHOMY Cepedosulyi. Ynpoeaodcents cmapm-koHmpaKmie 0ae 3Mo2y CMEOpumu
Haoitiny P2P-nnampopmy ons mopeieni enexkmpoenepeicto 6e3 nocepeoHuxie i 600HOUAC NIOGUYUMU eKOHOMIYHY eheKmueHicmy
ona  domoeocnodapcms. Excnepumenmanvno niomeeposiceno npaye30amuicmv  Mexamizmy —asmomMamu308aHux PO3PAxyHKIe.
Kpim yvoeo, suasneno kioyvosi 6UKIUKU. 00MeHceHa MACUMAabo8anicms HaAA6HUX ONOKUelH-piueHb | He0OXiOHICMb YOOCKOHANIEHHS
Kibepsaxucmy 6i0 epasiueocmell y KoOi Kowmpaxmis. Ilodanvwuii possumox nompebye adanmayii 3aKkoHoO0asuoi 6Oasu
11 MOOepHIZayii anapamuoi YacmuHu eHepeoMEPEiC.

Kniouosi cnosa: mikpomepesica; Onoxuetin;, cmapm-konmpaxm, P2P-mopeiens enepeicio; anreopumm rxomcencycy, Solidity;
8IOHOBII08AHI Odcepena enepeii; OeyeHmpanizayis.
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ANALYSIS OF THE STAGES OF CONDUCTING
AN ACOUSTIC EXAMINATION OF CLOSED ROOMS

Relevance. The work considers the process of conducting acoustic expertise of closed premises for various purposes, taking
into account the features of sound content, creating technical and design recommendations for obtaining optimal properties
of the sound field. It is shown that for different types of premises (concert halls, conference halls, press centers, office
premises, meeting rooms, etc.), there are specific requirements for the necessary properties of the so und field, sequences of
stages of expertise, and features of each stage. Therefore, the current task is to develop recommendations for conducting
acoustic expertise depending on the type of premises in order to formalize and further automate this process. The subject of the study
is methods for determining the acoustic characteristics of closed premises and their optimization. The purpose of the work is
to develop recommendations for creating optimal acoustic properties depending on the purpose of the premises and the features
of sound content by analyzing the features of conducting acoustic expertise for different types of premises and adapting the stages
of expertise for each type of premises. Research objectives: to analyze the stages of conducting acoustic expertise and the tasks
that are solved at each stage; consider mathematical methods for determining acoustic characteristics, their areas of application
and limitations; analyze the features of conducting an acoustic examination for different types of premises and adapt the
stages of conducting the examination depending on the purpose of the premises and the characteristics of the sound content.
Research methods. The paper uses statistical theory methods to calculate the reverberation time. Geometric theory considers
sound as a set of rays and is used to analyze the structure of reflections from surfaces and detect acoustic defects in rooms
with complex shapes. Wave theory is used to analyze the natural modes (resonances) of the premises. The following results
were obtained. The stages of conducting an acoustic examination, the characteristics of the sound field that are investigated at
each stage, mathematical methods for determining acoustic characteristics, and recommendations for their optimization
were considered. The features of conducting each stage depending on the type of premises were noted. Conclusions. The analysis
of the features of performing an acoustic examination for different types of premises will allow formalizing this process,
reducing the subjective component and increasing the reliability of the results. The results obtained indicate the prospects for
further research in the direction of further formalization and construction of a computer decision support system for
conducting acoustic expertise.

Keywords: acoustic expertise; stages; sound content; acoustic properties; optimization; technical and design recommendations.

1. Introduction

Statement of the problem

The task of creating optimal acoustic conditions in
a room as a whole, depending on its purpose, involves
implementing recommendations aimed at creating
and optimizing the sound field in the room.

The acoustic properties of a room are determined by
the following factors: the volume and shape of the room;
the number and presence of furniture; the size, shape,
and construction of the enclosing surfaces; the materials
used to finish the surfaces of the room and their
distribution on the surfaces.

All of the above acoustic properties are interrelated
with objective and subjective criteria for assessing room
acoustics, such as: loudness-liveliness; spaciousness;
intelligibility and clarity; loudness; warmth; absence
of echo.

Thus, the tasks of acoustic expertise can be divided
into stages:

1) verification of existing architectural and
construction solutions for the interior surfaces of the
room (geometry, finishing materials);

2) development of recommendations for increasing
the diffusivity of the sound field and ensuring the
optimal structure of the reverberation process (stage
of creating technical specifications for the development
of enclosing surface structures);

3) modeling of room acoustics with recommended
finishing materials and enclosing surfaces recommended
in the technical specifications;

4) measurement of the objective characteristics
of the sound field synthesized after the implementation
of the recommended measures to ensure optimal
acoustic conditions.

The sequence and scope of the above stages may
vary depending on the purpose of the room and the
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characteristics of the sound content: rooms in which the
characteristics of the sound field formation are taken
into account; special-purpose rooms; rooms with special
requirements for the objective and/or subjective characteristics
of the sound field; rooms with special requirements
for the type and quality of content transmission.

2. Analysis of recent studies and publications

The acoustic examination process is carried out
in accordance with regulatory documents [1-3].
The peculiarities of sound content perception by listeners
are analyzed in [4-6]. In [6-8], the general theory of
sound field formation, boundary conditions, and methods
for calculating objective sound field indicators, such as
reverberation time (RT60), content clarity indicators
(C7, C50, CB80), and speech content intelligibility
indicators (%ALcons, STI, RASTI) [9, 10]. An analysis
of the features of each stage of acoustic expertise is
given in [11-13]. At the same time, the specifics of
conducting the stages of expertise for the following
types of premises are noted: concert halls, conference
rooms, press centers, and meeting rooms. Despite the
sufficient volume of regulatory documents and
publications on the subject of acoustic expertise, today
there is an influence of subjective factors, experience,
and qualifications of experts on the results of acoustic
expertise, and there is no single formalized approach
that takes into account the specific requirements for
sound field parameters for each type of room when
conducting acoustic expertise. Thus, the urgent task is to
develop recommendations for conducting acoustic
expertise depending on the type of premises in order to
formalize all stages of acoustic expertise of premises
and further automate this process.

The scientific novelty of the work is the
improvement of the acoustic examination process by
adapting the sequence and content of each stage
to the functional purpose of the premises, the nature
of the content, and the design and architectural
constraints, which will formalize this process, reduce
the subjective component, and increase the reliability
of the results.

3. Purpose and objectives of the study

The purpose of the study is to develop
recommendations for creating optimal acoustic properties
depending on the purpose of the room and the

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)

Management Information System and Devices. 2026. No. 1 (188)

characteristics of the sound content by analyzing the
features of conducting acoustic expertise for different
types of rooms and adapting the stages of conducting
expertise for each type of room. To achieve this goal,
the following tasks must be solved:

— analyze the stages of acoustic expertise and the
tasks that are solved at each stage;

— to consider the mathematical methods used to
determine acoustic characteristics, their range of
definition, and limitations;

— to analyze the features of acoustic expertise
for different types of rooms and adapt the stages of
expertise depending on the purpose of the room and
the characteristics of the sound content.

4. Analysis of the acoustic examination stages

4.1. First stage

The first stage of acoustic expertise involves
checking architectural and construction solutions for
the configuration of enclosing surfaces of walls and
ceilings in rooms using geometric theory of sound
propagation in rooms [14-16]. The main purpose of the
check is to identify surfaces that focus sound rays, which
can lead to a significant reduction in the unevenness
(diffuseness) of the sound field, as well as to check
for the presence of parallel surfaces that create conditions
for the formation of stable interference patterns (standing
waves) for a number of resonant frequencies and, as
a result, echoes, reverberation, and excessive spaciousness.
There will be multiple reflections of sound.

The first stage of acoustic expertise also includes
determining the frequency dependence of the
reverberation time T60 when treating enclosing surfaces
with materials proposed by architects.

4.2. Second stage

At this stage, measures are developed to correct
the acoustic deficiencies of the room that were identified
in the first stage. The following are developed:
recommendations on the geometry of enclosing surfaces
to increase the diffusivity of the sound field;
recommendations on the selection of sound-reflecting
and sound-absorbing materials for finishing surfaces
in the room in order to optimize the frequency
dependence of the reverberation time and the structures
of the reverberation process [11-13].
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4.3. Third stage

Provides the opportunity to: verify the design
solutions for the geometry of wall and ceiling panels
proposed in the first and second stages of acoustic
expertise; analyze the frequency dependence of
reverberation time using the interior finishing materials
proposed at the second stage; analyze the structures
of reverberation processes at control points [11-13].

4.4. Fourth stage

The results of the final stage of acoustic testing are
the characteristics of the sound field measured at control
points in the room after completion of all construction
and finishing works. To perform measurements,
a hardware and software complex based on Easera 1.1.3
is usually used [11, 13, 15].

5. Mathematical methods
for determining acoustic characteristics

When conducting acoustic testing of enclosed
spaces, three fundamental mathematical theories are used,
each of which is applied depending on the frequency
range and size of the space.

5.1. Statistical theory (Sabine's theory)

It is used to analyze diffuse sound fields where
sound is considered to be evenly distributed. Based
on statistical theory, the reverberation time T60 is
calculated — the main indicator of the acoustic quality
of a room. The statistical formulas of Sabine and
Eiring are typically used for this purpose.

1. Sabine's formula is used for "boomy" rooms
with low absorption (when the average sound absorption
coefficient «, <0.2

0,161V 0,161V
TR S se

where V' — room volume (m®); 4 — equivalent absorption
area (m? or "Sabines"), which is equal to the sum of the
products of surface areas and their absorption coefficients.

2. The Eiring formula is considered more accurate
for rooms with high absorption levels (studios, cinemas),
as it takes into account the attenuation of sound with
each reflection.

)
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where S — total area of interior surfaces of the
premises (m?); a,, — average sound absorption coefficient,

calculated as «,, = A/S; Ln —natural logarithm.

Sabine's formula (1) gives an error in rooms with
a lot of soft materials, while Eiring's formula (2) better
models the situation when sound is almost completely
absorbed (at o =1, the reverberation time according
to Eiring is zero, which is physically correct).

For very large rooms (with a volume of more than
1000-2000 m?), the term 4V is added to the formula,

where [ is the sound attenuation coefficient in

the air itself.
5.2. Geometric (radial) theory

It considers sound as a set of rays that propagate
in a straight line inside a room and are reflected
from surfaces according to the laws of geometric optics.
The mathematical basis of geometric theory is the laws
of reflection (the angle of incidence equals the angle
of reflection) and the methods of mirror sources or ray
tracing. Geometric theory is used to analyze the structure
of early reflections and detect acoustic defects (echoes,
sound focusing) in complex rooms.

5.3. Wave theory

It is based on solving differential equations of the
sound field and takes into account the wave nature
of sound (diffraction, interference). The mathematical
basis is the wave equation (Helmholtz equation) and the
analysis of the room's eigenmodes (resonances).

The propagation of sound in space is described
by the classical wave equation for sound pressure

2
\v& _i@_p_o’ (3)
where V? — Laplace operator; p — sound pressure;

¢ — speed of sound; t — time.
For stationary processes (when the source emits
a pure tone with frequency f ), the wave equation (3)
transforms into Helmholtz's equation:
Vip+kip=0,

where k =27 f /c —wave number.
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Solving this equation, taking into account the

boundary conditions (room walls), allows us to find the

natural frequencies at which resonance occurs.

Analysis of the premises’ own modes
Natural modes are standing waves that arise
between parallel or angular surfaces. For a rectangular
room, natural frequencies are calculated using
Rayleigh's formula:

fonn, =%\/(nX/L)2+(ny/\N)2+(nZ/H)2 . @

where L,W, H — length, width, and height of the room;

n.,n,,n, —integers (0, 1, 2...), which indicate the order

of the mode.

Classification of waves (modes)
1) Axial: the wave is reflected between two parallel
walls (for example, n, =1, n =0, n,=0). They carry

the most energy and have the greatest impact on the
"color" of the sound.

2) Tangential: formed after reflections from two
pairs of parallel surfaces (for example, n, =1, n =1,

n,=0). The energy of such waves is approximately

2 times less than that of axial waves.

3) Oblique: formed after reflections from three
pairs of parallel surfaces. They have the lowest energy
(at least 4 times less than axial ones).

Wave theory is used to analyze the acoustic field
in small rooms at low frequencies, where standing
waves occur (room "hum™).

It should be noted that the application of wave
analysis is critical only up to a certain frequency,
above which the modes become so dense that the field
can be considered diffuse. This limit is called the

Schreder frequency ( f,):
f, = 2000,/T, V.

At frequencies below f,, wave theory must be

used. Bass traps and geometry correction are needed
to combat "booming".
At frequencies statistical

above f theory

o
(Sabine and Eiring formulas) is used.

In addition, in modern expertise of rooms with
complex configurations, methods of random process
theory for noise diagnostics and mathematical modeling

are actively being introduced, in particular using the finite

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)

Management Information System and Devices. 2026. No. 1 (188)

element method (FEM), which allows you to visualize
nodes and pressure points at each point in the room.

6. Features of conducting acoustic expertise
for different types of premises

A)_Concert_halls. To conduct the first stage
of the examination in the auditorium, software
modules [4, 11, 12] are used to construct ray patterns on
plans and sections of the auditorium, which makes it
possible to check the geometry of wall structures on all
floors, the geometry of the ceiling, balcony railings, etc.

The main reason for using different wall panel
geometry options is to try to eliminate the parallelism of
surfaces, which will reduce the likelihood of standing
waves forming and eliminate excessively high amplitude
reflections in the reverberation process.

B)_Conference rooms. For small premises (meeting
rooms, conference rooms, meeting halls, press centers),
the first stage of acoustic expertise is conducted
differently than for auditoriums [14]. A distinctive feature
of these premises is that they are usually rectangular
in shape and all surfaces are parallel to each other.
In such conditions, the reflection of waves from parallel
surfaces and the formation of standing waves leads
to the appearance of echoes and an increase in
reverberation time [4, 15]. In addition, with small
room sizes, it is practically impossible to change the
geometry of the surfaces in order to reduce the number
of parallel surfaces. With large glass surfaces, there is
a problem of developing effective measures to reduce
reflection amplitudes due to the low sound absorption
coefficient of such surfaces.

Since the rooms are small in volume, it is not
always possible to change the geometry of the enclosing
surfaces for a number of reasons:

— the surfaces are made of glass and cannot be
changed in shape;

— since the volume of the room is small, the
dimensions of the enclosing surfaces are significantly
smaller than the wavelength, especially in the low-
frequency range.

These features of the rooms impose corresponding
restrictions on the correction of sound field parameters,
namely, we can only make corrections in a limited
frequency range where the wavelength is commensurate
with the size of the room. However, this limitation is not
critical because the main sound material in the rooms
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under study is speech content, for which the frequency
range corresponds to the size of the room.

To optimize the frequency dependence of the
reverberation time, finishing materials that work in the
speech frequency range are used [7, 16]. In the presence
of glass wall surfaces, it is practically impossible to
change the acoustic properties by replacing the material
on them, and then one of the options for increasing
the sound absorption of glass surfaces is the use of
curtains. Curtains are made from special "acoustic”
fabrics with different sound absorption properties,
or from fabrics used to make stage costumes.

Another option used to correct the acoustic
properties of the rooms in question is the use of
additional suspended ceiling structures such as "frameless
sound-absorbing ceiling islands” and vertical sound-
absorbing "Baffle" panels.

7. Adaptation of the acoustic examination process
to the functional purpose of the premises

Based on the above, it should be noted that acoustic
expertise is implemented as a sequence of stages that is
sensitive to the functional purpose of the room, the nature
of the content, and the structural and architectural
limitations, which significantly affects both the content
of individual stages and the possibility of changing
the sequence of stages in order to adapt the acoustic
expertise process to a specific type of room.

Thus, it is possible to generalize such adaptation
for the four most representative types of rooms:

1. For auditoriums, acoustic expertise is structured
as a sequence of stages [11, 12]: first, the existing
architectural and construction solutions are checked
(to find surfaces that focus sound and impair diffusivity),
while at the same time the frequency dependence
of the reverberation time and its compliance with the
optimal values are assessed. Next, if any inconsistencies
are found, recommendations are formulated -
requirements for the geometry of the enclosing
surfaces are formulated and reflective and absorbent
materials are selected or placed to obtain the desired
reverberation structure. After that, acoustic modeling
of the hall is performed taking into account the
proposed solutions, and as a final step, measurements of
the objective characteristics of the sound field can be
carried out after the completion of construction
and finishing works.

125

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)

2. For small-volume rooms with predominantly
speech content [12, 14], the general sequence of the
examination stages does not change compared to
concert halls, but the content of the key steps changes.
At the first stage, instead of focusing on the geometric
verification of enclosing surfaces, the main action is to
analyze the structures of the reverberation process
at listening points in order to identify deficiencies
in the formation of the sound field (for example,
insufficient field diffusivity). The second stage focuses
on recommendations for improving sound absorption
and eliminating multiple reflections between parallel
surfaces (in particular through local changes in geometry,
suspended structures, curtains, etc.), while the subsequent
stages are performed without fundamental changes.

3. For rooms such as press centers, the methodology
is described as typically consisting of three stages, but
depending on the initial conditions, the "role and place”
of the stages may vary, in particular due to the purpose
of the room (high requirements for speech
clarity/intelligibility) or the inability to significantly
change the geometry due to small dimensions. In the
examples given [12, 17], the list of tasks was shifted
towards the tools of the second and third stages
(recommendations/modeling), because it was during
the modeling and analysis of reverberation structures
that "problematic" parallel surfaces were identified.
Because of this, it is noted that the shortcomings, which
in the usual sequence would have been found in the first
stage, were actually found later, and as a result, the
first stage became the final one, while no stage of
the examination was excluded.

4. For special rooms [13, 17], where there are
special requirements for the quality of speech content
and/or a sound amplification system is already in use,
a new sequence is proposed: to start with the "final”
fourth stage as the first. This approach involves first
determining the conditions for research, taking into
account the specifics of the premises and content,
selecting the hardware and software complex and
informative evaluation criteria, and then processing
and analyzing the results. The advantage is that it is
possible to identify “problematic" areas of sound field
formation and possible ways of correction early on,
even before the stage of checking architectural and
construction  solutions and developing technical
specifications for enclosing structures.

Thus, the specific sequence and content of the
stages of acoustic expertise are determined by a specialist
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individually for each object, taking into account the
functional purpose of the room, the type of dominant
content, geometric and structural limitations, as well as
the possibilities for making changes to planning and
finishing solutions. In fact, the choice of methods,
priorities, and "control points” is largely based on the
professional experience of the expert and accumulated
practical experience, which provides flexibility but at the
same time increases subjectivity and complicates the
reproducibility of results by different performers. In this
context, it is advisable to formalize and, if possible,
automate the process of forming a sequence of stages
and corresponding assessment procedures based on the
type of premises, initial conditions, and target quality
criteria. Automation (in the form of a decision support
system) would allow standardizing the approach to
selecting stages, reducing the influence of the human
factor, shortening the time required to prepare the
assessment, and increasing the comparability of results,
while retaining the possibility of expert adjustment
in non-standard cases.

In view of the above, a promising direction for
further development is to expand the functionality of such
a system through intelligent mechanisms for working
with data and queries: in particular, the introduction of
semantic search in the knowledge/measurement base
and typical cases, the individualization of results
(for example, by adapting recommendations to a specific
type of room and nature of use based on accumulated
behavioral data), as well as the use of external NLP
modules to improve the accuracy of processing
complex text queries and generating more relevant
recommendations. This will not only automate the
selection of the sequence of examination stages,
but also increase the accuracy, convenience, and practical
value of the results for the end user.

9. Conclusions and prospects for further research

The paper showed that the main goal of acoustic
expertise in enclosed spaces is to create optimal acoustic
properties of the sound field. At the same time, acoustic
expertise is implemented as a sequence of stages that is
sensitive to the functional purpose of the room, design
constraints, and the characteristics of the sound content,
which has a significant impact on both the content of
individual stages and the possibility of changing the
sequence of stages. The specific sequence and content
of the stages of acoustic expertise for each object are
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usually determined by a specialist based on their
professional experience.

To achieve the set goal, the study analyzed the four
stages of acoustic expertise. The tasks to be solved
at each stage were formulated, in particular:

— at the first stage, architectural and construction
solutions are checked in order to identify surfaces that
focus sound rays, which can lead to a significant
reduction in the diffusivity of the sound field, as well as
checking for the presence of parallel surfaces that
create conditions for the formation of standing waves;

— at the second stage, measures are developed
to correct the acoustic deficiencies of the room
(recommendations on the selection of sound-reflecting
and sound-absorbing materials);

— at the third stage, the design solutions proposed at
the first and second stages are checked by means of
acoustic modeling;

— the results of the fourth stage are the
characteristics of the sound field measured at control
points in the room.

Three fundamental mathematical theories were
considered, namely: statistical theory, geometric (ray)
theory, and wave theory, which are used to determine
acoustic characteristics, their scope of application,
and limitations.

The features of conducting acoustic expertise
for different types of rooms were analyzed, and
recommendations were formed on adapting the sequence
and content of the stages of conducting the expertise
depending on the purpose of the room and the
characteristics of the sound content. Thus, the goal
of the work has been achieved, since the conduct
of acoustic expertise for different types of premises
has been scientifically and technically substantiated
and systematized, and recommendations have been
formulated for adapting its stages depending on the
purpose of the premises and the characteristics of the
sound content, which creates the basis for further
formalization and automation of the process.

Prospects for further research include formalization
and further automation of the process of forming the
sequence and content of stages depending on the type of
room. The implementation of a decision support system
for acoustic expertise will allow standardizing the
approach to the selection of stages, reducing the influence
of the human factor, and increasing the effectiveness
of expertise, while maintaining the possibility of expert
correction in non-standard cases.
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AHAJII3 ETAIIB AKYCTUYHOI EKCIIEPTU3U 3AMKHEHHUX NPUMIIIEHb

Axkmyansuicms. Y pobomi posensinymo axycmuyHy eKCnepmusy 3aMKHEHUX RpUMiujeHb Di3H020 NPUSHAYEHHA 3 02as0y
Ha 0coOnUB0CMi 36YKOB020 KOHMEHMY, CQOPMOBAHO MEXHIYHI Ma NPOEKMHI peKOMeHOayii 01 OMPUMAHHA ONMUMATLHUX
eracmugocmetl 36yko6020 noas. llpodemoncmposano, w0 O pi3HUX Munie npumiuensv (KOHYepmHi 3aau, KOHGepeHy-3au,
npec-yenmpu, ogicu, nepecosopHi KiMHAmMu mowjo) icHyloms cneyu@iuni umMou wooo HeoOXIOHUX 61ACMUBOCMEN 36YK0B0O20 NOIS,
nociioosHoCmell emanié ekcnepmu3u ma ocooaugocmeti nposedents Koxicnozo emany. Tomy akmyanbHum 3a80aHHAM € pO3POOIEHHS
peKomeHoayitl wooo aKyCmuuHoi eKCcnepmusu 3aNexiCHO 60 Muny npuMiujeHHs 3 Memorw opmanizayii ma nooarbuioi
asmomamusayii yvozo npoyecy. IIpeomemom Oocnioxncenna € memoou SUSHAYEHHA AKYCMUYHUX 61ACIUBOCTNEU 3AMKHYMUX
npumingenv ma ix onmumizayis. Mema pobéomu nonseac 6 po3podienti peKomMenoayiti Wooo CMEOPEHHs. ONMUMATLHUX AKYCIMUYHUX
enacmugocmetl 3 02150y HA NPUSHAYEHHS NPUMILYEHHS. Ma cneyu@ixy 36YK08020 KOHMEHMY 3 00NOMO2O0I0 AHANi3y ocodaugocmeri
akycmuunoi excnepmu3u Oist Pi3HUX TUNIE NPUMIWEHb | HA a0anmayilo emanie excnepmusu Ol KOMNCHO20 MUny npumiujeHv.
3agoanna 00CNiOHCEHHA: NPOAHANIZY8AMU emany aKyCMU4HOi eKkcnepmu3u ma 3a80anHsa, AKi pO38 A3VI0MbCA HA KOXCHOMY emani;
PO32TAHYMU MAMEMAMUYHI MEMOoOU GUIHAYEHHs AKYCIMUYHUX lacmueocmel, cgepu ix 3acmocy6ants 1 0OMediCeHHs; GUIHAUUMU
0CoOUBOCME AKYCIMUYHOT eKCnepmu3u 05 PI3HUX MUnieé npumiujeHv 1 a0anmyeamu eman eKCnepmu3u 3aleiCHO 8I0 NPUSHAYEHHS.
npumingenns 1 ocodoaugocmeti 38yko6o20 koumenmy. Memoou oocnidxycenns. Y pobomi 3acmocosano memoou cmamucmuyHoi
meopii 012 po3paxyHky uacy pesepbepayii. I'eomempuuna meopis po3enidae 36yK AK CYKYHHICMb NPOMEHI8 i 3aCOCO8YEMbCs
0151 ananizy cmpykmypu iooummise 6i0 Nno6epxoHb i GUAGIEHH AKYCMUYHUX Oepekmis y CKIAOHUX 3a (POpMOIO NPUMIUjeHHSIX.
Xeunvbogy meopiio 6npoeadiceno 0t ananizy 61acHux Moo (pesonamncie) npumiwenns. Jocazuymi pezynomamu. Posenanymo emanu
AKyCmu4Hol eKcnepmusu, 61acmugoCcmi 36YK06020 MO, AKI OOCHIONCEHO HA KOJICHOMY emani, MamemMamuiti Memoou GU3HAYEeHHs
akycmuunux eiacmusocmeti i pekomenoayii wjooo ix onmumizayii. Hazonoweno na 0coOnusocmsax KO#CHO20 emany 3 02140y
Ha mun npumiwenns. Bucnoexu. Ananiz axycmuunoi excnepmusu Onsi pi3HUX Munie npumiujeHb oacmv 3mo2y opmanizysamu
yeii npoyec, 3mMeHwUmMuU cy6 €EKMUGHUL CKIAOHUK i niosuwumu O00CmoGipHicmy pezyabmamis. /locsieHymi pezynibmamu ceiouamo
npo NepCHneKmMusHicms NOOANbUUX OOCTIONCEHb V Hanpami opmanizayii ma nodyoosu KoMn 'IOmMepHoi cucmemu HiOMPUMKU
NPUUHAMMS piwiens 015l NPO6edeHHsl AKYCIMUYHOI eKcnepmusu.

Knwuogi cnoga: axycmuuna excnepmusa; emanu, 36YKOSULl KOHMEHM, AKYCIMUYHI 61ACMUBOCMI; ORMUMI3AYIA, MeEXHIUHI
mMa NPOEKMHI peKOMeHOayil.
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PO3POBJIEHHA JECKPUIITOPA 30BPAKEHD JJIA EOEKTUBHOTI'O ITIOIYKY
HA OCHOBI BMICTY Y BEJIMKUX CXOBUIIAX JAHUX

006°ekmom 00cnioxiceHHA € nowyK 300pasicensb Ha ocosi emicmy. IIpeomemom € moodeni ma memoou NOULYKy 300paxceHv Ha OCHO8I
emicmy (CBIR). Mema oocnioyxcenna — po3poOieHHs OecKpunmopa 300pasxiceHb, w0 BUKOPUCMOBYE Nepedosi Mooeni
KOMN I0MepHo20 30py 05 6uselieHHs 00 ckmis. 3anpononoeanuti Oeckpunmop nioguwye epexmusnicmes i mouHicms npoyecie
NOWLYKY 300padicenb i ynpaeninHa HUMU. 3a860aHHA nepeddauac: ananiz cyuacHux nioxoodig i piuieHb Oisi CMEOPeHHs. 0eCKPUNmopie
300pacicenb ma ix GUKOPUCIAHHA 8 NOWLYKY 306PANCEHb HA OCHOBI 6MICIY, GUABNEHHS OOMENCEHb HAABHUX 0eCKPUNMOPI6 306padicets
i BUBHAUEHHA 8UMOZ 00 0eCKPUNMopa; po3podiieHHA HOB020 OeCKPUNMOPA 300pax3ceHb, Wo epeKmusHo 3aCmocosye iHpopmayino
npo euAsneni 00’€Kmu; NposeOeHHs eKCHepUMeHmI6 ONs OYIHIOBAHHA 3ANPONOHOBAHO20 OeCKpUNMOpAa U NOPIGHAHHA 1020
egpexmuernocmi 3 HaseHuMu piueHHAMU. Memooonozia Oocnidxncennn: YceOiuHuil 0210 Nepedosux Memoodié CMEOPEeHHs
0eCcKpunmopie 300paxcens, auaniz SUKOPUCMAHHA Haaeuux Oeckpunmopie y cucmemax CBIR; pospobrenns Oeckpunmopa,
WO 3aCmOCO8ye CYYACHi MoOeni 6usiglieHHsi 06 €Kmig; anioayis eQexmueHocmi 3anponoHO8aH020 OecKpunmopa NOpIGHIHO
3 HaAGHUMU OeCKpURMOpamu Ha 3a0auax nowyky. [JocAzHymo makux pe3yismamis: po3poodieHo OecKpUnmop 300padceHHs,
OCHOBAHUI HA 00 €EKMAX, BUABIEHUX 30 OONOMO20I0 CYUACHUX MOOeIell MAWUHHO20 HABYAHHSA, NPOGEOEHO Cepilo eKCnepumMenmis Os
OYIHIOBAHHA eheKMUBHOCE Ma AKOCMI NOWYKY 6 BeIUKUX CUCMeMAX 30epieaHHs 300paxceHb 3a OONOMO20K 3aNpPONOHOB8AHOL0
Oeckpunmopa. Excnepumenmu euaguiu nesi nepegacu, 30Kpema: wiBUOWe CMEOPEHHA U NOPIGHAHHA OeCKpUnmopie, AKWo
NOPIGHIOBAMU 3 2eUWOBAHUMU, CINBOPEHUMU 6PYUHY MA OeCKPURMOPAMU, WO IPYHMYIOMbCA HA 2AUOOKOMY HAGUAHHI, eghekmueHe
Qinbmpysanus 300paxicensb y cxo8uwi Ha OCHOGL 6Micmy 00 €Kmig, ane eeKmusHIiCMb OeCKPUNMOpPa 3A1edACunms i0 AKOCMI MOOei
1l O0anux, OCKIIbKU 300padiceHHs 0e3 6UAGLeHUX 00 €Kmie He 3 ’SIAIMbCA 8 pe3yIbmamax NOouLyKy, wo Modce obmedxcysamu
tio2o nosnomy. Bucnoeku: pospodaenuii deckpunmop 300pasxcensb € epekmueHum iHCmpyMeHmoMm 01 PO368 A3aHHA HU3KU 3A80aHb
HOWYKY 300padcenb HA OCHOBL emicmy 3a80sKu weuokocmi no6yoosu i nouiyky. IlepcnekmueHum HAnpsimom OOCHIONCEHHs €
no6y0osa cucmemu NOWYKy 300pajxcenb Ha OCHOGI BMICMY 3 BUKOPUCTAHHAM PO3POONIEHO20 OeCKPUNMOPA, NOCUTIEHE UKOPUCTIAHHSL
napaneibHux i po3nooiieHux 0O4ucieHtbs.
Knrwowuoei cnosa: mawunne Haguanus, 0eCKpUnmopu 300paxcerv, 00pooaeHHs 300pasicerb, ONMUMI3ayis NOWYKY 300paiceHs.

Beryn BIJITBOPEHHSI, ajie BOJHOYAC CTBOPIOE CYTTEBI TPYAHOLII

Ui po3poOeHHS e(EeKTUBHUX aJITOPUTMIB, 3aTHHX

JIromu oTpuMyIOThH OinbImicTh iH(OpMarii 31 cBOro 00pOOIIATH TaKi BEJIMKI MACHBHU JaHHUX Y PEAIbHOMY 4aci.

OTOYEHHS 3a JIONIOMOT0I0 OpraHiB 30py. ToMy 3 MOSIBOIO Oxpecnena mpobiiema 1mie OifblIe  yCKIATHIOETHCS

KOMIT'FOTePHHX TEXHOJOTIM 3Ha4Hi pecypcu Oymm CTPIMKMM 3pOCT@HHSIM OOCATIB 1 KUIBKOCTI CyYacHHX

CHpSIMOBaHI Ha BHUTATYBaHHS KOPHCHOI iH(opmarii cucteM 30epiranns iHdopmarii. Kpim Toro, 300pakeHHS

i3 300paxkeHb, i ¢opmaiizamilo Ta BHKOPUCTAHHSI 4YacTo 3a3HAIOTH JyONIOBaHHSA ¥ MEPETBOPEHB IMPOTATOM

JUIs aHalli3y CHUTYallild 1 NPUHHATTS pillleHb Y CUCTEMax
KOMII FOTEPHOTO 30pY, MOHITOPHHTY, HIATPUMKH PillleHb
1 ITy4HOTO 1HTENeKTY [1].

CrouaTky gepes 0oOMeKeHHS paHHIX
O00YHCTIOBAIEHUX PECYpPCIB 300pa)KCHHS MOTJIH MaTh
JIMIIIE HU3BKY SKICTH 1 3aliMaTH JIMIIE KITbKAcOT OaWTiB
abo xinobait. OgHAaK HUHI 300pakeHHS MOXYTH CATATH
32 rirabaiiT 3a CEKyHAy, SKIIO WICThCS MPO BIICO
3  HaJBUCOKOIO  PpO3JIUIBHOIO  3/aTHICTIO,  IIO
BUKOPHCTOBYEThCS B CIIEIiai30BaHUX KIHOMPOIYKI[ISIX.
Hagite sikmo He Opath A0 yBarm TakKi BUCOKOSKICHI
3HIMKH, MOBCSKICHHI 300pa)kKeHHS 3a3BHYAl 3aiiMarOTh
BiJl KUIBKOX O JecATKiB MeraaiitiB. lle mae 3mory
HAOIM3UTHUCSA o

peaicTHIHOTO Bi3yaJlbHOTO

iX JKHUTTEBOrO LUKy HE3aIeKHO BiI TOro, YW Le
MOKpAIeHHs, BUKOHAHE KOPHCTYBayeM, Y aBTOMAaTHYHI
cepBicn OOpOONCHHSA, MO CTUCKAIOTh 300pa)KeHHSA 3a
Jomomororo hopmaris i3 Brparamu (Hanpukian, JPEG).
CydacHi TeHIIeHIIi{ B TONIYKY 300pakeHb HAa OCHOBI
(CBIR) [2]
pPO3pOOJICHHST TMEPEeIOBUX MOJCICH 1 aJrOpUTMIB IS

BMICTY JNIEMOHCTPYIOTh ~ HEOOXIiTHICTH

MOPIBHSAHHS Ta TOHIyKy iH(opMaii,
[3-5].

IIyKaTH,

BUTATYBAHH,

[0 TIPYHTYETbCS HA BMICTI  300pakeHb

o6

aHai3yBaTu

crieniaizoBaHi  cepBicH  MOTIJH

300paXeHHS Ta OpUAMATH  PILICHHS

B peajibHOMY dYaci, 3a3BHYaii CTBOPIOEThCS 0aza JaHHX
JOeCKpunTopiB. Y miaxomi

BOMY JIECKPUTITOPH

TCHEPYIOThCS W 30epiraroThCss B OKPEMOMY CXOBHIIIL.
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Komu 300pakeHHS HAAXOAUTH y CUCTEMY IOLIYKY,
CTBOPIOETBCS HOTO IecKpurrop. besmocepenHii momryk
1 TOpIBHSHHSA 300pakK€Hb Y CXOBHILI 3AiHCHIOIOTHCS
3a JOIIOMOT'OI0 IIMX JIECKPHUIITOPIB, IO CYTTEBO CKOPOUYE

pecypcH.
BukopucraHHS AECKPUNTOPIB € 3HAYHO €(EKTHBHIIINM

4ac TOMIYKYy W eKOHOMHTh CHCTEMHIi
pilLIEHHsM, HXK BUKOHAHHS orepailiii 0e3rnocepeHbo Haj
MOBHOPO3MipHIMH (aiimamu 300paxens. OgHaK BUMOTH
JI0 JECKPHUIITOPIB TOCTIHHO IMiABHUIYIOTHCS, OCKUIBKU
Bil HHX 3allekaTh SKICTh Pe3yIbTATIB  MOUIYKY
il ameKkBaTHICTh MoJaHHs 300pakeHHs. Lle 31 cBoro 6OKy

BIDIMBA€ HA CKJIAHICTD OTIepariii momyky [6].

Busnauenna npoonemu

HasiBHI IecKpUNITOPH MarOTh 3HAXOJIUTH KOMITPOMiC
MK IOBHAKICTIO Ta SKICTIO 1 HaJaBaTH TPIOPHUTET
BUCOKI IIBWAKOCTI OOpOOJIEHHS, CHHPAalOYHCh Ha
TIPUMITHBHI KOJTBOPOBI BIACTHBOCTI, iITHOPYIOUH 00’ €KTH
Ha 300pakeHHsX; 00 BUKOPHCTOBYIOTH BHCOKOPO3MIpHI
BEKTOPHI O3HAKH, OTPHMaHi 3a JOIMOMOTOI0 TJIMOOKOTO
HABYAHHS, [0 HAJAIOTh TJTHOOKE PO3YMIHHS KOHTEKCTY
i BHCOKY SKICThb IOLIYKOBHX pPE3yJbTaTiB, ajieé MaloTh
BITHOCHO HHU3bKY IIBHIKICTh OOYHCIICHB, IO POOUTH
Take pimeHHS HEePEKTUBHUM JUIS BEIUKHX CXOBHII

300paXEeHb Ta IHTCHCUBHO 3aBaHTAKCHUX IMOTOKIB JaHUX.

AHaJIi3 0CTaHHIX J0CTiIKeHDb i myOJikamii

Bynp-siki mapaMeTpu, CTaTUCTHYHI TOKa3HUKH abo
MIEPETBOPCHHS 300paXEHb, SIKi TAIOTh 3MOTY C(EKTHBHO
ineHTn(iKyBaTH W PO3PI3HATH 300paKEHHS B CXOBHIII,
MOXYTb

BUKOPHUCTOBYBATUCA  SK ix JCCKPUIITOPU.

OmgHak OmHMM i3 HaWOUTBII  IOIIUPEHUX  THUIIB
JIECKPUIITOPIB IS MOIIYKY MOAI0HUX 300paXkeHb € Trellli,
0  TCHEPYIOThCS 32  JONMOMOTOK  AJITOPUTMIB
neplenTUBHOrO remyBanHs. i anropurmu € GyHkuismu,
0 CTBOPIOIOTH TopiBHsHI remi [7, 8]. Ipukmamamu €
Average Hash, DCT-Based Hash, Radial Variance-Based
Hash Ta Marr-Hildreth  Operator-Based Hash.
VY3aranpHeHUi poOOYMH Ipouec Uil LUX aJlrOpPUTMIB
nependavae [9-11]:

®  3aCTOCYBaHHS

cnemudiyauX  TpaHchOpMAIin

JI0 300paskeHHS 3 METOI0 YCYHEHHS IIyMY;

e HopMaii3alis 300pakeHHS 10 (DIKCOBAHOTO
po3mipy;
® MaTeMaTH4Hi TpaHcdopmarii, BU3HAYEHI

ANTOPUTMOM;

e OOYMCIICHHS renty.
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Jna MOPIBHSHHSA JIECKPHIITOPIB TelliB
BUKOPUCTOBYIOTHCSI METPUKH, SIK-OT BiZICTAHb XEMMIHTa,
GbyHKIIIs

MmiK-Kpockopenamii. Jleski alropuTMu TeNIyBaHHI €

HOpMaJli30BaHa  BIJACTaHb XEMMIHra Ta

CTIHKUMH 1O TeBHUX TpaHcdopmanid 300paxkeHb,

HANpHUKIAA PO3MUTTS, MAaclITa0yBaHHS, CTHCHEHHS,
3aTeMHCHHs ¥ He3HauHi ooepTanHs [12, 13]. OcHOBHOMO
MBHAAKICTE  IX

MepeBarol0  Tell-JeCKPUNTOPIB €

NOPIBHSHHS, OCKUIBKM Tremi 3a3BH4ail  3aiiMaroTh
mo 128 oOaiitiB. OmHak 3HAYHUM HEIONIKOM € Te, IO
BOHM He OepyTb 1O yBarn OO’€KTH B 300paKeHHi.
e Moxe MPU3BECTH IO CUTYAIIil, KO aOCOIIOTHO Pi3Hi
peanbHi O0’€KTH 3 TMOMIOHUMH KOJIIDHUMH CXEMaMHu
TTOMHJIKOBO 1IeHTH(]IKYIOTBCS SK TOHiIOHI, 1 3ITKHEHHS
He € pinkicHuM siBuiieM [10, 14].

[HIIMM ~ MHEPOKO  BUKOPUCTOBYBAaHUM  THUIIOM
JIECKPHIITOPa 300paKeHb € alTOPUTMH, IO 0a3yrThC
Ha kmodoBux Toukax [15]: SIFT (Scale-Invariant
Feature Transform), SURF (Speeded-Up Robust
Features), GLOH (Gradient Location and Orientation
Histogram), ORB (Oriented FAST and Rotated BRIEF),
BRISK ta AKAZE (Accelerated KAZE). L1i anroputmu
3a3BHYall mependayaroTh JBOCTAHUHN MPOIIEC:

e BHABJICHHS KIIOYOBHX TOYOK — JUISHOK, IO
CYTTEBO BIZPI3HAIOTHCS BiJl HABKOJMIIIHBOIO CEPEIOBHIIIA,
SIK-OT KOHTYPH 9 KyTH 00 €xTiB [16, 17];

® TeHepallis ASCKPUITOPIB IS KX TOYOK, IO A€
3MOTy TOpIBHIOBaTH TOYKM Ha PI3HUX 300paKEHHAX
JUIsl BU3HAUEHHS, Y HAJEXaTh BOHH JIO OJHOTO i TOTO
camoro 00’exra [18-20].

Konexis AeCKpUNTOpiB KIIFOYOBHX TOYOK YTBOPIOE
JECKPUNTOP 300pakeHHsI. [opiBHAHHS uX
JICCKPHUIITOPIB J1a€ 3MOry ifeHTHu(iKyBaTH OIHAKOBI
00’€KTH Ha PI3HUX 300paKEHHSAX, HABITh MiJ PI3HUMHU
KyTaMH, Macutabamu, yMOBaMHU OCBITJICHHS Ta IHIIUMHU
Tpancdopmauismu [21, 22]. IopiBHIOIOYM OCHOBaHI Ha
KIIIOUYOBHX TOYKaX JIECKPHIITOPH 3 TEll-IECKPUITOPaMHU,
MOKHA HAarojIOCHTH Ha 3HAYyHHX IepeBarax OCTaHHIX.
AKe BOHH  JalOTh 00’€eKTH,

3MOTy BUABJIATH

3nificHioBaTH  3D-peKOHCTPYKINIO  CIICHH, 3IIMBATH

300pakeHHS I BUKOHYBaTH IHII CKJIAJHI 3aBJaHHS
KoM 'oTepHOoTo 30py [23, 24]. Opmak moOymosa
W BUKOPUCTAHHS JIECKPUNTOPIB KIIOYOBHX TOYOK €
O0YHCITIOBAIFHO CKIAJAHAM TporecoM. Lle pobuts ix
MCHIIl MPUIATHUMH JJIs TOPIBHSHHS BEJIHKHX OOCSTiB
300pakeHb, OCKIIBKH Yac TMOPIBHSIHHSA 3HAYHOIO MipOIO
3aJIeXKUTh BiJ KITBKOCTI OCHOBHHUX TOYOK, BHSBIIEHUX

Ha KO’KHOMY 300paskeHHi [25, 26].
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Jeckpunropu 300pakeHb, MOOYI0BaHI HA [JIHOOKOMY
HAaBYaHHI, JEMOHCTPYIOTh BHCOKY pPE3yJIbTaTHBHICTb

y 3aBIaHHAX [MOIIYyKy 300pakeHb, pO3Ii3HABAHHS
00’€KTIB YH CEMaHTUYHOI CErMEHTallil, OCKIIbKU HaTh
3MOTY y3araJbHIOBATH Pi3HOMaHITHI AaHi Ta e(peKTHBHO
aHaN3yBaTH CKIaJHI Bi3yalbHi CTpyKTypu. Ilpote ix
3aCTOCYBaHHs IIOB’S3aHO 31 3HAYHUMM BHTpaTaMu
00YNCITIOBAJIFHUX ITOTYXKHOCTEH fK Ha eTari HaBYaHHS,
TaKk 1 MiJ Yac MNPaKTUYHOTO BUKOPUCTAHHS. SIKicTh
poborn 1mx wmopenedt, Hampukianm VGG, ResNet
i EfficientNet, KpUTHYHO 3aJIeXKUTh BIJl PETEIHHOTO
migbopy, oOcsTy ¥ pi3HOMAaHITTS HaBYaIBHOI iHPOpMAIIi.
HesBakarouu Ha 1ie, caMe 3J]aTHICTh TaKUX JECKPHUIITOPIB
TIHOOKI, OaraTopiBHEBI

Bi,Z[TBOpIOBaTI/I O3HaKHu

300paXeHb BHKJIMKAIOTh 3HAYHy TMOTpedy B HHX
Yy CyYacHHX TEXHOJIOTIIX KOMI FOTEepHOTO 30py. OcTaHHI
JOCTIDKCHHST MPOJSMOHCTPYBAIM 3POCTAHHS IHTEPECY
0 eKCTpaKIIii

IpiOHMX O3HAK 1 KpOC-MOJAITbHUX

migxomiB. Li MeTomu 30CepeKYIOThCA Ha HaBYaHHI

IpiOHMX CEMAaHTUYHUX O3HAK, MO0 30epertd BUCOKUUN
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Ile npuBomuTh A0 OUIBII TOYHOI Ta aaCKBATHOI
penpeseHTanii opuriHaneHOTO 300paXkeHHs [11, 27].
[Momyk 300paxenr 3a BMmictom (CBIR) 3a3nHaB
CYTTEBOTO PO3BUTKY IPOTATOM OCTaHHIX JECATHIITh,
MEepeioBIIM  Bil TpaguLliiHUX METOMAIB PY4YHOTO
BUJUICHHS O3HAK JI0 CyYaCHUX MiIXOIIiB, OCHOBAaHUX Ha
rmbokomy HaBuaHHi. CytHicTe CBIR nomsrae B Tomy,
00 3HAXOOWTH B 0a3i MaHUX 300pa)KCHHS, Bi3yaabHO
CXOXI1 Ha 3aJaHe, aHaNi3yBaTH 0€3MocCepeHbO iX BMICT,
a He TekcToBi MerafaHi. Panni cucremu CBIR rpyHTYBamics
Ha HU3BKOPIBHEBUX O3HAKAX, SK-OT KOJILOPOBI TiCTOrpamy,
TEeKCTypH ¥ kpai. Xoya mi MeToau Oyau O0UHCITIOBAIHLHO
e(peKTUBHUMH, BOHHM 4YacTO BHWSBJSUIM  HE3JATHICTh
aJIeKBaTHO BIATBOPIOBATH BHCOKOPIBHEBY CEMaHTHYHY
iHpopMallifo, MO NPU3BOIWIO A0 HHU3BKOI TOYHOCTI
B peaJbHUX 3acTOCyBaHHAX. Hampuknan, 300paskeHHS
31 CXOXKHUM PO3MOJIIIOM KOJIBOPIB, ajle aOCOIFOTHO Pi3HUMU
o0’ekTaMu MOTTIM OyTH TIOMIUTKOBO iIeHTH(IKOBaHi
sk cxoxi. Taki cucTeMH MICTWIM 3HA4HY KUIBKICTh

HEIOIIKIB, ajie Ii 0a30Bl TEXHIKH 3aKJaad MOYATOK IJIS

piBEHb CEMaHTH4YHOI pEJIEeBaHTHOCTI W OJHOYACHO CTBOpEHHsI OUIbII CKJIAJHHX T[OIIYKOBHX CHCTEM.
YCYHYTH OCOONHMBI 7T MONANBHOCTI BIACTHUBOCTI. Ha puc. 1 300pakeHo 3arajipHe IMOaHHS TaKOl CHCTEMH.
KopucTysad
1. J00paseHHA ans
OGpobuTh 300paMeHHA BincopToRaHui NoLYKY 2 00paHiMK
y cxoBuLi, 30eperti CNMCOK CXOMMX KpUTEDIAMAI
peckpunTopw y Gasi s00paKeHs
aHux 3 [
Baza DaHmx [aHi JeckpunTopis JACTOCYHOE
LecKpUnTopis
Puc. 1. [ToganHs cucTeMH MOMIYKY 300pakeHb 32 BMiCTOM
[NosiBa TIMOOKOTO HABYAHHS CHPHSIIA PEBONIOIIHHIM eKCTPaKTOpiB ~ O3HaK, TONI  SK  CIemialli3oBaHi

sminamM y CBIR, HamaBmm cucTeMaM MOXKIIUBICTh

CaMOCTIfHO  HaBYATHCA CKJIATHOMY, i€papXiqHOMY
HOJAHHIO O3HAaK Oe3mocepenHbo 3 faHux. CywacHi
cucreMdn CBIR BHKOpHCTOBYIOTH 3TOPTKOBI HEWPOHHI
(CNN) Ta iHmm

HaBYaHHSA JUII OTPHMAaHHSA BHCOKOBHMIPDHHX BEKTODIB

Mepexi apxiTeKTypH TJIMOOKOTO

03HaK abo emOejWHriB, 10 I1HKOPHOPYIOTH  SIK

HU3BKOpPIBHEBY, TaK 1 BHCOKOPIBHEBY Bi3yaJbHY
inpopmariro. IlonepenHbo HaBYEHI MoOJENi, 30KpeMa

VGG, ResNet a6o EfficientNet, gacto BimirparoTs pois

apXITEKTypH, 30KpeMa CiaMChKi Ta TPHUIUICTHI MEPExi,
3aCTOCOBYIOTBCSI Ui HABYAHHS BEKTOPHHX O3HAK,

ONTHMI30BaHUX caMe JJs OI[IHIOBAaHHS CXOXKOCTI.
i mocsTHEHHS CYTTEBO MIABHIIMINA TOYHICTH IOIIYKY,
naroun 3mory cucremam CBIR edextuBHO 00poOnsaTH
CKJIagHI 3aIUTH, TOB’s3aHI 3 KOHKPETHHMH 00’€KTaMH,
CIICHAMH YM HaBiTh ApiIOHMMHU neransmu. Hampukan,
3amuT i3 300paKEeHHAM IIEBHOTO BHAY NTaxa TETep MOXKe
YCHIITHO 3HAXOIUTH 300pakKEHHS IOTO CaMOro BHUIY,

3HATI 3 0araThOX PaKypciB i 3a Pi3HUX YMOB OCBITJICHHS,




132

ISSN 3083-7715 (online)

ISSN 3083-7650 (0135-1710)(print)
came 3aB/ISIKM CEMaHTHYHil OaraTorpaHHOCTi IECKPHUIITOPIB,
mo0yIOBaHUX Ha OCHOBI TTTHOOKOTO HABUAHHS.

HasBHi meckpuntopu [uis TOPIBHSAHHS W TOLIYKY
300pakeHb 4YacTO HAJAIOTh NPIOPUTET MAICHEKOMY
po3Mipy ¥ BHUCOKiii MBHAKOCTI 0OpoOJIeHHs, aie
3eOUTBIIOT0 BOHM OpPi€HTOBAHI Ha KOJIPHI MapaMeTpH,
IPHOPYIOYH 00’€KTH Ha 300pakeHHAX. Xoua HeH Mmiaxin
JoOpe Tpamoe B 3aCTOCYHKaX 3  YHIKaJIbHHMH
300pa)KeHHSIMH, BIH CTpPaXIa€ BiJ 3iTKHEHb, KOJIU
300pakeHHS MalOTh TMOMIOHI 3aranbHi BIACTHUBOCTI.
Ile npu3BOAUTH 10 HEJOCTATHHO TOYHUX PpeE3yJIbTATIB
MOPIBHSHHA i MOIIYKY, OCKIJIBKH JECKPHIITOPH OCHOBaHi
JUIIe Ha  3aralbHUX  BJIACTHBOCTAX  SICKPaBOCTI
it xompopy [28, 29].

Oxpemoro 3HayHOIO TeHneHuiero B cydacHux CBIR
€ BIPOBaKCHHS METOMIB KPOC-MOJAJIBHOTO IOLIYKY,
110 IaI0Th 3MOTY ULIYKaTH CITiBBITHOIIEHHS MK PI3HUMH
THUIIAMH JaHUX, SK-OT IOLIYK 300paXeHb 32 TEKCTOBUM
OIIMCOM YH TEKCTY 3a 300pakeHHsM. Takuil QyHKIiOHaN
peaizyeTbes 3aBISKA BUKOPUCTAHHIO MOJIENCH Ha KIITaIT
CLIP (Contrastive Language-lmage Pretraining), ski
HaBYAIOTHCS TONABATH 300paKEHHSA M TEKCT Y €IUHOMY
CHUTBHOMY  BeKTOpHOMY  mnpoctopi. Lli  cucremu
BUSIBJIIIOTBCS.  OCOOJIMBO IIIHHMMH B Takux cdepax,
SK ENIEKTPOHHAa KOMEpIis, Jie KOPUCTYBadi MOXYTb
IIyKaTH TOBapH, OMHUCYIOUYH iX CJIOBaMH, a00 B MEIUYHIH
JIarHOCTHII, I¢ TEKCTOBI BUCHOBKH 3aCTOCOBYIOTHCS IS
TIOUIYKY BiANOBiAHUX 3HIMKIB. KpiMm TOro, y cucremax
CBIR penmani 1muprie BHKOPUCTOBYIOTHCS MEXaHI3MH
yBaru (attention) i apxitexTypu-Tpancdopmepy, IO
JIOTIOMAratoTb MOJZEJl 30Cepe/PKyBaTHCs Ha HaWOUIbII
Ba)XJIMBUX AIIAHKAX 300pa’keHHS, IO CYTTEBO IiJBHIILYE
TOYHICTb 1 PENEBAHTHICTh PE3YJIbTATIB HOMIYKY.
cepi
3aBJaHHSI.

CBIR
Ongaum

[Mompm 1wi BIOCKOHAJICHHS, Y

3QTUIIAIOTHCS Hepo3B’si3aHi
3 OCHOBHHMX € MacUITa0OBaHICTh CHCTEM IIOIIYKY, OCKUITbKI
004YHCITIOBANIbHA BapTICTh MOPIBHSIHHS BHCOKOPO3MIPHHX
BEKTOPIB O3HAK 3HAYHO 3POCTa€ 3 PO3MIPOM CXOBHIIL.
[Momryk MPUCKOPIOIOTH crocooom relIyBaHHs
i KBaHTyBaHHS BEKTOPIB, ajie IIi METOAM IPHU3BOIATH
JI0O TOTIpIIEHHS TOYHOCTI PE3yJIbTyIouoi BHOIpKH
300pakeHb, 3HAWACHOI CHCTEMOI0. [HIIIOI0 MpoOiIeMoIo €
iHTeprperoBaHicte cucreM CBIR Ha ocHOBI rimbokoro
HABYaHHS, OCKUJIBKH X BHYTPIITHI MEXaHI3MH MPUHAHATTS
pIllIEHh YacTO 3aJMIIAIOTHECA "YOPHOK CKPHUHBKOMO'.
KpiM 1mporo, mpoxyKTHBHICTh TaKMX CHCTEM KPUTHYHO
3aJI@KHTh B JaHUX, HAa SKUX BOHHM HaBYAIOTHCS.
Hemocratas pemnpe3eHTaTHBHICTE a0 yIepemKeHICTh

oux JaHUuX MOXKE CHOPUYUHHUTU CHCTEMATHYHI ITOMUJIKH
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i 3HaYHO OOMEXYBaTH 3JATHICTh MOJEJEeH KOPEKTHO
MPAIfOBATH 3 HOBUMH, HE3HAHOMHUMU 300pIKCHHSIMH.
CydacHi 3aCTOCYHKH, J€ OOCSTH Bi3yaJbHOI
iHdopMarii (HarpruKIIaI, y COmaTbHAX Mepekax, MEIIMIHIX
0azax JaHMX YM CHUCTEMax CIIOCTEPEeXXEHHs) 3pPOCTAI0Th
eKCIIOHEHINIHO, HAasBHI METOAU IIOIIYKYy Ha OCHOBI
BMICTY 4YacTO € TMOBUIBHUMH a00 pPeCypCOMiCTKHMU.
HeoOximamii MeTonm, IO BHKOPUCTOBYE OOMEXKHY
KIJTBKICTh BHCOKODIBHEBHX JAHHMX 1 JIa€ 3MOTY LIBHJKO
00poOIATH  MITBHOHU

300paXeHb, MI0 KPUTHIHO

JUISl XMapHUX CepBICIB YM MOOIJIBHUX 3aCTOCYHKIB.

BuzHaveHHs1 HePO3B’A3aHUX YACTUH
3arajbHoi npod/emu. MeTa if 3aBIaHHs podOTH

Merol0 1BOTO  JMOCHI[DKEHHS €  PO3pPOOJICHHS
JECKpUITOpa 300pakeHb, KU BUKOPHUCTOBYE 00’ €KTH
Ha 300payKeHHI, 110 BU3HAYAIOTHCS CyYaCHUMHU MOJIEISIMH
BuUsiBIIeHHST 06’ekTiB (Hampukian, YOLO, Faster R-CNN),
1 3acrocoBye THnHM OO0’€KTiB, iX po3Mmipu H Micie
po3TanIyBaHHS SK O3HAaKH 300paKeHHA. Takuil mimxinm
3a0e3medye IMBUAKICTE OOYUCIICHb 3aBISIKH OOMEXKEHIN
KIJIBKOCTI BUKOPHUCTOBYBAaHHX JaHHUX, BOAHOYAC HAIAIOUH
rIIMOOKY KOHTEKCTYalbHY iH(OpMalilo s MOpiBHIHHS.
O0’exTH, SIK CKIIAJHI CYTHOCTi, HECYTh 3HAYHY YACTHHY
iHpopMamiiHOrO BMICTY 300pa)KeHHsI, 110 Ja€ 3MOTY
3a0e3meunTi  OUIbII 3HAYYIII W TOYHI pe3yIbTaTH
momyky. [led minxim mpomoHye 30aTaHCOBaHE PIlICHHS
JUIA TIONIYKY 300pakKeHh Ha OCHOBI BMICTy, 3HAYHO
MOKPAIIYIO4YX TOYHICTh TPAAMLINHUX JECKPUNTOPIB, 1 €
Habarato IIBHOIIAM 3a BHCOKOPO3MIpHI BEKTOPH
O3HaK, sIKI BHKOPHCTOBYIOTHCS B JECKPHITOpaX, IIO
HaBuaHHi.  TomoBi

IPYHTYIOTBCI Ha  TJINOOKOMY

pe3ynpTatd, OOpaHi  3ampPONMOHOBAHUM  METOJIOM,

MOJKHAa TIOTIM JOJATKOBO AaHAJI3yBaTH 3a JOIIOMOTOIO

00YHUCITIOBAIBHO OinbI IHTEHCUBHUX TEXHIK,

3a0e3Meuyroun K eeKTHBHICTh, TaK 1 TOUYHICTH MOMIYKY.
KitouoBa inest po3po0IeHOro JeCKpUNTOpa HOJIsArae

B TO€NHAHHI HH3BKOI OOYHCIIOBANBHOI  BapTOCTI

JCCKPUMNITOPIB  HAa OCHOBI  HHM3BKOPIBHCBHX  O3HAK

300pakeHb 13 BHCOKOPIBHEBMMH [aHHUMH 00 €KTIB,

o HaJIAI0ThCS 3TOPTKOBHMH HEWPOHHUMHU
mepexamu (CNN), ski 3a3Buyail moTpeOyIOTh 3HAYHUX
obumncmoBanbHAX pecypciB. Llei minxix mae Ha Meri

3a0e3meunTd OajaHe MK C(PEKTHBHICTIO W TOYHICTIO,

BUKOPDHCTOBYIOYM  T[epeBarm 000X  METOMIB s
CTBOPEHHS HAQJIMHOTO W MacmTabOBaHOTO PIlICHHS

JUIA 3aBJIaHb IOIIYKY 306pa)KCHI).
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Ha BiaMmiHy Bix "4OpHHMX CKPHHBOK" TJIHMOOKOTO

HAaBYaHHA 3 BHCOKOPO3MIDHUMH BEKTOpaMH, Lei
JIECKPUNITOP 0a3yeThCsl Ha 3PO3YMUIMX BIIACTUBOCTSIX
00’eKTiB (THI, PO3Mip, PO3TAIIyBaHHS), IO ITOJIETIIYE
MOSICHEHHSI, 4YOMY TI€BHI 300pa)KCHHS BBaXKAIOTHCS
monioanmu. lle BakmmBO IS Tamysed, Ae HeoOXimHa
MPO30PICTh JJIsl IPUHHSTTS PIllICHb.

03HaK i3

HO€,I[HaHH$I HU3BKOD IBHEBUX

BHUCOKODIBHEBHMMH JaHUMH BiJl HEHPOHHHX MeEpPex
MIPOTIOHY€ HOBI TIOPWAHI apXiTEKTypH CHCTEM MOIIYKY
300pakeHb Ha OCHOBI BMicCTy. JIOCHiDKEHHSI B I[bOMY
HaTpsAMIi MMOTPiOHI IS TOTO, 00 HAOIU3UTHCS 10 TOYKU
piBHOBary, ie epeKTUBHICTH i TOUHICTh MAKCUMI3YIOThCS,
COpPUSIOYN CTBOPEHHIO OUTBIN CTIHKMX 1O WIyMiB
4K Bapialiii 300pakeHb CHCTEM TIOIIYKY.

BaxnuBoio mepeBarol0 Takoro JECKPHIITOpA €
poboTa 3 00’ekTamMHM SK aOCTPaKTHUMHU CYTHOCTSIMH.
Ile mae 3mory He mpHB’S3yBaTHCA [0 KOHKPETHHX
MoJieNiell 3TOPTKOBHX HEHPOHHHX MEpeX s IOILIYKY
00’€KTiB, a BHKOPHCTOBYBaTH HAHOLIBII  cydacHi
Ta edekTHBHI Mozemi. 3aleXHO BiJ PO3B’S3yBaHOTO
3aBIaHHA W JaHUX 300pakeHb, 3 SKUMH HEOOXITHO
MpaIfoBaTH, MOKHA 00paTH HaWOUIbII JOIUILHUNA METO
MOIIYKY OO0’€KTIB IMOMO0 HASBHUX OOYMCITIOBATHHHUX
pecypciB i yacy, 1o HEO0OOB’S3KOBO Ma€ IPYHTYBaTHCS
Ha MalllMHHOMY HaBYaHHI. X0Ya B CTAaTTi 3aCTOCOBYEThCS
3rOpTKOBa HEHPOHHA Mepeka Jis TMOLIYKY 3BUYANHUX
00’ekTiB Ha 300paXXCHHSX, THYYKICTb /A€ 3MOTy
BIIPOBADKYBATH LW MiAXiZ Uil 0COOJIMBUX 300pakeHb
1 HabopiB 00’ €KTIB (HAMIPUKIIA]T, MEIITYHNX 200 BIICHKOBHX)
3 BUKOPUCTaHHSM OY/b-SIKMX METOJIB JUIl e(eKTHBHOTO
MIOUIYKY HAa OCHOBI BMICTY Y BEJIMKHX CXOBHIIAX JaHUX.

Po3po0iicHHit  IECKPUNTOP  Ma€  BIAMOBIAAaTH
TaKUM KPHUTEPisiM:

e edeKTUBHICTH — 3aCTOCYBaHHS SIKOMOTa MEHIILIE
JTAaHUX PO 00 €KTH JUIsl 3a0e3MeUeHHs] 00UNCIIOBAIBHOT
Ta CXOBHIIHOI ¢()eKTHBHOCTI;

® aJanTHUBHICT — CYMICHICTh i3 pI3HUMH
MOJICTISIMU BUSIBIICHHS 00’ €KTIB 1 BOJJHOUYAC 3a0€3IeYeHHS
THYYKOCTi Y BUKOPUCTaHHi;

® HAJAINTOBYBAHICTH — JIOMYILEHHS HAaJAIITyBaHHs
Mg KOHKpeTHI moTpeOm pi3HUX HAOOpIB  JaHWX
1 BUIA/IKIB 3aCTOCYBaHHS;

e (pajaHc — 3a0€3MeUYCHHS ONITUMAIIFHOTO OaaHcy
MDK MIBHIKICTIO TOLIYKY Ta SIKICTIO IOWIYKY JJIs
3a0e3MedeHHs SIK MIBUIKOTO, TaK 1 TOYHOTO Pe3yJIbTaTy;

e JlerkicTb MoOYA0BH — IPOCTOTa B CTBOPEHHI,
0 Ja€ 3MOTy e(eKTHBHO OymyBaTh 0a3y IECKPHUIITOPIB

1 Oe3nepenKoJHO IHTErpyBaTH ii B CHCTEMH HOUIYKY.
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JIiss  JOCATHEHHS OKPECHCHOI METH HEOOXiIHO
BUKOHATH TaKi 3aBIaHHS:

e BH3HAUUTH TIOJI1 JaHUX Juisi 30epekeHHx
00’ekTiB, OO JECKpUNTOp OYB JETKAM, allé MICTHB
JOCTaTHBO 1H(pOpMAIi 1151 e(heKTHBHOTO TOIIYKY;

® PO3pOOWTH OW3aifH 30epiraHHs AL JECKPUITOPA,
SKAN Oy/e aganTHBHUM JI0 PI3HUX MOJeJield BHSBICHHS
00’€KTiB i HAJNAIITOBYBAaHNM BiJIOBIiTHO A0 KOHKPETHUX
BUMOT 3aCTOCYBaHHS;

e 00paTH BiONOBiTHY MOJETH BUSIBICHHS 00’ €KTiB
JUIL  eKCIIEpUMEHTIB, IO JacTb 3MOTY IPOBECTH
CIIpaBeINBE TIOPIBHAHHSA 3 HIIMMH JISCKPUIITOPAMU;

e o0Oparu HalOip HaHUX JUIS TPOBEACHHs cepil
eKCIICpHUMEHTIB, [0 BH3HAYaTh IEPeBard W HEJOTIKH
PO3pO0JICHOTO JECKPUIITOPA;

e CTBOPHTH HpOrpaMHe  3a0€3NeYeHHS Ui
peadizauii moOy0BU 0a3u NECKPUITOPIB Al 30€piraHHs
300pakeHp 1 3a0e3meueHHs] €(QEKTHBHOTO ITOPIBHSIHHS
JIECKPHIITODIB.

3 po3po0JeHNM AECKPUNTOPOM 1 peai3oBaHUM
HiATPUMYBJIBHAM TIPOTPAMHHUM 320€3IIeYEHHIM MOXXEMO
BUKOPHCTOBYBaTH OOpaHWiA Hallp MaHUX 1 MOJIENb
BUSBIICHHST OO’€KTIB Ta BHKOHYBAaTH TOYHUI, aje

IHBI/IHKI/Iﬁ MOIIYK Yy BEJIMKUX CXOBHIIIAX 306pa)KGHB.

Martepiann it MmeToau

OO0panns Mogeni 1Jist MOUIyKy 00’ €KTiB
Jus obpaHHS MOAeNi, IO 3aJ0BOJIBHHUTEH MOTPEOU

JECKPUITOPIB Yy  TOCTaBICHOMY  3aBAaHHi, Oyio
BHU3HAUCHO TMEBHI Kpurepii. 3okpema HeoOXiTHO,
o0 MoJeNsb:

® IIMPOKO W 9acTO 3aCTOCOBYBajacs AJIS MOLIYKY

00’exTiB, 110 Mae rapaHTyBaTH ii e(EeKTHBHICTb
3a pi3HUX YMOB;

e OyJga TPOCTOI0 Y BHKOPUCTaHHI, 3/aTHOIO
BHSABIISITH 3HAYHY KiNBKICTH 00 €KTIB i YMOMIIMBIIOBAJIA
IpocTe MepeHaBYaHHS Ul ajanTailii 10 HOBUX KJIACIB
00’€exTiB a00 cremiamizanii Ha IEBHUX TUIIaX 00’ €KTIB;

e MaJia KiJIbKa BepCii, sIKi BiPI3HSIOTHCS KUIBKICTIO
mapaMeTpiB, MBHUAKICTIO 1 TOYHICTIO, IO YMOXKIIHBIIIOE
3aCTOCYBaHHsI OJHOI W TOi caMmoi apxiTeKTypH sK
y pecypco3abesrmedyeHnX, Tak 1 B OOMEXEHHX
cepeloBHUIaX (HAaNpHKIIaA, MOOUIBHI TPUCTPOI).

BaxmBo 3ayBakwTH, IO pi3HI Moxumbikarii
HEWpOHHOI Mepexi MOXYyTh OyTH ONTHMI30BaHI JyIs
300pakeHp KOHKpeTHHX po3MipiB. lle mae BupimancHe
3HAYEHHS, OCKUIbKM MIBUIKICTH OOpOOJICHHS 3aJIeXKUTh
Big  I1[bOTO; 3a3BuUail  moOpe

HEHpOHHI  Mepexi
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00pOOIISAIOTH 3MEHILIEHHS BEJIMKUX 300pa)KeHb, ajie BOHH
HE 3aBXIU MOXYTh aJCKBaTHO 301UIBIIYyBATH MaJICHBKi
306pakenns [30-32].

3 ormamy Ha TepenideHi BUMOTH OO MOZETi
JUIs. BUSIBJIGHHS O0’€KTIiB, SIKy IUIAHY€ThCS IHTETPyBaTH
B CHCTEMy KEpyBaHHS MacIITaOHNMH CXOBHIIAMH
300paxeHb, obpano Momens YOLOv8. Ha wmomeHT
HanucaHHs mporo pociuimkenas YOLOvE € omHuMm
i3 HalicyuacHIIIMX pillleHb Y cepi KOMIT FOTEPHOTO 30py
JUId 3aBJaHb JETEeKIii, M0 MPOIOHYE ONTHMAIbHHI
OalaHc MK MIBUAKICTIO, TOYHICTIO Ta aJalTHBHICTIO.
s w™momems € HaWHOBINIOW iTEpaIli€l0  yCIIMIHOT
cepii YOLO, sika iHKOpIOpYE HH3KY HOBHX (QYHKIIH
1 BIOCKOHAJEHb JUIA 1€ OUIBIIOr0 IIiIBUILEHHS
npoxyKTuBHOCTI W TrHyukocti. YOLOvV8 pospobnena
SK TIBUOKAH, TOYHMHA 1 3pyYHHH y BHUKOPHCTAaHHI
IHCTpYMEHT, 10 poOuTh ii imeanpHUM BHOOpOM
JUIS IIAPOKOTO CIIEKTpa 3aBAaHb, 30KpeMa JEeTeKIil
Ta BIICTeXKCHHSA O00’€KTiB, cerMeHTaiii, Kiacugikarii
300pakeHb 1 OIIHIOBAHHS I103.

OCHOBHOIO TiepeBaro mopesei cimeiictea YOLO
JUIS pO3B’SI3aHHS TTOCTABJICHOTO 3aBIAHHS € HIBHIKICTB,
sgKa BiAirpac BupilianbHy poib. BoHa mpaitoe
y 2-2,5 pa3a mBH/IIe 3a iHIII TOMYJISIPHI MOJEI, TakKi sIK
Faster R-CNN, SSD um RetinaNet, aemMoHCTpyO4H
iHOT BUILY

Ile nocsiraeThcst 3aBASKM il OJHOETANHIM apxiTEeKTypi

MOpIBHSAHY, a HaBiTh TOYHICTb.

JNETEeKIii, Ha BIOMIHY BiJ [IBOPIBHEBUX IIiJXOJIIB,
BJIacTHBUX A1t cimelicTBa mepex R-CNN.

[Ile onHMM BaroMMM apryMeHTOM Ha KOPHCTh
YOLOVS € i 3py4Ha miaTpuMKa anapaTHoro NpHUCKOPEHHSI.
Mopenp nma€e  3MOTy JIETKO JIOMYYHTH TpadiqHui
npouecop (GPU) nmns npumuBuameHHs AeTeKIii, 4acto
3a JIOTIIOMOTOI0 JIMIIE OJHOTO JOJATKOBOTO IIapaMmeTpa
B pa3li BUKIHKY, M0 MOXE 30UIBIIMTH IIBHIKICTH
00po06eHns 300paxens y 5—10 pasis.
Tpanchopmye
300paXeHHsI B KiJIbKa KapT O3HAK, BHKOPHCTOBYIOUH

ADpXITEKTYpHO  MOJEIb BXI1JIHE
MPOIYCKHI 3 €IHAHHS Ta iHIM cydacHi TexHiku. L1 kapTu
03HAaK MOTIM 00’ €IHYIOTBCSI Ta CHPOLIYIOTHCS JI0 €IMHOTO
mapy
arceMIUTIHTY Ta 00’ etHaHHA. Ha 1isoMy eTarti IporHo3yroThCs

BUXIJHOIO BHACNIIJIOK KOMOiHaIii omepamnii
KiIacu 00’ekTiB Ta iX OOMEXyBajbHI IPSIMOKYTHHKH,
mciasgs Yoro [UId KOXHOro o0’ekra 3a JIOIIOMOTOIO
anmroputMy Non-Maximum Suppression (NMS) o6upaetsest
HaiOLIpI  BiporigHUH TPAMOKYTHHK. KokeH Takumit
NPSMOKYTHUK ~ OIMCYEThCS  IIICTbMAa  3HAYEHHSMHU:
imentudikaTop kimacy, koopaumHatu 1eHTpY (X, Y),

HIMPHHA, BUCOTA i PiBEHb BIIEBHEHOCTI IPOTHO3Y.
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Memoodonozia nouiyKy

Ha nmepmomy erami  BHABISIOTBCI 00 €KTH
Ha KOXKHOMY 300pa)KCHHI B PEro3uTopii 3a J0MOMOTOI0
oOpaHoi MOJIET. Jeckpurtopu CTBOPIOKOTHCS
3 BUKOPUCTAHHSAM 00’ €KTIB, BUSABJICHHX Ha 300paxKeHHI,
[0 MCNA TepeTBOpEeHHS Bciel HeoOXimHoi iHQopmarmii
30epiraeTbes K 0a3a JaHUX JECKPHUIITOPIB 300paXKeHb.

s 0a3a maHWX CTa€ OCHOBOK Ul MOAAIBIIOTO
HOIIYKY 300pakeHb. BoHa eeKTHBHO MOpIBHIOE Kiacy,
MOJIOKEHHS Ta iHIIN O3HAKKU 00’€KTiB. JleTanbHI OMUCH
HEWPOHHUX MEPEK, IECKPUITOPIB 1 METOIB iX MOOYA0BH
HAJaHO HIKYE B [IEOMY PO3JLTIi.

Jani BUKOPHCTOBYEMO TPOCTY METPHKY JUIsi
OIIIHIOBAaHHS CXOXKOCTI MiX 300paKCHHSMHU (TOYHIIIE,
X JeCKpUNTOpaMu) i aJropuTM HOUIYKY, 110 3aCTOCOBYE
i JECKPHUIITOPU W METPUKH IS BU3HAYCHHS MOAIOHOCTI
300paKeHb.

3aranpHUH polec MouryKy nependavae Taxi aii:

1) mobymoBa aeckpumropa — HOro TeHepyBaHHS
JUTS 3aIIUTYBAHOTO 300paXkeHHS;

2) HaNaNITYBaHHS TMOIIYKY — BH3HAYEHHS MHOTO
KpUTEpiiB 1 HamamTyBaHHA MapaMeTpiB (HAPUKIAI,
MIOPOTH CX0XKOCTI, THITH 00’ €KTIB);

3) GoznocepeaHe BUKOHAHHS MOLIYKY:
— 1epeObip IECKPUNTOPIB y PEO3UTOPIT;

— TIOpIBHSHHSA KO>KHOTO JECKPHIITOPA

3 JACCKPUIITOPOM 3alIATYBAaHOT'O 306pa>K€HHH

3a JIOTIOMOT'OI0 METPUKHU CXOXKOCTI;
— COpTyBaHHS 300pakeHb 3a 0AIIOM MOIIOHOCTI;

— BHBEJCHHS PE3YJITATIB 32 CXOXKICTIO.

3a igeanpHIX YMOB BIJICOPTOBaHI pe3yJbTaTh
MIOLTYKY MAaroTh IOKa3aTH caMe 3alHuTyBaHEe 300paKeHHS
(SIKILIO BOHO € B PEMo3UTOpii) SK MepIinii pe3ysbrar, Aati
TpaHncdopmMmanii abo Bapiamii 3aUTyBaHOTO 300pa>KeHHS
3MiHEHE oOpizane abo

(Hampukam, 32 PO3MIpoMm,

BiJpearopane 300pak€HHA), a MOTIM iHII 300pa)KeHHS

3 PEMmO3UTOpil0, BIACOPTOBaHI 3a iX  CXOXKICTIO
13 3aIUTYBaHNM.

Jns  mepeBipkM  aNropuTMIiB 1 IPOrPaMHOTO
3a0e3medeHHs  PO3pOOIAIOThCS  TOMOMDKHI  MOJENI,

METOIIH, KpHUTepii, METPUKH M MPOrpaMHi IHCTPYMEHTH,
30KpeMa METPHKH /U OLIHIOBAHHS SKOCTI IIOIIYKY.
ExcniepumeHTanbHe HAALITYBAHHS, PE3yJIbTaTH U IETaIbHUN
aHaJi3 MOJJaHO y BIATIOBITHUX PO3ALIax HIKYIE.

Mooeni deckpunmopa
Jeckpunrop 300paxeHHs — I1e KOMIIAKTHE OAaHH,
IO IHKAICYJII0€ OCHOBHY iH(OpMAIiI0 PO 300pakeHHs
B peno3utopii. BiH MiCTUTh Ik TeXHIYHI MeTaAaHi (Micie
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30epiraHHs, po3ALIbHY 3JaTHICTH, opMaT Qailiry), Tak
1 CEeMaHTHYHI TIOKAa3HWKH IPO BUSABJICHI Ha 300pakeHHI
00’exty. OcTaHHI OXOILTIOIOTH KOOPMHATH 00MEXyBaJIbHUX
MPSIMOKYTHHKIB, TEOMETPHYHI po3MipH (TIIOMIY), 8 TAKOK

30py
B HAJIC)KHOCTI 00’€KTa JO MEBHOTO KIACY (HATPHUKIA,

OIIHKY BIEBHEHOCTI MOJEN KOMII FOTEPHOTO
kiracy i). Takuit MiHIMaTICTHYHN#, ane BUYEPITHUI HaOip

aTpuOyTiB 3a0e3rmedye OCHOBY Ui CSPEKTHBHOTO

pPO3pOOJICHHST alrOpPUTMIB TOMIYKY, (iapTpamii Ta

MOPIBHSHHS 300pa’keHh Ha 0asi X Bi3yallbHOTO BMICTY,

30KpeMa 3a MPUCYTHICTIO i BIIACTUBOCTSMH 00’ €KTIB.
KoxxeH 00’€KT MOJAaHO BEKTOPOM i3 CEMH 4YHCel,

SIK MOKa3aHo B Tab. 1.

yBary, 1o

He 30epirae HOMEp KJacy, J0 SKOr0 HaJe)KUTh 00’ €KT.

3BEpHITH JECKpHIITOp  00’€KTa

Jns 30epiraHHs HOMepy Kiacy KOXHOTO 00’eKTa

BUKOPHUCTOBYETbCSI CTPYKTypa JECKpPUIITOpa Kiacy,
10 MICTUTH MEpeTiK 3HANIeHNX 00’ €KTIB.
Ta6auust 1. Mooenv deckpunmopa 06 ’cxkma
Ha3ga Onuc
X BingHoCHA KOOpIMHATA X-0Ci IIEHTpa 00MEeXyBaIBEHOT
pamMku 06’ exTa (y mnianasoni 0—1)
y BigHocHa KOOpMHATA Y-0Ci IIEHTPa 00MEXYBaIBHOT
pamku 06’ exra (y mgianasoni 0—1)
w BigrocHa mupuHa 06’exra (y miamazoni 0-1)
h BigrnocHa Bucora 00’ekra (y aianasoni 0-1)

area | Bignocna mioma 06’exra

ratio BifHOIIICHHST MEHIIIOT 10 OiIBIIIOI CTOPOHH
00MeKyBaJIbHOI paMKH 00’ €KTa

conf | BrieBHEHiCTh HEHPOHHOI MEPEXi B TOMY, LII0 paMKa
MiCTUTB 00’ €KT meBHOTO Kitacy (y miamazoni 0—1)

JeckpunTop KJacy ONHUCYE CYKYIHICTh 00 €KTiB,
0 HAJIEXXaTh J0 IMEBHOTO KJacy Ha 300paxeHHi. Bin
MICTUTh HalIp JECKPUITOPIB Ui KOXXHOTO BUSIBICHOTO
00’eKTa IHOTO KJIacy, a TAaKOX JOJATKOBY iH(popMalliio,
110 XapaKTEePHU3YE IPyIy 00’ EKTIB 3arajom.

s nmomatkoBa iHQopMamis MICTUTH KUIBKICTB
00’€eKTIB TMEBHOTO KJaCy, CyMapHy IUIOILY, SIKY BOHH
3aiiMaloTh, @ TAKOXK IIEHTP Mac (LIEHTPOIxN) BCiel TpynH Ha
300paxkeHH1 (quB. Tab1. 2).

Taomuust 2. Mooenv deckpunmopa kaacy
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Xoya mi  TNOKa3HUKM  MOXXKHa  OOYMCINTH
0e3mocepelHEO 3 NTECKPUIITOPIB OKPEeMHUX 00’ €KTiB, iX
nonepenHe OO4YMCIEeHHs W 30epiraHHs Jae  3MOry
YHUKHYTH IIOBTOPHHX PO3paxyHKIB IIiJi 4Yac oIepamii
nopiBHsHHSA. Lle CyTTe€BO CKOpOUy€E Yac BUKOHAHHS TaKUX
orreparii i miIBUILYy€ 3arabHy €EKTHBHICTh CHCTEMH.

Jeckpuntop 300pak€HHS  OXOIUIIOE  OCHOBHY
iHpopMamiro, HEOOXimHYy Mg JOKai3alii Ta OIHCy
OPHTIHAIBHOTO 300paXKeHHSI, a came:

e Micme po3TamryBaHHA 300pakeHHS, 30KpeMa
uwsix o Qainy (nokanbHuil abo Mepexesuii), URI abo
IHIINH YHIKAIBHUH ineHTH(IKaTOop, M0 Ta€ 3MOTY B pasi
HEOOX1THOCTI OTPUMATH MMOBHOPO3MipHE 300paXKeHHST;

e TabaputH TOOTO

300pakeHHs, a0COoIIOTHY

mMpUHYy W BucoTy B mikcensx. i mapamerpu €
HEOOXITHUMHU IJIsl TepepaxyHKy BiJHOCHHX KOOPIUHAT
i po3MipiB OOMEXYyBaJIbHHX IPSIMOKYTHHUKIB 00’€KTiB
y a0CONIOTHI 3HaYeHHS, OCKLIBKH BCi JaHI Tpo 00’€KTH
30epiralThcs y HOpMOBaHOMY, BiTHOCHOMY BUTJISII;

® JIECKPUNTOPHU KJACiB — KOJIEKIIIIO0 JECKPUITOPIB
JUTS KOXKHOTO KJIacy 00’ €KTIiB, BUSBICHUX HA 300paKeHHI.

BaxmBo 3ayBaXKUTH, IO CTPYKTypa JECKPHITOpa
300paKCHHS € THYYKOI0 Ta MOXXe OyTH po3LIMpeHa
JUISL TOJTydEeHHS TOIaTKOBOI iH(popMaIii mpo 300paxeHHs
abo #oro 00’€KTH BIIMOBIIHO 1O KOHKPETHHUX BHUMOT
3aBaaHHsA. HesBakaroum Ha MOXJIMBICTH ajamnTarii,

OCHOBHMM  KPHUTEPIEM  3aJHUINAETBCA  30EPECIKCHHS
KOMIAKTHOCTI JECKPHIITOPA, IO € KPUTHYHO BAXKIUBUM
JUIsl  3a0e3MeveHHsT BHCOKOI MIBUAKOCTI 0OpOOJICHHS
i 9ac poOOTH 3 MaCIITAOHUMHU CXOBHUILAMH 300paXKCHb.
Hani, 1m0 GopMyrOTh MOJIENb ASCKPUIITOPA 300PaXKCHHS,

y3arajgbHeHi B Ta0. 3.

Ta6mauust 3. Moodenv deckpunmopa 306pasicens

HazBa Onuc

path HIngx 1o daiiay 300pakeHHs

width IlupuHa 300pakeHHs

height | Bucora 300paxeHHs

classes | Jleckpunropu Kiacis, 3HaiiIleHUX HA 300paXkeHH]

Ha3zBa Onuc

class | Imentudrarop Kiacy

number | KinbkiTh 06’€KTIiB [IbOTO KJIacy Ha 300paskeHHI

area CyMma BIIHOCHUX ILIONI 3aifHATUMH 00’ €KTaMH IIbOTO
KJIacy Ha 300pakeHHi

center | Apudmeruunuii LEHTP rpymd 00 €KTIB LBOTO KIacy
Ha 300paKeHHi
objects | Koumexist geckpunTopiB 06’ €KTa IbOr0 Kiiacy Ha

300pakeHHi1

Iowykogi modeni, anzopummu it mempuxu

Jami,

BUKOPHCTaHI Al (OPMYBaHHS JECKPHUIITOPIB, MOXYTb

OTpUMaHI BiA HEHPOHHOI Mepexi Ta

34CTOCOBYBATHUCA B piBHI/IX MOUTYKOBUX MOACIIAX.

Dinempauyia 3a Knacamu 06’ckmie
JleckpunTopu Ial0Th 3MOTY BiOUpaTH 300pakeHHS
B PpEMo3uTOpii, BU3HAYAIOYM Ti, IO MICTATH 3a7aHy
00’eKTiB TEBHUX KJacCiB.

KUIBKICTH 3aexHo  Bifg

HaJlalllTyBaHb, CHUCTEMAa MOXE IIyKaTH 300pa)KeHHs,
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[0 MICTATh TOYHHMU HaOIp 00’€kTiB abo x xouya O
3a3HayeHUH Habip. Pe3ympTaTd Takoro MOMIYKY MOXYTh
Oyt KkopucHuMH cami 1O co0i abo ciyryBaTH
nonepeaHiM GUIBTPOM IUIS 3BY>KSHHS IPOCTOPY IMOIIYKY.
Lle 3HayHO 3MeHIIye oOcsr iHpoOpMalii Ui HACTYITHHX,
QN TIpoIIe Iy p,

CKIQIHUX Ta PECypCOMICTKHX

1 HiIBUIIYE 3arajbHy e()eKTUBHICTh CUCTEMH.

ITowyk 3a 306pasrcennamu
JleckpunTopr TaKOX 3a0e3MeuyloTh MOMKIIUBICTH
MIOUIYKY 32 300pa’KeHHSIMH, TOITOMAaralody KOpHCTyBadyam
3HaXOJUTH KOHKPETHI 300pakeHHs a00 BU3HAYATH CXOXKI
Ha OCHOBI NPHUCYTHIX O00’€KTiB Ta iX pO3TallyBaHHI.
s Mozens  MOIIyKY TOYHI

MOXKC 3HaXOJUTH

BIIMIOBITHOCTI B PEMO3UTOPil Ta paHXyBaTH CXOXIi

300pakeHHsT 3a 1X Bi3yanbHMM BMicToM. BoHa
BBQ)KA€THCS] OCHOBHOKO (32 3aMOBUYYBaHHSM).
Ha wupomMy erami mnomyk 3a 300paKeHHIM

peaizyeThes 3a TOIOMOTO0 HAWIPOCTIMHX MOPIBHUIEHUX
oreparliii: 3iCTaBIsIeEMO KUIbKICTh 00’ €KTIB OHOTO Kilacy
Ha [JBOX pi3HMX 300pakeHHAX. /ISl KOXXHOTO Kiacy
OOYMCITIOETBCS PI3HMI B KUIBKOCTI 00 €KTIB, sKa

IOTIM  [JIUIATBCI HAa  Olgplie 3  OBOX  3HAYEHb

(MK TOpiBHIOBaHUMH  Jeckpunrtopamu). Otpumai
3HAYEHHS IS BCIX KJIACiB, MPUCYTHIX Xo4a O B OJHOMY
3 JIECKPHUITOPIB, MiJACYMOBYIOTBCSA, a CyMmMa IUTHTHCS
Ha 3arajbHy KUIBKICTh YHIKQIBHUX KJIAciB y 000X
neckpunropax. Takuid minxin 3abe3nedye KOMyTaTHBHICTh
oreparii TOpIBHAHHA (pe3yJbTaT HE B3AIEKHTH Bij
MOPSAKY JECKPHUITOPIB), Ja€ 3MOTY BHUSBIATH IOBHI
KoITii 300pa)eHb Y CXOBHII i rapaHTye, o 300paKeHHs
3 IJCHTHYHUM HA0OpOM OO’€KTIB TOBEPTATUMYTHCS
SIK HAHO1ITIBII peNIeBaHTHI PE3yIbTAaTH MOIIYKY.

n o} -0}

S = ZW* —_—, (1)

< max(0},0})
ne S — xoedimieHT MOmIOHOCTI; N — KUTBKICTH Pi3HUX
THUIIB 00’ €KTIB Ha 300pa)keHH]; W — BaroBui KoedimieHT

Ty (po3paxoByethes sk 1/n); O — kinbkicTh 06°€KkTiB
i-ro THIy Ha mepuioMy 306pakenHi; O) — KinbKicTh
00’€KTIB I-TO THITY HA JPYTOMY 300paKeHHI.

Ocb  mpuKIag  aIropuT™My,  SKHH  MOXKHa
BUKOPHCTaTH JUISL TIOPIBHAHHS JIBOX JIECKPHUIITOPIB,
IO Ja€ 3MOTy 3iCTaBUTHM 4Yac BHUKOHAHHA IIOLIYKY

3 IHIIMMHA JACCKpUIITOpaMH.

Onuc npozpamnozo 3abe3neuennsn
JUIs BTUICHHS 3alpOIIOHOBAHUX METOMIB MOIIYKY

300paKeHb Ha OCHOBI JECKPHUNTOPIB  PO3pOOJICHO
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3aCTOCYHKH 3  MIHIMQJIICTHYHUM  BeOiHTepdericom.
Li iHCTpYMEHTH TIOJNIETIIYIOTh MPOBEICHHS E€KCIIePUMEHTIB
1 HAOYHO BIATBOPIOIOTH  pe3yJbTaTH IOUIYKOBUX
3armuTiB. 11 KOMIUIEKCHOTO TECTYBaHHS 3alpOIOHOBAHOT
MOJIeTl TOIIYKY, METPHK, aJTOPHUTMIB 1 HpPOrpamMHOTO
3a0e3MeYCeHHs] CTBOPEHO YOTUPH KOMIIOHEHTH.

1. Cayxoa YOLO. PeamizoBana na Python,
abctparye B3aemonii 3 mogemmo YOLO. Ilpuiimae nuisix
0 300pakeHHs ab0 Ha0Opy 300pakeHb 1 TeHepye
JEeCKPUIITOPH, TIOBEpPTarOYM iX Oe3mocepeHpo  ado
30epiraroun B 0a3i JgaHMX. BUKOPHCTOBYE MPUCKOPEHHS
3a gonomororo GPU (sxmo moctymHe) i 301TbIICHHS
HIBUAKOCTI OOYHMCIICHB.

2. baza

yCTaHOBKH 3acTocoBaHo MongoDB, oOpanuii 3a CBOIO

JAHHX. Jusi  eKcrnepuMeHTalbHOT
THYUYKIicTh sk 6a3a manmx NoSQL. Ilix gac mocmimkeHb

i po3poOieHHs  MOJETl  JECKPUNTOPIB  4acTo
po3mmMpOTECT M MomudikyoThesa, i MongoDB nae
3MOry Oe3NepeliKkoHO KOpPHIyBaTH iX 0e3 IMocTiiHOT
MongoDB

MacITabOBaHICTh 3aBASKH TAKUM TEXHIKaM, SIK AP HHT,

Mirpamii  JaH#X. TAaKOX  MIATPUMYE
o pobuth il MPUAATHOK Ui POOOTH 3 BEIHKUMH

penosurtopisiMu  iH(opmarltii  300pakeHb. CTBOpPECHHS
THYYKOTO pIilleHHA s 0a3u HaHUX € KPUTHIHUM
mpobieM, 110

JUIsi  mepenOavyeHHs W PO3B’sI3aHHS

BUHHUKAIOTh IiJ dYac poOOTH 3 MacIITabOBaHMMH
cucTeMami 30epiranns 306paxens [33-35].

3. Cepsic Ha cepsepi. IlocriiiHo oHOBIIOETHCA,
1100 MiATPUMYBaTH aKTYaIbHICTh MOJCICH IECKPUIITOPIB.
BianoBinae 3a BUKOHAHHSI oTepaiii MONIyKy i TOpiBHSHHS.
OOpo0OJisie  3amUTH  KOPHUCTYBauyiB Ha JIETEKTYBaHHS
00’exTiB Ha 300paXKeHHSAX 1 JomaBaHHA (OTOApXiBiB
Jno 0a3u gaHux geckpunrtopiB. PeamizoBano B .NET,
30epirae JECKpUITOPU B MaM’sITi 3 METOIO IMiJBHIICHHS
HMIBUAKOCTI BHKOHAHHS Ta BHKOpHcToBye ImageMagick
JUIst TpaHcopMmaniii 300pakeHs.

4. Ul-cepsic. Jlerkuii ppoHTeH 1, N0Oy10BaHMIA Ha

Angular ans  gemoHcTpamiiiHux wminei. dae 3mory
KOPUCTYBayaM BI3yalli3yBaTH MOXJIMBOCTI CHCTEMH,
noxaBath  (OTO 1O pEMO3MTOpi0,  CTBOPIOBATH

JECKPHIITOPH /IS 300pa)KeHb Y BU3HAYEHUX JUPEKTOPIAX
1 3MIACHIOBATH TONIYKOBI 3aIUTH (HATIPHUKIIAI, 32 TETaMH
a0  CXOXICTIO JI0  3alUTyBaHOTO  300pakKeHHS).
Kpim Toro, crtBOpeHO mpocTHii Habip IHCTPYMEHTIB
JUIsl TeHepyBaHHS TpaHC(GOPMOBAHMX BepCiii BXIiTHHX
300pakeHp (HANpHUKIad, 3MiHa MacmTaly, CTUCHEHHS,
TOIIO). i
BHUKOPHUCTOBYIOTBCS IUISI TECTYBAaHHS CTIHKOCTI W TOYHOCTI

raMma-KopeKIis TpaHcdopmarii

METO/ly TIOIIYKY 300paKeHb Y BEJTMKHUX PEIIO3UTOPISIX.




Asmomamuzoseani cucmemu ynpaeninua ma npunaou agmomamuxu. 2026. Ne 1 (188)
Management Information System and Devices. 2026. No. 1 (188)

PesyabTaTn gociaigxkeHn Ta ix 00roBopeHHs

Onuc oanux

Jnsi ekcriepiMEeHTIB BUKOPHCTOBYEMO 300paskeHHS
3 Habopy marmx COCO 2017. Lleit Habip MICTHTH TTOHAT
163 THC. 300paxkeHp, aHOTOBaHuX st 80 Kareropii
0o0’extiB. Takwii Benmukuii O00CAT [NAHUX [OA€ 3MOTY
OLIIHUTH IIBUIKO/IIIO TIOHIYKY B PEMO3UTOPIi, 10 HANIYy€E
COTHI THCSY €JIEMEHTIB.

IToBHa Ha3Ba Habopy — Common Objects in Context
("3arampHi  O00’€KTH B

KOHTEKCTi") BiITBOPIOE

BJIACTHBOCTI 300paeHs, K1 MEePEeBaXHO €
MOBCAKACHHIMH QoTorpadisMu: Ha HHX 300pakeHi
JIIO/TM, IPUPOJIa, MIChKi Iei3axi, CIIOPTHBHI MOJIT TOMIO.
Cepen posmizHAaBaHUX KJIaciB 00 €KTIB — JIIOAH,
TPaHCIIOPTHI 3aco0W, TBapWHM, IPHCTPOi, NPEIMETH
mo0yTy 1 akcecyapH.

OxpiM opuriHanbHuX 300paxkeHs i3 COCO 2017,
OJTAEMO J0 CXOBHIIa MOAM(DIKOBaHI KOMil TECTOBHX
300paeHb, SIKi BUKOPHCTOBYBATHMYTHCS SIK LLTHOBI
sanmuTd.  Crmcok

TpaHchoOpMaliid,  3aCTOCOBAHUX

0 OpUTIHANIB, Tependavae: B3HWKCHHSA SICKPABOCTI

Ha 20%, crtucHeHHs skocTi g0 70%, MmigBUILEHHS

po3Mipy
Ha 20%, 3MeHmeHHs po3Mipy Ha 20%, mepeTBOpEHHS

KOHTPAcCTHOCTI,  301UIbILICHHS 300paXKeHHs

B YOpHO-Oily  TWaJiTpy, KBaHTYBaHHsS  KOJIbODIB
mo 128 BiATiHKIB, IiABHINEHHS HacudyeHocti Ha 30%
1 BUKOpHCTaHHS edekTy piskocti. OuikyeTbes, IO
B pe3yjbTaTax IOMIyKY AJIsl KO)KHOTO TECTOBOTO 3aITUTY
cepell MepIIMX MO3WIlH Oyae HasBHE SIK OpUTiHAJIbHE

300pakeHHs, TaK 1 Bci Horo TpaHcpopMoBaHi Bepcii.

Ilobyoosa b6azu danux deckpunmopis

PenozuTopiii  NECKpUNITOPIB CTBOPEHO CIIOCOOOM
po3MimeHHs Habopy AaHMUX Ha poOodil CTaHIIi Ta Horo
00pOOJIEHHST CTBOPEHUM IPOTPaMHHUM 3a0e3NeUeHHSIM.
Ile mporpamue 3a0e3meyeHHs  MPUAMAE  MUIIXH
JI0 KaTaJIoTiB 31 300pakeHHSIMH, MOCIITOBHO 00poOIIsie
BCi 300pakeHHS B IHMX KaTaloraxX, BHSBISAE 00 €KTH
Ha KO)KHOMY 300pakeHHi, TpaHcopMye TaHi mpo 00’€KTH
# 300paxkeHHS B ONHCAHy MOIEIb JECKPUIITOPA
it 30epirae orpuMani neckpunTopu B 6a3i manmx. Habip
164 THC.

a Tpolec TreHeparii JEeCKpUNTOpIiB Il BCHOTO MacHBY

JAHUX MICTHTh IPUOTU3HO 300pakeHb,
3aiiHAB Maiike IT’ATh 3 IOJIOBHMHOIO TroauH. lLle# uac
niepeioayae BUSABICHHS 00 €KTIB, MOOYJOBY JECKPHUIITOPIB

Ta iX IHJ€eKcaliio B 0a3l JaHuX.
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Iliozomoexa excnepumenmis

ExcnepumenTHn  30cepekeHI Ha  IIBHUAKOCTI
noOyI0BM JIECKPUITOPIB, MIBHIAKOCTI (inbTpauii paracery
1 IIBUAKOCTI BUKOHAHHS ITOPIBHAHO 3 aHAJIOTaMH.
[To-nepuie, TOPIBHIEMO MIBHAKICTH MOOYJOBU
JECKPUITOPIB i3 JECKPUITOpaMU Ha OCHOBI IITHOOKOTO
HaBYaHHS ¥ MepUENTyaIbHUMH TellaMH Ta NOOyayeMo
BCI TP JECKPUNITOPH Ha 300paKeHHSX IaTaceTy.
[To-mpyre, BHKOHa€MO TECT TOIIYKY 3a TEraMu.
Le#t Tect ¢inpTpye 3arambHy BHOIpPKY, a caMe IHIIE
eK3eMIUISIPH, 10 MICTATh 3a3Ha4eHWd Habip KiaciB
00’exriB. [IpoBemeMo IMOIIYKOBI 3alUTH, BKAa3yIOUYH IIO
4yep3i BiJf OMHOTO JO ITSITH KJIaciB 00’€KTIiB, sIKI MalOTh
OyTH TIPUCYTHI B 300paKeHHI, BUKOHAEMO II’ATh 3aIUTiB
13 KOXKHOIO KOH(IrypaIliero Ta BUMIpSIEMO 4ac BUKOHAHHSL.
Jani mpoBemeMo IMOIIYK Uil JECATH TECTOBHX
300paKeHb, BUKOPHCTOBYIOUH PO3pOOIIEH] AECKPHUIITOPH,
MepUIenTyanbHi Temi Ta JSCKpUOTOpH Ha OCHOBI

rMOOKOr0  HaBYaHHS, OTPUMaHi 3a  JOMOMOTIOO
BHIOOYTKY O3HaK i3 300pakeHb MJarTacery, a TaKOXK
3reHepoBaHi 3a JOMOMOTOK CcydacHoi Momemi Vision
Transformer, sxy nanpuxinmi 2020 p. 3amponoHyBau
O. Hocosinpkuii, JI. Baep, O. Konecuikos Ta iu. [36, 37].
BumipsieMo 4Yac BHKOHaHHS, a TaKOX BH3HAYMMO
KIJIBKICTh OPHUTIHAJIBHUX 1 TpaHC(HOPMOBAHUX 300paKeHb
13 IITBOBOI I'PYITH, SIKi MOCTIHHO 3’SBISIIOTHCS B TOMOBUX
pesyibrarax BuOOpy. Lle macTh mpakTH4HI pe3yibTaTtu

JUISl pO3pOOJICHNX AECKPUNITOPIB 1 MOJIENeH TOIIyKY.

Ilobyoosa oeckpunmopis

Jeckpunropu moOyaoBaHO is moHanm 163 THC.
300pakeHb y JaraceTi. Bu3HaueHO cepenHio IIBUAKICTH
NOOYIOBH JICCKPUIITOPIB /ISl KOYKHOTO THITY IECKPHUIITOPA.
BapTto 3ayBaxkuTH, M0 ECKPUTITOPH, 30KpeMa Ha OCHOBI
rmboOKoOro HaByaHHs, cTBOpeHi sk Ha CPU, Tak 1 Ha
GPU, Tomi sK mepuentyajibHI Telli OOYNCIIOBAIUCS
nuie Ha CPU. Pesyspratu monaHo B Ta0. 4.

Ta6auus 4. [lopisusnus wacy nobyoosu 0ecKpunmopis

Thn neckpmTOpa CepeaHs LIBUAKICTH
(300paskeHnb 3a CEKyHY)

Iepuentusuuii ret (CPU) 4.39

06’ extHuit geckpunrop (CPU) 2.56
JleCKpHUITOp 03HAK 300paKEeHHS 214

(CPU) ]

06’ extHuit geckpunrop (GPU) 12.89
Jleckpunrop 03HaK 300pakeHHS

(GPU) 12.68
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Pe3ynbraTi e€KCHEPHMEHTIB JEMOHCTPYIOTh, IO
mo0yI0Ba AECKPUITOPIB HA OCHOBI 00’ €KTIB BUSABHIIACS
TPOXM IUBUAIIOK, HDK TeHEpyBaHHS JECKPUITOPIB
300pakeHb, OCHOBAaHHMX Ha O3Hakax (Hampukianm, SIFT
a0o 1HIII KJIACHYHI AECKPHUIITOPH), alie, K 1 04iKyBaJIocs,
O1BII TOBITBEHOIO 32 OOYMCIICHHS HEPIENTHBHOTO TEIIy
3a omHakoBUX yMoB. OnHak y Ipolleci 3acTOCYBaHHS
anapaTHoro mnpuckopeHHs Ha GPU wac cTBOpeHH:A
AK OO0 €KTHHMX JIECKPUNTOPIB, TaKk 1 JECKPUITOPIB
Ha OCHOBI TTIMOOKOT'O HaBYAHHS CKOPOTHBCA y 5—6 pasiB
y HalmoMy TecToBoMy cepemoBuiii. Ili pesympTatu

CBiqUaTh TpO Te, MmO dYac MOoOymoBH 00’ €KTHHUX
JIECKPUIITOPIB € TMOPIBHAHKMM, a 1HOAI HABITh MEHIIUM

34 4aC CTBOPCHHA aHAJOTTYHHX Z[eCKpI/IHTOpiB.

Howyk 3a mezamu

Ie#t exkcriepuMeHT mependavae 3amuTH Ha MOIIYK

MPUCYTHIX HAa HUX 300pakeHb i3 KUIBKICTIO KJaciB, IIO

KOJIMBAETHCS BIJ OJHOIO 1O II'SITH, 13 3arajibHOIO0
KUTBKICTIO TIOHA 163 THC. 300paXeHb y PEermo3uTOpii.

Sk MoxHa mnoGauuTh 3 TaON. 5, yac MOUIYKY

BiH

He 30ULIBIIyEThCS

HaBIIaKH, SMCHINYE€TbCA

i3 3pOCTaHH]IM KUJIBKOCTI KJaciB Ha 300paKeHHi.
I1e 31e011bIIOr0 3yMOBIJICHO TTOPIBHSHHSAM BEKTOPIB, IO
3a0e3medye CTabiTbHE OOPOOJICHHS HE3AICKHO BiJ
KUTbKOCTI KiaciB. OmHak i3 30UTBIICHHSIM KUTBKOCTI
110

KpHTepii MOUIyKY, 3MEHIIYETHCS, 10 3HIXKY€E BUTPATH Ha

KJIaciB  KUIBKICTh  300pakeHb, 3aJI0BOJILHSIOTH

BUJIIJICHHS [1aM ST 32 YMOBH [TIOBEPHEHHS Pe3yJIbTaTIB.
Cepenniit yac BuxkoHanHs 3anuty (50-100 mc s

164 THc. 300pakeHb) BKasye Ha Te, 10 (igbTparis 3a

CKITaZioM 00’€KTiB MoOke OOpoOIATH IOHAK MUTBHOH
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300pakeHb 3a CEKYH[y, 3aJIMIIA0YN BUOIPKY 3 KUIBKOX
THCSY 300pakeHb TSI OLTBIN JeTadbHAX MTOPIBHSIHb.

Taémuus 5. owyk 300padicens 3a mezamu, 4ac GUKOHAHH

K::::::f:’ Tecr | Tecr | Teer | Tecer | Tecr Ci[;;)l-
.| Nel Ne 2 Ne 3 Ne 4 Ne 5
y 3anuTi yac
1 121 mc | 78 Mc | 79 Mmc | 99 mc | 106 mc |96.6 mc
2 92mc | 84 mc | 80Mc | 99 Mmc | 89 mc |88.8 mc
3 Tlmc | 76 mc | 57mc | 71 mc | 80mMc | 71 Mc
4 67mMc | 92mMc | 64Mmc | 64Mmc | 61 Mc |69.6 mc
5 54mc | 52mc | 50mc | 46 mMc | 59 mc |52.2 mc
Taki pe3ynpTaTé JOBOAATH, WIO PO3POOIECHUI
00’ €EKTHO-OpPIEHTOBAHUI JIECKPUIITOP MOXE

BUKOPUCTOBYBATHCS Y BEITMKUX CXOBHUILAX 300pa)KeHb SIK
LIBUIKHHA 1HCTpyMEHT (iIbTparii Ha OCHOBI BMICTY.

Howyk 3a 306pasicennam

Y Mexax IBOro eKCIIEPUMEHTY 3IiHCHEHO IOIIyK
st 10 TecToBHX 300pakeHb Y BEJMKOMY PETO3UTOpil
i3 3aCTOCYBaHHSIM pI3HHX THIIB JECKPUITOPIB IS
MopiBHJIBHOTO  aHaiizy.  OCHOBHUM  KpHUTEpieM
OLiHIOBaHHS OyB 4Yac BHKOHAHHS IOITYKOBUX 3aIlUTIB,
IO JTAJIO 3MOTY BCTAHOBHTH, HACKIUJIBKH MPOJYKTUBHICTH
PpO3pOOICHOTO IECKpUNTOpa BIAMOBiNa€ MOKa3HUKAM
BiJOMHX ajbTepHaTuB. OTpUMaHi pe3yibTaTd JOBOJASTH
e(EeKTHBHICTH 3aIPOIIOHOBAHOTO TIIXOAY, a PO3BUTOK
1 ONTHMI3allis AJTOPUTMIB TMOMIYKY 3aJUIIATHUMYThCS
MIPIOPUTETOM JUIS TTOJANIBINNX HAYKOBUX JIOCHIKEHb.

Kinpka  CKpHHIIOTIB  pe3yjbTaTiB  MOIIYKY
3a 300pakeHHSM MO/aHO Ha puc. 2—4. Yci CKpPHUHIIOTH
MOXHa 3HaWtH B pemosuropii https://github.com/alex-

prokopenko-nure/image-search-results.
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Puc. 4. Pe3ynpTaT nomryky /st TecToBoro 300pakeHHs Ne 10

IMomyk 300paxkeHb y i poOOTI peaaizoBaHO
32 JIOIOMOTOI0 TPhOX PI3HMX METOIB: TEPLENTUBHUX
TelIiB, JCCKPUOTOPIB HAa OCHOBI TIIMOOKOTO HaBYAHHS
i po3poOsieHnX 00’€KTHO-OPIEHTOBAHUX JECKPUIITOPIB.

Jlis mepuenTHBHUX TelliB TOPIBHSHHSA BiZA0OyBa€eThCs

crocoboM  OOYMCIICHHS CyMHM KBajpaTiB  pi3HHUIb
Mk  OiHapHMM momaHHsaM  remriB.  Jleckpumropu
HA OCHOBI TJIMOOKOTO HABYaHHA IOPIBHIOIOTHCS

32 JIONOMOrOI0 OOYHCIIEHHS KOCHHYCHOI IOAiOHOCTI

MIK ix BI/ICOKOBI/IMipHI/IM BCKTOPHUM IIOJaHHAM

(emOemuurom). OO ’€KTHO-OPIEHTOBaHI  JAECKPHUIITOPH
MOPIBHIOKOTHCS 33 JIONIOMOTOI0 HPHUMITHBHOTO aJITOPHTMY,

JIETAJIBLHO OIMMCAHOrO B IOICPEIHIX PO3aiIax, KU Oepe
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ipg D: T\rain2017\000000106513 jpg

Distance: 0.014314

D:\Projects\coco2017\train2017\000000193479.jpg
Distance: 0.014761

JI0 yBaru KiNbKIiCTh 1 PO3MOJiN 00’€KTIB PI3HUX KJIACiB
Ha 300paXKCHHAX.
Y Tabn. 6

Yac momryky HaBeneHO s mepuentuBHuX remiB (PH),

MOJaHO PpE3YyJIbTaTh CKCIOCPHUMCHTY.

JIECKpUnTopiB o3HaK 300paxkens (FD) Ta 00’exTHHX
neckpunropis (OD).
Jleski HeTHNoOBI 300pa)K€HHSI MOXYTh 3HIIKYBATH

TOYHICTh NOuryKy, 3pCUITOO OIIMHAKYNCH BUIIIC

3a TpaHc(h)OpMOBaHI Bepcil MIIBOBOrO 300PayKCHHSI.
Le BiOYyBa€ETHCS, KOJIM MO ACTEKIll 00’ €KTIB BUSBIISIE
HAa HHUX IHIIKAA HaOip 00’€KTIB, SIKIIO ITOPIBHIOBATH
3 opuriHajsioM. Hal0inbm cyTTeBe BiIXWIIEHHS BHHHKAE,

KOJIM Ha TPaHC(HOPMOBAHOMY 300paxkeHHI (HAIPHUKIA,
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3aTeMHEHOMY a00 3i 3MIHEHHUMH KOJbOPaMH) HE BHSBJIICHO
JKOIHOTO 00’€KTa 3 MEBHOTO KJIAcy, HASTBHOTO HA OPHTiHAII.
IHoxmi BigCTaHP IO TaKOrO HETUIIOBOIO 300pa)KeHHs
31 CXOXHUM, aje HeIICHTUIHUM HabopoM 00’€KTiB
BUSIBJIIETBCSL MEHIIIOK, HDK 0 TpaHcdopMoBaHoi Bepcil

3 HEIOBHUM 200 CIIOTBOPEHUM HabOpOM 00’ €KTIB.

Tabauus 6. Yac suxonanHa nowyky 3a 300pasxceHHam

Yac nomyky (PH) | Yac nomyky (FD) | Yac nomyky (OD)
1 214 mc 69.7 ¢ 144 mc
2 221 mc 62.6 c 122 mMc
3 230 mc 63.2¢ 123 mc
4 242 Mc 66.4 ¢ 130 mc
5 215 mc 58.1¢ 154 mc
6 226 mMc 68 c 132 mc
7 223 mc 61.7c 132 mMc
8 252 mc 649c¢ 131 mc
9 235 Mc 62.7¢ 155 Mc
10 228 Mc 62.8¢ 142 mc

[omyk Ha  OCHOBI  MEPUENTHBHUX  TEMIiB

BUKOHYETBCS 32 aHAIOTIYHMHA NPOMDKOK dacy. OnHak,
xo4ya 6—8 TpanchopMariiif 3 KO)KHOTO TECTOBOTO 3aIUTY
NOTPAIUISIIOTE 10 BEPXHIX IMO3MLIH  pe3yJbTaTiB,
MIEPETBOPEHHS B YOPHO-OLTYy MaTPy IS BCiX TECTOBHX
300paK€Hb  ONUHSETHCA 11032 IEPIIOI0  TUCSYEIO
3HaieHnx enemeHTiB. Kpim toro, mist 8 3 10 TectoBux
3anuTiB e 1-2 iHon  tpaHcdopmanii  (ToB’s3aHi
3 MaHIMyJAIISIMA KOJTBOPOBUM Jiara3oHOM, SIK-OT 3MiHa
HACHYEHOCTi abo SICKPaBOCTI) TAKOXK BUMAJAIOTh 38 MEXI
TIEPIIOi THCAYi pe3yIbTATIB.

[Momryk 3a 10MOMOroI0 KOCHHYCHOT MOJIOHOCTI MiXK
BEKTOpaMH O3HaK, OTPHMAHUMH 3a JOIIOMOTOK MOJEi
Vision Transformer (ViT), 3HauHO AOBHIMA 3a YacoM,
SIKIIO TOPIBHIOBATH 3 IHIIAMH METOJaMH. AHAIOTidHO
JI0O  eKCHEepHMEHTy 3  MEepUENTHBHUMH  TelllaMy,
TIEPETBOPEHHS 300pakeHb y YOPHO-OLTYy MaiTpy 4Yacto
He TOTpalisie [0 HalpeNeBaHTHIIIMX pe3yJIbTaTiB,
ONMHAIOYUCH 32 MEXaMM HepuIol JBaIlATKH B TPHOX
TpaHcdopMmain
po3mipy)

nepiii - ecsrii.

Bunankax. OpHak  iHmI  BUOU

(sx-oT 3MiHa  SCKpaBOCTi, KOHTpAcCTY,
MEPEeBaXXHO TOCIZAI0Th MICII B
SIKmIo BWUTYYHTH 3 OLIHKU IIEPETBOPEHHS B YOPHO-Oiie,
TO SIKICTh TOLIYKY JUIi YacTHHH 300paKCHb 3a LM
METOZIOM BHINA, HK Yy 3allPONOHOBAHOTO 00’ €KTHO-
OpIEHTOBAHOTO TIJXOAY, alle JOCATAETHCS 1€ IIHOIO
3HAYHO OLTBIINX BUTPAT OOUYHCIIOBAIEHOTO Yacy.

BEKTODIB

[Momyk 3a [OIMOMOTrOK TIOPIBHSHHS

O03HaK 300pakeHb 3 TMOJAJBIIUM JOOIPALIOBAHHIM

abo xoMmOiHamicr0 3 IHIIMMH  METOJAMU  MOXKE

BUKOPHCTOBYBATHCS M1 OUIBII TOYHOTO TIOPIBHSHHS
300paXkeHb y TONepeAHbo BiadiIbTpoBaHil BHOIpLI i3
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COTEHb YU THCSY 300paXkeHb, CIIOYATKy Bif(iIbTpOBaHUX
3a JJOTIOMOTOFO 3aIpPOITIOHOBAHOTO B il poOOTi METOMY.

0ob2060pennsn

JocsarayTi  pe3ynbrath  MiATBEPIUKYIOTH, IO
CTBOPECHHH JECKPHITOpP YCIIIIHO BUKOHYE IOCTABIJICHI
3aBJIaHHs, 30KpeMa e(heKTUBHUIA TTOLTYK CXOXKHX 300paKeHb
Yy BEINHMKHX CXOBHUINAX JaHWX. BiH MoexHye HU3BKI
00YMCITIOBAIIbHI BUTPATH, BIACTHBI /s IECKPUITOPIB Ha
OCHOBI HH3BKOPIBHEBHX O3HAK, i3 BHCOKOPIBHEBOIO
CEeMaHTHUYHOIO iHQOpMaIli€lo PO 00’€KTH, Ky 3a3BHYAN
HaJaloTh 3ropTKoBi HeWponHi Mepexi (CNN), mo
BHMArarTh 3HAYHO OUIBININX 00YHCIIOBAILHUX PECYPCIB.
Jeckpuntop Ha OCHOBI 00 €KTiB  OYIyIOTBCS
IIBHIIE, HDK TEHEPYEThCS BEKTOPHE TMOJAaHHS (€MOEIHHT)
Ha 0a3i rMOOKOro HaBUaHHSA, aje, sK 1 mependadanocs,
HOCTYMAETHCS 32 IBUIKICTIO OOYHCIICHHIO TIEPUETITUBHUX
remiB. Taka MPOXYKTHBHICTH Y CTBOPEHHI IECKPHIITOPIB
poOUTh iX MPAKTHYHO 3aCTOCOBHHUMH 1 HAJa€ IEBHY
mepeBary rnepes OibII MOBUTFHIMA METOJJAMH Ha OCHOBI
TITMOOKOTO HAaBYAHHSI.
¢inpTparmii,
PO3pO0OIEHOMY JIECKPUNTOPY, Aa€ 3Mory (opmyBaru

HIBuaxicTs JIOCATHYTa  3aBISKH
TTIMHOXKHHHU 300pakKeHb, IPYHTYIOUHNCh HA X 00’ €KTHOMY
CKJami, 3 MPOAYKTUBHICTIO Maibke B OOUH MIJIBHOH
300paxxeHb 3a CeKyHy. LI MOXIMBICTh BIAKPHBAE IIIAX
bi(s) e(peKTUBHOT KoMOiHari1 3arpOIIOHOBAHOTO
JIECKPHUIITOpa 3 OLTBII CKIAIHUMHM METOJIaM{ IIOIIYKY,
BUKOPHCTOBYIOYH TONEPEAHIO (iNbTpaliio UIis pi3Koro
3BY)KEHHS AIISHKU TIOIIYKY 1, SIK HACJiOK, OTPUMaHHS
TOYHHUX 1 pENIEBAHTHUX PE3yJIbTATIB BUCOKOT SIKOCTI.
[IBuaKICTh MOPIBHAHHS 300pa’keHb 33 JOMOMOTOIO
00’€KTHHUX JIECKPUNTOPIB y COTHI pa3iB MEpPEBHUIIYE
IIBUJKICT TOPIBHAHHS 3 BHKOPUCTAHHSM BEKTODIB
O3HaK, OTPUMAaHHX 32 JIONOMOTOI0 TIIMOOKOr0 HaBYaHHS,
30epiratloud B [BbOMY pa3i KIIOUYOBHH CEMaHTHYHHUH
KOHTEKCT 300pa)<eHHsI B TOIIYKOBiii onepauii. SIkicTbh
MOUIYKY B IOMY JIOCHTI/DKEHHI HE BHMIiproBaiacs, aie
MOKHa TPUITYCTUTH, 1[0 BOHA MOXE OYyTH JCHI0 HHKUYOI0
32 JIECKPUIITOPM Ha OCHOBI TJIMOOKOTO HaBYaHHS.
Came 1ne poOUTH TOJNAHWH JAECKPUITOP iJealbHUM
IHCTpYMEHTOM Uil TONEepeqHhOro (imbTpyBaHHS Ta
pi3koro 3MeHIIeHHs oOcsry BximHoi iHMopMmamii s
OUTBII CKIAAHMUX 1 TOYHHMX MOJeNell momryky Ha 0asi
rJIMOOKOTr0 HaBUYaHHS, SIKI 3MOXYTh IPOBECTH (iHANbHE
YTOYHEHHS MOPSIKY PE3yJIbTATIB JUIs 3aJaHOTO 3aIHTY.
[Moganbmii  nocmipkeHHsT HEOOXiJHO 30CepenuTH
Ha CTBOPEHHI LIBHAKOrO i TOYHOIO ajJrOpPUTMY HOIIYKY

JUIS  PO3pOOJICHOTO JCCKPUNTOpa. Takuil aJroputMm
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BHUKOPHUCTOBYBaTHME iHpopMaIiito po po3mip
1 po3ramryBaHHS OO0’€KTiB IS TOMIYKY ITOMIOHHX
300pakeHb, a TaKOX TpaHChopMaliil 300paKeHb, SK-OT
3MIiHH SICKPaBOCTi, KOJIBOPY, MAacmTady, CTyIIeHI
CTHCHEHHS Ha/l OPUT'IHAIIOM Y CXOBHIIII.

[lle omHUM JIOTIYHUM  YIOCKOHAJICHHSIM €
BUKOPHCTAHHS PO3MOAUICHUX OOYHMCIIOBATBHUX CUCTEM,
OCKUIBKM  IIOCTaBJIE€HE  3aBJAHHA  Ma€  BHCOKY
aBTOHOMHICTb. Pe3ynbTaTi 004HCIIeHb, BUKOHAHHX IS
OIHOTO 300pakeHHS, HE NOTPIOHI Mg OOYMCIICHB
JUIs IHIIOro 300pakeHHs. TOMy HaBiTh y BEIHKHX
PETO3UTOPIsAX, IO MICTATh MITBSIPON 300pa)KCHBb,
MIBUIKUHA TIOIIYK 3a 300paKeHHSM BIIMOBIIHO IO
PO3pOOIICHOTO aJrOPUTMY MOKHA BHKOHATH, OCKLIBKH
CKJIQJIHE 3aBIaHHS MPUITYCTAMO MOIUIMTH HA Tif3aBIaHHS
H omHOYacHO IX pO3B’SI3yBaTH Ha PI3HUX YaCTHHAX

HA0Opy JaHMUX JECATKAaMH a00 COTHSIMU Pi3HUX MAIIIKH.

6. BucHoBKH
i MepcrneKTHBHU NOJAJBIIOr0 A0CTiKeHHSA

VY crarTi mopymieHo npoOieMy KOMIIPOMICY Mix
MIBUJKICTIO W TOYHICTIO NECKPUNTOPIB 300pa’keHb, IO
3aCTOCOBYIOThCS JUIS TIOIIYKY 32 BMICTOM Y BEJIHMKHX
CXOBHIIAX JTAHWX, 1 CIIOCOOM TiABHUICHHS e()eKTUBHOCTI
TAaKUX CHCTEM 3a JIOTIOMOIOI0 BHKOPHUCTAHHS HOBHX
BHJIIB IECKPUIITOPIB 300paKeHb.

Hnst PO3B’sI3aHHSA

okpecieHol  mpobiemu

3allpOMOHOBAHO 00’ €KTHO-OPIEHTOBAHWH  TECKPHIITOP

300pakeHb, SIKMH  3aCTOCOBYE  JiaHi, OTpHMaHi
3a JIOIIOMOIOI0 Mojenel neTekiii 00’€KTiB, 3 METOIO
CTBOPCHHS C(CKTHBHOTO U 30aJJaHCOBAHOTO PIllICHHS
st mornyky 3a Bmictom (CBIR). Tle#t migxin 3HadHo
MOKpAIIy€e

3aJHUIIAIOYACh HA0Arato MIBHIIMIAM 32 BHCOKOBHUMIpHE

TOYHICTh  TPaJULIHHMX  JIECKPHUIITOPIB,
BEKTOPHE MOJIaHHS, IIJ0 BUKOPUCTOBYETHCSI B AECKPUNTOPaX
HAa OCHOBI TIHOOKOTOo HaBudaHHA. Jlns po3poOieHHs
JleCKpunTopa Ha 0a3i 00’€kTiB Oysl0 BHKOHAHO TakKi
3aBJaHHs]: BH3HAYCHO [MOJs JaHUX JUisi 30epeKeHUX
00’€KTIB, CTBOPECHO NU3alH 30€piraHHs Ui JICCKPHUIITOPA,
00paHO BIAMOBIAHY MOJIC/Ib BUSBICHHS 00 €KTIB, 00paHO
Hal0ip maHWX 1 po3poOICHO mporpamMHe 3abe3nedeHHS
JUIsl TIOPIBHSIHHS JIECKPUIITOPIB Y CXOBHIIAX 300paKEHb.
Pesynbraty eKCTiepuMeHTIB, IO TIOPIBHIOIOTH 00’ €KTHHIA
JIECKPUTITOP 3 METOJaMH Ha OCHOBI MEPIENTHBHUX T'eIIliB
1 TIuOOKOro HaBYaHHS, JEMOHCTPYIOTH IepeBaru
3aMpOIIOHOBAHOTO Iiaxoay. 30KkpeMa modyaoBa 00’ €KTHHX
JICCKPHUIITOPIB  BiOYBa€ThCS MIBHIIIE, HIX CTBOPEHHS
BEKTOPHOTO TIHOOKOTO

nogaHHA 3a  JOIIOMOI'OIO
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HaByaHHs. KpiM TOro, 3amporioHOBaHHW JECKPHIITOP
3a0e3rnedye HaWBUINY INBHIKICTH TONIYKY Y BEJHMKHX
CXOBHII[AX, MEPEBEPINYIOYM HABITh MIBHAKI OOYUCIICHHS
HA OCHOBI TMEPUENTHBHUX TemmiB. Taki IOpPiBHSAHHS
B 100 pa3iB mBuami 3a TOPIBHAHHSA 300pakeHb
32 JIONOMOTOI0 IECKPHIITOPIB Ha OCHOBI TTHOOKOTO
HaBYaHHS, TOMI K BOHHM TaKOX 30€piraroTb KOHTEKCTHY
iHpopMariro mpo 300paxkeHHs. SIK 1 oUiKyBallocs, SKICTh
TIOIIYKY 00’€KTHOTO JECKPHIITOPA € JCII0 HHKYOK, HIXK
y TepeIoBUX METOJIB IIMOOKOr0 HAaBYAaHHSI, ajle 3HAYHO
BUILIOIO, HIXK Yy METOJIB HA OCHOBI NEPIENTUBHUX T'ellliB.
Orxe, 3aIpONOHOBAHMIA IECKPUIITOP MPOTIOHYE aHATIOTIIHHI
Yac 1Mo0y/I0BH i 3HAYHO LIBU/IINI Yac BUKOHAHHS TOIIYKY
MOPIBHSHO 3 JECKPHUIITOpPAMH Ha OCHOBI TJIHOOKOTO
HaBYaHHSI, Ki OCTAaHHIM YaCOM BBa)KalOThCS IEPEIOBUMH
y cdepi momnryky 300paxeHs 3a BMicToM. Lle poOuts fioro
iZICaIbHAM  PIICHHAM Ui e(EKTHBHOI IONEPEIHBOT
(ipTpAaIlii Ta MIBUAKOTO ITONTYKY B MAaCIITA0OHUX apXiBax.
KpiM Toro, BH3HaueHO Taki HampsMu JJIs
MOJATBIIHNX TOCHTIIKEeHB!
— PO3pOOJICHHST METPUK 1 allTOPUTMIB MOUIYKY JUIs
CBIR 3

PO3pOOJICHOTO JECKPUIITOPA Ha OCHOBI 00’ €KTIB;

CTBOPEHHS  CHCTEMH BUKOPUCTAHHAM

— TMOEHAHHS PO3POOJICHOTO JIECKPUNTOpa 3 OUIBII
CKJIQJIHUMH aJITOPUTMaMH TIOIIYKY MJIsl YTOYHEHHS
TOIMOBUX PE3yNbTATIB MOUIYKY;

— BHUKOHAHHS 3aBJIaHHS TIOIIYKY 300paKeHb 3
TIOPIBHSHHSM KOKHOTO 00’€KTa HAHOLTBII CXOXKHX 300payKEHb
JUIs OLJIBII TOYHOTO PaH)KYBaHHS OJM3bKHUX PE3YJIbTATIB;

— TOKpallleHHs  BUKOPHCTAaHHA  MapajeibHUX
1 po3MojiieHnx 0o04KCciIeHb y MoOyqOBI Ta MOPIBHSHHI
JIECKPHIITOPIB.

JeckpunTop Ha OCHOBI 00’€KTIB OaiaHCye e)eKTUBHICTh
1 TOYHICTB, 3aCTOCOBYIOUM II€pPEBarv HAsBHUX METOJIB
3 METOK CTBOPEHHS HaIiifHOrO ¥ MaciTaboBaHOTO

PpIlICHHS JUTS 3aBAaHb MTOITYKY 300pakeHb.

KondguikT inTepecin

ABTOpH 3asBJISIFOTH, 110 HE MalTh KOHQIIKTY

iHTepeciB,  30Kkpema (D iHAHCOBOTO,  OCOOMCTOTO,
ABTOPCBHKOTO UM OY/b-SIKOTO HIIIOTO XapakTepy, SIKUH Mir
OW BIUIMHYTH Ha JOCIIJDKCHHS, a TaKOXX Ha Pe3yJbTaTH,

OImyOJIiKOBaHI B I[ii CTATTI.

dinaHCYBaHHA

e mocmimkenHs Oymo mpoBexeHo 0e3 ¢diHaHCOBOI

HiATPUMKH.
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JlocTynHiCTh JaHKUX Bukopucranns 3aco0iB IITYy4HOr0 iHTE1EKTY
Pobora Mae cymyTHi Martepiamd B pemo3HTOpii ABTOpH MiATBEPIKYIOTh, IO HE 3aCTOCOBYBAIU
JaHuX. BuxigHuii kox mporpamHoOro 3adesneueHHs Oyne TEXHOJIOTiT [ITyYHOTO IHTENEKTy /Il HaluCaHHSI
JIOCTYTIHUH 32 OOTPYHTOBaHUM 3aITUTOM. i€l pobdoTu.
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DEVELOPMENT OF AN IMAGE DESCRIPTOR
FOR EFFECTIVE CONTENT-BASED RETRIEVAL
IN LARGE DATA REPOSITORIES

The object of the research is content-based image retrieval. The subject of this research is models and methods of content-based
image retrieval (CBIR). The purpose of the research is the development of an image descriptor that uses advanced computer
vision models for object detection. The proposed descriptor increasei the efficiency and accuracy of image search and
management processes. The objectives of the study include: analysis of modern approaches and solutions for creating image
descriptors and their use in content-based image retrieval; identification of the limitations of existing image descriptors
and determination of requirements for a new, improved descriptor; development of a new image descriptor that effectively
uses information about detected objects; conducting experiments to evaluate the proposed descriptor and compare its
effectiveness with existing solutions. The methodology includes conducting a comprehensive review of state-of-the-art methods
for creating image descriptors; analysis of the use of existing descriptors in CBIR systems; development of a descriptor that
utilizes modern object detection models; validation of the effectiveness of the proposed descriptor in comparison with
existing descriptors on retrieval tasks. The following results were obtained: an image descriptor based on objects detected
using modern machine learning models was developed; a series of experiments was conducted to evaluate the efficiency and
quality of retrieval in large image storage systems using the proposed descriptor. The experiments revealed the following
advantages: faster creation and comparison of descriptors than hashed, handcrafted, and deep learning—based descriptors; effective
filtering of images in the repository based on object content. However, the effectiveness of the descriptor depends on the quality
of the model and the data, since images without detected objects do not appear in the search results, which may limit recall.
Conclusions: the developed image descriptor is an effective tool for solving a range of content-based image retrieval tasks
due to the speed of construction and search. A promising direction for further research is the development of a content-based
image retrieval system using the proposed descriptor, with enhanced use of parallel and distributed computing.
Keywords: machine learning; image descriptors; image processing; image search optimization.
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METO/J IPEBEHTUBHOTI'O CYITPOBO/KEHHS ITPOT'PAMHOI'O 3ABE3IIEYEHHA
HA OCHOBI KOMITAPATOPHOI MO/JIEJII

IIpeomemom 0ocnioncenns € mMemoo NPeBeHMUBHO20 CYNPOBOOICEHHS NPOSPAMHO20 3a0e3nedueHHs HA OCHOB8I KOMNApamopHoi
MoOeni, sAxull 3abe3neuye popmanizoeane OYIHIOBAHHL EKCHAYAMAYIUHO20 CMAany U NIOMPUMKY NPULHAMMS pilleHb Wooo
excnayamayitunoi  peakyii. Mema pobomu — niOguWeHH epEKMUBHOCII NPEBEHMUBHO20 CYNPOBOONCEHH NPOSPAMHO0
3abe3neuentss cnocoboMm QopManiz0eaHo20 OYIHIOBAHHA 1020 eKCHIYAmayiliHo2o Cmamy, wo 3abe3neyye paHHE GUABNEHHS
dezpadayitinux npoyecis, Kiacugixayio eKcniyamayiuroi peakyii ma agmomamu3osare GOpMy8aHHs IHYUOEHMIE CYNPOBOONCEHHS.
3a ymoe oobmedxcenoi icmopii inyudenmie. OCHOBHI 3A60AHHA: OOTPYHMY8AMU GUMOU 00 QOPMANI308AHO20 OYIHIOBAHHS
EKCNAYAmayiiiHo2o0 CMany NpocpamHozo 3aOe3nedentss 6 YMo8ax NPeeeHmuBHO20 CYNPOBOONCEHHA MA 0OMeNCeHOi 00CmynHOCmi
icmopuyHux OaHux, nooyOyeamu KOMRAPAMOPHY MoOeib i0enmuikayii excnayamayiuHux cmatie cnocobom ¢opmanizayii
830EMO38 SI3KI8 MINC O3HAKAMU Y QUeNA0l cucmeMu NOSIYHUX DI6HAHb | nepesipku ii QYHKYIOHANbHOI 8U3HAUEHOCMI, po3pobumu
Memoo Komnapamophol ioenmuikayii excniyamayitinux cmanié Ha OCHOBI NOOYO08AHOI MOOEL; GUKOHAMU eKCNePUMEHMAbHY
eanioayito 3anponoOHOBAHO20 Memody HA eKCHIYamayitihux OaHux i NopieHamu 3 MpaouyitinuMu NOPOLOSUMU MeEXAHIZMAMU
cnogiujennsi. Memoou Oocnidscennn. [[ns ioenmudbiayii excniyamayiiilnoco CmaHy 3acmMOCO8AHO Memoo KOMHAPAMOPHOT
ioenmuixayii 8 medcax KoMnapamopHoi Mooeni 3 GUKOPUCTNAHHAM NPeOUKAmMmHO20 NOOAHHA cmany. Bzaemoss asku mixc oznaxamu
Gopmanizosano cucmemoro N02IUHUX DIGHAHL i3 NepesipKol0 (QYHKYIOHANbHOI 8usHauyeHocmi. DopmyeanHsa O03HAK IPYHMYEMbCA
HA NOECOHAHHI MEMPUK MEeCMYBaHHsl, Azpec08aHUX eKCHIYAmayiliHux NOKA3HUKIE, MpeHOOBUX XapaKmepucmuk i 03HaK aHOMANbHOT
nogedinku. Emnipuuny nepegipKy 6UKOHAHO HA CUMYIAYIUHUX eKCHIYAMAYIUHUX OAHUX i3 GUKOPUCTIAHHAM KOB3HUX 6IKOH azpe2ayii
ma NOPIGHAHHAM i3 Nopocosumu mexanizmamu cnosiwenns. Pesynomamu. IIpodemoncmposano, wjo 3anponoHo8anuii memoo
3abe3neyye Oinbi pamHe GUABNEHHA 0e2paoayilinux Npoyecie NOPIGHAHO 3 KIACUYHUMU NOPO2osuMU aiepmamu. Bukopucmanmus
MPeHoosux i KOMOIHOBAHUX O3HAK NIOBUUWYE CMABIIbHICMb Klacugikayii cmauie i 3MeHwye KilbKicmb XUOHUX CHpAybO8YEaAHb
y oocniodcenomy cyenapii. Ha ocnosi i0enmu@ikosanozo Kuacy cmamy peanizo8ano Mooeib NPedeHmMUBHO20 CYNPOBOOICEHHS,
wo 3abe3neyye asMoMamu308ane GOPMyBaHHs THYUOEHMIE i3 3A3HAYEHHAM MUNy Npodiemu, TOKani3ayii ma pieHs mepmiHO80CHA.
Bucnosku. /locaenymi pezynbmamu po3eusaioms ¢opmanizoséani nioxoou 00 OYiHIO8AHNA eKCRIyamayitino2o cmamy npocpamHozo
3abe3neuents i OEMOHCMPYIOMb MOJICIUBICIb 3ACMOCYBANHA KOMNAPAMOPHOI MOOei ONsl NPeGeHMmMUBHO20 CYNPOGOOIICEHHS
3a @i0cymHOCmi nogHOi ma penpesenmamugHoi icmopii inyudenmis. Ilpakmuuna 3Hauywicms pob6omu Noasicae 6 MONCIUBOCHE
8NPOBAOIICEHHS  THMEPNPEeMOBAHUX — MEXAHI3MI8  PAHMbO2O  BUAGNEHHA Oezpadayii ma agmomamusayii  Cynpo6oOICeHHs,
30Kpema opmyeannsa iHYuoeHmie i niompumKu 6ubopy excniyamayitnoi peaxyii, 6e3 HeoOXiOHOCMI HAKONUYEHHS 3HAYHUX
00¢s1218 ICMOPUYHUX OAHUX.

Knrouosi cnoea: npoepamue 3abesneuenns; npeeeHmueHe CYNpOBOONCEHHs, KOMNAPAMOPHA MOOelb, KOMNApamopHa
i0enmucpixayis,; excnayamayitinuii cmau, 0espadayis NPOePAMHO20 3a0e3NeUeH s, A8MOMAMU308aHe QopMy8aHHs IHYUOEHmMIs.

Beryn

3abesmeueHHst CTaOUIBHOI E€KCITyaTalii MporpaMHUX
MPOJYKTIB YIPOAOBXK YChOTO KUTTEBOTO IUKIY € OJHUM
13 KJIIOYOBHX 3aB/IaHb CyYacHOI iHXKEHepii MpOorpaMHOro
3abe3neucHHs [1]. B ymoBax TpuBamoi ekcrutyarariii

MPOTpaMHiI CHCTEeMH 3a3HAIOTh IIOCTYHNOBHX 3MiH,

Kony,
KOH(Irypartii, OHOBJICHHAM 1HPPACTPYKTYPH i 3pOCTaHHIM

MOB’SI3aHUX 13 MoAUQIKalisIMH 3MiHaMH
HaBaHTaXXEHb, 10 NMPHU3BOJAUTH J0 IOSBU JIErpagaliiiHuX
mporeciB. TpamumiiiHi TAXOOM 1O CYHIPOBOIKEHHS
NPOrpaMHOro  3a0e3MevyeHHs, 5K IpaBWiO, MaloTh
PEaKTHBHHUN XapaKTep i IPYHTYIOTHCSA Ha YCyHEHHI BKe
3aikcoBaHUX IHIMICHTIB, IO 3HIDKYE €(QEKTUBHICTH

eKCIDTyaTallil Ta IiABUIIy€e PU3UK KPUTHIHUX BiIMOB [2, 3].

3 ornsdy Ha CKa3aHe aKTyalbHHUM € PO3BUTOK
MAXOMIB MPEBEHTUBHOTO CYMPOBOKECHHS ITPOTPAMHHUX
MPOJYKTiB, OPIEHTOBAaHMX HA PaHHE BHUSBICHHS O3HAK
Jerpaanii Ta MOTCHIIHHIX MPOOJIeM IIIe JI0 1X Mepexoay
B npoOnemHuii cran [1]. Peamizamiss takoro migxomy
notpedye (popMai3oBaHOTO OIIHIOBAHHS €KCILTyaTaIliifHOTo
CTaHy MPOTPAMHOT0 3a0e3MCUCHHS Ha OCHOBI CYKYITHOCTI
PI3HOPITHHUX TIOKA3HWKIB, IO BiATBOPIOIOTH MOBEIIHKY
CHCTEMH B YMOBaXx €KCILTyaTallii.

Bogrowac igeHTH(}IKaIid CcTaHy MPOTPaAMHOTO
3a0e3MeuyeHHss Ha NPaKTHII YCKJIAJHIOETCS HHU3KOIO
o0MesKeHb. 30KpeMa 3/eOUTBIIIOrO BiICYTHI penpe3eHTaTHBHI
ICTOpUYHI JaHl eKcIUTyaranii, a TakoXX anpiopHi OIHKU
MIPOOJIEMHOCTI MOYITBHX CTaHIB MPOTPAMHOTO TIPOIYKTY.
Ile YHEMOXJIUBIIIOE

BUKOPUCTAHHA KJIIaCH4YHHUX
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CTAaTUCTHUYHUX a00 HABYAJBHUX IMIAXOMIB 1 3YMOBIIIOE
HEOOXiTHICTE (QOpMyBaHHA iH(POPMATUBHOI MHOXKHUHHU
O3HaK y TpOLECi MOETAITHOrO HAKOMMYEHHs iH(popMarlii
PO CHUCTEMY.

[lepcnieKTUBHUM IHCTPYMEHTOM JUISL PO3B’SI3aHHS
OKPECJICHOTO ~ 3aBHAaHHS € METOJ KOMIIApaTOpHOi
inenTudikamii [4, 5], WO Jae 3MOTy OIIHIOBATH CTaH
00’ekTa CIOCOOOM TIOpPIBHSHHS BEKTOpPIB O3HAaK 0e3
000B’SI3KOBOT HAsSBHOCTI MOBHUX HaBYaJbHUX BUOIPOK.
v KOHTEKCTI

MMPEBCHTUBHOT'O CYIIPOBOMKCHHA

MPOrPAaMHOTO 3a0e3MeUeHHs 11 BiIKPUBAE MOIKIIUBICTH

MOEMHAHHS  aNnpiOpHUX  BIACTUBOCTEH, OTPHMaHHUX
Ha eramnax TECTyBaHH!, 3 arocTepioOpHUMHU
eKCIUTyaTallifHUMH ~ TOKa3HHUKaMH, SK-OT  TPEHIN

1l O3HaKKM aHOMAJIbHOT MTOBETIIHKH.
OTxe, KIOYOBOKO HAYKOBO-TIPAKTUYHOK MPOOIEMOIO
€ po3pobisieHHs (HOPMaTi30BAHOTO METOIY IPEBEHTUBHOTO

CYIIPOBOMKCHHA IpOrpaMHOro 33663H6‘I€HHH, 1o

MOEAHY€e TmoeranHe (OPMYBaHHS MHOXHHH — O3HAaK

CKCHJ’IyaTaHiﬁHOFO CTaHy 3 KOMIIApaTOPHOK MOICJUIIO

inentudikamii. Takwit migxim Mae 3a0e3meyyBaTH

IHTepIpeTOBaHy KIacH(iKaIlilo CTaHy MPOTrpaMHOI

cUCTEeMH 3  TOIJIAQY  eKCIUTyaTaliiiHol — peakiii

Ta  MATPUMYBaTH  aBTOMAaTH3oBaHe  (OPMYyBaHHS

IHIIMJICHTIB ~ CYNPOBOJDKEHHS 13 3a3HAYCHHSIM THITY

npobmemu, ii Jokamizamii, mnopymeHoi ymoBu abo

TEeHACHIT 10 1l MOPYIICHHS, pPIBHA TEPMIHOBOCTI
Ta BIANOBiZamBHOI KOMaHIHW. 3Bakaloud Ha CKas3aHe,
c(hOpMYJTFOEMO OCHOBHI MMUTAHHS JOCTIKCHHS.

RQI.

KOMIIapaTopHa Mojelb (opMaiti3oBaHOi 1ZeHTU(IKAIT

SxuM 4yMHOM MoOXe OyTh moOymoBaHa

eKCIUTyaTallifHuX CTaHiB MPOTPaMHOTO 3a0e3IedeHHS
B YMOBaxX 00OMEXEeHOI icTopil iHI[UJCHTIB?

RQ2. Slka cTpykTypa H MOCIiZOBHICTH IIOETAITHOTO
dhopmyBaHHs a1(aBiTy O3HAK € JOCTATHBOKO JUISI PAHHBOIO
BUSBIICHHS JICTPaNallifHAX TIpoIeciB i 3abe3medeHHs
(hyHKIIOHATBHOT BU3HAYEHOCTI MOiei?

RQ3. Slkum uYmMHOM pe3yJabTaTH KOMIIAPATOPHOI

inenTudikamii  MOXyTh  OyTHM  BHKOPUCTaHi  JUIs
ABTOMAaTU30BAHOTO (hopmyBaHHS IHIIMICHTIB
CYNpPOBO/DKEHHSI 3 BHU3HAYEHHSIM THIY MpoOieMu,

JOKaJri3alii Ta piBHA TepMiHOBOCTi?

AHani3 cyyacHux myoaikamiit
1[0/10 TPOGJIEMH NPEBEHTHBHOIO CYNPOBOIKEHHS
NPOrpaMHOro 3ade3neyeHHs

HpeBeHTI/IBHe CYIIPOBOMKECHHA aporpaMHoOro

3a0e3edeHHs B CyJaCHHUX JOCHIKEHHIX BHCBITIIOETHCS
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SIK CTpaTeris NPOAKTUBHOIO BTPYYaHHS B )KUTTEBUH LUK
NPOrpaMHHX CHCTEM 3 METOI0 BHUSBIICHHS Ta YCYHECHHS
NOTEHIIMHUX MPo0JieM 10 1X mepexony y ¢a3y BiIMOB
a0 KpuTHYHHX JedeKTiB. Y CTaHmapTaxX >XHUTTEBOTO
UKy TPEBEHTHUBHE CYIPOBOIDKEHHS BHU3HAYAETBHCS SIK
Mo u(iKaIis TPOTPaMHOTO TIPOAYKTY ITICTS BIIPOBAIKCHHS
B eKCIUTyarallio, fka CIpsIMOBaHA Ha 1IeHTU}IKalio
JMATCHTHUX JeQeKTiB 1 3HIKEHHS PU3HKY iX MPOSIBY
B MaiibytHpomy [6]. HesBakarounm Ha dopmanizamiro
[bOTO OHATTS Ha HOPMaTHBHOMY PiBHi, HOro mpakTHYHA
peaJizarlisi 3aJIMIIAETHCS. HEOAHOPIIHOIO Ta HEOCTATHBO
CHCTEMATH30BaHO.  AHai3

CydacHHX ITyOuiKamii

CBIIYMTH, 10 TPEBEHTUBHE CYNPOBO/DKEHHS BCE
YacTillle pPO3MIINAEThCA He SK 3aBepmiaibHa (asa,
a sk OesmepepBHUi mporiec [7], TiCHO TIOB’sI3aHUIA
3 PpO3pOONCHHAM 1 EKCIDIyaTali€l0 IPOTPaMHOTO
nponykty [8, 9]. Omnak Taka iHTerpaiisi MOpPOJDKYE
HOBI METOZOJIOTiYHI ¥ OpraHi3amiifHi BUKIUKH, MO JOCI
HE MalOTh YCTAJICHHX PIllICHb.

OpHi€r0 3 KIIOYOBHX MPOONEM IPEBEHTHBHOTO
CYNPOBOJKEHHSI € CKJIQJHICTh DPaHHbOTO BHUSBICHHS
JATeHTHOI Jierpajanii mporpaMHuX cucteM. JlocmimHuku
JIOBOJIAITh, IIO OUTBIIICTH BIIMOB Ma€ HaKONUYyBaJbHY
BJIACTHBICTh 1 CYNPOBO/KYETHCS TIOCTYIIOBUMH 3MiHAMHU
METPHK MPOJYKTUBHOCTI, SKOCTi a00 CTPYKTYpU CHCTEMH,
SKi  He MeXaHi3MaMH

(bIKCYIOTbCS  TpaaMLiHUMU

TecTyBaHHs W MoHitopunry [1, 10]. VY poborax,
TIPUCBSIYCHNX aHAIII3y JKypHAIIB MMOJIil, HArOJIOUIEHO, 110
aHoMaJii B Jlorax MOXYTh OyTH paHHIMHU iHAWKATOpaMu
IHIIMIEHTIB, imeHTUdIKaIA

MaiOyTHIX opoTe  ix

notpedye CKIAQAHUX METOAIB  OOpOOJICHHS  JaHUX
1 MamHAOTO HaBYaHHA [11, 12].

BoaHouac oy caMOHaBYAIBHUX 1 CAMOAIAITHBHIX
CUCTEM CBIiJYaTh, IO HASBHI MiIXOJW YacTO HE 3JaTHi
¢bnykryanii - Bix

TPEHIIB Jerpajgarii, mo oOMexye iX 3aCTOCOBHICTBH

BIIDI3HUTH THUMYacOBi CTa0UTBHUX

y TpeBEeHTHBHOMY cynpoBoukeHHi [13]. SIk Hacmiiok,

NIPEBEHTUBHI  Jii  IHIIIIOIOTBCS ~ HAaATO  IMI3HO,
KO CHCTeMa BXe MoTpedye KOPHUIYBaJIBHOTO,
a He MPOQIIaKTHYHOTO BTPYYaHHS.

TakoXX CYTTE€BOIO MPOOJIIEMOIO €  BIJCYTHICTh

CTaJIoro 3B’S3Ky MK CHTHAIaMU PH3HKY, OTPHMAaHUMH
B MPOIIECi MOHITOPUHTY, Ta YIPaBJIiHCHKUMH PilICHHIMH
110210
pOoOJIEMH IIEHTU(IKYIOTHCS aBTOMATH30BAHIUMH 3aCO0aMH,

CYNpOBO/KeHHA. HaBiTh KOMM  MOTEHIiIHI

BOHH YaCTO HE TPAaHC(POPMYIOThCS B KOHKPETHI 3aBIaHHSI
JUTS. KOMaHIU Po3po0iieHHs a00 cynpoBopkeHHs [1, 14].
YV  nochmimKeHHIX 3

YIOpPaBIiHHA  CYIPOBOIKEHHSIM

IPOTPAMHOTO 3a0€3MEYCHHS 3a3HAYCHO, IO AHATITHYHI
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pe3yabTaTH ICHYIOTh 130J1bOBAHO BiJl CUCTEM IUIaHYBaHHS
poOIT, 110 TMPU3BOAWTE MO ITHOPYBAHHS IMPEBEHTUBHHUX
pexomenaanii [15]. CuctemaTu4Hi OIS, MPUCBIYCHI
MOETHAHHIO CYNPOBOKEHHS H MAINIMHHOTO HaBYaHHS,
BKa3yIOTh Ha (pparMeHTapHICTh IHTErpaIlii aHaTITHIHUX
Momenell |y TpoIecH TPUHHATTA pimeHb [16].
Lle 3yMOBITIOE TOMiIHYBaHHS PEAKTHBHOTO IMiAXOAY, KOJIH
pecypcH CIpSIMOBYIOTBCS NIEPEBAKHO HA YCYHEHHS BIKE
HasBHUX Je(EKTIiB, a He Ha 3aM00IraHHs X BUHUKHEHHIO.
[IpobGmema 00TpyHTOBaHOT TpiopuTH3aIii
MPEBEHTUBHUX 3aXOJiB TICHO MOB’S3aHAa 3 YIPaBJIiHHIM
TEXHIYHAM OOproM. Y HH3II CHCTEMATUYHHAX OTJISIIB
HaroJoIIeHo, 1110, HE3BAKAIOUN Ha HAsSBHICTh YHCICHHUX
METpUK TEXHIYHOTO OOpry, BiACYyTHI yHiBepcalbHi
METOJ¥ BHU3HAYEHHS TOTO, SIKi MPEBEHTHBHI il MaOTh
HAWBUIIUI IPIOPUTET y KOHKPETHUI MOMeHT 4acy [17].
Lle yckimaaHIOE TIUIaHYBaHHA NPOQUIAKTUYHUX POOIT
i BHWKye iX TpPUBAOMUBICTE UII MEHEIHKMEHTY.
JlocnimKeHHsl, TPUCBSYEHI IMPOTHO3YBaHHIO JedeKTiB
HAa OCHOBI icTopil 3MiH, JEMOHCTPYIOTh MOTEHIIia
KUTBKICHOTO OIIIHIOBAHHS PU3HKIB, OJJHAK iX 3aCTOCYBaHHS
moTpedye BHCOKOi SKOCTI iH(opMarii
pecypciB  [18]. Sk

TIPEBEHTHBHI 3aX0/IM YacTO PO3IVIIIAIOTHCS SIK JIPYTOpSHi

Ta 3HAYHHX
00YHCITIOBAIBHUX HACJTIIOK,
MOPIBHSHO 3 QYHKIIOHATEHIM PO3BUTKOM CHCTEMH.
Xo4a METOOM MAIIMHHOTO HAaBYaHHS AaKTUBHO
BHKOPHUCTOBYIOTBCSL JUISL  MIATPUMKHA TMPEBCHTHBHOTO
CYIPOBOKCHHS, OIJIAN JDKeped BKa3ye Ha HHU3KY iX
CKJIQJIHI MOjedi TIMOOKOro

oOMexeHb.  30KpemMa

HaBYaHHS, 3aCTOCOBYBaHI Uil BHUSBICHHS aHOMAJIii
a00 MPOrHO3yBaHHS IC(EKTIB, BU3HAYAIOTHCS HHU3LKOIO
IHTEpIIPETOBAHICTIO, IO YCKJIaJHIOE IX IpaKTHYHE
BrpoBamkenns [11, 13]. ¥V crymisx 3 excriyararii
ML-cucTeM TakoX HATOJIOIICHO HA MpoOJIeMi Aerpanarii
SKOCTI MoOjieNnell y uaci, 3yMOBIIEHY Iped(oM IaHHX
1 3MIHOIO KOHTEKcTy 3actocyBaHHS [19]. ¥V mnpomy
KOoHTeKCTi (popmyBaHHsi nmpaktuk MLOPS posrismaersest
SIK BIAIIOBIIb Ha

BUKJIHUKH MOPEBECHTUBHOI'O

cynpoBomkeHHss ML-OpieHTOBaHHMX  CHUCTEM, OJHAK
CHUCTEMAaTHYHI OTJLIIN 3aCBIMYYIOTh BiJICYTHICTD €TUHHUX
CTaHAapTiB 1 3pinmux mnpoueciB y i cdepi [16].
Ile oOMexye MOMXIHBICTh UIMPOKOTO BIIPOBAHKEHHS
NPEBEHTUBHUX TMINXOMAIB Yy TIPOEKTaX 3 IHTEHCHBHUM
BUKOPHCTaHHSIM MAIlIMHHOTO HAaBYAHHS.

Oxpemy rpymy mpo0jeM CTaHOBJISTH OpraHi3alliiiui
Ta TPOIIECH] YMHHUKH. Y JOCIIHKEHHSX TIPOJIEMOHCTPOBAHO,
O e(EeKTUBHICTh IMPEBEHTHBHOTO  CYNPOBOJIKEHHS
3MeOUTBIIIOTO 3aJICKUTh BiJl CTPYKTYpH KOMAaHAW ¥ PiBHA

B3aeMOJii MK pO3poOJeHHAM 1 ekciutyaramiero [20].
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[onpu ICHYBaHHS MIDKHapOJIHUX CTaH/IapTiB,
BOHH MAalOTh IEPeBAXHO NCKIApPaTHBHY BIIACTUBICTbH
1 HE NpONOHYIOTh JeTaJbHUX MEXaHI3MIB peajizauii
MIPEBEHTUBHOTO CYIPOBOKEHHS Ha TpakTuili [6, 9].
CucTeMaTHYHUN aHaNi3 JiTepaTypud IEMOHCTPYE,
OI0  TpPEBCHTHUBHE

CYIIPOBO/KEHHSI ~ IIPOTPaMHOTO

3a0e3MeuyeHHss €  aKTyaJlbHUM, aje Mae€ HU3KYy
METOOJIOTIYHUX TporaniH. OCHOBHI MUTaHHS 30CEPEIDKEH]
HABKOJIO PAaHHBOT'O BHSIBJIICHHs Jerpajarii, iHTerparii
AHANITAYHIX CHUTHANIB y TPOLECH TPHHHATTS PIIICHb,
npiopuTH3alil MPEBEHTUBHKX JIil, a TAKOXK OpraHizalliifHuX
Oap’epiB. AHami3 HAyKOBHX MOCHDKCHb OaB 3MOTY
OOIPYHTYBaTH aKTyallbHICTh PO3pOOIIeHHS (hOpMati30BaHHX

MOZ[eHGI;‘I MPEBCHTUBHOT'O CYIPOBOJPKCHHS.

Mera ii 3aBIaHHA TOCTiTKEeHHSA

Meroto crarTi € po3poOieHHS Ta OOIPYHTYBaHHS
METOJly TPEBEHTUBHOIO CYNPOBOIKCHHS IPOTPaMHOTO
3a0e3MevyeHHss Ha OCHOBI KOMIIapaTOpHOi  Mojedi,
o0 YMOXJIMBIIOE (DOpMaTi3oBaHEe OIIHIOBAHHSA HOTO
eKCIUTyaTallifHOTO CTaHy, paHHE BUSBJICHHS JeTpalalliiftHIX
mporieciB, Kiracugikamilo eKcIDTyaTamiiHOi peakiii Ta
aBTOMaTH30BaHe (POPMYBaHHS IHIMJICHTIB CYNPOBO/KEHHS
B yMOBaX 0OMEKEHO1 iCTOpii iHITUICHTIB.

Jnst  moCSTHEHHsT TIOCTaBIIEHOI MeTH B poOoTi
HEOOXiTHO PO3B’sI3aTH MIEBHI 3aBIaHHS.

1. O6rpyHTyBatn BHMOTH JI0 (hOpMasi30BaHOTO
OILIHIOBaHHS EKCIUTyaTalifHOro CTaHy MpPOTPaMHOTO
3a0e3Me4yeHHs B yMOBaxX MPEBEHTHBHOTO CYMPOBOIKCHHS
Ta 0OMEKEHOI JOCTYIHOCT] iCTOPHYHIX JTaHUX.

2. [TobynyBati KomIapaTopHy Mojeib ineHTudikanii
eKCIUTyaTallifHuX ~ CTaHiB  crocoOoM  Qopmaizamii
B3a€MO3B’SI3KIB MK O3HAKaMH y BHUIJISII CUCTEMH JIOTTIHUX
PiBHSHB 1 IepeBipkH 11 QyHKIIIOHATEHOI BU3HAYEHOCTI.

3. Po3pobuTt MeTon KommapaTopHoi ineHTHdikamii
eKCIUTyaTallifHuX CTaHIB TNPOrpaMHOTO 3abe3ledeHHs,
OCHOBaHHUM Ha OOY/I0BaHIN KOMITAPATOPHIH MOJIEITI.

4. TIpoBecTr eMITipUYHY BATAAIIIO 3alPOIIOHOBAHOTO
METOJly Ha €KCIUTyaTallifHUX JAHUX | BUKOHATU TIOPIBHIHHS

3 TPAIUIIIHHAMH TOPOTOBUMHU MEXaHi3MaMH CIOBIIIICHHS.

Martepiann it MmeToau

HentpanpHo0 1poOIEMOI0 pO3B’S3aHHS  3a7adi
TPEBEHTHBHOIO CYIPOBOPKEHHS MIPOrPAMHOTO 3a0€3MCYCHHS
€ mobymoBa TpoUenyp, 3JAaTHAX BHSABIATH ITOTEHIIIHI
Jerpaarliiai
MMOPYIICHHAS  SIKOCTI.

CTaHU 110 HaCTaHHsA BiI[MOBI/l abo

Kimacuyni migxogd MAamIMHHOTO
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HABYAHHS, 30KpeMa Kiacu(ikaTopu i perpeciiHi Moaesi
MPOTHO3YBAHHS, 3a3BUYail CIHPAIOTHCS HA HASIBHICTD
IHI[MJICHTIB 200 NpUHAKMHI

icTopii Ha TIPHUKIAIH

HEeTaTUBHUX HACHIAKIB, IIO YTBOPIOIOTh HABYAIBbHY
BUOIPKY. Y KOHTEKCTi NPEBEHTUBHOI'O CYNPOBOJIKEHHS
1191 TIepelyMOBa € IIEHTPAIHHOIO MPOOJIEMOI0: e(EeKTUBHE
NPEBEHTUBHE CYNPOBO/DKEHHSI TPOrPaMHOI  CHUCTEMH
MOJISIra€ B TOMY, IO TOTEHHIIHHO PH3MKOBA CHTYAIlis
BU3HAYAEThCS 3aBYaCHO ¥ O4YIKyBaHWI HEraTHBHUMA
PO3BHTOK CHUTYyAIlil IepepUBAETHCS BIACHUM YTPYIaHHSM,
YHACTIIOK YO0 CHOCTePES)KYBaHI 1aHi HE MICTAThH OLIHKA
HETaTUBHHUX HACTIOKIB. 3a TaKOTO IIIXOAY O3HAaKH,
OCHOBaHI Ha TOJisX (IHUMICHT / HEIHIWISHT, TIOPYILICHHs/
HenopymeHHss SLO) mepecraiote OyTH 00’ €KTHBHUM
BIZITBOPEHHSIM JIATEHTHOTO CTaHy cucrtemu. lle 3HMXKye
KOPEKTHICTh ~ NPSIMOTO  MEPEHECeHHS  KIACHYHOTO
ML-mizxony Ha 3amady MPEeBEHTUBHOTO CYNPOBOKEHHS
# MOTHBYE PO3TIIA ANbTEPHATHBHUAX 1MCHTU(IKAIIHIX
mapajurM,  sIKi  He ~ BHUMaraiTh  IIOBHOI  Ta
peTpe3eHTaTUBHOI iCTOPII.

Meroa koMmapaTopHol imeHTH]IKaLli, po3poOIeHHi
y mpamsx [4, 5, 21], mponoHye Taky ajdbTepHATHBY,
3aMIHIOIOYH BHMOTY HAsSBHOCTI YHCIJIOBOI I[LIHOBOI
¢ynkuii a6o "icTHHHUX" MITOK HAa BUKOPUCTAHHS JIMIIE
OinapHoi iHQopmanii TPO TONapHy HEPO3PI3ZHEHICThH
a00, HaBIAaKW, pPO3PI3HCHICTH O3HAK. Moro BuxigHuM
MOJOXKEHHSAM € Te, IO JUIs BiIHOBJICHHS JIATCHTHOI
CTPYKTYpH CTaHiB OO0 €KTa JIOCTaTHHO MaTh JOCTYII
JI0 KOMITapaTopa, SIK1ii Ha Mapi 03HaK MOBEPTa€ 3HAYCHHS
NIpeAnKaTa, IHTepPIPETOBAHOTO SIK ""eKBIBAJIEHTHICTH" IHX
03HaK 3 MOTJIsly BHYTpILIHBOTO cTany [4]. Takuit miaxin
MPUHITUIIOBO BiApI3HAEThCA Bim kimacwmgHoro ML: BiH
HE ampoOKCHUMYy€E OE3MOoCcCepeIHbO0 HMOBIPHICTh HEOaKaHOT
Mol Ta HE BUMarae CIoCTEpeXEHHS IIi€l MoJii B 1aHUX,
HATOMICTh 1eHTH(]IKye Kjacu CTaHIB SK (akrop-
MHOYXHHY 32 BiTHOLICHHSIM, III0 331a€THCSI KOMITapaTOPOM.

dopmarnizallis MeToay 3AIMCHIOETbCS —arapaToMm

anreOpy CKIHYCHHMX TIPEJUKATIB 1 CHCTEM JIOTTYHHX

piBHsHb. Metoto ¢opmamizanii € nolOynoBa Takol
CHUCTEMH  JIOTIYHMX  DiBHSHb, sIK&  OJHO3HAYHO
BIZITBOPIOE  CIIOCTEPEIKYBaHI  3HAYEHHS  NPEJUKATIB

y BHyTpimmHI craHm cuctemu. Lls cucrema Oymyerbes

iTepaTHBHO  CrOCOOOM  TIOCIIIOBHOTO  yTOYHEHHS

andapiTy TpeAWKaTiB 0 JOCITHEHHA (QYHKI[IOHAIHHOT
BU3HAUYEHOCTI PillICHHSI.
Hexaii 00’€KTIB u.

3alaH0  YHIBEpCyM

[IpenukaToM Ha3UBa€ETHCS BiTOOPaKECHHS
P:U—{01,i=1..,n
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Cykynnicts npemukatie A={P,..,P,} yrBOpIoe

angasit ommcy o00’ektiB. Koxnomy o00’exkty UeU

BIINIOBI A€ IpeIMKaTHIH 00pa3

P(u)=(R(1)....R, (1)) < 01"

Andasit npenukarie A ¢popmye Ha MHOXUHI U
BIJTHOIIIEHHS €KBIBaJICHTHOCTI
~a S uUxu ,

U~y Ve AL (P (U)o R (v)), uvel.
Ie BigHOMmIEHHS po30mBae yHiBepcyM U Ha Kiacu
eKBIBAJICHTHOCTI, KOXKEH 3 SIKUX BH3HAYAETHCS YHIKATBHUM

D={d,..d,} -

CTa”HiB Ta

mpegukaTHUM — oOpazoMm. Hexait

CKIHUCHHAa MHOXWHA MOXJIMBUX ICHYy€
HeBimoMa ¢yHKIiS Kiacudikanii (IPUAHATTS pilIeHHS

monxo nesHoro crany) Y :U — D. Jna dopmamizanii
D,(u)=1<Y(u)=d,

JOAaHO OyyieBi mpeauKaTé i

j=1,...,m. Ha mi mpeaukaTtd HaKJIaJeHO CTPYKTYpPHI
aKCIOMH:
1) akciomMa MOBHOTH:
m 1.
Vi D; (u)=1;

2) akcioMa B3a€MOHECYMICHOCTI:
D, (u)AD;(u)=0,i#]j.

Andasit TIPEINKATIB €  TpUIATHUM IS
imeHTUdIKAIIT, SIKIIIO BHKOHYETHCSI yMOBa
(YyHKIIIOHAJILHOT BU3HAYEHOCTI!

U~ v Y (U)=Y(v). Q)

Ymosa (1) o3nauae, wo pimennst Y (U) 0aHO3HAYHO

BU3HAYAETHCS MPEIUKATHUM 00pa3oM P(u): SIKIIIO

P(u) = P(V) , 10 Y (u) =Y (V) [Mopywienns 1iei ymoBu
IHTEPIIPETYETHCS K HETMIOBHOTA aJi(aBiTy MpeIUKaTIB.
Anrebpa mpenukaTiB gae 3MOTry OyayBaTH JIOTidHI

(dopMyIM 3 TpeIUKaTHUX 3MIHHHX 3a JIOIOMOTOIO
orepamii KOH’IOHKINI, OW3’IOHKIII Ta 3alepedeHHs.
Indopmanis, oTpuMaHa BiJg KoMmaparopa, (iKCyeThCs
Y BHUIIIAAI JIOTIYHUX OOMEKEHb IBOX OCHOBHHX THIIIB:
IMIUTIKAIT TOMYCTHMOCTI

o(P,....P )= D;,
sKa O3Hauae, o 3a BukoHanus ymosu O(P,...P)=1
MOIMBE JiuIe pilieHHs d;, Ta imnutikanii 3a60poHu

¥(PR....P)= —D;,

n

re ©,¥:{01}" »{01 -

OyneBi QyHkuii Han

npeauKaTaMu I:’l(u),...,Pn (u) CyKyIHICTh yCIX TaKHX
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iMIUTIKaWid ~ pa3oM 3 akcioMaMd ~ [OBHOTH W
B3aEMOHECYMICHOCTI YTBOPIOE CHCTEMY JIOTIYHHX PiBHSHB,

1110 BU3HAYAE JOITYCTUMI 3HAUEHHSI IIPEIUKATIB PillIeHb:
®(u)= D, (u),
¥ (u)=—D; (u),
j=1
j\il D, (u) =1,
D, (u)AD;(u)=0,i#j.

3a ymoBu (1) 3amaya 3BOAMTHCA JO TOOYIOBU
n .

Oynesux ¢ynkuiii f; ma mpocropi {0,1}

D (u)=f, (Pl(u),...,Pn(u)), je{l...m},

TOOTO MHOKUHU

X, ={xe{0.4"]f, (x) =1
YTBOPIOIOTH PO3OUTTS MPOCTOPY MPEeIUKAaTHUX 00pa3iB.

Y peampHMX yMOBax eKcCIDTyartamii — aidasirt
o3Hak A He € iHdopmariiiHo moBHUM. Tomy mOpsa

i3 (YHKIIOHAJIHHOI MOJAEII0 NPUHHATTS pIlIEHHS
Y(u)=f (P (u )) JIOUUTBHO PO3IVISIATH IAPHY TIOCTAHOBKY,

sKa Ja€ 3MOTYy BH3HAYaTH MOMIOHICT, HOBOi CHTYyaIlii
0 BXE BimOMHX. Y TapHId IOCTAaHOBII [OJAETHCS
MPEIUKAT MOPIBHIHHSI

E(uv)=1leY(u)=Y(v)
a00 vepes MpeauKaTH PilicHb

E(uv) < v, (D, (u)AD; (v))

Cykymuicte andapity A, mpeankara HOpPiBHAHHS

E Ta BigmoBigHe po30UTTS MHOXUHHA 00 €KTIB
Ha KIACH CKBIBAJICHTHOCTI YTBOPIOIOTH KOMIApaTOPHY
Mozenb. IHdopmallist Mpo JATEHTHI CTaHW 3aqa€ThCS
00’exTamu.

BIJHOIIEHHSAM  €KBIBAJIEHTHOCTI  MIDK

SIKIIO pilIeHHs OJHO3HAYHO BU3HAYAETHCS MPEIUKATHUM
obpasom P (u) , TO icHye OyneBa (yHKITiS
©:{0,1}" x{0,1}" - {0,1},
TaKa, 1o
E(u,v)= G)(P(u), P(v)).
VYV 3aranpHOMY BHIUBSIII 3aqada KOMIIAPATOPHOL

[4, 21].
3agaHo npemukat E . Toxi icuye

inenTudikanii  popmynroeTbes  Tak Hexait

Ha MHOXuHI M

BiTOOpaXeHHS
F: M >N,

TaKe, o0

E(x,y)=1< F(x)=F(y),

149

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)

Tomi ¥ Jmme Tomi, Koau E e BigHomeHHAM

exBiBajeHTHOCTI Ha M, TOOTO miIs BCix X,Y,Ze M

BUKOHYIOTBCSI BJIACTHUBOCTI pedrexkcuBHOCTI,

CUMETPHYHOCTI Ta TPAaH3UTHBHOCTI [4]:
E(x,x)=1,
E(x,y)=1=E(y,x)=1,
E(x,y)=1AE(y,z)=1=E(x,2)=1.

3a BHKOHAaHHS IMX YMOB MHOXHHa M

(axTopU3y€eTHCA Ha KJIacH €KBiBaJICHTHOCTI

[x]zyeM:E(x,y)zl, 1 TOml MOXHA IIOKJIACTH

F (X) = [X] , OTPUMYIOUH peaiizartiro PpiBHOCTI
E (X, y) < F (X) =F (y) . IIa TeopemMa OJHOYACHO
BM3Ha4Yae  (yHOAMEHTAIbHE  OOMEXCHHA  METOHdY:

KO E He € eKBIBaJICHTHICTIO, TO HE ICHYE OIHOTO
BimoOpaxkenust F, ysromkeHoro 3 E B HaBemeHoMy
CeHCl, a OTxke, 3amaya igeHTH(IKalii € HEKOPEKTHO
MIOCTABJICHOI HE3aNe)KHO Big 00cary maHmx abo
CKJIQJIHOCTI aJTOPUTMIB.

3a3HaueHe OOMEXKEHHSI Ma€ TPUHIMIIOBHUI XapakTep.
30kpemMa TMpeauKaTH, 10 BHPAXKAIOTh BiTHOIICHHS
mopsAAKy abo mepeBarn (Hampwkiax 'ripme / Kpame',
"Olnbll  pU3MKOBE / MEHII pHU3MKOBE"), 3arajoMm
HE 3aJI0BOJILHAIOTH CHMETPUYHOCTI M 4acTO MOPYLIYIOTh
TPaH3UTUBHICTb Y MPUCYTHOCTI LIyMy, Ipeii)y Ta KOHTEKCTHOT
3ajJeXHOCTI. Y 1IboMy pasi iHdopMmalis Kommnaparopa He
MOXe OYyTH IHTEpIpPETOBaHA sSIK O3HaKa PIBHOCTI
JIATCHTHHUX CTaHiB, i METOJ KOMIIAPAaTOPHOI imeHTU(IKAIl
B KJIACHYHOMY BHUTJISIIII HE 3aCTOCOBYEThCs [1].

JpyruM, 4acto HESBHHM, OOMEKEHHSIM € BHMOTa
PO3PI3HEHOCTI Hagite sKimo

HETPHUBIaJIBHOT O3HaK.

E dbopMaTkHO €  CKBIBAJICHTHICTIO,  MOXIJIMBa

BUPOJDKEHICTh, KOJTU
vx,ye ME(xy)=1.

Toni ¢akrtopuzanis M MicTUTh PIBHO OJMH Kiac

i BimoOpaxenus F icHye, ame € iHpOpPMATHBHO
TPUBIAJILHUM: BOHO He BifioOpa)kae »O/HOi BHYTPIIIHBOT
CTPYKTYpH peXuMiB 00’e€kTa. 3BificM BHIUIMBAaE, IO
JUIS OTPUMAaHHS MTPAKTUYHO KOPHCHOI MOAENi HeoOXinHa
HAsIBHICTh MPUHAMMHI JIBOX EKCIUTyaTallliHO PO3PI3HEHUX
KJ1aciB, TOOTO HETPHUBIAJIBHUI KOMIIApATOp, KUK 1HKOIN
noBeprae 0 i muM (QopMye HENOPOKHIO CTPYKTYpY
(haKTOp-MHOXKHHH.

3 ormsay Ha 1 (OpManbHI 3acaay 3aCTOCYBaHHS
KOMITapaTopHoi  igeHTH(ikanii 10 NPEBEHTUBHOTO
CYNPOBOMXKEHHSI IMPOrpaMHOro 3a0e3MedeHHs BHMAarae
ajanranii. HEOOX1IHO

[o-nepure, ¢dopmyBaru
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W OOrpyHTOBYBAaTM TaKi  BIIHONICHHS  MOMAPHOI
€KBIBaJICHTHOCTI CTaHIB, SKi BiIOOpakalOTh ONEpaIliitHO
3HAYYIll IHBApiaHTH, 30KpeMa CKCIUTyaTalliifHi peakIlii.
[Mo-mpyre, BaxiIMBO TOOYAyBaTH TaKUil MPEAMKAT,
mo 3a0e3neuye HETPUBIANBHY PpO3PI3HEHICTh CTaHIB

(3 IOTIIAY eKCIUTyaTaIlifHNX PEeaKIIii).

Pe3yabTaTu KociigKkeHHsI

Ilodyoosa cucmemu o3nax
MiAXO0TY bi (o)
CYNPOBO/DKEHHSI HporpamMHOro 3abe3nedyeHHS € HaOip

OcHOBOIO MIPEBEHTUBHOTO
BXIIHUX O3HaK cTaHy mporpamHoi cuctemu. g cucrema

O3HaK  MICTUTH  DI3HOpiNHI  TOKa3HUKM  SIKOCTI
Ta MOBENIHKU MIPOTPAMHOTO IPOIYKTY, OTPHMAaHI i Jac
Horo excrutyaralii # TecTyBaHHs: METPUKH TECTyBaHHS,
arperoBaHi NOKa3HWKW, CHUTHAIM aHOMAJil, IWHaMika
i TpEeHIM TIOKa3HUKIB TOIIO.

MeTpukn TecTyBaHHS BiIOMBAIOTH Pe3yJIbTATH
i edexkTHBHICTH TecTyBaHHA (HaNmpUKIad, BiJCOTOK
MpONIEHNX TECTiB, KIUIBKICTh BHABICHHX Je(EKTIiB
JI0 peni3y, TOKa3HWKW IPOMYKTUBHOCTI IIiJ] TECTOBUM
tomo). Ll

00’€KTUBHMMH 1HMKATOPaMH TPABUIBHOCTI (yHKIIFOBAHHS

HaBaHTa)KCHHIM METPUKH  CIIYTYIOTh
CUCTEMH BIAIOBIZHO 10 BU3HAYEHUX BHUMOT 1 MOKJIMBHUX
CIIeHapiiB Ta MOXYTb CHTHAQJII3yBaTH NPO BIIXHMICHHS
IIIe Ha eTami KOHTPOITIO SKOCTI.

ArperoBaHi MOKa3HUKH 3a TPyNaMH BIaCTHBOCTEH —
e IHTerpasbHi iHAWKATOPH, OOYHCICHI 1T OCHOBHHX
SKICHUX acCIeKTiB MPOrpaMHOro 3abe3rnedeHHs, 30KpeMa
(DYHKIIOHATBHOCTI, YMOB  eKCIUTyaTtalii, Oe3meKu
W 3py4HocTi BuKopHcTanHs. KoxxHa rpyma o0’egHye
HU3KY KOHKPETHHX METPUK (03HAaK), AKi BiIMOBIIAIOTH
KITIOYOBUM BJIACTUBOCTSIM SIKOCTI MPOAYKTY. ArperyBaHHs
3a KareropissMH Ja€ 3MOrY OTPHMAarH Yy3arajbHEeHY
OLIIHKY CTaHy 32 KO)KHOIO Ba)KJIMBOIO C(EePOIO SIKOCTI.

AHOMaIEIo MMOBEIIHKA

BBAXKAETBCS  OyIb-AKa

cucteMd a0o0 3HAYEHHS IIOKa3HHKa, SAKC 1CTOTHO

BIIXWISETBCS Bi OYIKYBaHOTO ab0 HOPMAIBFHOTO.

KoxHuii curHam aHOManmii € O3HAaKOK MOTCHINHHOT
pobJieMH, 110 moTpedye yBard.

AHai3 TUHaMIiKH JJa€ 3MOT'Y pO3pIi3HATH OZHOPa30Bi
BigXuieHHs Bix crilikux TeHupeHunid. Ha  ocHOBI
ICTOPUYHUX JaHUX BIJACTEXKYETHCS TEHACHLIS (TpeHN)
KIIOYOBMX MapaMeTpiB, IO JOTOMAara€ CHUTHATi3yBaTH
MO JAJIBIII

PO MOJJIMBI npobiemMu 1mie 10 TOro,

SK  OyAyThb  TEpeBHINEHI TpPaHWYHI  JOIMyCTHUMI

3HA4YCHHA MCTPUK.
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HaGip o3Hak 3abe3nedyye KOMIUIEKCHWIT mpodiib

MOTOYHOTO  eKCIUIyaTalifHOro  CTaHy  IPOTrpaMHOi
cucremu. et npodins dopmanizyerbes y BuUIsAL
CKiHYeHHOTO an(daBiTy OyJeBHX MpPEAUKATIB, 1€ KOKHUI
nperKaT BioOpaskae HassBHICTh a00 BiJICYTHICTH MEBHOT
O3HaKH TMOTOYHOTO CTaHy IIPOrPaMHOi  CHCTEMH.
BaxnuBo, 110 BXiiHI 03HaKku (HOPMATI3YIOTBCS y BUIIISAIL
CKIHYeHHOTO0 Ha0Opy TOKa3HHKIB, 5Ki Halli MOXYTbh
npoLeaypu

OyTH  TepeTBOpPEeHI s peamisariil

KOMIapaTopHOI ineHTHDIKAIIii.

Dopmanizauia KomnapamopHoi mooeni
Anrebpa ckinuenHux unpenukariB (ACII) Hanae
VHIBEpCAJbHY MOBY UI1 ONHCY CKIHYEHHHUX MHOXHH
O3HaK 1 BIIHOIICHb MK HAMH Yy BUIJISAI MPEIUKATHUX
¢opmyn 1 piBHsHE. Ha BigMiHy Bim KiacwdHOi OyieBoi
anredpH, sika ornepye OiHapHUMHU 3MIHHHMH 1 BHpa3aMH,
CKiHYCHHUMH

ACII mpautoe 3 mnOpeauKaTamMu Haj

YHIBEpCYMaMH, JalO4d 3MOTY OIHMCYBaTH Oynb-sKi

BIMHOIICHHA MDK 00’€KTamMu. Y HAIIOMy BHIAJKY
YHIBEPCYMOM € MHOXXHHA MOXIIMBHX 3HAu€Hb BEKTOpa
O3HaK, a TpeAWKaT BiAmoBimae KiacuiKamidHIN
(YHKIIT, 110 BCTAaHOBIIIOE HAJISKHICTh CTaHy JI0 IEBHOTO
KJIacy €KBIBAJICHTHOCTI.

Peauizaitiss MeToly peBEHTUBHOTO CYNPOBOKEHHS
Ha OCHOBI KOMIAapaTopHOI Mozeni nependavae Takxi
eranu: 1) TpaHchopMaIliss CIIOCTEPEKYBAHUX O3HAK

y JABiliKOBiI iHAgMKaropw; 2) ¢OpMYBaHHS BEKTOpa
CTaHy MNpOrpaMHOi cucTeMu (TpenuKaTHOro o0pasy);

3) moOynoBa cucTeMH PIBHSIHD Uil BU3HAYCHHS KJIaciB

€KBIBAJICHTHOCTi; 4) TIOPIBHSHHS BEKTOpIB  CTaHy
1 BCTaHOBJEHHS  CKBIBAJIGHTHOCTI  (3aCTOCYBaHHA
KoMIaparopa); S5) BHOIp 1 peamizamis BiJIOBiAHO]

eKCIITyaTaliifHol peakIii CHCTEMH.

Ha mnepmioMy erami KOXeH BXIJHHUH MOKa3HUK
(MeTpuka abo cWTHAIN), 3HAYCHHS SKUX 30HUPAIOTHCS Mif
4Yac MOHITOPHMHTY, TIEPETBOPIOETHCS HAa  JIOTIYHUH
(nBilikoBui) iHAMKaTOp, MO HalOyBae 3HaudeHHs 1 abo 0
3aJIeKHO BiJl BAKOHAHHS MEBHOT yMOBH. [Iisi KUTbKICHHX
METPHK JIOJJal0ThCSI TTOPOTOBi 3HAYEHHS a0 JOIyCTHUMI
Jiara3oHu: SKII0 METpUKa rnepedyBae B MeXaxX HOPMHU —
BinnoBimHW iHAWKaTop 0 (Hemae BiIXWIICHHS), y pasi
MIEPEBHILCHHS] TIOpPOry a00 BUXOIYy 3a MEXi HOPMH —
imgukarop 1 (dixcyerbes mpobnema). s sxicHEX abo
KaTeropialbHUX O3HAK BU3HAYAIOTHLCS JIOT1YHI YMOBH 200
npaBwia. Hampuknaza, curaan aHomalii 6e3nocepenHpo €
OinapHuM iHAMKaTtopoM (1 — BHSBIEHO aHOMAaJiIo,
0 - =),
po30uBaTHCS Ha

arperoBaHWii  MOKa3HUK TPYIMH  MOXe

KUTbKa 1HIUKATOpIB  (HAIPHUKIAL,
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Functionality_ OK =1, sxmo Bci dyHKIioHanbHi

TecTH npoiineno, Security _Risk =1, sxmo 3uaiineno

KPUTUYHY BPa3JIUBICTh, TOIIO). YHACIHIIOK LBOTO €TaIly
BUXIZTHAN DPI3HOPIAHUI BEKTOp NAaHHWX HEPETBOPIOETHCS

Ha HaOIp JIOTTYHHUX 3MIHHHUX {Xl, Xoy e Xn} , KOJKHa 3 SIKHX

HaOyBae 3HaueHHS 1 3a HAjABHOCTI BIIIOBIIHOTO

HETaTUBHOTO cUMIITOMY a00 0 y pa3i Horo BiICyTHOCTI.
Omxe, ABIAKOBI

IHAMKATOpU  3TPYHOBYIOTHCS

y  BIOpSAKOBaHMM  Habip —  BEKTOp  CTaHy

X= (X1: Xy yeear X, ) , KO)KHa KOMIIOHEHTA SIKOr'0 BiAIOBifae

OKpeMoMy iHIHMKaTopy. Bektop X € dopmansHuM
BiZIOOpa)XEHHSIM TIOTOYHOTO CTaHy IPOTPaMHOi CHCTEMH
B TpoOCTOpi O3HaK. Po3MipHICTH N BeKTOpa CTaHy
BU3HAYAETBCA IIOBHUM I[EPETIKOM KOHTPOJIBbOBAHHX

O3HAaK, TaKUM YHUHOM MCTOJ JICTKO PO3MHNPIOETHCA

Fi(xl,...,xn)z(afl’/\agl)/\.../\ag”)v(

(a)

ze a; JIOpiBHIOE 200 X, abo —X; (3a7exHO BijJ TOTO,

SKAM Mae OyTH 3HA4YeHHs O3HAKH | y (-My BapiaHTi
crany, mo Hajxexuth kiacy C;). OTke, KOXKEH KOH IOHKT

BIJINIOBIJTa€ OKPEMOMY ITO€HAHHIO O3HAK, IO HAJICKUTh

opoOMy KJacy, a ,HI/IS’K)HKIIiSI TaKuX KOH IOHKTIB

nepeniuye BCi MOXIHMBI BapiaHTH B MeXaxX KIacy.
TeopernyHo  J0BeneHO, IO  BHIUIGHHS  KJIAciB
ekBiBasieHTHOCTI Yepe3 JITH®D 3abe3medye MOBHOTY OIMHUCY
BCIX MOKJIIBHX KOMOIHAIIH O3HAK T KOKHOTO KiIacy.
KommnapaTopHo-OpieHTOBaHWI  MiAXin — peaiisye
npoueaypy

CITOCOOOM HOpiBHHHHS[ BEKTOpa CTaHy X, OTPUMAaHOIO

ineHTH(iKaii Ki1acy IOTOYHOTO CTaHy

3 MOTOYHHMX JIAHMX, 13 yMOBaMH (€TaJlOHAMH) s

xoxkHoro knacy C,. ®opMalbHO Lle 03HA4ae MEPEBipKy
BHMKOHAHHS JIOTIYHOIO piBHAHHSA F, (X) =1 a7 KOXKHOTO | .
Slkuio st esikoro kiacy C, MiicTaBIeHHS KOMIIOHEHT X
y ¢opmyny F, 3amoBonbHse 1 (3HaueHHs F, (X)

ICTUHHE), TO MOTOYHHN BEKTOpP CTaHY HAJCKUTh LILOMY
KJIacy eKBiBaJICHTHOCTi. [IpakTW4HO Take 3iCTaBJIECHHS
3MIACHIOETHCS 4K TIOTIAPHE TMOPIiBHAHHSA OITiB  IBOX
BEKTOpiB: BEKTOpa X Ta

€TAJIOHHOI'O BEKTOpa

(abo BekropiB) kimacy C,. ExBiBaJeHTHICTh IBOX CTaHIB
YCTaHOBITIOETHCSA, SKIOIO BCi BIAMOBIAHI KOMIIOHEHTH
30iratoThCs. 3a OUIbII CKIAQAHUX YMOB (KOJH Kiiac
BU3HAUCHUH depe3 W3 IOHKIII0 KITbKOX KOH IOHKTIB)
mepeBipKa eKBiBaJCHTHOCTI 3BOANUTHCS A0 MOPIBHAHHA X
3 KOXKHUM JIONYCTHMHUM IIA0JIOHOM KIacy: SIKIIO X

30iraetecst 3 xo4a O OAHMM IIa0JOHOM (BapiaHTOM
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JIOZIaBaHHSM HOBUX IHJIMKAaTOpiB 0€3 3MiHHM 3arajibHOTO
MIXOdy.

Ha ocHOBI ekcnepTHHX 3HaHb 1 aHalizy JaHUX
Oyayetbcss (hopMallbHA JIOTIYHA MOJENb, IO OIMHUCYE
KOXXHMM JNOIYCTHUMHUHN KJlac cTaHy cucreMu. Ui 1mporo
KJIaciB  eKBiBaJICHTHOCTI

BU3HAYA€ETHCA MHOXXHHa

C,,C,,...,C,, sKi BIANMOBINAIOTH PI3HUM CHTYAIIisM
eKcIuTyaTalii mporpaMHoi cucteMu. s BH3HAYCHOCTI
B MEXaXx L[bOTO JIOCHI/PKEHHS 3allPONIOHOBAHO 00paTH TPH
KJIacH eKCIUTyaTallifHnX peakmiid: "Hopma", "mpobiema',
€KBIBAJICHTHOCTI

"monepemxenna”. KoxHuit  Kiac

MaTeMaTHYHO 3aJa€ThCsl JIOTIYHHM BHPA30M OO
KOMITOHEHT BEKTOpa X . 3py4YHUM KaHOHIYHUM CIIOCOOOM
NOAAHHS TaKuX YMOB € JM3’IOHKTHBHA HOpMallbHa
¢dopma (AH®). Hanpumax, ¢opmyna maas kiaacy C,

MOXXC MaTHu BHUI'JIAL

n

KOH IOHKTY), BB@Xa€eMO, M0 X HAaJEXUTh KJacy.

Taxum YHHOM 3IIICHIOETHCS KOMITapaTopHa
iZICHTU(IKAIIS TOTOYHOT'O CTaHy: MOJE/b IIOPIBHIOE CTaH
CHCTEeMH 13 3a3Jajeriib BU3HAYCHUMH ETAJIOHAMH
HOPMAJILHOTO YM aHOMAJILHOTO (DYHKIIIFOBaHHS i oOupae
exBiBasieHTHUH Knac. 3 nornsny ACII, cucrema piBHSIHB
y JAH®, nobymoBana mns kiaciB crTaHy, (aKkTHYHO €
MIPEANKATHOIO MOJIEIUTI0 00’€KTa (IIPOTrpaMHOI CUCTEMH),
sKa BIITBOPIOE MPOCTIP CTaHiB y TepMiHAaX ICTHHHHX
3HAYCHb MPEINKATiB (IHAUKATOPIB).

KoxHuii BHIIIEHHH KJlac €KBIBAIEHTHOCTI CTaHIB
MIPOTPaMHOI CHCTEMH IIOB’SI3aHUH 13 IIEBHOIO PEAKIIEF0
00Ky

cynpoBokeHHs. Kpim HanexxHocTi 10 Kareropii, uis

abo 3axomoM 3 eKCIUTyaTalliifHoi  KOMaH[H
KOXKHOT'O KJIaCy MOXKE BH3HAYaTHCSl PIBEHb KPUTHYHOCTI,
SIKMH JIeTajli3ye npiopuTeT pearyBanHs. Hanpukmaz, kiiac
"mpoGnema" Moke MaTH MiJKJIACH 33 KPUTHYHICTIO:
BUCOKHI (HErailHO BWIPaBUTH, TAJIHHSI CHCTEMH),
cepenHii (3HauHa (PYHKIIOHAJIbHA JETpaaallis), HU3bKHU
(HexpuTHuHMH 301 Okpemoro Monyist). KpurnaHicTsh
BU3HAYA€ThCs K (YHKIIS BiJl 3HAYeHb IHAWKATOPIB
aHoMmayist  Oe3mexu

y BEKTOpl cTaHy (HampHKIAJ,

MOXE  aBTOMATHYHO  TIJBHMIYBAaTH  KPUTHUYHICTB).
OTke, eKBIBaJICHTHI CTaHM 00’ €JHAHO B KJIACH IOJ0 iX
BIUIMBY Ha (YHKIIIOBaHHS IPOTPaMHOr0 MPOAYKTY,
1 KOXHOMY KJlacy BIJIOBifa€ Hamepe] BH3HauYeHa
peakilis MIATPUMKH ¥ piBeHb mpiopureTHOCcTi. lle mae
3MOTY aBTOMATHU3yBAaTH yXBAJICHHS pPillleHb: (OPMAaIbHO
MOPIBHSABIIM  BEKTOp CTaHy 3 KJacaMH, CHCTeMa
CYNIPOBOJDKCHHSL OJ[pa3y BHU3HAUYa€, YW MOTPiOHI mii

Ta sIK IIBHIKO.
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Memoo KomnapamopHo-opieHmosanozo
NPEBEHMUBHO20 CYNPOBOOHCEHHA
npPOZPAMHO20 3abe3neuenns
OcHOBHa imes MeTomy TojisIrae B mMOOymOBi
KOMIIapaTOPHOi MOJIeNli, i€ KOXHE PIBHSHHS OITUCYE
OKpeMuil Kilac eKkBiBaJeHTHOCTI. Kiac exBiBaIeHTHOCTI
BHU3HAYAETHCS  SIK CTaHIB

MHOKHHA MIPOrPaMHOTO

3a0e3meueH s, IO NOTPeOYIOTh OJHAKOBOI peakiii
3 00Ky eKcIuTyaTamiiHoi koMauau. OTKe, METOT 3BOANTH
3ajady TPEBCHTHBHOTO CYNMpPOBOUKEHHS JO 3aiadi
noriyHol igeHTudikamii Kiacy, M0 SKOTO HAaJIEXKHUTh
MOTOYHHH CTaH CHCTEMH.

Y mpoueci ekcrulyatamii airopuTM IMEpioIUYHO
(opMye BeKTOp IHAWKATOpIB MANS ITOTOYHOTO BiKHA
CIIOCTEPEIKEHHS I BUKOHYE KOMITApaTopHy 1neHTU]IKaIliFo
CIOcO0OM TIJCTAaBICHHS LBOTO BEKTOpPA B CHCTEMY

Input :
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JAH®-piBHsiHb. SIK HacmigoOK, BU3HAYAETbCS MHOXKHMHA
KJIACiB, MPEAMKATH SIKUX BUKOHYIOTHCS JUIS MOTOYHOIO
cTaHy. SIKIIO cOpanbOBYyE pIBHO OIMH KIAac, BiH
BBAXXAETHCS ineHTH(IKOBaHMM. Y pa3l CHparfoBaHHS
KIJTBKOX KJIAaCiB 3aCTOCOBYETHCS IPABHJIO PO3B’s3aHHS
KOHQUIIKTIB. SKIIO XOIEH KiIac HE CHpalbOBYE, CTaH
BBAXAETHCSI  HOBUM  abo  paHille  HEONMUCAaHHM
1 00pOOIIETHCS SIK CTaH, MO0 MOTPeOye TOJATKOBOT YBarH.

[icns imeHTUdIKaI1 KJ1acy hopMmyeThCst
eKCIUTyaTalliiiHa peakilis, o rnepeadoavyae TAM Aii, piBSHb
KPUTUYHOCTI Ta BiANOBiJaJbHY KOMaHAy. JlogaTkoBo
TeHEPYEThCS TIOSICHEHHS PE3yNbTaTy Y BUMNISAII MEPENiKy
inaukaropis 1 gm3’tonkra JIH®, skuii chopaioBas.
3a HEOOXiTHOCTI aBTOMATHYHO CTBOPIOETHCS MPEBEHTHUBHE
3aBIaHHs a0 aJiepT /I BiAMOBIAHOT KOMaHIH.

ANTOpPHUTM METOILy MICTUTP TaKi €Tany i KPOKH.

T — cnenudikaris Tectis i kputepii mpuiimanms (acceptance rules);

T — pe3ynbTaT TECTyBaHHS i TECTOBI METPHKH;
M (t) — TOTIK eKCIUTyaTalliifHOTO MOHITOPUHTY;
A(t) — notik 3adikcoBaHNX aHOMaii;

W — mapameTpu BIiKOH arperyBaHHs (po3Mip, KpoK);

R — Momenb pU3UKy / KpUTHYHOCTI (TpaBmia 1oMeny, oesmneka, SLO/SLA);

O — npaswia nokanizamii (o3Haku / aprehakT —> KOMaH/A);

IT — nomituka pesizii Mozeni (nepion / yMOBH).
Output :

COPM :(I,P,F,Map),

ne | — MHoxuHa GiHAPHMX THAUKATOPIB (CKIHUYCHHUX MPEIUKATIB);

P — mpaBuna / mpenukaty GiHapu3allii;

F= {F }CE ¢ —cucrema JIH®-piBHSHB 151 KJIACIB CKBIBAJICHTHOCTI;

C

Map — Bimobpaxenus kiacy — (reaction, priority, owner);

I' — noTiK MpeBEeHTUBHMX 3aBJIaHb / AJIEPTIB.

Phase A. TTo6ymoBa inguKaTopis i3 TecTyBaHHs (anpiopHa 6a3a)

1. 1T, P«J.
2. S < ExtractTestFeatures(7,T).

test

3. JIyist KOXKHOT O3HaKH S € S,

3.1. IToOynyBaTn mpenukar P () Ha OCHOBI acceptance criteriai R .

3.2. BusHa4uTH iHAKKATOD I = 1[—|ps] (1 — mopymirero, 0 — BUKOHYETHCS).

33. 1« 1U{ij}, P« PuU{p,}.

Phase B. [TomaBauHs eKkCIUTyaTamiiHuX 03HaK (arperartH, TPEHIH, aHOMaTii)

4. 3apaty rpynm arperysanns G = { Func, Env, Sec,Usab} .

5. Jlns KoxKHOro BikHa We WV !

51. Z, « Aggregate( M (t) W, G) (arperoBaHi MOKa3HUKH 32 TPYIaMH).

5.2. D, <~ Trends(Z,,) (apeiid / craGinbHicT / IOBEPHEHHS IO ETATIOHA).
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53. A, < Anomalies(A(t),W) (HasABHIiCTB / TUI / OLIIHKA AaHOMAJIIT).

5.4. S,,, < ComposeFeatures(Z,,D,,A,).

5.5. Jlns xoKHOT HOBOT O3HaKH S € S , IO MOKK HE MOJIETbOBaHa:
—nobyaysatn P, (-) i3 R i eTalOHIB TeCTyBaHHS;
— BusHaunty i =1[—p, ];
—nonaru ig jgo | ,a p, mo P.

Phase C. IToOyoBa Ki1aciB €KBIBaIEHTHOCTI (KOMIIapaToOpHa MOJIEIH)
6. BusHaunti MHOXUHY peakiiid R = { NORM, ATTENTION, PROBLEM } .

7. ChopmyBaTi MHOXKHMHY KJIaciB eKBiBasleHTHOCTI C 3a MpHHIMIIOM:
CMaHU exsigaienmui mooi i auwe mooi, Koau nompedyioms 00HAK0BOI eKCNyamayitinol peakyii.
8. [zt koxHoro Kiacy Ce C !

. . . | . . .
8.1. Bu3HaunTH JOIYCTHMI MATEPHH iHAUKATOpIB X, C 0,1" (3 TecTiB, aHAIi3y PU3HKIB TOIIO).

8.2. ITobynysatu JIH®-nipeaukar kiacy:
F () =& (A, M ()
e A (x) — nirepan X; a6o —X;.
9. BusHauutu Map(c) = (reaction, priority,owner) 3a R ta 0.
10. (Pexomendosano) IlpoBectr Basimairo:
— meneperunnicts F, AF; =0 misa ¢ #d Ha MHOXUWHI BITOMHX CTaHiB;
— moKpHTTA "Binomux" craniB v . F, =1.

Phase D. Ounaiin-inentudikaiis ta popMyBaHHs IPEBSHTHUBHHUX 3aBJIaHb
11. JInst KO>KHOTO HOBOT'O BikKHA W Y MPOILIECi €KCILIyaTallii:
12. O6GuncnuTH BEKTOp iHANKATOPIB
x, < Evallndicators(1,P,M (t), A(t),w) € 0,1".

13. 3HaiiTH MHOXXHHY CHpPAIlbOBaHUX KJIACiB
S«ceC:;F(x,)=1.

14. O6paru knac ¢’

SIKIIIO |S| =1, T0C" «S;

SIKIIIO |S| >1, 10 C" « Resolve(S) (npasuno: safety-first, max priority, max specificity);

SIKIIO |S| =0, 710 C" « C,, ipeakuis 3a 3amoBuyBanusm ATTENTION (triage).
15. (1", p’,0") « Map(c").
16. ChopmyBaru nosicnennst E <— ExplainDNF (FC, , XW) (sxmii qu3’roHkT JIH® cniparroBaB + akTUBHI iHIUKATOPH).
17. ko r* # NORM , chopMyBaty 3aBIaHHs:

y < CreateTask (0", p",r",E,w), T« Tu{y}.

Phase E. Pesi3is Mmozeni (amanrartis)
18. SIxmio moutituka 1 iHimiroe peBizito (nepioanvyHo adbo 32 yMOBU HaKoNu4eHHs C,, / qpeiidy / HOBUX peniziB):
19. 3ibpatu ¢indek (pe3ynbraTu peakuiil, HOBI peJi3u, HOBI TECTOBI METPHUKH).
20. OnoButu P (moporu / eranonu), oHoputr | (BHIy4HTH IIYMOBI, JOJATH HOBI iHAUKATOPH).

21. Yrounuru C inepebynysaru Bianosiani F, y JH®; nosroputu kxpok 10.

22. ToBepuyTtH oHOBIIeHY Mojeis COPM = ( I,P,F, Map) .
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Omxe, Ha BIAMIHY Bl METOAIB MAalIMHHOIO
HABYaHHS, SKi IPYHTYIOTbCS HA  CTATUCTUYHOMY
y3arajJbHEHHI ICTOPUYHHX [AHHWX, 3alpPOIOHOBAHHN

METOJI BHWKOPHCTOBYE ampiopHi 3HaHHS, 3adikcoBaHi
Ha eTalll TecTyBaHH], Ta (opMamizye iX y BHUIIAIL
CKiHYeHHOi cucTeMd TpenukaTiB. lLle nae 3Mmory
3aCTOCOBYBAaTH METO/] 3a BIJICYTHOCTI a00 HEIOCTaTHOCTI
CTaTHCTUKH BiZIMOB, a TaKOX 3abe3neuye
IHTEPIIPETOBaHICTh PE3YJIbTATIB 11eHTH(IKAIIi].

OCKITBKM  TIPOTpPaMHI CHCTEMH  €BOJIOLIOHYIOTh
y mporeci eKcIuIyaralii, MeTol mnependavae peryssipHy
peBizito kommaparopHoi Mopeni. [limcTaBamMu s peBisii
MOXYTh OyTH  HAKONWYEHHS HOBHX  HEBIIOMHX
CTaHiB, 3MiHM BHUMOT, HOBI pemi3u abo pe3yJbTaTH
aHali3y IHIUAEHTIB. Y TMpoIeci peBi3ii OHOBIOIOTHCS
MpeIUKaTH, MOPOTOBI 3HAYCHHS W CKIAI IHAWKATOPIB,
MiCJIsT  YOTrO0  YTOYHIOIOTBCS KJIAcH eKBIBAJIEHTHOCTI
it mepedynoBytoThcs BiamoBigHi JH®-piBasuug. e mae
3MOT'y MIATPUMYBATH aKTyaJbHICTh MOJENI Ta 30epiratu
il 3MaTHICTH A0 MPEeBEHTHUBHOI iMeHTH(DIKALIT Aerpaamii
MIPOrPaMHOTO 3a0e3eUeHHS.

Omxe, MeToJ MpPEBEHTHBHOTO CYIPOBOMKCHHS
MPOrpaMHOro 3a0e3leueHHsT Ha OCHOBI KOMIIApaTOpPHOL
inenTudikarii YMOXKIIUBIIIOE (hopmaiizoBanui,
IHTEpIPETOBaHUN 1 HE3aJe)KHUH BiJl CTATHCTHKU MiJXiJ
JI0 PaHHBOTO BWABJICHHS MPOOJIEM Yy TPOrPaMHHUX
cucreMax. IloemHaHHS TECTOBUX 1 EKCIUTyaTaIliitHUX
O3HaK y MeXax KOMIapaTOpHOi MOJENI CTBOPIOE
HAyKOBO OOIPYHTOBaHMH 0a3uc Ui TNPEBEHTUBHOT'O
CYNpPOBOJDKEHHS i

aBTOMAaTHU30BaHOTO  (OPMYyBaHHS

eKCIUTyaTallfHUX pillleHb.

ExcnepuMeHTAIBLHI J0CTiIZKEHHS:
CUMYJISINIHUNA PUKJIaT

MeTor0 eKCIIepUMEHTY € eMITipuYHa MepeBipka
3[JaTHOCTI 3alpOIOHOBAHOI'O METOAY KOMIIApaTOPHOI
inenTudikamii BUABIATH AerpajauiiiHi mpouecu paHiie,
HDK KJIaCHYHI TOpOTOBi ameptd, Ta (opMyBaTH
IHTEpIPETOBaHI CTaHW eKCILTyaTalliifHOi peakuii: HopMa;
Jst  3abe3mneyeHHst

O3HAKH Jerpajgaiii; mpobiema.

KOHTpPOJBOBaHOI "iCTHHH" TPO MOMEHT Jerpanarii
3aCTOCOBAHO CHUMYJISIIIAHUKA CHEHapid 3 KepoBaHHUM
JpeiioM METpHK.

STk 00’€KT CTIOCTEpEKEHHS PO3TIIAAETHCS MOOUTLHUIA
3aCTOCYHOK, IO

— 3YATy€ BUMIPIOBaHHS TJIIOKO3M 3 TJIIOKOMETpa

(uepe3 xaHan nepegayi JaHmx);
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— Iepefae TOKa3HHKM Ha cepBep ab0 BHKOHYE
JIOKaJIbHE O0YKCIICHHS;

— oTpumye / OOYHCIIIOE TPOTrHO3 (HAMPUKIAI,
ropm3oHTOM 30—60 XB);

— IEMOHCTpYE pe3yJIbTaT KOPUCTYBady.

Excruryaramiitni  mpoOnemu, — peleBaHTHI  UIS
NPEBEHTUBHOIO CYNPOBO/DKEHHS B I[bOMY HPUKIAII:
TOTIPIICHHS 3B’S3KY 3 NPUCTPOEM, 3POCTAHHS 3aTPHMOK
Jierpananis
(mporrycku ab0 aHOMaNlbHI 3HAYEHHS), IMO 3PEIITO0

OTPUMaHHS  IPOTHO3Y, AKOCTI  JIaHUX
NPHU3BOAUTS 10 300iB cMHXpOHi3allii abo noripienHs UX.

B ekcnepuMeHTI BHKOPUCTaHO TPH METPHKH,
SKi € pealiCTHYHUMH JUIi MOOUIBHOTO 3aCTOCYHKY
production 6e3 moctymy

0 MEIUYHUX "ICTUHHMX 3HAYEHb'".

W  crmocrepexxyBaHi B

M1. 3aTpumKa OTpUMaHHS POTHO3Y
(Prediction latency)
BusHaueHHS: 4ac Bil MOMEHTY OTPHMaHHS HOBOTO
BUMIPDIOBaHHS TJIIOKO3M 3aCTOCYHKOM JI0 MOMEHTY
OTpPHUMaHHS MPOTHO3y (200 3aBepIIEHHS JIOKAJIHHOTO

inference). ITosxaka — L, (mc).

OudikyBaHa IOBEIIHKA: Yy HOpPMiI — CTalliOHapHHUH
po3moni i3 HE3HAYHUMHU KOJHMBAaHHIMH; Jlerpajarlis
MPOSIBIETHCA SIK TpeHN pocTy L, abo 3pocTaHHs XBOCTiB
po3mominy.

M2. Hactka HeBnanux CHHXpOHIi3alliil abo mepemxad

nanux (Sync failure rate)

BusHaueHHs: BIZHOLIECHHS KIUIBKOCTI HEBIAIHX
crpo0 34YuTyBaHHA a00 Mepefayi MaHuX 3a IEBHUM

iHTEepBa) 110 3arajubHOI KuTbKOCTi cmpob. [lo3maka —
F e [0,1].

OuikyBaHa IMOBEJIHKA: y HOpMi OJM3bKa 10 HYJIS;
Jerpajarisi — MOCTYIIoBe 30UTBIICHHS depe3 MpobieMu
KaHasy 300py HEpBHHHUX JaHHX, MEPEXi ad0 CepBEpHHUX
3aJIEKHOCTEN.

M3. YacTka nponyckiB BUMipIOBaHb

(Missing measurement rate)

BuzHaueHHs: 4YacTKa OYIKYBaHMX BHMIpIOBaHb,
o0 HE HAgiIu y BCTAHOBJCHE BIKHO (HAIPUKIIALN,
NpUCTPIH  Mae  OYiKyBaHy

SKIIO  ceHCop  abo

nepiogmunicts). [losnaka — M, €[0,1].

OuikyBaHa IOBENiHKA: Y HOPMi Maia; Jerpanuaris
MOXe€ MPOSIBISITHCS SIK CTaOijIbHE 3pocTaHHA abo cepii

"mpoBaumis".
HeoOximHo  3ayBakutn, 1mo  Merpuka M3
HE € MEIWYHOIO OIIIHKOI0 KOPEKTHOCTi, a CyTO

eKCIUTyaTalifHUM 1HJNKATOPOM SIKOCTI NOTOKY JaHUX.
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3 METOH 3HIKCHHS HIyMy H (QOpMyBaHHS O3HAK
JUIL KOMIIapaTropa 3aCTOCOBAHO arperaiilo Ha KOB3HHX
BikHax. basoBe BiKHO
W=60 xB, mo €

JeTpalaIiifHiX TPEeH[IB, ajie He HaATO BEIHUKHM, 00

CIIOCTCPECIKECHHA BHU3HAYCHO:

}IOCTaTHiM JUIA BUSIBIICHHA
YCKJIQIHUTH BH3HAYEHHS MEepexoqy A0 MPOOJIEeMHOro
crany. Kpok oHoBiieHHs1 A =5 XB (OHOBJIGHHS arperariB

KOXKHI 5 XB) 3a0e3medye ONEepaTHBHICTh peaKIlil
JUTSE MOOLTBHOTO 3aCTOCYHKY.
HactynHuM etamom MeTomy €  (OpMYyBaHHS

arperaTHUX O3HaK i TpeHmiB. [ms koxHoro BikHa W
0OYUCITIOIOTHCS:

— p95(L) Ta median(L) — s dikcauii "xsocra"
3aTPUMOK;

— F — cepenne 3navenns F, Ha Bikmi;

-M — cepenHe 3HaueHHss M, Ha BikHI.

Jnst paHHBOTO BHSBJICHHS AErpajallii JoAaroThCS
TPEH/IOBI BJIACTHBOCTI HA IBOX MacllTadax yacy:

kopotke Bikuo: W, =30 xB;

nosre BikHo: W, =6 rox.

JUisl KOKHOI arperoBaHoi MeTpukn X (HalpHKIaz,
p95 latency ) TEHICHIIIS:

OLIIHIOETHCS mpocTa

AX = X (W)= X (W,) (pisHuus kopoTKoro ii 10Broro
CepenHbOro / KBaHTHIIS), ab0 3HAaK / BENWYMHA HAXWITY
niniitaoi anpokcumariii Ha W, (3a motpebn).

Sk mopiBHUIBHUN 0a30BMH MiAXiN B €KCHEPUMEHTI
3aCTOCOBAHO CTaTUYHI TIOPOTH, THIIOBI JUIsi PEAKTHBHOTO
MOHITOPHUHTY.

Baseline-Alert-1 (Latency):

p95(L) >1700 mc Ha Bikui W .

CIIPAIbOBYE,  SIKIIO

Baseline-Alert-2 (Sync failures): cnpansoBye, sIKIo
F >0.05 (to6To moHajy 5% HEBAIMX CHHXPOHI3alliif)
Ha W .

Baseline-Alert-3 (Missing measurements):
crpanpoBye, sxkmo M >0.10 (monax 10% mpomyckiB)
Ha W .

BaxnuBo 3ayBaXkuTH, IO YMCIIOBI MOPOTH HaBEICHO
K peaJiCTUUHI CTapTOBI 3HA4YeHHS /1 MOOLIBHOTO
3aCTOCYHKY;

BOHH MOXYTh OyTH NapaMeTph30BaHi

i1 KOHKPETHY CUCTEMY.

Hdus ximacy "o3Hakum [nerpajgamii’ ympoBaIKeHO
IpaBuIIa, 0  CHpalboOBYIOTH  JIO  IEPETUHY
JKOPCTKUX  TOPOTiB, BUKOPUCTOBYIOYH  TPEHIH

il KOMOIHOBaHI YMOBH.
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Rule-D1 (pauwiii apeiid 3arpumok nporuosy). Ctan
"03HaKM Jerpanarii'”, Ko BUKOHYEThCS

p95(L) e (1200,2000] mc
Ta OZHOYACHO
Ap95( L) >300 wmc,

ne Ap95(L) owiHIOETBCA SK PISHMLS MK KOPOTKHM

1 IOBT'MM BiKHOM.

Inrepnperamis: 3aTpuMka Ime He KPUTHYHA,
aye oMiTHO "moB3e" Bropy.
Rule-D2 (xom06iHOBaHa Aerpajallis KaHaly HaHHX).
Cran "o3Haku Aerpanamii”, Ko
F €(0.02,0.05] ta M & (0.05,0.10].

[HTepnperamnis: 1me HeMae MacoBOTO

(eitny,
alme kaHanm 300opy / mepemadi cTae HecTaOITBHIM
1 3’ABIISOTHCS TIPOITYCKH.

Rule-D3 (anomanbHa HecTabUTBHICTH 6€3 MOPOTOBOTO
nepeBuileHHs). CraH

"o3HakW mgerpajamii’, SAKIIO

mpoTsaroM ocTaHHiX K =3 oHoBieHb (TOOTO ~15 XB)
p95(L)

nepeBuilye BiacHy Mmezaiany Ha W, monam 1.5 pasa

cmoctepiratothest  "cmaiiku" P95 latency :

Y IBOX i3 TPbOX KPOKIB.

Inreprnperartisi: HecTaOlIBHICTH  3pocCTae, Xoua
cepeHii piBeHb MOXe Iie OyTH MPUIHATHUM.
Knacudixkaris eKCIUTyaTaIiitHo1 peaxiii

peatizyeThes iEpapxivHo:

"mpobnema”, skuio chpairoBas Oyap-skuil baseline-
alert (mepeTuH ®OpPCTKOTO MOPOTY);
Jerpaarii”, SIKIIIO baseline-alert
HE CIpAIfOBaB, aje iCTHHHE Xo4ya O OgHE MpPaBHIIO
Rule-D1-Dg;

"HopMma", sKIo He cmparroBand Hi baseline-alert,

"03HaKH

Hi IpaBWJIa AeTpajaiii.

Ils cxema BIANOBiAAa€ TNPAKTUYHOMY IHPOLECY:
"mpobnema" — 1ie BXKe IHIUACHT, "Aerpaaamnis’ — miacTaBa
JUTSL TIPEBEHTHUBHOTO THKeTa (200 3a71adi Ha MOCIIIKEHHS),
"HopMa' — BIICYTHICTb 1ii1 (IIPO/IOBXKYETBCS EKCILTyaTallist).
JIOCITIPKEHHS

Jis  cuMyIsLiitHOTO 3a/1a€THCS

MOMEHT TOYaTKy Aerpajanii t, i kepoBaHi 3MiHU:

— TOBUIBHUNA Jpeid p95(L) Bropy MpOTSIroM
2-6 Tox;

— mocrynoBe 30inbmeHHs F, (Hampukitax, depes
HOTIpILIEHHS 3B’ A3KY);

—3poctanHsi M, (IpOITyCKH BUMIPIOBaHB).
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OuiHIOBaHHS POBOJUTHCS 3a TaKUMHU
MOKA3HUKAMHU:
— Lead time — pi3HHIS MK MOMEHTOM, KOJIH

cucreMa Bhepine kimacudikyBaia "O3HaKHM Ierpajarrii’,
Ta MoMmeHToM nepinoro baseline-alert ("mpo6iema");

— False alarms — kinbkicTh XMOHHX CIHPAIIOBaHb
"o3Haku  gerpagamii’ Ha  CTaOUIBHHUX  CETMEHTaX
0e3 merpanartii;

— Churn — KigBKiCTh TEpEeMHKaHb KJIaCy CTaHy
(cTabinpHICTD KIacupikarii).

OuikyBaHuii pe3yabTaT
Jerpamanii

lead time (panHe momepemKeHHS) 3a

EKCIIEPUMEHTY:

3alpOIIOHOBAHI  ITpaBMIIA 3a0e3MevyroTh

MO3UTUBHUN
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npuiinsitHoro pieast false alarms Tta 6e3 nammiprOl
HecTaOLTbHOCTI KiIacu(ikarii.

Jis  CUMYJSIITHOTO EKCIEPUMEHTY 3reHEPOBAHO
maHi 3a gBa  OHI

TICEBA0ICTOPUYHI MOHITOPUHTY

3 JOuCKpeTHicTiO BuMipoBanHs 1 xB. [lpukian

MMOKa3HUKIB HaBeneHo Ha puc. l. Ha mpomy mepiomi
HITYYHO 3aJaHO Tepioj JAerpazamii Ta mapaMeTpu
cuMysnii  (IHTeHCHUBHICTh Jerpajarii, 0a30Bi piBHI,
a takox aneptu). Ha puc. 2 300pakeHo rpadik craHiB
(m1s HaowHOCTI 0OpaHO (parMeHT, A€ eKCILTyaTalliifHi
CTaHU

SIBHO 3MIHIOIOTBCS). Ha  puc. 3-5

IpOoAEMOHCTPOBAHO I[I/IHaMiKy arperoBaHux O3HaK

HABKOJIO ITEPioAy Ierpamariii.

latency_ms sync_fail_rate missing_rate

00:00:00 700.098412
00:01:00 724.074175
00:02:00 678.418033
00:03:00 629.276237
00:04:00 664.324433

Puc. 1. I'eneparist mceBAOiCTOpUYHHUX JaHUX ((pparMeHT)

0.008409 0.013660
0.006765 0.008826
0.007744 0.017609
0.007835 0.014891
0.008510 0.015530

EkcnnyaTauiinHa peakuif (state)

problem -

degradation

norm -

01-01 08 01-01 10 01-0112

Puc. 2. I'pa¢ik excruryaTaniitaux ctadiB (GpparMeHT)

01-01 14

01-01 16 01-01 18 01-01 20 01-01 22

p95 latency (ms) 3i cTaHaMm

2000 A

1800 4

1600

1400

1200 4

1000 -

800 ~

600

01-01 08 01-01 10 01-01 12

Puc. 3. Tpenn 3aTpUMKU OTPUMAaHHSI IPOTHO3Y

01-01 14
time

01-01 16 01-01 18 01-01 20 01-01 22
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mean sync fail rate 3i ctaHamu

O E e

0.04 -

0.03 +

0.02 4

0.01 4

0.00

01-01 08 01-01 10 01-01 12

Puc. 4. TpeHn yacTKy HEBIAIHX CHHXPOHI3ALil a0 mepenay TaHux

01-01 14

01-01 16 01-01 18 01-01 20 01-01 22

time

mean missing rate 3i ctaHaMmun

O L S S B A

0.08 A

0.06 1

0.04 A1

0.02 A

0.00 -

01-01 08 01-01 10 01-01 12

Puc. 5. Tpenn yacTku MpoIycKiB BUMipIOBaHb

YHacTiZ0K eKCIepUMEHTY:

— TepIla Aerpaaailis (3a BU3SHAYCHUMU MPaBIIIAMU 1
o3HakamHu) 3adikcoBana micis 14 rog 10 xB Bix movarky
CUMYJISIIIT;

— MovarTok npobaemMHoro crany — micist 18 rox 20 xB
CUMYJISIIIIT;

— Lead time (min): 250.0;

— False alarms (kinbkicts): 0;

— Churn (xinbKicTs 3MiH): 5.

Omxe, oTpuMane 3HayeHHs Lead time xinmbkicHO
MIATBEPIKYE  3IATHICTh

3aIIpOIIOHOBAHOTO MeTony

BUSBIATH  JACTPAfalifHI  MpolecH 10  MOMEHTY
JIOCSITHEHHSI KPUTUYHUX IIOPOTIB OKPEMHX IOKa3HHUKIB.
BumepemkeHHss B 4Yaci 3yMOBICHO BHKOPHCTaHHSM
KOMOIHOBaHMX 1 TPEHJOBHX O3HAK, L0 JAalOTh 3MOTY
(hikcyBaTH JIATEHTHI 3MiHH JWHAMIKY CTaHy INE O iX
sSBHOro mposiBy. lle cBiguuTh mpo peanizaiilo came
miAXomy JI0

3a0e3meyeHHs  Ta

MNPEBCHTUBHOTO, a HC PCEAKTUBHOI'O

CYNPOBO/KEHHS  IPOTPAMHOTO

01-01 14

01-01 16 01-01 18 01-01 20 01-01 22

time

MATBEPIKY€E TPAKTHUHY €(PEKTHBHICTH KOMITAPAaTOPHOI
MOJI€Ni B 331a4aX PaHHbOI'O pearyBaHHs.

OO0roBopeHHs

3aHpOHOHOBaHHﬁ MCTO MPEBCHTHUBHOT'O

CYNPOBOMKEHHS IPOTPaMHHX CHCTEM CIIPIMOBaHHUH
Ha paHHE BHABJCHHS aerpanauii. Ileit meron Hanmae
(¢opMarbHy OCHOBY pO3B’SI3aHHS 3aJadi IPOAKTHBHOTO
MOHITOPUHTY, HIO aKTyaJbHO 3 OINIAQY Ha Cy4YacHi
TEHAEHIIIT

epexony Big PEaKTHBHOTO 1o

IIPOTHO3YBAIBHOTO 00CITyroByBaHHS MIPOrpaMHUX

cuctem [5, 21]. 3azmauumo,
DevOps-miaxomax

CUCTEMATHYHOI'O

oo B TPaTUIIHHAX

CIIOCTEPIraeThCs HecTaya

KOHTPOJIO ~ SKOCTI  MPOTPAMHOTO

3abe3mnedeHHs Ha erami ekcrutyartanii [20]. Lle ctBoproe

pO3pMB MDK €TaroM TEeCTyBaHHA I  pealbHUMH

YMOBaMH €KCIUTyaTallii, SIKUil i MOKIMKAHHIA 3alIOBHUTH

3ampornoHOBaHWi  migxin. Moro HOBuM3HA momsTae
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B IO€AHAHHI iH(pOpMAIlii, OTPUMaHOT MiJl Yac TeCTyBaHHS

i3 pe3yibTaTaMH  MOHITOPHHTY B  eKCIUTyaTarii

(arperoBaHi  NOKa3HWKW, TPEHAW, aHOMaJii) s

(opMyBaHHS IITICHOI MOJENi CTaHIB MPOTPaMHOT

cucremd. OTKe, KOMIIApaTOpHa MOJENb Ja€ 3MOTY
KnacuQikyBaTH CTaHH TPOTPAMHOI CHCTEMH Ha OCHOBI
€KBIBaJICHTHOCTI CKCILTyaTaIlIifHOT peaKIii.

3 morsAy  HAYKH, BHUKOPHUCTaHHS — METOIY
KOMIIapaToOpHOi  ifeHTH(]IKalil € NepCreKTUBHUM,
OCKUTBKM  BiH  3a0e3medye TMOBHE  MaTeMaTHYHE

BiloOpaxkeHHs1 00’e€kTa mocmimpkeHHs [4, 5]. Bussneni

3aKOHOMIPHOCTI ~TOBEOIHKH CHCTEMH  3alHCYIOTHCS
Y BHIVISII CUCTEMH JIOTIYHUX PiBHSHB [21], mI0 miaBUIYyE
TOoYHiCTE Moxem. Ha

00’eKTUBHICTE 1 BiIMiHY

Bil CTATUCTHYHHUX YW MAIIMHHHUX METOMIB, SKi
MOTPeOYIOTh BEIMKOTO MACHBY ICTOPHYHUX IAHHUX IS
HaBuaHHs [16, 19], koMmapaTopHHI TiIXiJ CIIUPAETHCS
Ha eKCIIEpPTHO BHU3HA4YCHI KpHUTEpii Ta TpeIuKaTH.
Ile HaOyBac o0COOJIMBOrO 3Ha4YeHHs 3a BIACYTHOCTI
po3ropHyTOi icTopii 300iB, o€ METOAM MAIIWHHOTO
HaBYaHHS € MEHII e(QEeKTUBHUMH. 3aMiCTh MOOYAOBH
"qOpHOI CKPUHBKH" TPOTHO3YBaHHA (POPMYIOTHCS SIBHI
JIOTIYHI YMOBHM HAJIe)KHOCTI CTaHy J0 TOT'O YH IHIIOTO
knacy. OTke, MoOAenb € TOSCHIOBAHOIO: KOMaHJa
eKCIUTyaTalil MOoXke 3pO3yMITH, YOMY CTaH HaJIeKHUTh
o knmacy "mpobnema" um "moTtpeOye yBarum", OCKUIBKH
Lle BUIUIMBAE 3 MOPYIICHHS KOHKPETHHX METpPHUK abo
yMOB. Y IIbOMY CEHCI 3allpOTIOHOBAaHMI MiXiJ BIATIOBiIAE
CYYaCHHUM BHMOTaM II0/I0 TIOSICHIOBAHOCTI pireHs [22].
OuikyBaHe HAyKOBE 3HAYEHHS 3aIPOIIOHOBAHOTO
METOJy mojiirae B 00’€HaHHI Teopii KOMIapaTopHOI
imeHTH(IKaLlii, METPUK SIKOCTI POTPaMHOTO 3a0e3TeyeHHs
ta DevOps-npakTuk isi MPOAKTUBHOTO CYNPOBOJKEHHSI.
HayxoBa HOBH3HA Metomy — Iie (opMamizamis mporecy
PaHHBOTO  BUSIBIICHHS

mpobyiieM: 32  JIONIOMOTOO

BUKOPUCTAHHSA anpiopHO BU3HAUYCHUX KJaciB

€KBIBAJICHTHOCTI CTaHiB MOKHA MaTEMAaTHYHO

06rpyHTyBaTI/I MOMCHT, KOJIn HOpMa.]'IBHI/Iﬁ CTaH

MEPEXOANTh Y aHOMAJIbHHNA YK MPOOJIEMHHIA HA OCHOBI
MOPYIICHHS JIOTIYHUX YMOB.

[IpakTHuHa IIHHICTH NPEBEHTHBHOTO MOHITOPUHTY
MOJISITa€ B 3[aTHOCTI BUSIBIIITH AETPAfalil0o Ha paHHIN
cragii — 1me [0 TOro, SK BOHa MepepocTe
B moBHOMacIuTaOHMi 30ii. Ile mocsAraeThCs BHACIIIOK
KOHTPOJIIO TPEHAIB 1 BIAXHUJICHB BiJl €TAJIOHHUX 3HAYCHB.
Takuii TPOAKTUBHUM MOXi BIANOBimae 3araibHii
KOHLIENIIii IPOrHO3YBAJIILHOTO OOCIIyrOBYBaHHS, sIKa

MOKJIMKaHa  MiHIMI3yBaTH  HE3aIlUTAaHOBAaHI  MPOCTOI

ta BigmMoBu [3]. Tlo-mpyre, po3OMTTS IOTEHLINHHO
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npoOJeMHUX  CUTyallli HAa  KJIack 3 ODJIIIY
HA KPUTHUYHICTh (HHU3BKA, CEPEIHs, BUCOKA BA)KIIMBICTB)
1 Jokamizaiiio (BiANOBIAAIGHUNA JOMEH YM KOMaHJA)
3a0e3rnedye TPIOPUTH3AMII0 peakmii Ha IHIWICHTH.
3aMiCTh OJHAKOBOI peakiii Ha BCi TPUBOXHI CUTHAIH
CTPYKTYpOBaHY

Jie BUHHKJA Mpo0iieMa, HACKIIbKA BOHA CEpiO3HA 1 XTO

KOMaHIa  OTPUMYE iH(OopMaITifo:
Mae BTpyTHTHCS. Lle nae 3Mory crnpsMyBaTd 3yCHIULI
JUIIe TyId, € € HEeOoOXINHICTh, YHHMKAIOYH 3aliBUX
yYIpyY4aHb y HE3HAauyHHMX BHIAJKaxX, IIO BiJIOBiJga€E
NPUHLUIY 3HWKEHHS BHUTPAaT YHACHIJIOK TOYKOBUX
irTepBentiii [9]. Kpim Toro, onmc yMoB, 3a SKHX CHCTEMa
mepeiiia B MPOOJNIEMHMI CTaH, HaJa€ KOMaHII
eKkcIutyaTanii (GakTWYHUHA KOHTEKCT IS JiarHOCTHKH.
Takuil piBeHb OOIPYHTOBAHOCTI Ail MiABHILYE NOBIpY
0O CHCTEeMH MOHITOPHHTY H TMOJNETIIye KOMYHIKAIIiIo
MK KOMaHJIaMu.

3anpornoHoBaHa KOMIIApaToOpHa MOJIENb (haKTHIHO €
possutkoMm rule-based-migxoay, ame Ha SIKICHO HOBOMY
piBHI: 3aMICTPh 130JIbOBaHHX ITOPOTiB BOHA BUKOPHUCTOBYE
CHCTEMY JIOTIYHMX YMOB JUIi BChOTO BEKTOpa O3HAaK
mo Jae

3aKOHOMIPHOCTI.

CTaHy, 3Mory (QikCyBaTH OUTBIN CKIIAAHI

MeTtongd  MamIMHHOTO  HABYaHHS,
30KpeMa ajlrOpUTMU BUSBJICHHS aHOMANil, BU3HAYAIOTh
cknaaHi OaratoBumiphi Bigxwienns [11, 12]. Sxmgo
mopiBHIOBaTH 3 ML-MomensiMu,  3ampomoHOBaHUN
miaxigx He mnoTpedye BEIMKHX MACHBIB JaHUX IS
Bigpasy #

iHmoro  OoKy,

HaBYaHHA, MOXE HOpanroBaTu BUTpac

B IHTepnpeToBaHOCTI. 3 riopuaHi
MAXOAW HAMaraloThCs BHSBIATH HOBI 3aKOHOMIPHOCTI
i OJHOYAaCHO BHMKOPUCTOBYIOTH €KCHEPTHI MpaBHia.
VY cyyacHHX cHCTeMax IiarHOCTHKM BiZIMOB, 30KpeMa
B TPOMHCIIOBOCTI, BXX€ BIPOBa/KYIOTh OaraTopiBHEBI
apXiTeKTypu 3 BUKOPHCTaHHSIM HEHPOHHUX MeEpex
1 HEYITKOI JIOTIKM UISl CaMOJIarHOCTHKU oOMaaHaHus [23].
[opiBHAHO 3 HHMMH, 3alpPONOHOBAHMH MiIXiJ MEHII
"aBTOMaTHYHUI" Horo ajanTaiisi 10 HOBHUX YMOB
BiZIOYBA€THCSI HE CIOCOOOM MAIIMHHOTO CaMOHAaBYaHHS,
a BHACJIIOK PETYJSPHOrO MEpErjsiay MO Ha OCHOBI
HaKOITMYCHHX JaHUX.

KpuTHyHO OIIHIOIOYM 3alpONOHOBAHUN  IMiIXI,
MOEMO BHM3HAUNTH KIUIbKa IIOTEHIIWHHUX OOMEXEHB.
[Mo-nepme,  BupoUKEHICT,  KiIacHdikamii:  AKIIO
MporpamMHa CHCTeMa TPUBAIMI Yac MpaIroe 0e3BiIMOBHO
W ycl crmocTepeKyBaHi CTaHHM CKBIBaJIGHTHI "Hopwi",
MOZENb MOXE HE MaTH JOCTaTHbOI YyTIHMBOCTI
JUIsl BUOKpPEMJICHHsI TepelBiCHUKIB mpobiem. YacTkoBo
0 MPOOIIeMy yCyBa€e HONYyYEHHS NMOKA3HHUKIB AMHAMIKA

i anomauiii. OJiHaK HaJAMITYBaHHS MOPOTIB YyTIUBOCTI €
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CKJIaZIHAM 3aBJIaHHSM: HAJATO BHMOIJIMBI  KpUTEpil
MPU3BEAYTh N0 HAJJIMIIKOBUX CHOBIIIEHb, TOI SK HAATO
M’sIKl — 10 MPONyIIeHHs peanbHux npoodnem. [To-mpyre,
MOBHOTAa ETAIOHHOTO Kiacy '"HopMma'" 3aleXWTh Bif
SKOCTI TeCTyBaHHs. SIKIIO ClieHapii TECTiB HE OXOINWIIN
MeBHI pexkuMu pobotu abo KoH(irypamii cucremu,
M Yac eKkcIulyaTalii MOXYTh BHUHHKHYTH CTaHH,
AKI He BIHUCYIOThCS y BH3HaudeHi kimacu. lle BKasye
Ha HeOOXiJHICTh Oe3nepepBHOrO Tpolecy Bajimarii
MOJIeNi: HOBI TIOKa3HUKHA MOHITOPHHTY ¥ 1HIUACHTH
MaroTh  MEPIOJUYHO  aHAi3yBaTH  ©KCIEPTH IS
YTOYHEHHS MeX KiaciB 1 ymoB. [linxix nepenbadae Takuit
MUKTIYHAA Teperssii MOJENi, MPOTe Ha MPaKTHUII
Ile BUMaraTMMe Halaro/KeHHs BIATIOBITHOTO MpOLECY.
[To-Tpere, iHTerpawisi 3ampONOHOBAHOIO pIILICHHS B
HasBHI iHPPACTPYKTYpH MOHITOPHHTY MOXE CIIPHIMHUTH
cmagnomi. HeoOxigHo  3abesmeunTH  30ip  ycix
MOTPIOHNX METPHK 3 eKCIUTyaTalliiHOTO CepeoBHINa,
X KOpEKTHY arperariito Ta BYaCHUI aHai3.

OTxe, MeTon KOMIIApaTOpHOI  imeHTHpiKamii
B 3aCTOCYBaHHI /IO TPEBEHTHBHOTO CYIPOBOJIKECHHS
MIPOTPaMHAX OCKIJIBKH

CUCTEM € IICPCICKTHBHUM,

MOEAHYE CTporo  (opMmasli3oBaHy MOJETIh  CTaHIB

i3 TPaKTUYHOK CIPSIMOBAHICTIO HA DPAHHE BHSBICHHS
i wiacudikamiro  npodisem.  OugikyeThCcs, 110
BIIPOBAKCHHSI TAKOTO MIAXOY CHPUATHME ITiBUIICHHIO
HaIiHOCTI Ta Oe3NeKH MPOTrpaMHHUX CHUCTEM 3aBJSIKH
MPOOIEMHIX CHUTYaIIii

BYACHIA imeHTUdIKaIi

1 IJIeCIPsSIMOBAHOMY IIJIaHYBaHHIO il 3 TX YCYHEHHSsL.
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[TpoieMOHCTPOBAaHO ~ MOXKJIMBICTH ~ 3aCTOCYBAaHHS
METOJy KOMITapaTOpPHOi iAeHTU(IKAI] U OUiHIOBaHHS
EKCIUTyaTaIlifHOr0 CTaHy MPOrPaMHOr0 3a0e3MeueHHS
Ta KIacuQikamii ekcIuTyaTamiiHol peakilii IporpaMHOro
MPOAYKTY 3 BUOKPEMIICHHSIM HOPMAJIBHOIO CTaHy, CTaHY
3 O3HaKaMH Jerpajaimii Ta

poOIEMHOTO  CTaHy.

Ile cTBOprOe  OCHOBY IS  PAHHBOTO  BHUSIBJICHHS

JeTpajalliifHAX MpOIeciB i BYACHOTO pearyBaHHS Ha

NOTEHII}{HI MPOOJIeMH ITiJ] Yac eKCILTyaTallii.
3anponoHOBaHUN

METO MPEBCHTHUBHOT'O

CYIPOBODKEHHS 3a0e3Meuye aBTOMaTU30BaHe (hOPMYBAHHS

THITY
npobiiemMu, i JToKaizarlii, MOpyIIeHoi yMOBU ab0 TeHACHIIT

IHIWJICHTIB ~ CYNIPOBO/DKCHHS 3  BU3HAYCHHSM
N0 11 TOpYIICHHS, PiBHA TEPMIHOBOCTI Ta BiIIOBITAIBHOI
komaHi. OTke, MOCATAEThCs MiNBHIIEHHS €()EeKTHBHOCTI
CYNPOBODKEHHSI TPOTPaMHOro 3a0e3NedeHHsT BHACIIIOK
HIepexo/1y BiJl PEaKTHBHOTO JIO IIPEBEHTUBHOTO MiIXOTY.
Pesynbraru JOCIIi JUKSHHS MOXYTh Oyt
BUKOPHCTaHI Jjsi MOOYJIOBH CHUCTEM MOHITOPHHTY W
MPOAYKTIB  Pi3HOTO

CYINPOBO/DKEHHSI  ITPOTPaMHHUX

npusHadeHHs. [loganpmni  BUNPOOYBaHHS — TOLIIBHO
CIPSIMYBaTH Ha aJanTalii0 3alpONOHOBAHOTO IiAXOIy
JO PpI3HUX KJIaciB TPOrpaMHUX CHCTEM, a TaKOX
Ha EeKCHEepHMEHTaIbHE BHBYEHHA HOro e(eKTHBHOCTI

B YMOBaX IPOMHCIIOBOI eKCILTyaTallii.

Konduikr inTepecis

Y pobori
CYMPOBOKCHHST MPOTPAMHOT0 3a0E3MCUCHHSI 3 MO3HUITIH

PO3MIITHYTO 3a7ady MpPEBEHTUBHOTO
(hopMaITi30BaHOTO OIIHIOBAHHS HWOTO EKCIUTyaTaIliifHOTO
CTaHy B YMOBaxX OOMEXEHOI JOCTYMHOCTI ICTOPHYHMX
JITaHUX Ta BiJJCYTHOCTI ampiOpHUX OIIIHOK HPOOJIEMHOCTI
MOXIIMBHX CTaHiB. IIpoeMOHCTpOBaHO, IO 3a TaKHX
YMOB JIOLIGHAM € BIPOBA/LKEHHSI METOIB ieHTHDiKalii,
OpIEHTOBAHMX Ha aHaJIi3 OaraTOBUMIPHUX O3HAK 1 MOPIBHIHHS
MOTOYHUX CTaHIB i3 (POPMaTi30BaHUMH ETATOHAMH.
3anpornoHoBaHo MOETamHUK MiaXin 0 GpopMyBaHHs
MHOXXKMHH O3HAaK E€KCIUTyaTallifHOTO CTaHy MpOTpPaMHOrO
HPOAYKTY,
TECTyBaHHsI, arperoBaHuX eKCILUTyaTalliiHUX MMOKAa3HUKIB,

SKAH 0a3yeTbcsi Ha TIOEIHAHHI METPHK
TPEHAOBUX KOMIIOHEHTIB 1 03HaK aHOMAJIbHOT MOBETIHKH.
®dopwmarizaris B3a€EMO3B’SI3KIB MK O3HaKaMHU y BHTIIAIL
CHUCTEMH JIOTIYHHMX PIBHSHb Ja€ 3MOrY aHaJli3yBaTH
JIOCTaTHICTH 1 MOBHOTY C(OPMOBAaHOI MHOXXHHH O3HAK
JUTs 3a7a4i ineHTudikaii cTany.

ABTOpH HEe MalOThb KOHQUIIKTY IHTEpeciB, 30Kpema
(hiHAHCOBOrO, 0OCOOMCTOr0, aBTOPCHKOTO YU OYyIb-SKOTO
IHIIOTO ~ XapakTepy, SKHH MIr OM  BIUIMHYTH
Ha JIOCII/DKEHHS, a TaKOX Ha pe3yJbTaTH, OIyOJiKOBaHi

B IIi#f CTATTI.

®dinaHCyBaHHSA

HocnmimkenHss  npoBoamnocs  0e3  (iHAHCOBOI

MITPUMKH.

JocTynHicTh JaHuX

[Jani OynyTh HajaHi 32 OOTPYHTOBaHUM 3aITUTOM.

Bukopucranas 3aco0iB IITYy4HOro iHTe1eKTY

ABTOpPHM  3aCTOCOBYB&JM TEXHOJIOTIT IITY4HOI'O
iatenexty (GPT-5.2, Deepl) mms mepeBipkd rpaMaTHKH
i opdorpadii. I[Ticis BUKOpPHCTaHHS NUX IHCTPYMEHTIB

aBTOPH TIEPEBIPWIN W BigpenaryBald KOHTEHT i HECYTh
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MOBHY BIJNOBINAIBHICTS 3a 3MicT myOjikauii. ABTOpH IITYYHOTO 1HTENEKTY JUIS JOCATHEHHS pe3yJIbTaTiB,
MiATBEPIKYIOTh, IO HE 3aCTOCOBYBAIM TEXHOJOTII MMOJTaHUX Y POOOTi.
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METHOD OF PREVENTIVE SOFTWARE MAINTENANCE
BASED ON A COMPARATOR MODEL

The subject of the study is a method of preventive software maintenance based on a comparator model that provides
formalized evaluation of the operational state and supports decision-making regarding the corresponding operational response.
The purpose of the study is to improve the efficiency of preventive software maintenance through a formalized assessment
of the operational state, enabling early detection of degradation processes, classification of the operational response, and
automated generation of maintenance incidents under conditions of limited historical incident data. The main objectives are:
to substantiate the requirements for the formalized assessment of the operational state of a software system under conditions
of preventive maintenance and limited availability of historical data; to construct a comparator-based model for identifying
operational states by formalizing the relationships between features in the form of a system of logical equations and
verifying its functional determinacy; to develop a comparator-based method for identifying operational states based on the
constructed model; and to perform experimental validation of the proposed method using operational data with comparison against
traditional threshold-based alerting mechanisms. Research methods. Operational state identification is performed using the
comparator-based identification method within a comparator model with predicate-based state representation. Relationships between
features are formalized as a system of logical equations with verification of functional determinacy. Feature construction is based
on a combination of testing metrics, aggregated operational indicators, trend characteristics, and anomaly-related features.
Empirical validation is conducted on simulated operational data using sliding-window aggregation and comparison with traditional
threshold-based alerting mechanisms. Results. The proposed method provides earlier detection of degradation processes compared
to classical threshold-based alert mechanisms. The use of trend-based and combined features increases the stability of state
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classification and reduces false positives in the studied scenario. Based on the identified state class, a preventive maintenance
model is implemented to automatically generate maintenance incidents specifying the type of problem, its localization, and
priority level. Conclusions. The obtained results advance formalized approaches to evaluating the operational state of
software systems and demonstrate the applicability of the comparator model to preventive maintenance tasks in the absence
of comprehensive historical incident data. The practical significance lies in enabling interpretable mechanisms for early
degradation detection and automation of maintenance processes, including incident generation and support of operational
response selection, without the need for large volumes of historical data.

Keywords: software; preventive maintenance; comparator model; comparator identification; operational state; software
degradation; automated incident generation.
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Viktor Levykin, Dmytro Dmytrevskyi

IMPROVING THE METHOD OF OPTIMIZING THE DISTRIBUTION
OF PRODUCTION RESOURCES IN CONFECTIONERY PRODUCTION

The object of the research is the processes of production planning and utilization of production resources in confectionery
production under conditions of limited production and technological capacities and variability of the product assortment.
The subject of the research is methods and mathematical models for optimizing the allocation of material, energy, and production
resources aimed at improving the efficiency of enterprise operation. The purpose of the research is to improve the method and
mathematical model for optimizing the allocation of production resources of an enterprise, ensuring profit maximization under
given production and technological conditions, resource constraints, and product assortment structure, as well as enhancing the
effectiveness of managerial decision-making in production planning. To achieve the stated purpose, the following objectives are
addressed in the study: analysis of modern methods and approaches to resource allocation in the confectionery industry;
identification of key factors influencing the efficiency of material, energy, and production resource utilization; improvement of the
mathematical model for enterprise profit formation; formulation of an optimization objective function considering economic
and technological constraints; improvement of the method for solving the optimization problem to determine rational resource
allocation parameters. The research employs the following methods: system analysis and generalization of scientific sources;
linear and nonlinear programming methods; economic and mathematical modeling; discrete-analytical optimization methods;
methods of algorithm design and software implementation. The main results of the study consist in improving the mathematical
model of profit optimization by considering the interrelationships between technological production parameters, resource
constraints, and product assortment structure. An optimization objective function has been formulated, and the method for sol ving
it has been improved, enabling the generation, evaluation, and selection of the optimal resource allocation alternative.
The proposed approach has been implemented in the form of a software and algorithmic tool suitable for integration into
production management information systems. In the conclusions, it is established that the implementation of the improved method
enhances the efficiency of production planning, rationalizes resource utilization, and increases the profitability of a confe ctionery
enterprise, confirming its practical feasibility and effectiveness.
Keywords: optimization; resources; production; profit; modeling; algorithm; planning; automation; system; enterprise.

1. Introduction

Confectionery enterprises operate in the conditions
of high competition, unstable demand, rising costs of raw
materials and energy resources, as well as increased
requirements for the efficient use of production resources
in the confectionery area. In view of this, the rational
allocation of material, labor, and production resources
becomes one of the key factors in ensuring
the profitability and sustainable development of
an enterprise [1]. Inefficient production planning leads to
overuse of raw materials, equipment downtime, and
a decline in economic performance.

In practice, a significant number of confectionery
enterprises use traditional approaches to planning
and resource allocation based on normative methods,
static planning models, or expert assessments [2].
Such approaches do not provide sufficient flexibility in
conditions of changing demand, seasonal fluctuations in
product range, and limited resources. As noted in works
on operational management, the use of static models

reduces the adaptability of production systems and does
not allow for a quick response to changes in external and
internal factors [3].

The development of mathematical modeling and
optimization methods has created the conditions for the
application of formalized approaches to resource
allocation problems in the food industry [4]. Linear and
nonlinear  programming methods, heuristic and
metaheuristic algorithms, as well as hybrid optimization
approaches have been widely implemented in scientific
research [5]. However, universal optimization models
often do not take into account the specifics of
confectionery production, in particular, complex recipe
dependencies, multi-stage technological processes, and
equipment limitations [6].

Particular attention in modern research is paid to the
integration of optimization methods into production
management information systems [7]. Such systems
provide automation of information collection, formation
of production plans, and support for management
decision-making. At the same time, existing software

© Viktor Levykin, Dmytro Dmytrevskyi, 2026

This is an Open Access article under the CC BY-NC-SA 4.0 license https://creativecommons.org/licenses/by-nc-sa/4.0/



https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.30837/0135-1710.2026.188.163

164

ISSN 3083-7715 (online)

ISSN 3083-7650 (0135-1710)(print)
solutions are often expensive or require significant
adaptation to the specific conditions of the enterprise,
which limits their practical use, especially in medium-
sized enterprises [8].

In this regard, there is a pressing scientific and
practical need to improve methods for allocating
production resources at confectionery enterprises in the
confectionery industry by developing mathematical
models of profit and optimization algorithms capable of
taking into account the dynamics of the production
process and the variability of resource constraints.
Solving this task contributes to improving the accuracy
of planning, the efficiency of resource use, and the
growth of the enterprise's profitability, which determines
its importance from both a scientific and practical
point of view.

2. Analysis of literature sources
and formulation of the research issue

The problem of rational distribution of production
resources is one of the key issues in the theory and
practice of production management, particularly in the
food and confectionery industries. In scientific research,
resources are considered as a combination of material,
labor, energy, and production factors, the effective use of
which directly affects the cost of production, output
volumes, and financial results of the enterprise [9].
In conditions of growing competition and market
instability, the relevance of optimal resource planning
tasks is significantly increasing.

In classical works on operations management, the
main focus is on production planning methods based on
deterministic models that use normative indicators and
average parameter values [10]. Such approaches ensure
formal simplicity and transparency of calculations, but
they have limited flexibility and do not take into account
the dynamics of demand changes, seasonality of the
product range, and variability of resource constraints
that are characteristic of confectionery enterprises.

A significant body of scientific research is devoted
to the application of mathematical programming methods
to resource allocation problems. In particular, linear
programming is widely used to maximize profit or
minimize costs when resources are limited [11]. Within
such models, the objective function is usually formed on
the basis of marginal income, and the variables are the
production volumes of individual types of products.
However, linear models do not always adequately
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reproduce complex technological dependencies and
the nonlinear nature of production processes in the
food industry.

Today, there are models that allow for the
discreteness of production decisions, equipment constraints,
and interrelationships between operations [12]. Works
devoted to production optimization in the food area
emphasize the effectiveness of such approaches
for assortment planning and capacity utilization tasks.
At the same time, the complexity of implementation
and high computational costs often complicate their
practical application.

A separate group of studies consists of heuristic and
metaheuristic methods, in particular genetic algorithms,
particle swarm algorithms, and ant algorithms [13].
They demonstrate a high ability to find optimal solutions
in complex multidimensional problems. However, the
results of such methods can be unstable, they depend
on the choice of parameters and do not always provide
the necessary interpretability of management decisions,
which is important for production managers [14].

Modern research is increasingly focused on integrating
optimization models into production management
information systems. Such systems combine the functions
of information gathering, production process modeling,
and decision support [15]. The works emphasize that the
use of information systems makes it possible to increase
the accuracy of planning and reduce the influence of the
human factor. However, universal software solutions
often do not take into account the specific features
of confectionery production, which reduces their
effectiveness without additional adaptation [16].

An analysis of the literature shows that most of the
existing resource allocation methods are based on static
profit models that do not take into account the variability
of technological parameters, seasonal fluctuations in
demand, and the possibility of operational adjustments to
the production program [17]. For confectionery
enterprises, which are characterized by a wide range of
products and limited resources, such simplification
of models is a significant drawback.

Therefore, despite a significant number of scientific
works in the field of production optimization, the issue of
improving resource allocation methods, taking into
account the peculiarities of the confectionery area and
the possibilities of their practical implementation in
information systems, remains insufficiently researched [18].
This necessitates the development of mathematical
profit models that combine economic and technological
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parameters, as well as the improvement of algorithms
for solving optimization problems with a focus on real
production conditions [19].

In view of the above, the research problem lies
in improving the method of distributing production
resources of a confectionery enterprise by developing
a mathematical model and algorithmic support, which
will increase the efficiency of resource use and
create conditions for maximum profit under given
production constraints.

3. Research objectives and tasks

The purpose of the study is to improve the method
and mathematical model for optimizing the distribution of
enterprise production resources, which ensures profit
maximization under given production and technological
conditions, resource constraints, and product range
structure. The outlined goal is aimed at improving the
effectiveness of management decisions in the process
of production planning and resource utilization.

To achieve this goal, the following tasks must be
performed: analyze current methods and approaches to
resource allocation in the confectionery area; identify key
factors affecting the efficiency of the use of material,
energy, and production resources; improve the
mathematical model of enterprise profit formation;
determine the target optimization functions, taking into
account economic and technological constraints; improve
the method of solving the optimization problem to find
the optimal parameters for resource allocation.

4. Materials and methods of the study

This study uses a combination of theoretical,
formalized, and experimental methods aimed at
substantiating and verifying the effectiveness of
an improved method for optimizing the distribution
of production resources at a confectionery enterprise.
The methodological basis of the work is a systematic
approach that allows us to consider the process of
resource allocation as a complex multifactorial system
with close interrelationships between economic and
technological parameters [20].

System analysis methods were used to analyze the
subject area and identify key factors affecting the
efficiency of resource use. This made it possible to
structure production processes, determine the role of
raw material, energy, time, and capacity constraints,
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and assess their impact on the formation of the
enterprise's profit [21]. The identified dependencies were
formalized using mathematical modeling methods,
in particular, the construction of an analytical profit
model that takes into account the cost of production,
technological  coefficients, resource  consumption
standards, and production constraints.

To solve the problem of profit maximization,
optimization methods were applied, based on a discrete-
analytical approach to finding acceptable alternatives [22].
This approach involves the discretization of variables,
the generation of a set of possible production programs,
the verification of each of them for compliance with
the specified constraints, and the calculation of the value
of the objective function. A comparative analysis was
introduced to evaluate the effectiveness of the improved
method in relation to traditional production planning
approaches used in the confectionery area [23].

The developed algorithm for the distribution of
production resources was implemented using software
engineering methods [24]. Based on them, a software and
algorithmic complex was created that automates the
processes of preparing input indicators, forming
a mathematical model, performing optimization
calculations, and presenting the results in a form
convenient for analysis. To verify the performance of the
model and method, as well as to confirm the theoretical
propositions, experimental studies were conducted on sets
of realistic production indicators that simulate the
operating conditions of a typical confectionery enterprise.

The experimental results made it possible to justify
the feasibility of applying the improved method in
production management practice and confirmed its
effectiveness in increasing profitability and rational
use of production resources.

5. Research results

The study analyzes modern methods of planning
and optimizing the distribution of production resources
used in food industry enterprises, particularly in the
confectionery area. It has been established that the vast
majority of enterprises use a traditional deterministic
approach based on linear programming, normative
planning, or expert assessment. This approach makes it
possible to formally determine optimal production
volumes, but it has a number of significant drawbacks.
In particular, it does not take into account the dynamic
nature of the production environment, seasonal
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fluctuations in demand, changes in raw material prices,
and the limited flexibility of technological processes.
Production management at enterprises involves
ensuring maximum efficiency of resource use while
maintaining stable product quality and regular output.
To this end, a mathematical model has been developed
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that makes it possible to determine the optimal output of
different types of products, taking into account the
limited resources of the enterprise, and to obtain profit
from their sale [25].

The profit model is defined as the difference
between the price of sales and the total cost of production:

P=(by—c; )X +(by —Cy )Xg .ot (by =i )X+ (By =€y )Xy, (1)

where b, — selling price per unit of the i-th type of
product; c¢; — production cost per unit of the i -th type of
product; X, —quantity of manufactured products.

The indicators determine the economic impact of
each type of product on the total profit of the enterprise.
The main idea is that each product brings the enterprise
a certain marginal income (b, —c;). The production of
each unit of output consumes certain resources, which
forms a system of constraints.

The main goal of optimization is to find such
values x;, under which profits are maximized and
restrictions are not violated.

Marginal income is a key criterion that allows
determining the feasibility of producing a certain

type of product.
If:
(b —c)>0, 2)
production is profitable, and provided that
(b —c)<0 3)

production causes losses.

Effective management of production processes in
the confectionery area is impossible without purposeful
consideration of external market environment factors.

One of the most influential factors is seasonality, which
determines changes in purchasing activity and affects the
demand for various groups of confectionery products.
Therefore, the optimization model must include
parameters that reproduce these patterns.

To improve the optimization model, two types of
adjustment parameters have been introduced, namely:
the sales coefficient k; and seasonality coefficient is s, .

Coefficient k; — Sales coefficient, the share of

production volume that is actually sold. It takes into
account specific market conditions, consumer behavior,
and the competitive advantages of the enterprise (brand
recognition, market share, product quality, etc).
Seasonality coefficient s; — adjusting demand

depending on the season.
This helps to take into account changes in
purchasing activity: s, >1 — season of increased demand

(winter, holidays); s, =1 — average annual demand,

s, <1 —season of reduced demand (summer, vacations).

Such coefficients enable the optimization model
to respond adequately to real market dynamics.

Taking into account the implemented coefficients,
the model of maximized profit of the enterprise is
defined as

maxP = (b, —c, )X ks, + (b, —C, )X, K, s, +. (b — ¢ )% ks, +..4 (b, —C, )X, K, s, (4)

The mathematical optimization model should
include a system of constraints that take into account
the availability of resources, production capacity, and
actual demand.

Constraints on the use of resources (raw materials,
materials):

> la % <R, j=12..,m, (5)

=1 1)
where X, — production volume of the i-th type of
product, kg; a; ; — consumption of the j -th type of raw
material per unit of the i-th type of product, kg/kg;
R,— available amount of j-th type raw material;

n — number of product types; m — number of raw
material types.

Production capacity rconstraints:

S <T, (6)
where t, — labor intensity of production of 1 kg of the
i -th type of product, man-hours/kg; T — available
working time fund, man-hours; X, — volume of
production of the i -th type of product, kg; n — number
of product types; i =1,2,...,n — product type index.

Demand constraints due to seasonality:
X, <D,ks,i=12,..,n, (7
where D, — projected demand for the i-th type of

product, kg; k, — sales coefficient; s,— seasonality

coefficient.
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This helps to avoid overproduction during periods of
low demand and maximize profits during peak seasons.

The optimization of production processes in the
confectionery industry is aimed at achieving maximum
economic effect through the rational use of resources,
improving product quality, and reducing raw material
costs. The main task is to determine the optimal ratio
between the costs of raw materials, labor, and energy
resources while ensuring the necessary level of
production productivity.

Among the key methods of production optimization
are classical linear programming methods, which allow
determining the optimal output volumes with limited
resources of raw materials, energy, and capacity.

In the practice of managing the production activities
of enterprises in the food area, and in particular the
confectionery area, the classical method of resource
allocation optimization based on economic and
mathematical modeling and linear programming methods
has become widely used [25]. This approach is aimed
at determining the production volumes that ensure
maximum economic results under conditions of limited
resources and compliance with technological standards.
This approach makes it possible to formally determine
optimal production volumes, but it has a number of
significant drawbacks, in particular, it does not take into
account the dynamic nature of the production
environment, seasonal fluctuations in demand, volatility
in raw material prices, and limited flexibility of
technological processes.

The current method is based on the assumption
of relative stability of production conditions, the
deterministic nature of input indicators, and the
possibility of formalizing production processes in the
form of a system of linear dependencies.

The method is implemented as a sequence
of interrelated stages.

Stage 1. Formation of an information base. At this
stage, the following information is collected: product
cost; cost of raw materials and energy; production
standards; planned demand volumes; available production
capacity. This information forms the basis for
parameterizing the model.

Stage 2. Construction of the profit target function
according to expression (4).

Stage 3. Formation of a system of constraints
(for example, the amount of flour, cocoa products, sugar,
fat components, equipment operating time, workshop
capacity, labor resources, etc.).
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Stage 4. Normalization of indicators and
verification of correctness. The purpose of this stage
is to identify illogical information, eliminate anomalies,
and verify compliance with production standards.

Stage 5. Solving the optimization problem. To do
this, use: the simplex method, the branch and bound
method, gradient methods, weighted optimization
methods (in the case of multi-objective problems).

Stage 6. Analysis of the results achieved. Based
on the solution, the following are determined: optimal
production volumes, expected profit, product range
structure, and economic effects of applying the model.

Stage 7. Testing the model in production conditions.

The described method is basic and is widely
implemented in production planning and resource
management systems. It serves as a theoretical and
methodological basis for further improvements that take
into account dynamic factors, seasonal fluctuations in
demand, and changes in resource constraints in the
current conditions of confectionery enterprises.

This task can be accomplished using an improved
method that allows for a quick response to changes
in demand, resource base, and economic parameters,
ensuring stable growth in the company's profitability.
This method is based on the principle of profit
maximization, taking into account relevant technological
and market factors. To implement the improved method,
a target function has been formed that integrates:
the selling price of products, production cost, seasonal
demand coefficient, demand adjustment coefficient,
and production volume. The purpose of implementing
the method is to find the following production volume
values X, X%,,....,%,...,X,, which maximize -efficiency
within the limits of available resources. An improved
method for determining the rational allocation of
resources in the production system of a confectionery
enterprise is based on the use of an economic-

mathematical model of profit maximization (P).

The method involves step-by-step execution of
operations to process input parameters, form an acceptable
solution space, calculate the optimality criterion, and
select the best option for resource allocation.

Stage 1. Collection and formalization of necessary
information. At the first stage, it is necessary to collect,
verify, and structure all the necessary parameters.
They form the initial basis for further calculations
using the profit maximization formula. In a structured
form, we obtain the following groups of parameters:
economic indicators, technological standards,
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resource constraints, and demand forecasts. All this
information forms a parametric set that is used in
the following stages.

Stage 2. Formation of a set of acceptable production
volume options.

Step 1. Construction of a space of possible options.
Based on the defined variables X.,X,,...%,...,X,,

denoting the production volumes of each product type,
the initial space of options is formed. This space can be
specified in the following ways: by searching through
discrete values of variables or by generating solutions
according to a specific algorithm (grid search, stochastic
generation, etc). This forms the initial set of possible
combinations of production volumes.

Step 2. Checking combinations of options for
compliance with the system of constraints. Each formed
combination of quantities X,,X,,...,X;,...,X, . It is necessary

to check for compliance with the set of model constraints.
It is determined whether the available values exceed the
demand for raw materials, labor resources, equipment
capacity, and energy. It is important to take into account
the conditions for compliance with recipes, ingredient
proportions, the duration of technological operations,
and the maximum permissible production volumes.
It is necessary to control the compliance of budget
expenditures with cost constraints and other economic
parameters established by the model.

Step 3. Formation of a set of feasible solutions.
Combinations that fully satisfy all constraints must be
included in the set of feasible solutions.

This set contains all variants of the production
program that do not violate resource limits, meet
technological requirements, are economically feasible,
and can be implemented at the enterprise.

Stage 3. Calculation of profit for each production
option. For each feasible set of production volumes, it is
necessary to calculate the value of the optimization
criterion — the enterprise's profit. The following are taken
into account in the calculation process: adjustment of the

demand value using coefficients k;; seasonal fluctuations
in demand, indicated by coefficients s;; the quantity

of each type of product that can be manufactured
within the specified limits.

Stage 4. If the solution meets all criteria, it is
considered optimal and the implementation of the method
is completed. If inconsistencies or instability are found,
it is necessary to return to the previous stages to adjust
the input parameters.
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The optimal solution found should be implemented
in specific recommendations for planning the production
activities of the enterprise. In accordance with the
selected set X,,X,,...,X,...,X,. The following are formed:

an optimal production plan that determines the volume of
production of each type of product, the rational
distribution  of resources between technological
operations and production lines, recommendations for
equipment schedules, in particular with load adjustment,
elimination of downtime, and optimization of the
sequence of operations, automatic updating of production
program parameters if there are changes in prices, costs,
seasonal coefficients, or the volume of available resources.

Traditionally, the task of allocating production
resources in food industry enterprises is solved using
the linear programming method, which involves the
formation of a profit objective function and a system of
linear constraints, followed by a search for the optimal
solution using the simplex method or its modifications.
This approach is effective in the case of a linear model,
continuous variables, and the absence of complex
technological dependencies.

At the same time, in the practical conditions
of confectionery production, discrete constraints,
nonlinear technological relationships, recipe ratios,
and combinatorial dependencies often arise, which
significantly complicate the application of classical linear
programming methods.

Unlike the basic approach, the improved
optimization method is based on the formation of a set
of acceptable production volume options with their
subsequent selection according to the criterion of
profit maximization. At the second stage of the method,
a space of possible combinations of variables that
determine the production volumes of individual types
of products is constructed.

This space can be formed by discrete enumeration
or algorithmic generation of options, which allows
the integer nature of production decisions to be taken
into account directly.

Each generated combination must be checked for
compliance with resource, technological, and economic
constraints. This approach ensures strict adherence to real
production conditions along with restrictions on raw
materials, equipment, recipes, and acceptable production
volumes. Only those options that fully satisfy all
constraints are included in the set of feasible solutions,
from which the optimal one is selected. Thus, the key
difference between the improved method and classical
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linear programming is the transition from analytical
search for extremes to discrete-analytical analysis of a set
of feasible alternatives. This makes it possible to increase
the flexibility of the model, ensure that complex
technological constraints are correctly taken into account,
and form economically sound production programs in the
conditions of real confectionery production.

The improved method ensures greater accuracy in
determining the rational distribution of resources; takes
into account seasonal and market fluctuations in
production; and increases planning flexibility thanks to
dynamic coefficients s; and k;; the ability to adapt the

production program in case of changes in available
resources or restrictions; the formation of economically
sound decisions on the distribution of resources between
competitive areas of production. The result of the method
is an optimal production program that determines the
rational and balanced distribution of resources between
product types in order to achieve the highest possible
target value. The method can be implemented as

1) a separate module (or subsystem) within the
production management information system,

2) an element of the ERP system. The IS helps to
automatically solve the optimization problem of resource
allocation, providing the user with a ready-made set
of management decisions.

This method and model enable the rapid updating of
the production plan and adaptive response to market
changes. The advantages of using the improved method
for production are: reduction of total production costs;
increased equipment utilization; and ensuring sustainable
production planning taking into account seasonal factors.
To demonstrate the modularity of the system and the
clear division of responsibilities between its components,
a class diagram of the resource allocation optimization
task was developed (Fig. 1).

The UML class diagram is an element of modeling
the architecture of the software and algorithmic complex
that implements the method and model of resource
allocation optimization within the enterprise production
management information system.

The construction of a class diagram is necessary for
several reasons. It reproduces the static structure of the
software, i.e., it shows which entities (classes) are
involved in the implementation of the method, what
attributes they contain, and what operations they perform.
This makes it possible to formalize the internal logic of
the software-algorithmic complex (SAC) and to
unambiguously interpret the structure of the program
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code. A class diagram provides logical order to the
components, which helps to structure, for example, a Java
project in such a way that each module performs a clearly
defined function: storage and processing of production
parameters; implementation of a mathematical model;
access to a database (DB); logic for selecting the
optimal option; integration with other components
of the enterprise IS.

Optimization Engine

-model: OptimizationModel
- constraints: Constraints
- generator: CombinationGenerator

+ runOptimization(): OptimizationResult

+ evaluateCombination(x1, x2, x3): double
+ filterFeasibleSolutions(): List<Solution>
+ findOptimal(): Solution

[

y

OptimizationModel ProductionType

- products: List<ProductionType> -name: String
- resou;cest;lResourceSet -b: double
- cost: double -c: double
+ objectiveFunction(): double “edouble
-s: double
- xMin: int
v - xMax: int

Constraints

- maxResources: ResourceSet
-minProfit: double

+isValidSolution(x1, x2, x3): boolean
+ checkResources(): boolean
+ checkTechnology(): boolean

A

CombinationGenerator

+ generateAll(): List<int[]>

+next(): int[]
Solution
-x1:int
-x2:int
-x3:int

- profit: double

+ compareTo(): int

A

CombinationGenerator

+ generateAll(): List<int[]>
+ next(): int[]

Fig. 1. Class diagram of the resource allocation optimization
problem
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The class diagram performs a number of important
functions: it structures the program logic; formalizes the
implementation of the method; defines the architecture of
the modules; documents architectural decisions; serves
as the basis for further implementation, maintenance,
and development of the PAC; ensures transparency
and reproducibility of the resource allocation
optimization process.

This structure shows: dependencies between the
model, constraints, and optimizer; separation of
combination generation from evaluation logic; presence
of an information access layer (Data Access Object,
DAO) for storing parameters and results.

The proposed method of optimizing resource
allocation at a confectionery enterprise is being
implemented in practice through the integration of
a mathematical model, algorithmic procedures, and
software. The developed model and method for optimizing
resource allocation take into account a combination of
factors: the cost of production of individual types of
products, the level of sales prices, the efficiency of
resource use (coefficients and), the availability of raw
materials and warehouse stocks, the throughput capacity
of equipment, and planned production restrictions.
This creates a universal tool that can be integrated into
any enterprise management system, from traditional
ERP to highly specialized MES solutions.

Fig. 2 shows a diagram of the application of the
resource allocation optimization method in the production
processes of a confectionery enterprise. The diagram
demonstrates the step-by-step implementation of the
method, which begins with the collection of actual
production indicators.

These include: raw material consumption rates per
unit of a particular product type; price parameters —
purchase prices and projected sales prices; production
constraints in the form of available equipment and labor;
seasonal fluctuations in demand and production line
utilization schedules. The information collection and
validation stage ensures the accuracy of the initial
parameters, which is a key prerequisite for the
implementation of the model. After that, a resource
matrix is formed — a centralized structured data set that
contains available resources and possible options for
their distribution among product types.

Table 1 presents a comparative description of the
existing and improved methods of resource allocation.

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)
Management Information System and Devices. 2026. No. 1 (188)

Input working data

v

Data collection and validation

.

Formation
of a resource matrix (raw materials,
capacity, labor resources, energy
1esources)

v

Calculation
of kev coefficients & and si of economic
indicators

v

Application
of the optimization model

.

Generation
of optimal resource allocation opticns

!

Selection
of the optimal scenario based on profit,
rizk, and resource intensity criteria

v

Formation
of production plans, schedules, and orders

.

Integration
into management

v

Monitoring,
control, and adjustment of processes

Fig. 2. Scheme for implementing the resource allocation method

A comparative analysis shows that the existing
method is effective under stable production and economic
conditions, but has limited flexibility and does not take
market dynamics into account. The improved method
eliminates these shortcomings through the use of adaptive
parameters, expansion of the mathematical model, and
improvement of the optimization algorithm, which
increases the accuracy and practical applicability of the
solutions obtained. To implement the improved method,
a software module has been developed using the Java
programming language, which ensures reliability,
platform independence, an object-oriented approach,
and the possibility of integration with existing modules
of the enterprise information system. Listing 1 shows
a fragment of Java code that implements the functional
basis of the IS optimization module.




Asmomamuzoseani cucmemu ynpaeninua ma npunaou agmomamuxu. 2026. Ne 1 (188)

Management Information System and Devices. 2026. No. 1 (188)

171

ISSN 3083-7715 (online)
ISSN 3083-7650 (0135-1710)(print)

Table 1. Comparative characteristics of existing and improved methods of resource allocation

Comparison criterion

Existing (basic) method

Improved method

Optimization goal profit maximization under fixed

resource constraints

profit maximization taking into account dynamic
economic and technological factors

Type of mathematical model linear profit model

improved economic-mathematical model of profit with
adaptive parameters

Type of input data static, deterministic

partially dynamic taking into account seasonal and
market fluctuations

Demand fixed or average

variable, with the possibility of adjusting the production
program

Resource constraints rigidly defined, unchanging

flexible, with the possibility of adaptation in case of
changing conditions

Technological coefficients constant normative values

Dynamic coefficients

Seasonality
account indirectly

not taken into account or taken into

and, reflecting real production conditions

Model scalability

limited with an increase in the number

taken into account directly in the model parameters

of variables
Planning flexibility low, requires a complete recalculation ensures operation with a large number of interrelated
parameters
Optimization result optimal production volumes under high, with the possibility of operational adjustment of
given conditions plans

Practical application

limited by stable production conditions

optimal production program with adaptation to changes
in the environment

Economic effect moderate

effective in a changing market

Listing 1. Java code of the optimization module (OptimizationModel.java)

public class OptimizationModel {
private List<ProductionType> products;
private ResourceSet resources;

public OptimizationModel(List<ProductionType> products, ResourceSet resources) {

this.products = products;
this.resources = resources;

}

public double calculateProfit(int x1, int x2, int x3) {
return products.get(0).profit(x1) +
products.get(1).profit(x2) +
products.get(2).profit(x3);

public List<ProductionType> getProducts() {
return products;

}
}

The proposed Java code ensures: correct execution
of the mathematical model; verification of technological
and resource constraints; complete enumeration of
permissible combinations; determination of the optimal
resource allocation option. The proposed method for
optimizing the distribution of production resources
at a confectionery enterprise is implemented by
combining a mathematical model, algorithmic
procedures, and software implementation as part

of a production management information system.
The improved method is integrated into a software and
algorithmic complex that provides automated collection
and processing of input information, formation of
acceptable production alternatives, calculation of the
target function, and selection of the optimal solution.

At the practical level, the method is implemented in
the form of a separate optimization module that interacts
with modules for collecting production indicators,
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forming input parameters, and supporting management
decision-making.

The input information for the optimization module
is data on available resources (raw materials, production
capacity, labor resources), economic indicators (cost
price, sales prices, marginal income), as well as demand
parameters taking into account seasonal and market
coefficients.

This information is processed automatically, which
minimizes the human factor and increases the accuracy of
planning. To demonstrate the feasibility and practical
significance of the method, we consider an example of
its implementation for a confectionery enterprise that
manufactures three types of products. Within the
example, a space of possible production programs is
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formed by discretely enumerating the production volumes
of each type of product. All combinations are checked
for compliance with resource, technological, and
economic constraints, after which the acceptable
options are evaluated according to the criterion of profit
maximization. The result of the implementation is
an optimal production program that determines the
rational distribution of resources between product types,
the level of equipment utilization, and the expected
economic effect. The results can be used to quickly
adjust production plans, adapt the product range to
changes in demand, and make economically sound
management decisions.
Units: X; — kg (in the table).

Accepted coefficients:

b, —c, = 40;k, =1,10;s, = 0,90=>multiplier f, = 401,10.0,90 =39,6(UAH /kg ) ;

b, —c, = 40;k, =0,95;s, = 0,85=>multiplier f, = 400,950,85 = 32,3(UAH /kg ) ;
b, —c, =50;k, =1,20;s, =1,00= multiplier f, =504, 201,00 = 60,0(UAH /kg).

Discretization step: Ax =500 kg (technologically
justified minimum batch). Target function for specific
numbers:

P =39.6:x, +32.3x, +60-X,, 8)

where P — profit, UAH; x; — volumes in kg.
Table 2 shows examples of combinations X,,X,,X,
and profit P calculations.

Table 2. Examples of combinations x;,X,,X, and profit P calculations

N | (%) (k) (%) (xr) (X3) (xr) P calculations (UAH) P (UAH)
1 1000 800 600 39.6 - 1000 + 32.3 - 800 + 60 - 600 101440
2 1500 800 600 39.6-1500+32.3-800+60-600 121240
3 2000 600 400 39.6-2000+32.3-600+60-400 122580
4 2500 0 500 39.6-2000+32.3-600+60-400 129000
5 0 1800 1500 39.6-0+32.3-1800+60-1500 148140
6 500 500 500 39.6-500+32.3-500+60-500 65950
7 2500 1800 1500 39.6-500+32.3-500+60-500 247140
8 2000 1000 1000 39.6-2500+32.3-1800+60-1500 171500
9 1500 1800 0 39.6-2000+32.3:1000+60-1000 117540
10 1000 0 1500 39.6-1000+32.3-:0+60-1500 129600

The right column shows the total profit P for each
combination (rounded to UAH). Combination No. 7
(maximum values for each type) gives the maximum P
in this sample (247,140 UAH), but before the final
selection, it must be checked for compliance with all
resource constraints (raw materials, total equipment
operating time, logistics, etc.). If the combination violates
one of the constraints, it must be filtered out.

Thus, the results achieved confirm the
implementation of the developed complex as an element
of a modern information system for managing
confectionery production. Practical results show that

the use of the improved method makes it possible to
increase the accuracy of determining the rational
distribution of resources, reduce the share of
inefficiently used resources, and increase the value
of the objective function compared to basic planning
methods. On average, the increase in profit as a result
of optimization ranged from 5 to 12%, depending
on the scenario and product range structure.
A particularly significant effect was achieved in
conditions of resource scarcity or unstable demand,
which confirms the practical feasibility of implementing
the improved approach.




Asmomamuzoseani cucmemu ynpaeninua ma npunaou agmomamuxu. 2026. Ne 1 (188)

Management Information System and Devices. 2026. No. 1 (188)

The results achieved confirm that the improved
method is an effective tool for supporting management
decisions in the field of production planning.
Its application contributes to increasing the economic
stability of the enterprise and reducing the risks
associated with the irrational use of resources.

6. Discussion of research results

The results achieved demonstrate the feasibility
and effectiveness of the improved method and
mathematical model for optimizing the distribution of
production resources. Unlike most previous studies
in this area, which are dominated by static linear
programming models or normative-planning
approaches, this work implements a more flexible
discrete-analytical approach focused on the real
conditions of production systems.

A distinctive feature of the results achieved is the
comprehensive consideration of both economic and
technological factors within a single objective function.
Previous studies have tended to focus either on economic
indicators (profit, cost) or on technological constraints,
which has led to a simplification of the model and
a reduction in the accuracy of the results. The improved
model proposed in this work makes it possible to
combine these aspects and ensure a more adequate
reproduction of the real production process. Compared to
existing planning methods, the results of implementing
the improved method demonstrate a number of significant
advantages. First, it ensures greater accuracy in
determining the rational allocation of resources by
reviewing acceptable alternatives and rejecting ineffective
options at the early stages of the method. Second, the use
of dynamic coefficients makes it possible to take into
account seasonal and market fluctuations, which is
practically not implemented in traditional approaches.
Third, the method provides high planning flexibility and
the ability to quickly adapt the production program in
case of changes in constraints or available resources.

An important advantage of the results achieved is
their practical orientation. Unlike purely theoretical
models, the improved method is implemented in the form
of a software and algorithmic complex, which creates
the prerequisites for its practical implementation in
production management information systems. At the
same time, the results achieved have certain limitations
that must be taken into account in practical application.
In particular, the discrete-analytical approach to
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generating alternatives can lead to an increase in the
computational complexity of the task if there is
a significant increase in the number of product types
or model parameters. This limits the application of
the method to very large production systems without
additional procedures for reducing the search space
or parallel computations.

In addition, the accuracy of the results largely
depends on the quality of the input information.
Inaccurate or outdated information on cost, equipment
productivity, or raw material availability can negatively
affect the adequacy of the decisions made. Therefore,
the effective application of the method requires a well-
established system for collecting and updating production
and economic information.

7. Conclusions
and directions for further research

The study analyzed modern approaches to the
allocation of production resources in the confectionery
area and identified their limitations related to the use of
static models and insufficient attention to the dynamics
of production conditions. Key factors affecting the
efficiency of resource use were identified, namely:
the structure of production processes, equipment
limitations, availability of raw materials, and economic
properties of products.

The mathematical model of enterprise profit was
improved by detailing the relationships between
technological parameters and economic indicators.
The objective function of optimization has been
formulated taking into account production, resource, and
time constraints. The method of solving the optimization
problem has been improved, ensuring the search for
a rational distribution of resources based on the
generation and evaluation of acceptable alternatives.

During the testing of the improved method on the
example of a typical enterprise in the confectionery
area, its effectiveness and economic feasibility
were confirmed. In general, the set research goal
has been achieved, and its results can be used to
support management decision-making in production
information systems.

Prospects for further research on this issue are
related to expanding the functionality of the proposed
method and model. In particular, it is advisable to include
stochastic factors, which will allow for the uncertainty
of demand and raw material prices to be taken into




174

ISSN 3083-7715 (online)

ISSN 3083-7650 (0135-1710)(print)
account. Another promising direction is the integration
of the improved method with ERP and MES systems
to ensure automated planning in real time.

In further research, it is advisable to pay special
attention to the application of intelligent methods,
in particular elements of machine learning, for
forecasting the input parameters of the model.
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npubymKy ionosioHo 00 3a0aHUX BUPOOHULO-TNEXHOIOSTUHUX YMO8, 0OMEHCEHb HA PeCypcU i CMPYKMYpU AcOpmuMeHmy npooyKyii,
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a makooic nidguWYe epexmuHicms YNpasniHCbKUx piuieHs y npoyeci niany8anus eupobnuymed. [[ns OocsicheHHs OKpecieHoi
Memu 6 pobomi 8u3HAYEHO MAKI 3A60AHHA. AHANI3 CYYACHUX MemOodig i nioxo0ie 00 Po3nodiny pecypcié y KOHOUMEPCyKill 2anysi;
BU3HAYUEHHS KIIOYOBUX (DAKMOpis, w0 6NIUBAIOMb HA epeKMUGHICMb GUKOPUCIANHA MAMEPIANbHUX, eHepeemUYHUX i 8UPOOHUYUX
pecypcie;  YOOCKOHANEHHA MAmeMamuyHoi Mmooeni GopmyeanHs npubymky nionpuemcmeda; nodoyoosa yinibosoi QyHKyii
onmumizayii 3 02130y HA eKOHOMIYHI Ul MEeXHONO02IUHI 0OMeXNCeHH:, YOOCKOHANeHHs Memoody pO38 A3aHHA 3a0aui onmumizayii
OJ15 3HAXOOHCEHHS PAYIOHATLHUX NAPAMempi8 pO3noOiLy pecypcis. ¥ 00cnioxiceHHi 3acmoco8anHo MaxKi Memoou. cucmemMHull aHaiz
i y3azanvHenHs HayKogux ojicepei; NiHiliHO20 Ui HENIHIIHO20 NPOSPAMYBAHHS; eKOHOMIKO-MamemMamuune MoOen08ans; OUCKPemHo-
aHanimuyni mMemoou onmumisayii; anreopummizayii ma npoepamuoi peanizayii. OcHO6HI pe3ynbmamu OO0CHiOHCEHH NOAAAIOMb
6 YOOCKOHANEHHI MamemMamuuroi mooeni onmumizayii npubymky cnocobom ypaxyeanHs 63A€M036 SI3KI8 MIdC MEXHOL02IUHUMU
napamempamu 8UPOOHUYMEA, PeCYPCHUMU OOMEMHCEHHAMU T CMPYKMyporo acopmumenny npodykyii. Cghopmynvosano yinbogy
@yHKyito onmumizayii ma 600CKOHANIEHO Memoo i po36 A3anHs, AKull 3a6e3neuye GopmyeanHs, OYiHIOEAHHs Ul 6UOIP ONMUMATLHO20
sapianma po3nodiny pecypcie. 3anponoHosanuil niOXi0 peanizo8aHo y 6uisol NpoSpPaAMHO-AIOPUMMIYHO20 THCIPYMEHMAPIIO
0/ 3ACMOCY8aHHs 6 THHOPMAYIUHUX cucmeMax ynpaeninHs eupobHuymeom. Buchnoexu: enpoeadsicenns 600cKoHaneno2o memooy
cnpuse  NiOGUIYEHHIO  eeKmUHOCmi  NJIAHY8AHHA GUPOOHUYMEA, payioHAni3ayii GUKOPUCAHHA pecypcié | 3POCMAHHIO
npUbYmMKO80CHI KOHOUMEPCHKO20 NIONPUEMCINGA, WO NIOMBEPOICYE 1020 NPAKMUYHY OOYLIbHICMb MA epeKmueHicms.

Kniouogi cnosa: onmumisayis,; pecypcu,; 6upobHuymeo; npubymox, mMoOen08anHts; anopumm, HiaHyBaAHHA, AGMOMAMU3AYis;

cucmema, niONPUEMCME0.
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ITamenko P. E.

ABTOMATHU30BAHE BUSIBJIEHHSI AHOMAJIIM
HA KOCMIYHUX 3HIMKAX CIVIbCBKOT'OCIIOJAPCBKHUX 3EMEJIb
I3 BUKOPUCTAHHAM ®PAKTAJIBHOI'O AHAJII3Y

Cyuachi memoou KOCMIYHO20 MOHIMOPUHZY CLIbCbKO2OCHOOAPCLKUX 3eMeNb 13 GUKOPUCTIAHHAM ecemayiliHux IHOeKCig He 0aromby
3MO2U OYIHIOBAMU AHOMANIT HA KOCMIYHUX 3HIMKAX | aeémomamusyeamu yei npoyec. Ilpedmemom oocnioxcennsa € oyinio8anHs
MONCIUBOCMI  GUSIGILEHH AHOMAIIN HA KOCMIMHUX CIMIAUHAX (3 3acmocysannam "nipamioansnoeo” ¢paxkmanvhozo auanizy.
O0’ckmom GueYUeHHA ¢ KOCMIYHI 3HIMKU cynymuuka Sentinel-2 cilbCbKo20CNOOAPCHKUX 3eMeNb 3 aHomanismu i 0e3 Hux.
Mema pobomu — OocniodicenHs Memooy aGMOMAMU308aHO20 GUAGNEHH AHOMANIN HA KOCMIYHUX 3HIMKAX CLIbCbKO2OCHOOAPCHKUX
3emenb i3 GUKOPUCTHAHHAM (Dpakmanvrozo ananizy. /locazHymi pesynomamu. YcmanogieHo, wjo 6i3yanizayis nois QpaxmanbHux
PO3MIpHOCEl KOCMIYHO20 3HIMKA CMAE HeeheKmusHow 3a ymoeu euxopucmanhs "sixkna" eenuxux posmipie. Kpim moeo,
sacmocyeanns "cmpubaiouoeo GiknHa' ne 0ae 3MO2U GUHAYUMU AHOMANbHI OLISIHKU HA KOCMIMHUX 306pajicenusx. 3anponoHosamno
MEmoO GUAGNEHHST AHOMANIL HA KOCMIYHUX 3HIMKAX CLIbCbKO2OCHOOAPCHKUX 3eMelb 3 YHPOo8aoddicenHam "mipamioanrsroco”
@paxmanvrozo amanisy, wo cnpuse asmomamuzayii yvoco npoyecy. "llipamiou” KOCMIUHUX 3HIMKIE CMBOPEHO 3d OONOMO20H0
PO3NOOINY BUXIOHO20 KOCMIUHO20 300pAdCEHHA HA 3HIMKU MEHWUX po3mipis, AKi Haoani inoexcytomwvca. Ha xoowcnomy piewi
"nipamiou” pospaxoeano GpakmanbHi poIMIPHOCMI KOCMIYHUX 3HIMKIE | nobydosano "nipamioy” ¢paxmanvhux posmiprocmetl,
wo  eksiganeHmHo  3acmocysanuio  "cmpubaiouoco  6ikwa" ni0  uac nobyooeu NONL  GPAKMATBHUX — POIMIPHOCHEL.
Bucnosku. Jlocnidscenna po3podieHo2o memooy BUAGNEHHS AHOMANIll NPOOeMOHCMPY8AIU, WO AKWO (DPAKmMAibHi po3mMipHOCcmi
KOCMiUHUX 3HiMKi6 ycix pienie "nipamiou" nepesuwyromsv ¢paxmanvny posmipricme D = 2,9 abo ¢paxmanvui posmipnocmi
HA HUMNCHBOMY PI6HT "nipamiou” Oinbuui, HIJC HA 6EPXHBOMY PIHI, MO AHOMALL HA KOCMIYHOMY 3HIMKY 8i0cymui. Axuo paxmanvhi
PO3MIDHOCMI HA OKpeMux OLISIHKAX HUJICHbO2O pieHa '"mipamiou” mewwi 3a @pakmanvHi po3smipHOCmi HA BEPXHbOMY DIGHI
1l Ha BUXTOHOMY KOCMIYHOMY 3HIMKY, MO HA YuX OLIAHKAX 3HIMKA CNOCMEPIeAiomb s AHOMATIL.

Kniouogi cnosa: monimopune cinbCbk020cno0apcokux 3emens, aHoManis, KOCMiuHUll 3HIMOK, pakmanvhuil ananis.

Beryn cymytHuka Sentinel-2 moxna oTpuMmyBaTH  [Biui

Ha TYOKAEHB Ha 3aJlaHill TepUTOPii.
CyuacHi 3aco0M  JUCTaHIIHOTO  30HAYBaHHS Perynspuuii  KOCMIYHMH  MOHITOPHHT  3€MeENb
3emmi ([133) maroTe 3MOry OTpUMYBaTH iH(OPMAIIIO TIPO CUIBCHKOTOCIIOIAPCHKOTO  MPU3HAUSHHS  HaldacTilie

CTaH 1 CTPYKTYpY CLIBCHKOTOCIIOJAPCHKHX YTijb, & TAKOXK
BUSBISTH JUISHKH, IO MAalOTh aHOMaiii, 30KpeMa
epo3iiiHi MopyIIeHHs Ta iHIII BUAM JAerpafauii semui [1].
BB nmpHposHUX, TEXHOTEHHMX 1 aAHTPOIOTEHHHX
(akTOpiB Ha TMOCIBHI IUIONII TaKOX OLIHIOETBCS 3a
JIOTIOMOTOFO METO/IiB arpOEKOJIOTITHOTO MOHITOPHHTY [2].

CyuacHi cynytHuku JI33 nomomaraioTb peryJssipHO
OTPUMYBaTH KOCMIUHI 3HIMKH Ha 3aJaHii TepuTopii
(omuH 3HIMOK 3a 5—8 n1i0). Taki 300pakeHHs BiOUBAIOTh
3€MHOI BEIIMKOIO
(10-30 m),
1 oTpuMana iH(opMaIlist HAIXOAUTh BiJl BiAKaTIOpOBAaHUX

peanpHU  CcTaH MOBEPXHI 3

MPOCTOPOBOKO  PO3JAUTBHOI0  3JIATHICTIO
JMATYUKIB y pI3HUX [iama3oHaxX XBWIb. Hampukian,
takumu cynytaukamu JI33 e Sentinel-2 [3], kocmiuni
3HIMKH SIKHX HAJAIOThCS KOPHCTYBauaM Yy BiJIBHOMY
noctymi gepe3 Mmepexy lurepuer. Ceituau Sentinel-2
MaTh BHCOKY TMPOCTOPOBY  PO3AUIBHY  3IATHICThH
(B ogHoMy mikceni 10 M) y 13 criekTpasibpHUX Aiana3oHax,
Kocwmiuni  3HIMKH

TOOTO € MYJIbTUCIICKTPAJIbHUMU.

MPOBOJUTHECS 3 YIPOBA/KCHHSM METOJIB, OCHOBaHHX

HAa  BHUKOPHCTaHHI  BereramiiHux  iHAekciB  [4].
PisHOMaHiTHI BereTamiifHi iHAekcH OepyTh 1O yBaru
pi3HY BiIOMBHY 3[aTHICTb POCIHMH, a TakoX (i3udHi
BJIACTMBOCTI CBITJIa Ta IHIII BJIACTMBOCTI. HalOinbIn
YacTO 3aCTOCOBYIOTH  HOPMaJli30BaHMH  PI3HUIIEBUIA
Beretariitauii  iggekc (NDVI). Bereramiiiai  iHmekcu
BHU3HAYAKOTHCS CMITIPHYHO, 1 iX 3aCTOCYBaHHS HE Ja€
3MOrM OIIIHIOBAaTH aHOMaJlil Ha KOCMIYHUX 3HIMKax,

a TaKOXX aBTOMAaTU3yBaTU IICI>'I mpouec.

AHaJi3 ocTaHHiX JocaiTKeHb i myOaikamiit

Y pobGoti [S] 3a3HaueHo, IO IS PO3PaXyHKY
innekcy NDVI BHKOpHCTOBYIOTBCS ITOKa3HHUKH JBOX
CHCKTPAIbHUX KaHaJIiB — OJIMKHBOTO 1H(GPaYEPBOHOTO
it ugepBoHoro. ToOTo mist orpumanHs iH(opMmanii 1HUX
KaHAJIiB HeoOXigHa

armapatypa 0araTocrnekTpaibHOl

3HOMKH KaHaJ’IiB, 10 YCKJIAJAHIO€ OTpHUMaHHSA BI/IXiZ[HOl"O

© Iamenko P. E., 2026

Crarrs BimkpuToro moctyiy 3a ninensiero CC BY-NC-SA 4.0 https://creativecommons.org/licenses/by-nc-sa/4.0/deed.uk



https://creativecommons.org/licenses/by-nc-sa/4.0/deed.uk
https://doi.org/10.30837/0135-1710.2026.188.177

178

ISSN 3083-7715 (online)

ISSN 3083-7650 (0135-1710)(print)
300pakenHs. KpiM Toro, y poOOTi HAroJyomeHo, IIo
JIOIUTHHICTH METO/IIB MOHITOPHHTY CLITBCBKOTOCIOIAPCHKUX
3eMellb, OCHOBaHMX Ha BHKOpUCTaHHI iHAgekcy NDVI,
3HAYHO 3aJIEKUTH BiJ KUIHKOCTI aKTHBHOI OioMac, i Iii

METOIU He e(EeKTHUBHI, KOJIH POCIMHHICTH Ma€ HU3bKUM

piBeHp Bereramii. Y gocmimkeHHI [6] HaBemeHO
pe3ysbTaTh  OLIHIOBAaHHS MOXIIMBOCTI MOHITOPHHIY
CLIbCHKOTOCTIOIAPCHKUX ~ 3€MENb 3  BUKOPHCTAHHSIM

KOCMIYHHX 3HIMKIB i3 cymyTHHKa Sentinel-2 i pospaxyHky
iagexcie NDVI. ¥V poborti 3a3Ha9eHO, 10 32 JOMTOMOTOIO
inexcie NDVI mMokHa 3poOUTH BHCHOBOK NP0 Iepexif
CUTBCHKOTOCTIONAPCHKOi  KYJNBTypH 3  OnHIiel  ¢a3u
PO3BUTKY B IHIIy, aje HE JOCTIHKCHO MOLUIBHICTH
BUSIBJIICHHS aHOMAJTiif Ha KOCMIYHHX 3HIMKaX.

VY crymisx [7, 8] momaHo pe3ynbTaTH OLIHIOBAHHS
BpPOXAWHOCTI ¥ CTaHy IPYHTY Ta MHiACTHIBHOI TOBEPXHIi
3 BUKOPHUCTAHHSM LIMPOKOCMYTOBHX MOKa3zHHKIB J[33
1 TIPOIEMOHCTPOBAHO, MO s 00pobIeHHs iH(opMartii
rimepcrneKkTpaabHOi  3HOMKH  HEOOXiAHI  CIeIliaibHi
ANTOPUTMH aHAI3y 300paXKeHb, OTPHUMAHHUX 32 JIOTIOMOTOKO
0E3MUIOTHUX JITANBHUX alapariB i ITYYHUX CYMYTHHKIB
3emimi. Kpim 11p0r0, OIMPOKO 3aCTOCOBYIOTHCS HEHPOHHI
Mepexi. AJe BIPOBAKEHHS CYYacHUX aJTOPUTMIB
OTpUMaHHS ¥ OOpOOJIEHHS TINEePCHEeKTPAIbHUX 3HIMKIB
MPU3BOJANTE [0 30LJbIICHHS CKJIaTHOCTI Ta BapTOCTI
amaparypH, a TakoX IOTpeOyIOTh TPUBAJIOTO Yacy IS iX
peaitizaliii Ta ycKJIaJIHEHHs aBTOMAaTH3AaIlil.

Meromu  ¢pakTampbHOTO  aHANizy — IHUGPOBHX
300paxens [9, 10] maroTh 3MOry KIUIBKICHO OI[IHUTH
CKJIQJHICTh TIOBEPXOHb 1 POCIMHHOCTI HAa KOCMIYHHX
3HIMKaX, OTPUMaHHX TiJIbKM B OAHOMY Jiaria30Hi XBHUIIb.

Y  pobGori [11]

PO3pI3HEHHs PI3HUX THIIB IPYHTIB i3 BHKOPHUCTAHHSIM

MNpOACMOHCTPOBAHO MOKJIUBICTh

(pakTaNbHUX ~ pPO3MIpHOCTEH,  pPO3paxOBaHUX IS

[TOKA3HHKIB JIACTAHIIITHOTO 30H/lyBaHHS, aie

IpoLecy.
CraH pI3HHX CLIbCHKOI'OCIIONAPCHKUX KYJBTYp IIOCIBIB

HE pO3MISIHYTO aBTOMATH3allil0  IHOTO
KyKYpy/31 Ha pi3HUX (pazax Bererarlii i3 3aCTOCYBaHHIM
(hpakTalbHOrO aHamizy KocMiuHHX 3HIMKIB Sentinel-2
Tpari [12].
BEJINYMHOIO

JIOCIIIDKEHO B Kpim TOTIO,

MPOJIEMOHCTPOBAaHO, 1O 32 cepenHix
(hpakTaTBPHUX PO3MIPHOCTEH MOKHA PO3MOIITUTH OIS,
3aCisiHI TPEYKOI0 Ta KYKYPY/A3010, i TOJS COHSIIHHKY,
MIICHUI] Ta SIMEHIO, ane B poOOoTi HEe MpoaHalli30BaHO
MOXIIMBICTh ~ BHSBJCHHS Ha  KOCMIUYHMX  3HIMKax
aHOMATiii, BUKIIMKAHUX BIUTMBOM Pi3HUX YHHHUKIB.

KOCMIYHHX

Jnst  BuU3HAYEHHS  aHOMaNii  Ha

CBITIMHAX CUTBCHKOTOCMOJAPCHKUX 3€MENb JOLLITBHO
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po3po0duTH MeTon iX (ppakTalbHOrO aHalily, IO AcTh
3MOTYy aBTOMATH3YBaTH 1IeH MpoIiec.

Merta crarTi - JOCTIUTH METOJ
ABTOMAaTH30BAHOTO BHSBJIEHHS aHOMAJili Ha KOCMIYHHUX
3HIMKaxX CLIbCHKOTOCIIOJAPCHKHX 3€MeJb 3a JOIMOMOTOI0

(paKTaTbHOTO aHANTI3Y.

Marepianu ii MeToH BUSIBJIEHHS aHOMAJTiii
3 BUKOPHCTAHHAM (PAKTAIBHOIO aHAJI3y

OIMiHUTH CKIATHICT CTPYKTYPH KOCMIYHOTO 3HIMKA

(3armoBHEHHS TPUBUMIPHOTO TOAAHHS 300paKeHH:)

MOXKHa 3a JIOLOMOIOI0  PO3paxyHKY (pakTalbHOL
po3MipHOCTI, siIKa € APOOOBOIO BEIMYWHOI. Bumiomy
CTYIICHIO 3allOBHEHHS TPHUBHMIPHOTO MOJAHHA 3HIMKA
BiJNOBiae Oinblla BeNM4KMHA (PpaKkTaIbHOI PO3MIPHOCTI.
[opsimok  obumciieHHs (QpaKTaIbHUX PO3MipHOCTEH
3 YNpOBa/UKEHHSIM METOJIB IOKPUTTS W TPHU3MH, SIKi
HalgacTime 3aCTOCOBYIOThCS Ha MPAKTHIIl, Ta TOOYAOBU
moJst (hpakTaJbHUX Po3MipHOCTEH HU(PPOBUX 300pakeHb
monaHo B poborax [10, 13].

Po3paxyHok (pakTaabHOI PO3MIPHOCTI METOAOM
mokputTs [14] 3abesmeuye reoMeTpuyHE OOYHCICHHS
po3mipuocti ['aycmopda—besikoBuya. Y 1poMy pasi
TPUBHMipHE TOAAHHSA KOCMIYHOTO 3HIMKA MOKPHUBAETHCS

KyO0aMH i3 CTOpPOHOIO 3aJaHol NOBXKHHH &, a TOTIM

N(e),

300pakenHs. Taka

BH3HAYAETHCS CyMapHa  KIIBKICTH  KyOiB

BUKOpDHCTaHa ISl TOKPUTTS
mporeaypa TOBTOPIOETBCA I JCKUIBKOX PO3MIpiB
CTOpOHM Kyba & 1 Oyayerbcs rpadik sorapudmiunoi
3QJIEKHOCTI |OgN(£) Bin logl/e. Ina mnobGymosu

arnpoOKCUMOBAHOTO rpadika BIPOBAPKYETHCS METOJ
HAWMEHIIKMX KBaApaTiB 1 MIC/IsS MOOYIOBU aHANI3YIOTHCS
KyTH 1X Haxuny. TaHreHc KyTa HaxXuily OTPHMaHOi
OpsAMOi €  YWCIIOBUM  3HA4YeHHSIM  (pakTajbHOT
posmiprocti D .

Po3paxyHok (hpakTaabHOI PO3MIPHOCTI METOAOM
mpmmu  [15] 3abe3nedye BU3HAUEHHS PO3MIpHOCTI
3a JIONOMOTOI0 OOYHMCJICHHS IUJIOIIMHA BEPXHBOI TrpaHi
mpm3MH. Y [HOMY pa3i 3a TOKa3HHKaMH SCKPaBOCTI
300pakeHHS OOHMPAETHCA JOBXKHHA OCHOBH IPU3MU

po3MipoM & 1 (OpPMYETbCSI BEpXHS TpaHb IPHU3IMH,

a notiM o6uucioeThes if mioma P(¢) . Taka npoueypa

HOBTOPIOETHCS JIJIsI IEKIIBKOX PO3MIpPIB JOBXKUHH OCHOBU
rpadik

sanexnocti 109 P(&) Bin logl/e. Hanani dpaxranbua

npusMu £ 1 Oyayerbces norapumMivHOT
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po3mipuicte D Bu3Hauaerbcss Tak camo, K i
B METO/II TOKPHUTTSL.

Ilix 4wac (¢pakTagbHOrOo aHANI3y KOCMIYHHX
(mdpoBHUX) 3HIMKIB MOUIIFHO 3aCTOCOBYBATH IIOJIE
¢pakraneaux po3mipHocteil (IIPP), mpouec nmoOymoBu
SIKOTO JIeTaJIbHO PO3IIIIHYTO B poboTi [10]. OcHOBHIMU
napaMeTpamH, SIKi  BHKOPHUCTOBYIOTBCS — IIJ  4ac
noOynoBu IIDP, € po3mip "BikHA", SKUM CKaHY€TBHCS
300pakeHHs, 1 KpOK mepeminieHHs "BikHa" S. "Bikno"
HA3WBAIOTh KOB3HHM, SAKOO S=1, 1 crpubarounm,
akmo S>1. Po3mip IIDP Oyzme MeHmHMM 3a po3Mip
KOCMIYHOTO 3HIMKa Ha BelnuuHy 'BikHa'. IloOymoBaHe
[IOP xocMigHOTO 300pa)KEHHA MOXKHA PO3MOIITATH
Ha JIEKUIbKAa pIBHIB 32 BEJIUYMHOIO (paKTaIbHOI
PO3MIPHOCTI, IO A€ 3MOry Horo BisyamizyBaTu. Koxen
piBeHB (miama3oH 3MiH (PaKTaTBHUX PO3MIPHOCTEH)
BIITBOPIOETHCSA  BIAMOBIAHUM  KombopoMm.  "BikHa"
3 ONMM3BKUMHU 3HAYCHHAMHU (PpaKTaIbHUX pPO3MipHOCTEH

MOXYTh OyTH 00’€THaHI B OKpEeMi JiIISTHKH.

a) 0)
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Y  pobori [13]
(bpakranpHUX po3MipHOCTEH 1 Bizyamizamis [IOP moxyTs

BU3HAUEHO, M0 PO3PaxyHOK
3aCTOCOBYBATUCS Il CEIMEHTalil CUILCHKOTOCTIOAaPCHKUX
3eMellb Ha KOCMIYHHUX 3HiIMKax cymyTHuka Sentinel-2.
IIpogemoHcTpoBaHo, 1o Bisyamizamis [IOP kocMivyHEX
3HIMKIB JIa€ 3MOTY HA0YHO IIOKa3aTH 3MiHy CTaHy
CUIBCHKOTOCIIOIAPCHKUX  YTifb 1 MeXi aHOMajii Ha
3HIMKax. AJie B IbOMY JOCIIDKCHHI HE MPOaHAITi30BaHO,
SIK po3Mip "BikHA" i BelMYMHA KPOKY HOTO MepeMillieHHs
BILUTMBAIOTH Ha SKICTH T0OYmoBH [IDP i fioro Bizyamizartiro.
[IpoBenemo Takuil aHalli3 3 BUKOPUCTAHHSIM KOCMIUHHX
3HIMKIB KaHanmy b8 cymytHuka Sentinel-2 po3mipom
56x56 mikceniB.

Ha puc. 1 momaHo KOCMi4HI 3HIMKH CYIyTHHKA
Sentinel-2
po3mipom

moysss 3 IIIEHHIEer0 0e3  aHomaiii

56 x56
po3mipamu 56x56 (6) i 28x28 mikcenis (6). Kocmiuni

mikcenmB  (a), 3 aHOMAJIisIMHU

3HIMKH po3MmipoM 28x28 mikcemiB (auB. puc. 1, 6) €

YOTUPMa YaCTHHAMH KOCMIYHOTO 3HIMKA 3 aHOMAaJIisIMHU

posmipom 56x56 mikcenis (quB. puc. 1, 6).

6)

Puc. 1. Kocmiuni 3uiMku cymytauka Sentinel-2 (kaman b8) mons 3 nmenuuero Ge3 anomaniit posmipom 56x56 mikcenie (a),
3 aHoMasismMu posmipamu 56x56 (6) 1 28 28 mikcenis (6)

[Mobynyemo IIOP kocMmiuHMX 3HIMKIB po3MipaMu
56x56 1 28x28 mikceniB 3 BHUKOPUCTAHHSIM METOMIY
npu3MH i "KOB3HOTO BiKHA", a TakoX BHKOHAEMO iX
Bi3yaJizarito.

Ha puc. 2 maBeneno Bizyamizamiro [IOP xocmigamx
3HIMKIB (MOJAaHUX Ha pHc. 1, 6, ) 3 BUKOPUCTAHHSIM
"BikHa" po3MipoM 5x5 mikcelsiB 3 KPOKOM MepeMillieHHs
51x51 (a)
i 23x23 mikceni (6). KinbkicTe mianma3oHiB 3MiHU

1 mikcens; po3mipu [IOP cranoBmATH

(pakTamBPHUX PO3MIPHOCTEH, Ha  sKi
[P
TIOpIBHIOBAA 11’ SITH.

po3ainsmocs

(ximpkicte  piBHIB  Bi3yamizauii  [1OP),

Sk BumHO Ha puc. 2, 3a JONOMOrOK Bizyauizarlii
[IOP mMoxHAa BHUOUIMTA YacTHHU KOCMIYHOTO 3HIMKa

3 PI3HOK CTPYKTYpPOIO Ta BH3HAYMTH HA HUX MEXI
AHOMAJIPHUX JAUISHOK, ajleé HEMOXKJIMBO aBTOMATH3yBaTH
MPOIIEC BU3HAYCHHS aHOMAJTiH.

[MopiBasiHHs BizyansHOro nopanus I1DP nva puc. 2,
a 1 6 JEMOHCTPYE, MO0 PO3MIPH KOCMIYHHX 3HIMKIB
3a OJJHAKOBHX IapameTpiB nodynosu [IOP He BImBaoTh
Ha sKicTh Bizyamizarii [IOP. Ha [TOP kocMiuHUX 3HIMKIB
pi3HUX pPO3MIpIB OJHOTO W TOro camoro moms Jo0pe
BH3HAYAIOThCSl Mexi aHoMaiit. Omxke, Bizyanizauis [1OP
KOCMIYHOTO 3HIMKa Ja€ 3MOTY OLIHWTH ITUISHKH OIS
3 PpI3HHMH 3HAYCHHSIMH (paKTAIbHUX PO3MIPHOCTEH,
SIKI BU3HAYAIOTh Pi3HUH THIT MIJICTUIILHOT TOBEPXHI.

Posrisinemo, sik po3mip "BikHA" BIUIMBA€E Ha SIKICTh

moOynosu [1OP i fioro Bizyauizarito.
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a)

0)

Puc. 2. Bisyanizauis II®P mig uac Bukopucranms "Bikua" posmipom 5x5 mikceniB 3 kpokom mnepemimenus 1 mikcensb

posmipom 51x51 mikcens (a) i wotupu poszmipom 23x 23 mikceni (6)

Ha puc. 3 naBezeHo Bizyanizauito [IOP kocMiuHOTO
3"iMKa (puc. 1, 6), mOOYMAOBAaHOTO 3 BHKOPHUCTAHHSIM
"BikHa" po3mipoM 5x5 mikceniB (a), "BikHA" po3mipoM

9x9 (6) i "BikHa" posmipom 17x17 mikceniB (g)
3 KpOKOM mepeMilieHHss | mikcenb. KiIbKiCTh piBHIB
Bizyamizamii [IOP mopiBHIOBaNA 11’ TH.

a)

Puc. 3. Bisyanizauis [I®P mix yac Bukopucranus "Bikna" posmipom 5x5 mikcenis (a), "Bikua" posmipom 9% 9 (6), "Bikna"

6) 6)

posmipom 17 x17 mikcenis () 3 KpokoM repeminienss 1 mikcenb

Sk BugHO Ha puc. 3, 6, 30UIBIICHHS pPO3MIpiB
"BikHA" CIIPUYMHSE 3TJIa/PKyBaHHs Bi3yaJbHOTO MOJIAHHS
[I®P, mo moripmye BH3HAYCHHS MEX aHOMAJbHHUX
JUISTHOK Ha KOCMIYHOMY 3HIMKY. [lopsia 3 UM 3a yMOBH
HEe3HAa4YHUX po3MipiB "BikHA" (ZMB. puc. 3, a) Bi3yalbHe
nofanHs [1OP mae Benuky KinbKicTh IpiOHUX €JIEMEHTIB,
10 YCKIIAJHIOE HOTO aHai3 1 YHEMOXKIIMBIIIOE IPUHHATTS
pIIICHHS IOJI0 TOTO, sKa JUISHKA € aHOMAJIBHOI.
3acrocyBanms "BikHa" cepenHix po3MipiB (auB. puc. 3, 6)
JTa€ 3MOT'Y BHOKPEMUTH aHOMAJIbHI JUISHKHA Ha KOCMIYHIN
CBITJIMHI (CHHIH KOJIIp), ajie Ha YaCTHHI 3HIMKa, Ha SKOMY
HEMae aHOMaJlif, TaKOX BHOKPEMIIIOIOTHCS OCOOIMBOCTI
(uepBOHUI1 KOIIIP), 110 MOYKHA TIPUUHSATH 32 aHOMAJIBHI.

PosrisiHeMO MK BeJMYMHA KPOKY IEPEeMIillleHHS
"BikHa" AKICTD [1op

BIUIMBAE  Ha mo0OyI0BH

Ta foro Bi3yai3aliro.

Ha puc. 4 300paxeno Bisyamizauito [IDP

(puc. 1, 0),

3 BUKOpHCTaHH;IM "BikHa" po3Mipom 5x5 mikceniB i3

KOCMIYHOIO 3HIMKa o0y I0BAaHOTO

KPOKOM IepeMillleHHs 5 mikceniB (a), "BikHa" po3Mipom
9%9 mikcemiB i3 KpokoM mepemimieHHs 9 mikcemiB (6)
i "BikHa" IiKCeniB

po3mipom 17x17 i3 KpOKOM

mepeMimeHHs 17  mikcemB  (8).

Bizyauizauii [IOP nopiBHIOBana m’siTu.

Kinbkicte  piBHIB

TopiBHstHHS Bi3yansHoro noxanus [I®OP na puc. 3
i 4 neMoHCTpye, IIO BEIMYMHA KPOKY MepeMillleHHS
"BikHa" 3a IHINIMX OJHAKOBHX IIapaMeTpPiB MOOYyIOBH
[IOP 3HauHo BIUMBae Ha sKicTh Bizyamizamii [IDP.
Tak, mig wac BuWKOpuCTaHHs "crpubarodoro BikHa"
BiyanbHe mnoxaHHs [IDP crac HeepekTUBHUM st
BH3HAYCHHS aHOMAJlii Ha KOCMIYHOMY 3HIMKY. Y pasi
He3HayHoro pos3mipy "Bikua" (5x5 mikcenis, puc. 4, a)
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crioctepiraethes 3raamkyBans [1OP, ane 1Bi aHoManbHI

IUISTHKA TTO3HAYAIOThCS CHHIM KOJBOPOM. 32 YMOBH

36impmenns po3mipis "Bikua" (9x9 mikcernis, puc. 4, 0)

a)

Puc. 4. Bisyanizauis [IOP 3a ymoBu BuKOpUCTaHHA "BikHa" posmipom 5x5 mikcenmiB i3 kpokoM mepemimieHHs 5 mikcenis (a),
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no posmipiB 17x17 mikcemiB (puc. 4, 6) ysarami
HEMOXXJIMBO TPOBOAMTH aHaN3 MiJ 4Yac BU3HAYCHHS
AHOMAJIBHUX JUITHOK HA KOCMIYHOMY 3HIMKY.

6)

"gikHa" posmipom 9x9 mikcenis i3 KpokoM nepemimenss 9 mikcenis (6), "Bikua" posmipom 17 x17 mikcenis i3 kpokom

nepeMitenns 17 mikcesnis ()

OTxe, aHai3 NPOJEMOHCTPYBaB, IO CYYacCHHUI
CTaH BUABJICHHSA aHOMAJNiii HAa KOCMIYHHX 3HIMKax
3a nmomomoroio moOymou [IOP mae 3mory BH3Ha4YaTh
0co0MMBOCTI MiACTHIBHOI TOBEpXHi. AJe Bisyauizaris
II®P xocMigHOTO 3HIMKA CTa€ Hee()eKTUBHOIO B yMOBAaX
BUKOpHCTaHHS "BiKHA" BENIMKHMX pO3MIpiB, a TaKOX
BUKOpHCTaHHS 'cTpmOarodoro BikHA" HE Ja€ 3MOTH
BUSBUATH AQHOMAJbHI JUISHKH Ha KOCMIYHHX 3HIMKaXx.
To6to mix gac Bi3yamizamii [I®P nHeoOxigHO oOMpaTH
napameTpu mo0ynosu [1DP 3anexxHO Bif THITY TOBEPXHI,
300pakeHOi HAa KOCMIYHHX CBITJIMHAX, 1 aBTOMAaTHU3yBaTH
MIPOLIEC BUSBJICHHS aHOMAJIIH CTA€ HEMOKIIUBHM.

Mera
ABTOMAaTHU30BaHOT'O BM3HAYEHHS aHOMAJIH Ha KOCMIYHHMX

cTaTTi — PO3DIIHYTH  MOXJIUBICTH
3HIMKaX CUTbCHKOTOCIIOAAPCHKUX 3eMellb 13 3aCTOCYBaHHIM

(pakTanpbHOro aHaizy.

MeToa BHSIBJICHHS aHOMAJIiil 3 BUKOPHCTAHHAM
"mipaminanbHoro" gpakTajabHOro aHaJII3y

JocmimKkeHHsT TaloTh 3MOTY 3allpPOIIOHYBAaTH METOJ

BUSBJIEHHS  aAHOMaJii  HAa  KOCMIYHHMX  3HIMKax

CUTBCHKOTOCTIONAPCHKIX ~ 3€MeNb 13  3aCTOCYBAaHHSIM
"mipaminaneHOro" (pakTasbHOrO aHamizy (CTPYKTYpHY
cXeMy MeTOIy 300paKeHo Ha puc. 5).

Ha puc. 5 BumHO, moO Ha mepumioMy eTari
MOKHA OTPHMATH KOCMIYHI 3HIMKH 3 Mepexi [HTepHer
JIOCITIJPKEHHS -

i BU3HAYUTH 00’exTH

CLTBCHKOTOCTIONAPCHKI 3eMITi.

Ha npyromy erami 3miiCHIOETbCS BHOIp TMOMIB, SIKi
HEOOXiTHO JOCHITUTH 1 SKi BH3HAYCHI 3aMOBHHKOM.
Ha xocMiuHOMY 3HIMKY BOHH BCTAHOBIIOIOTHCS Bi3yallbHO.
Ha upoMy eTami TakoX MOKHa BH3HAYUTH PO3MIp
300pakeHHs, HanpuKiaa, 56x56 mikcenis, 1 micas BOro
BHpi3aTH 300pakeHHsI MOJIiB 33aHOTO PO3MIpY.

Ha Ttperbomy erami

CTBOpIOEThCA  "mipamina"

KOCMIYHHX 3HIMKIB Ta IHAEKCYIOTBCS  OTpHMaHi
300paxkeHHs. ToOTO, HaNpHKNIa, i3 300paXKeHHsT PO3MIPOM
56x56 mikcenis (inmekc 1) Ha mepiroMy piBHI OyayeThCs
YOTHPH 300paKeHHS po3Mipom 28x 28 mikceniB (iHAEKCH
111, 112, 113, 114). Ha apyromy piBHi "mipaminu"
Oyayetrbess 16 300paxkeHp po3mipoMm 14x14 mikcemiB
(immexcu 11111, 11112, 11121, 11122, 11211, 11212,
11211, 11222, 11311, 11312, 11321, 11322, 11411,
11412, 11421, 11422),

64 300pakeHHs1 po3MipoM 7 x 7 TIKCEJiB i3 BiIOBIHOIO

a Ha TPETbOMYy pIiBHI —

ingekcariero. CTBOpeHHS "mipaMinu" KOCMIYHHAX 3HIMKIB

pPIBHO3HAYHO 3acTOCyBaHHIO '"cTpuOarodoro BikHA"
i yac nmoOynosu [IOP. YV npomy pasi BeanunHa KpOKy
MepeMIIIIeHHs] JAOpiBHIOE po3Mipy "BiKHA" Ha KOXHOMY
piBHI "mipamign".

Ha 4erBepTomy erami po3paxoBYIOThCs (paKTanbHi
po3MipHOCTi "mipaMian" KOCMIYHMX 3HIMKIB. Bemmumnan
(dpakTanbHUX ~ PO3MIPHOCTEH  MOXXHA  BHM3HAUUTH
3a MeToIoM NOKpHUTTs [14] abo 3a MmeTomom npu3mu [15].
VY Takuii criocid CTBOpIOEThCS iHIAeKcOoBaHa 'mipamina”
(bpakTaTbHUX

po3MipHOCTEiH, ska  30epiraerbcs

B IIaM’sITi KOMII FOTepa.
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1]

OTprMaHHA KOCMIYHUX 3HIMKIB CilTbCBKOTOCTIOAPCHKHX 3EMEITb 3
Mmepexi [HTeprer

I

Bu0ip nonis, siki He0OXiAHO AOCTiAKYBATH, | BU3HAUCHHS PO3MipiB
KOCMIYHHUX 3HIMKIB

iy

CrBopeHHs "mipamigu" KOCMIYHHX 3HIMKIB, IHIEKCALlis

1

Po3paxyHok (ppakTambHuX po3MipHOCTEH "mipamian" KOCMIYHHX
3HIMKIB

igs

ITopiBHAHHSA BeMHYUH (PPAKTATBHUX PO3MIPHOCTEH HA PI3HHUX PIBHAX
"mipamMigu" KOCMIYHHUX 3HIMKIB

iy

Bu3HaueHHs MiHIMATBHUX (DPAKTAIBHUX PO3MIPHOCTEH Ha Pi3HUX
piBHAX "mipaMian" KOCMIYHHX 3HIMKIB

11

Y3arajbHEHHS pe3y/IbTaTiB BUSABICHHSA AaHOMATi HA KOCMIYHHX
3HIMKAaX CLIbCHKOTOCHOAAPCHKHX 3EMETb

Puc. 5. CprKTypHa CX€Ma METOAY BUABJICHHS aHOMaJIiii Ha KOCMIYHHX 3HIMKax CiHLCLKOFOCHOZ[apCLKI/IX 3eMelb 13 BUKOPHUCTaHHAM

"mipaMigansHoro” pakTaabHOTO aHATIZY

Ha m’stomMy eTami TOpPIiBHIOIOTBCS BETUYUHHU

(hpaxTanbHUX PO3MIpHOCTEH Ha PI3HMX PIBHAX "mipaminu”
KOCMIYHUX 3HIMKiB. SIKmo ¢pakrainpHi pO3MIpHOCTI
Ha HWKYMX DpIiBHAX "mipamign" HeE BiAPI3HAIOTHCS
3a TEepIMM 3HAKOM IIcias KOMH Bif (ppakTampHIX
PO3MipHOCTEH Ha BHIIOMY piBHIi, TOJI MOXHAa BBaXKaTH,
0 aHoMallif Ha KOCMIYHOMY 3HIMKY HeMmae. PizHuI
(hpakTaTbHUX PO3MIPHOCTCH 3a TEPIIAM 3HAKOM ITiCIS
KOMH Ha Pi3HHUX PiBHAX "mipaMign" ma€ 3MOTy BU3HAYATH
aHOMaJibHI ~ JAUISIHKA Ha  BUXIJIHOMY  KOCMI4HOMY
300pakeHHi 1Mo 3a iHxeKcoM "mipaminn'.

Ha mrocromy erami BH3HAYAIOTHCS MiHIMAbHI
(hpakTambHI PO3MIPHOCTI Ha PI3HHMX PIBHAX '"mipamign”
KOCMIYHHX CBITJIMH, $Ki BIJIOBIJalOTh HAHOLIBII
AQHOMAJIBHUM JiJISTHKaM.

Ha cphoMoMy eTami y3aranbHIOIOTBCSl pe3yJbTaTh
KOCMIYHHX  3HIMKax

BUSBJIIEHHS  aHOMamiii  Ha

CiJ'ILCI)KOFOCHO}IapCLKI/IX 3€MCJIb. v IbOMY pa3i

3a pe3yJbTaTaMH (PpakTaTbHOTO aHaji3y BH3HAYAETHCS

KIIBKICTh aHOMANbHUX [UISHOK Ta iX ITOJIOXKEHHS,

a 32 BeIMYMHAMH  MIHIMaTbHHX  (paKTaIBHHUX

PO3MIPHOCTEH  BUSBJSIFOTBCS ~ HAWOUTBII  aHOMAJBHI

TUISHKA Ha KOCMI9HOMY 300pakKeHHI.

Pe3y.m>TaTn JOCJIIIZKEHHS Ta iX OGFOBOPCHHH

PosrnssHeMO 3acTocyBaHHS PO3POOJICHOTO METOMY
JUIsl aBTOMATH30BAHOTO BUSIBJICHHS aHOMAJTI Ha KOCMIYHUX
3HIMKaX CUTBCHKOT'OCIOJAPCHKUX 3eMEeIb.

Kocmiuni  cBiTnmHM — Kawamy D8  cymyTHmKa
Sentinel-2 orpumano 3 mepexi IurepHer. Ha 3Himkax
Bi3yalbHO O0OpaHO OHE IOJIe 3 MIICHUIIeI0 0e3 aHoMalTiit
1 Te caMe IoJie 3 IMIICHULICIO 3 AaHOMAIIISIMH B iHILY JaTy.
BusnaueHo po3mipm mons Ha KOCMIYHOMIHM CBITJIMHI
1 BUpi3aHO 300pakeHHs MoJiB po3MipoM 56x56 mikcenis,
sIKi HaBeJIeHO Ha puc. 1, a i 6. Jlami ctBopeHo "mipaminy"
KOCMIYHHX 3HIMKIB Ta iHZEKCOBAHO OTPUMaHi 300payKeHHS.
3a MMM 3HIMKaMH pO3paxoBaHO (hpakTajbHI PO3MIPHOCTI,
BH3HA4YCHI METOJOM MOKpUTTA. Ha puc. 6-9 momano
KOCMIYHI CBITJIMHH IIOJs 3 MIIEHUICI0 0€3 aHOMAallii,
10 CTBOPIOIOTH "mipaminy", a MOpsiA 3 HUMH BETTHYHHH iX
(bpakTtanbHUX po3MipHOCTEH. IHIeKcaliro 300paKeHb
HABEJCHO 3BepXy H JiBOpYyY Bix 300pakeHb, a TaKOXK
MPOIHAEKCOBAaHO i (pakTanbHi po3miprocti D .

Ha puc. 6 momaHo BUXIIHUE  KOCMIYHUH
3HIMOK TOJS 3 TMIICHHICI0 O0e3 aHOMamiid po3MipoM
56x56 mikcemB 1 #oro ¢QpakranbHy pPO3MIpHICTH

s "BikHa" 56 x56 mikceris.

D1=2,912

Puc. 6. Kocmiunuii 3HIMOK T10JIs 3 IIIEHHUIIEIO O€3 aHoMaiit
posmipom 56x56 mikcenis, (ppakranbHa po3MipHICTH
st "BikHa" 56 %56 mikcenis
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BignoBizHo 10 puc. 6 Ha TONI 3 IIICHULEIO
aHoMautii Bi3yaJlbHO HE CIIOCTEPIraroThes, a (paKTaibHa
D1=2,912. ToOro MOXHa

PO3MIpHICTE  TOPIBHIOE

BBaXaTH, 10 (pakTaibHa po3MipHicTh moHax 2,9

( D>2, 9) BH3HAYa€ CTaH CLIBCHKOTOCIIONAPCHKHIX

3eMelb Ha KOCMIYHMX 3HIMKax 0e3 aHoMaltiil.
Ha puc. 7 nogaHo 4oTupu KOCMiuHI 300pakeHHs
neproro piBHA "mipaMian” po3mipoM 28x 28 mikcediB Ta

iX pakTanbHi pO3MipHOCTI.
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Ha puc.7 BugHo, mo QpakranbHi pO3MipHOCTI
(D111=2,954; D112 =2,969;
D121 = 2,957 ) mepeBUIIYIOTh (pakTaabHy PO3MIPHICTH

TPbOX  3HIMKIB

BHUXimHOTO 300paxeHHs D1=2,912 i Ha Oux AUTSTHKAX

3HIMKa aHoMallii He crocTepirarorbesi. DpakTanbpHa

PO3MIpHICTB 3HIMKa MiHIMaJbHA

(D122 =2,889) i menma uix D1=2,912, ane pisHuus

YCTBEPTOro

He 3HauHa — AD=0,023, i MoXHa BBaXkaTH, IO

aHOMAJTis Ha HbOMY TaKOXX BiJICYTHS.

1 2
1

D111=2,954 D112 = 2,969
2

D121 = 2,957 D122 = 2,889

Puc. 7. Kocmiuni 3HIMKE TONs 3 MIIEHHIEIO0 0e3 aHoMamii posmipom 28x 28 mikcemnis aKTaJgbHI PO3MIpHOCTI st "BikHa"
p p , @p p p

28x 28 mnikcenis

Ha puc. 8 HaBeneHo 16 KOCMiYHHMX 3HIMKIB IPyroro
piBas "mipamimu" posmipom 14x14 mikcemi Ta ix
(hpakTambHi PO3MIPHOCTI.

SAx BumHO Ha puC. 8, (¢pakTanbHI PO3MIPHOCTI
BCIX KOCMIYHHMX 3HIMKIB Jpyroro piBHs mipamigu"
D=2,9.

BHCHOBOK, III0 aHOMaJii Ha HMX Hemae. HeoOximHo

MEePEBUIYIOThH Omxke, MOXHa 3po0OHUTH

3ayBaXXMTH, 10 (PpaKTajbHI PO3MIPHOCTI APYroro piBHS
"mipamigu", SKi BIAMOBINAIOTH YETBEPTOMY 3HIMKY
nepmoro piBHA  "mipamian",

D=2,9 (D12211=2,947 ;

TaKoXX IEPEBUILYIOThH
D12212 =2,974;

D12221=2,961; D12222 = 2,954). Lle migTBepmKYyE,

110 HA BUX1THOMY KOCMIYHOMY 3HIMKY aHOMaJIiii HeMae.

Ha puc. 9 HaBeneHo 4YacTKy KOCMIYHMX 3HIMKIB
TpeTboro piBHA "mipamian" po3mipoM 7x7 TiKCemniB
(16 3HiMKIB) Ta iX (pakTanbHi po3mipHOcTi. i KocmiuHi
300pa)XeHHsI BiAMIOBIAIOTH MEPIIOMY BEPXHBOMY JIIBOMY
KBaJpaHTy BHXIIHOTO KOCMIYHOTO 3HIMKA, MOJAHOTO
Ha puc. 6.

Ha puc. 8 Buano, mo ¢pakranpHi po3MipHOCTI
BCIX KOCMIYHHMX 3HIMKIB TpeThOro piBHA "mipamign"
(s 1 gpyroro piBHs) OUIbIII 32 QpaKTanbHy PO3MIPHICT
D=2,9, mo HiaTBepKye BHUCHOBOK MpPO BIJICYTHICTbH

aHOMaJIil Ha KOCMIYHOMY 300pakeHHI.

Jus  crpolieHHs — y3araabHEHHS  pe3yJbTaTiB
BUSABJICHHS  aHOMaJiii HAa  KOCMIYHHMX  3HIMKax
CLITBCHKOTOCTIOTaPCHKIIX 3eMeTb o0y IyeMo

"mipaminy"  QpaxTaibHUX ~PO3MIPHOCTEH  KOCMIYHOT
CBITJIMHM TT0JIS 3 TIIEHUTIEIO (InB. Tao. 1).
AHami3  MOKa3HWKIB, momaHux y  Tabm. 1,

NEeMOHCTpPYe, IO  (QpakTambHi  PO3MIPHOCTI  BCIX

KOCMIYHMX  3HIMKIB  BCIX  pIiBHIB "mipamigu”
nepeBuIy0Th D=2,9, okpiM (pakTaibHOi pO3MipHOCTI
Ha TepmioMy piBHI "mipaMigu" I HIDKHBOTO TIPaBOTO
KBaJIpaHTy BUXIJHOTO KOCMIYHOTO 300pa)KEHHS.
Y3aranpHeHHSI (PPaKTAIBHOTO aHaNi3y KOCMIYHOTO
3HIMKa TOJIS 3 TIICHUIICIO J]a€ 3MOTY 3pOOMTH BUCHOBOK,

10 Ha HhOMY aHOMAJIiil HeMae.
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D12121=2,968

=
=
i
>

D12122 =2,970

11 1 2 12 1 2

| '—- | '—'
D11111=2,956 D11112 =2,957 D11211=2,968 D11212 = 2,960

| '—- | '—'
D11121=2,968 D11122 = 2,964 D11221=2,960 D11222 =2,974

21 1 2 22 1 2

| '—- | '—'
D12111=2,955 D12112 =2,963 D12211=2,947 D12212 =2,974

2 2

D12221=2,961

D12222 = 2,954

Puc. 8. KocmiuHi 3HIMKH 110J15 3 TIICHHIICIO Oe3 aHomautiid po3mipom 14 x14 mikceniB, gpakranbHi posmipHocTi 1yt "BikHa" 14 x14 mikceniB

D11121=2,958

D11121=2,950

111 1 2 112 1 2
| '—- | '—'
D1111111=2,956 D1111112 =2,971 D1111211= 2,997 D1111212 = 2,950
| " | '—'
D1111121=2,941 D1111122 =2,976 D1111221= 2,955 D1111222 = 2,973
121 1 2 122 1 2
| '—- | '—'
D11121=2,939 D11121=2,963 D1112211=2,976 D1112212 = 2,966
2 2

n
1

D1112221=2,970

D1112222 = 2,973

Puc. 9. KocMiuHi 3HIMKH OIS 3 TIIICHALICIO O€3 aHOMAJIH po3MipoM 7 X 7 TKCeNiB, ppaKTaIbHi po3MipHOCTI uis "BikHA" 7 x 7 MiKceliB
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Taomuus 1. "llipamioa” ¢paxmanvuux posmipnocmeii
KOCMIYHO20 3HIMKA NOJIA 3 NuleHuyero 0e3 aHomanii O pisHux
po3mipis "sikna"
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Ha puc. 11 mnomaHo 4YOTMpHM KOCMIYHI 3HIMKH
mepioro piBHs "mipamigu" po3mipom 28x 28 mikceniB Ta

iX (pakTanbHi pO3MipPHOCTI.

1

1

D111=2,901 D112 = 2,885

D121=2,926 D122 = 2,948

D 1
1 2,912
1 1 2
1 2,954 | 2,969
2 2,957 | 2,889
11 1 2 12 |1 2
2,956 | 2,957 2,968 | 2,960
2,968 | 2,964 2,960 | 2,974
21 1 2 22 1 2
2,955 | 2,963 1 2,947 | 2,974
2,968 | 2,970 2 2,961 | 2,954
11 1 2
1 2,956 | 2,957
2 2,968 | 2,964
111 1 2 112 1 2
1 2,956 | 2,971 1 2,997 | 2,950
2 2,941 | 2,976 2 2,955 | 2,973
121 1 2 122 1 2
1 2,939 | 2,963 1 2,976 | 2,966
2 2,958 | 2,950 2 2,970 | 2,973

Ha puc. 10-13 HaBemgeHO KOCMIiYHI CBITJIMHH IOJIS
3 TIICHUIIEI0 3 aHOMaJIisIMH, 10 CTBOPIOIOTH "mipaminy",
a TMopsii 3 HUMH TO/IaHO BEJIMYMHHU iX (pakTalbHHUX
PO3MIpHOCTEH.

Ha puc. 10 3anpomoHOBaHO BHXIAHHNA KOCMIYHHHN
3HIMOK po3MipoM 56x56 mikceniB i iioro ¢pakraibpHa

po3mipHicTh st "BikHa" 56x56 mikcenis.

D

1

D1=2,937

Puc. 10. Kocmiyauii 3HIMOK II0JIA 3 MIIEHHUIEIO 3 aHOMAaJISIMU
po3mipom 56x56 mikceniB, ¢ppakTanbHa po3MipHICTH
quist "BikHa" 56x56 mikceniB

Ax BumHO Ha puc. 10, Ha TON 3 MIICHHIECIO
Bi3yaJIbHO CIOCTEpIraroThesl JBi aHOMatil, aje (pakTaibHa
PO3MipHICTh cTaHoBUTH D1=2,937 , ToOTO Mepeswirye 2,9.

Orxe, BenmmunHa (PaKTAIBHOI PO3MIPHOCTI BCHOTO
BUXIZHOTO KOCMIYHOI'O 3HIMKAa HE Ja€ 3MOTH BHSBHUTH

aHoMmanii Ha HbOMY. Buime 3a3nauanocs, mo D>2,9

BHU3HA4Ya€ CTaH CiHBCLKOFOCHOHapCI)KI/IX 3€MCJIb Ha

KOCMIYHHX CBITJIMHAaX 0€3 aHOMAaJIiid.

Puc. 11. KocMiuHi 3HIMKHM I10JI9 3 IIIEHUIE0 3 aHOMAaJisIMU
posmipom 28x 28 mikcenis, (pakTanbHi po3MipHOCTI

nust "BikHa" 28 x 28 mikceniB

Ha puc. 11 BumHO, mo QpakranbHi po3MipHOCTI
(D111=2,901; D112=2,885;

D121=2,926 ) MeHul, HiDK (QpakTanbHa pPO3MIPHICTH

TPpOX  300pakeHb

BUXIIHOrO KOCMIYHOro 3HIMKa D1=2,937, i Ha mux
JUISTHKAX CIIOCTEPIraroThcs aHoMaii. Binmbin aHOManbHI

OUISHKA ~ BU3HAYAIOTBCS ~ MEHIIMMH  (paKTaIbHUM

po3MipHocTsIMH. MiHiMalibHa (pakTaigbHa PO3MIPHICTH
D112 = 2,885 BixnoBizae Apyromy KOCMi4YHOMY 3HIMKY,

Ha SKOMY aHOMalis 3aiiMae Maike TOJOBHHY
300paxkeHHs.  DpakTagbHa  PO3MIPHICT  YETBEpPTOI
ceiiinan D122 =2,948 nepeBumye D1=2,937,

1 MOKHA BBa)KaTH, 1[0 aHOMAJIi Ha Hill HEMaeE.

Ha puc. 12 mogano 16 KOCMIYHHUX 3HIMKIB Ipyroro
piBEs "mipamimu" posmipom 14x14 mikcemiB Ta ix
(bpakTaabHI PO3MIPHOCTI.

Sk BunHO Ha puc. 12, Tpu ¢pakTaibHi pO3MIpPHOCTI
CBITIIMH JApyroro piBHA "mipamimn" (D11112=2,881;
D11121=2,680;

MEepUIOMY 3HIMKY MepIIoro piBHS '"mipamigu", MeHIi

D11122=2,866), mo BiANOBiHalOTH

3a (pakTanpHy po3mipHicTs D111=2,901. Tomy MoxHa

3pOOUTH BHCHOBOK, III0 Ha HUX € aHOMalii. MiHiMaJibHA
D11121=2,680

TPETbOMY KOCMIYHOMY 3HIMKY, Ha SKOMY aHOMAJis

(dpakTasbHa PO3MIPHICTB BiZNOBi1a€E

MOLIMpEeHa Maibke Ha BCbOMY 300pakeHHi. DpakTanbHa
PO3MIpHICTh TEPIIOT0 KOCMIYHOTO 3HIMKAa IPyroro

piBHA "mipamigu" gmopiBHroe D11111=2,966, 1m0
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¢pakranpHa po3MmipHicTh D11211=2,735 BiamoBimae

MEepUIOMY KOCMIYHOMY 3HIMKY, i aHOMajis Ha HbOMY

Kpim toro, Ha puc. 12 BuaHo, mo ABiI (paxTaibHi HaiiOlmpma.  Takok  HEOOXiHO  3a3HAYUTH, IO
PO3MIpHOCTI  KOCMIYHHMX 3HIMKIB  Opyroro piBHA ¢pakTagbHI  PO3MIPHOCTI TPETBOTO ¥  YETBEPTOTO
"mipamign" (D11211=2,735; D11212=2,786), mo KOCMIYHOTO  3HIMKa Jpyroro piBeg "mipamign"
BI/MOBIAIOTh  /DYroMy  3HIMKY TepIIOTO  piBHA nopiBHOIOTE D11221=2,941 i D11222=2,957, sxi
"mipamizn", MeHmi 3a  ¢paktanbHy posmipmicts ~ Oumbini 3a D112=2,885 i D=2,9. lle Bignosinae
D112=2,885 i Ha HUX € aHoMmaii. MiHiManbHA BIJICYTHOCTI aHOMaJIiil Ha HUX.

11 1 2 12 1 2

| .—- | '—.
D11111= 2,966 D11112 =2,881 D11211=2,735 D11212 = 2,786

2
D11121= 2,680 D11122 = 2,866 D11221=2,941 D11222 = 2,957

21

-
.l_‘

D12111=2,938 D12112 = 2,904

‘N

D21211=2,956 D12212 = 2,937

D12121=2,955 D21122 =2,961

D12221=2,929

D12222 = 2,949

Puc. 12. KocMiuni 3HIMKM TIONS 3 MIeHHIE0 3 aHoMatiamu posmipom 14x14 mikcenis, ¢pakranshi posmipHOCTi s "BikHa"

14x14 nikcenis

Takox Tpu QpakTagbHI PO3MIPHOCTI KOCMIYHHX
3HIMKIB Jpyroro piBHs ‘'mipamigu" (aumB. puc. 12)
(D12111=2,938; D12121=2,955; D21122=2,961),

IO BIANOBIAIOTH TPETHOMY 3HIMKY II€pLIOr0 piBHS
"mipaMigu'", MEPeBUIIYIOTH  (PpakTalbHy PpO3MIpPHICTH
D121=2,926 . MoxHa 3poOWUTH BHUCHOBOK, III0 Ha HHX
aHomaniii Hemae. DpakTanbHa PO3MIPHICTH JAPYroro
KOCMIYHOTO 3HIMKa JIpyroro piBHA "mipamigu" NOpiBHIOE
D12112=2,904 , o i

HC3HA4YHO MCHIIEC, HIK

D121=2,926, ane nepeBuiye D=2,9. | Takox MOKHa
JUATH BUCHOBKY, 1[0 HA HHOMY aHOMAJTiil HEMaE€.
®pakranbHi PO3MIPHOCTI BCIX KOCMIYHHUX CBITIHH
(nuB. 12), sxi
3HIMKY MEpIIOro PpiBHS

apyroro piBHA "mipamign" puc.
BIANOBIZAIOTE YETBEPTOMY
"mipaminu" Outeiii 32 D=2,9, mo mae 3mory 3poOuTn
BHCHOBOK, III0 HA HAX aHOMaJii Bi/ICYTHi.

Ha puc. 13 HaBemeHO YacTKy KOCMIYHHX 3HIMKIB

TPEThOro piBHA '"mipamimu" po3MipoM 7x7 TiKCeliB




Aemomamuzosani cucmemu ynpagiinus ma npunaou agmomamuxu. 2026. Ne 1 (188)
Management Information System and Devices. 2026. No. 1 (188)

(16 cBitmH) Ta iX  (¢pakTagbHi  PO3MIPHOCTI.
Ili 300pakeHHS BIiANOBIAAIOTH IIEPIIOMY BEPXHBOMY
JIBOMY KBaJIpaHTy BHUXIAHOTO KOCMIYHOTO 3HIMKY,
nojaaxnoro Ha puc. 10.

Sk BunHO Ha puc. 13, ppakranbHi po3MipHOCTI BCIX
KOCMIYHUX 300pakeHb TPETHOTO piBHA "mipaminu’,
SKi BIJMOBINAIOTh TEPIIOMY 3HIMKY JpYroro piBHS
"mipaminu", mnepeBumytoth D=2,9, TOOTO Ha HHUX
aHoMaJliil HeMae.

Kpim Toro, Ha puc. 13 BumHO, mo OBi (paxTampHi
PO3MIpPHOCTI KOCMIYHHMX 3HIMKIB TpPETHOTO  piBHS
"mipamian" (D1111212=2,792; D1111222=2,812), ski
BIATIOBINAIOTH JPYTill CBITJIMHI Ipyroro piBHA "mipamimn',

MeHIIi 3a ¢pakTtanpHy po3mipHicTh D11112=2,881
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i Ha HuXx € a”omanii. Haiibinpmia aHomais
CIIOCTEpITaeThCs HA JPYroMy KOCMIYHOMY 3HIMKY,
i oMy BinmnoBizae MiHiMajbHA (paKTaibHA PO3MIPHICTH

D1111212=2,792. Takox HEOOXiJHO 3a3HAYUTH, IO

¢pakTambHi  PO3MIPHOCTI  Mepmioro W  TPETbOro
KOCMIYHOTO 300pakeHHS TpeThoro piBHA '"mipamign”

D1111211=2,944 i D1111221=2,885,
T0OTO mepeBuITyoTh D11112=2,881. Ane ¢dpaxTamsHa

CTAHOBJIATH

PO3MIpHICTh TMEPIIOr0 KOCMIYHOTO 3HIMKa OilbIna
i 3a D=2,9, mo BIAMNOBIAa€ BIACYTHOCTI aHOMAii
(pakTarbHa  PO3MIPHICTB

Ha HbOMY, a TPETHOT'O

300paxxeHHs HabmmkeHa 1o D11112=2,881 , i Ha HbOMY

€ He3HaYHa aHOMAaJIis.

111 112
1 1
D1111111=2,943 D1111112 = 2,950 D1111211= 2,944 D1111212 =2,792
2 2
D1111121=2,964 D1111122 = 2,946 D1111221= 2,885 D1111222 = 2,812
121 122 1 2
| | '—.
D1112111= 2,705 D1112112=2,721 D1112211=2,791 D1112212 = 2,947
| —.
D1112121 = 2,873 D1112122 = 2,903 D1112221= 2,646 D1112222 = 2,902

Puc. 13. KocMiuHi 3HIMKH I10J11 3 TIIEHHUIIEIO 3 AHOMATISIME Po3MipoM 7 X 7 iKceliB, hpakraibHi posmipHocTi uist "Bikaa" 7 X 7 miKceris

JIBi (paktanbHi pO3MIPHOCTI KOCMIYHHMX 3HIMKIB
"mipaminu" (nuB. puc. 13)
D1112112=2, 721) R 1o

TPETHOro piBHA

(D1112111=2,705;
BiINIOBIAIOTh TPETil CBITIIMHI APYroro piBHA "mipamimn',
Omm3pki 1o (pakrameHOi po3mipHocTi D11121=2,680),

i e CBIIYWTHP MNPO HASBHICTh HA HHAX aHOMAUIH.
MinimansHa (pakraabHa po3mipaicts D11121=2,680

BIJINIOBiIa€ TPETHOMY KOCMIYHOMY 3HIMKY, Ha SIKOMY

aHOMAaJIisl [OIIMpEHa Maibke Ha BCIH  CBITJIMHI.

@pakranbHi  pO3MIPHOCTI TPETHOTO M YETBEPTOTO
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KOCMIYHUX 300pa)KeHb TpeThOro piBHsA "mipamian”
D1112121=2,873 i D1112122=2,903,
mo mnepeBumyye D11121=2,680 i D1112211=2,791.

To6TO0 MOXHA BBa’)XaTu, IO Ha HHUX aHoMaJIiii HeMae.

CTaHOBJIATH

ATne 3ayBaXMMO, III0 Ha YETBEPTOMY KOCMIYHOMY 3HIMKY
aHOMaJTisl, BHUSBJICHA Ha BUINMX PIBHAX "mipamigu",
3aiiMae Bce 300pakeHHS po3MmipoM 7x7 1 aus
miei cBiTMHU He € BigxunenHsm (D1112122=2,903
6inpime 3a D=2,9).

JIBi KOCMIYHI CBITJMHHU TPETHOTO PiBHA "mipamimu’,
IO BiJIOBINAIOTh YETBEPTOMY 3HIMKY Jpyroro piBHS
(muB. pmc. 13) wMaroTh (¢pakTanbHI
(D1112211=2,791; D1112221=2,646)

MeHIm, Hibxk D11122=2,866, TOOTO Ha NHX 3HIMKaX €

"mipamign"
PO3MipHOCTI

agoMamii. MiHimManmeHa ~ (pakTampHa  PO3MIPHICTH

D1112221=2,646 cBig4uTh, M0 HaWOUIbIIA aHOMAJIA
€ Ha TPEThbOMY KOCMIYHOMY 300paxkeHHi. (DpakraibHi
PO3MIPHOCTI IPYTOTO ¥ YETBEPTOr0 KOCMIYHHUX CBITIMH
TPETHOTO piBHS "mipamigu” JIOPiBHIOIOTh
D1112212=2,947 i D1112222=2,902, i
ouremmmu 3a D11122=2,866 1 D=2,9, To6TO Ha IHUX

3HIMKaX aHOMaJIill HeEMae.

BOHH €

PesynbraTé BUSBIECHHS aHOMATiH Ha 300pa)KCHHAX

CiHLCBKOFOCHOHapCLKI/IX 3EMCJIb y3araJibHUMO 3a

JIOTIOMOTOI0  "mipaMigu" (paKTadbHAX PO3MIPHOCTEH
KOCMIYHOIO 3HIMKA IIOJIS 3 IIICHUIEIO 3 aHOMAaisMHU
(muB. TabmI. 2).
AHai3
JIEMOHCTPYE,

(pakTaybHI PO3MIPHOCTI MEPIIOTO, JPYroro # TPEThOro

MOKAa3HUKIB, TMOJaHUX Yy  TaOI. 2,

oo Ha TnepmoMmy piBHI "mipamign”
KOCMIYHUX 3HIMKIB MEHII 3a ()pakTajgbHy pPO3MipHICTH
YChOTO BUXIJTHOTO KOCMiYHOTO 300paxkeHHs. Lle cBimunth
PO HASBHICTP HAa HHAX AaHOMAliil, a Ha YETBEPTOMY
BiicyTHi (#oro ¢pakranbHa

300pakeHHI  aHOMAaTii

PO3MIpHICTh  TepeBHUIye (paKTaTbHy PO3MIPHICTH
YCBOT'0 BUXITHOI'O KOCMIYHOTO 3HIMKa).

[opiBHsAHHA (PpakTaNFHUX PO3MIPHOCTEH IPyroro
piBHs "mipaminun" (ouB. Tabn. 2) 3 ¢QpakTaibHUMU
PO3MIpHOCTSIMH TIEPIIOTO PiBHS A€ 3MOTY JIOKaJli3yBaTh
aHomanii. Tak, Ha TEpPIIOMYy KOCMIYHOMY 3HIMKY
mepmoro piBHA "mipamian" aHOMamis 3afiMae TiTBKU
TPU YETBEPTI 300pa)KCHHS, Ha JPyroMy — IIOJIOBHHY,
Ha TPEThOMY — YETBEPTH CBITIMHH, & Ha YETBEPTOMY
300pakeHHI aHOMAaJIii HeMae.

Tperiit piBeHs "mipamian" GpakTadbHUX pO3MipHOCTEH
A€ 3MOTY TMPOIOBXHTH aHami3 aHoMajii (OiLIbIn
JIETaIbHO 3aBISKA MEHIINM po3MipaM 3HIMKIB). Y TaOi. 2

IJid TMIpUKIIagy HaBCICHO TUIBKH YETBEPTY UYaCTUHY
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(dpakTambHUX PO3MIpHOCTEH TpeThOro piBHs "mipamiau"”,
sIKa BI/MOBI/A€ MEPIIOMY BEPXHBOMY JIIBOMY KBaJpaHTY

BUXIZHOTO ~ KOCMiYHOro 3HiMKa. llepmi  4oTupu

(dpakTanbHI PO3MIPHOCTI TPEeTHOrO piBHA '"mipamign”
Oinpimi, Hibxk D=2,9, TOOTO Ha CBITIMHAX, SKi BOHHU

XapakTepu3yloTh, aHOMaJii HeMae. AHANI3 JAPYrHX

YOTHPHOX (PaKTaJIbHUX PO3MIPHOCTEH TPETHOrO PiBHS
"mipaMmigu" AEMOHCTpye, MO aHOMalis 3aliMae TpH

4YeTBepTi 3HIMKa BHOIOrO piBHA. Tperi 4oTHpH

(¢pakTagbHI PO3MIPHOCTI TOKA3yIOTh, IO AaHOMAJIis

MOUIMpEeHa Ha IMOJOBUHI CBITJIMHH BHIIOTO PiBHS
i po3ramioBaHa TOPU3OHTAIBHO, a YETBEPTI YOTHUPH
(dpakTagbHi PO3MIPHOCTI JIEMOHCTPYIOTh, IO aHOMAis
3aiiMa€  TOJIOBHHY  300paXCHHS  BHIIOTO  piBHSA
BEpTUKAJIBHO. AJie, SK 3a3Hadayocs paHille, deTBepra
¢pakragpbHa ~ PO3MIPHICTH

YETBEPTUX  YOTHPHOX

(bpakTanbHUX po3MipHOCTEH mopiBHIOE D1112122=2,903,
mo mepesumlye D=2,9, ame mell KOCMIYHHH 3HIMOK
po3MipoM 7x7 TIOBHICTIO 3allOBHCHHH aHOMAJIEIO,

BUSBJICHOIO Ha BUINUX PIBHAX "mipamigu”.
Tabmuus 2. "[lipamioa” ¢paxmanvuux posmipnocmeti

KOCMIYHO20 3HIMKA NOJIA 3 NUEHUYEIO 3 AHOMANIAMU OIS PISHUX
po3mipis "gikna"

D 1

1 2,937

1 1 2

1 2,901 | 2,885

2 2,926 | 2,948

11 1 2 12 1 2

1 2,966 | 2,881 1 2,735 | 2,786
2 2,680 | 2,866 2,941 | 2,957
21 1 2 22 1 2

1 2,938 | 2,904 1 2,956 | 2,937
2 2,955 | 2,961 2,929 | 2,949
11 1 2

1 2,966 | 2,881

2 2,680 | 2,866
111 1 2 112 1 2

1 2,943 | 2,950 1 2,944 | 2,792
2 2,964 | 2,946 2 2,885 | 2,812
121 1 2 122 1 2

1 2,705 | 2,721 1 2,791 | 2,947
2 2,873 | 2,903 2 2,646 | 2,902

BucHOBKH if IepCHeKTHBH MOJANBIIOT0 PO3BUTKY

Perymsipauii  KOCMIiYHMHA  MOHITOPDHHT  3eMeElb

CUIBCHKOTOCIIONAPCHKOr0  MPU3HAYCHHS  HalfyacTiiie
MIPOBOJIUTHCA i3 3aCTOCYBAHHSM BETETALIHHUX 1HIEKCIB,

ayie TX BHUKOPUCTAHHS HE Ja€ 3MOTH OI[IHMTH aHOMaJii
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Ha KOCMIYHHMX 3HIMKaX, a TaKoX aBTOMaTU3yBaTH
Lel mpouec.

OLIHUTH  CKJIAIHICTh  CTPYKTYpH  KOCMIYHOT
CBITJINHU (3aIIOBHCHHS TPHUBHMIPHOTO TOIAHHS 3HIMKA)
MOXKHa 3a JIOIIOMOTOI0  pO3paxyHKy (pakTajabHOI
po3mipHOCTI. Ause Bi3yamizamis mons (QpaKTaIbHUX

PO3MipHOCTEH KOCMIYHOT'O 300paKeHHS crae

HEe(EKTHBHOIO 32 yMOBH BHKOpHUCTaHHA '"BikHa"
BEJIMKUX PO3MIpIB, a TAKOX 3aCTOCYBaHHS "CTpUOa04oro
BikHA" He Ja€ 3MOTHM BHSIBUTH aHOMAJIbHI TUIIHKH
Ha KOCMIYHUX cBiTAMHaX. Kpim Toro, mija dac Bizyauizarii
[IOP nHeobximHO oOmpatm mapameTpu moOynoBu I[1DP
3aJI©KHO BIiJ THUIy TIOBEpXHi, i aBTOMaTH3yBaTH
BUSIBJICHHSI aHOMAaJTili CTa€ HEMOYKIIUBHIM.
3anpornoHOBAaHO  METOX  BHSBJICHHS  aHOMAJii
Ha KOCMIYHHX 3HIMKax ClTBCHKOTOCIOZAAPCHKUX 3€MEIb 3
BUKOPUCTAHHSIM "MipaMigaibHOro" (hpaKkTaIbHOTO aHANTI3y,
SKUHA J]a€ 3MOTy aBTOMAaTH3yBaTH el mporec. [lix wac
CTBOpeHHs "mipamimu" KOCMIYHHX CBITJIMH BHXITHUN
3HIMOK pO3MOJUIETHCS HAa 300paKEHHS  MEHIIHX
pPO3MIpiB, 1 BOHM IHAEKCYIOThca. Ha KoXHOMY piBHI
"mipaMigu" po3paxoBYIOTECSA (ppakTambHI PO3MIPHOCTI i
Oynyerbest X "mipamina", IO PiBHO3HAYHO 3aCTOCYBaHHIO
"cTpubatouoro BikHa" mix yac mooynosu [1OP.
[IpomemoHCcTpOBaHO, 110, SKIIO  (paKTajbHI
PO3MIpHOCTI KOCMIYHHMX 3HIMKIB BCiX piBHIB "mipamigu"
nepeBunylorb D=2,9 abo ¢paxranbHi po3MipHOCTI Ha
HIDKHBOMY piBHI "mipamigu" OLibIIl, HK Ha BEPXHBOMY
piBHI, TOZI aHOMaJIif HA KOCMIYHOMY 300pa)XK€HHI HEMae.
BonHouac, skmio (¢pakTaabHi PO3MIPHOCTI OKpEMHX

JIISTHOK HYDKHBOTO piBHS "mipaminu" MeHIi 3a (pakranbHi
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piBHI "mipaMign" KOCMIYHHAX 3HIMKIB
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HYBRID MODELS OF ARTIFICIAL INTELLIGENCE
IN AUTOMATED ASSESSMENT TASKS
FOR THE RELIABILITY OF INFORMATION SYSTEM VALIDATION RESULTS

Abstract. The modern methods of the agricultural earths space monitoring with use vegetation indexes do not allow to carry out
estimation anomalies on spaces pictures and to automatize this process. The subject of the study is to assess possibility discovery
anomalies on spaces pictures with use "pyramidal” fractal analysis. The object of the study is satellite images of agricultural earths
with anomalies and without anomalies taken by the Sentinel-2 satellite. The aim is to consideration method of automated discovery
anomalies on the agricultural earths spaces pictures with use fractal analysis. The following results were obtained. It is set that
visualization the field of fractals dimensions space picture becomes not effective during use of large nesses "window" and also use
of "jumping window" does not allow to define anomalous areas on spaces pictures. The method of discovery anomalies on the
agricultural earths spaces pictures with use “pyramidal” fractal analysis which allows to automatize this process is offered.
Creation "pyramid" of spaces pictures is carried out due to the division the base space picture on the less sizes pictures which
in subsequent are indexed. At every level "pyramid" settle accounts fractal dimensions of spaces pictures and the "pyramid" fractals
dimensions is built, that equivalently to application "jumping window" during construction the field of fractals dimensions.
Conclusions. The conducted researches application the developed method of discovery anomalies showed that if fractals dimensions
of all levels "pyramid" spaces pictures more fractal dimension of D =2,9, or fractals dimensions at lower level "pyramid"
more than at top level, anomalies on a space picture are not present. If fractals dimensions of separate areas lower level "pyramid"
less fractals dimensions at top level and on an initial space picture, there are anomalies on these areas are present.
Keywords: monitoring of agricultural earths; anomaly; space picture; fractal analysis.
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MODELING AND ANALYSIS OF LOGISTICS SUPPLY
AND DISTRIBUTION ROUTES FOR HIGH-TECH PRODUCTS
CONSIDERING DIFFERENT MODES OF TRANSPORT

The subject of the article is the processes of organizing and optimizing the logistics of supply and distribution of high-tech
defense products under wartime conditions, in particular, the development of a network-based logistics structure taking into account
reverse flows, risks, and limited resources. The purpose of the study is to develop a model of supply and distribution routes that
optimizes delivery time and costs while simultaneously reducing the risks of cargo loss and increasing the transport utilization rate.
Tasks to be solved: to form a generalized combined structure of the logistics chain; to identify and analyze the main parameters
of supply and distribution routes across different modes of transport; to develop a computer experiment plan; to conduct simulation
modeling of supply and distribution routes; and to develop practical recommendations for implementing logistics projects under
wartime conditions. Research methods and tools: a systems approach, simulation modeling, graphical and comparative analysis,
and the AnyLogic platform. Results obtained: A combined structure of the logistics chain for a military drone manufacturing
enterprise with multiple route options is schematically presented. A model is proposed that formalizes the logistics chain as a network
of nodes and arcs within a transport system and includes a set of input parameters describing vehicles, routes, and order
characteristics. The essence of the computer experiment lies in reproducing the properties of infrastructure and logistics projects
using a discrete-event simulation model, which makes it possible to analyze critical parameters separately for supply and distribution,
as well as to model cases of their interdependence. Particular attention is paid to the separation of routes into supply and
distribution, as well as to the use of different modes of transport. Conclusions: The obtained results confirm that a decisive factor
in logistics decision-making is a balanced ratio between economic costs, risk level, and expected effect. The proposed approach
enables a quantitative assessment of management decision options within supply and distribution logistics chains of manufacturing
enterprises, thereby increasing the validity of choosing an optimal development strategy.

Keywords: logistics; supply chain; risk management; optimization; combined structure; simulation modeling; alternative
routes; supply and distribution; manufacturing enterprise; AnyLogic.

Introduction or even years. Therefore, conducting a full-scale

experiment becomes economically and organizationally
impractical. This is especially relevant for logistics and
infrastructure projects in the field of security and defense,

Efficient management of logistics flows is a key
factor in enhancing the competitiveness of manufacturing

enterprises. In the current context of rising demand and
constrained transportation infrastructure under martial
law, the optimization of delivery routes for raw materials,
components, and finished products plays a crucial role.
Modern logistics systems of manufacturing
enterprises are characterized by a high level of
complexity and a multi-level structure. They encompass
a network of raw material and component suppliers,
manufacturing plants, warehouses, and end consumers,
among which material, informational, and financial
flows are organized. The effective functioning of such
a system depends on the coordination of all elements
of the chain, the optimization of transportation routes.
The study of logistics systems under martial law
conditions is further complicated by the fact that the
response of the transport and logistics network to changes
in management parameters may manifest over months

which are characterized by high costs and increased risks.

Analysis of publications

An analysis of publications on the topic reveals
a significant interest in the issue of combined logistics
routes. In [1], various types of reverse flows, as well as
the factors, barriers, and costs influencing managerial
decisions in this field, are systematized. Article [2]
examines cooperation between the civilian and military
sectors in reverse logistics to support the EU’s circular
economy, proposing a model for integrating a sustainable
supply chain. In [3], an information system for
managing the military supply chain based on incident
analysis is proposed.

Article [4] investigates the use of military logistics
drones for rapid resource delivery in challenging
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environments, emphasizing their autonomy and
flexibility. Study [5] presents mathematical models
and geographic information systems for optimizing
logistics routes under wartime conditions.

The authors of [6] analyze strategies for managing
supply chains in conflict conditions to enhance business
resilience. Paper [7] proposes a concept for integrating
forward and reverse logistics within the framework of
a circular economy, focusing on overcoming barriers
to closing material cycles.

Studies [8] and [9] present algorithms and systems
designed to improve the efficiency of military logistics
support, automate flow management, and forecast
resource needs. In [10], key nodes of reverse logistics
networks  with  remanufacturing are  examined,
highlighting the role of emerging technologies.

It can be concluded that traditional methods for
planning and optimizing logistics processes fail to account
for the dynamics and uncertainty inherent in wartime
conditions. Moreover, existing approaches typically
consider the supply chain as a single entity, without
distinguishing between supply routes and distribution
routes. This reduces flexibility and prevents the
consideration of situations in which supply and distribution
have different priorities, risks, or time constraints.

Therefore, for conducting research on supply
and distribution logistics, the use of the following
methods and technologies is considered effective:

e operations research methods — for the formalization
and forecasting of the technical parameters of transport
infrastructure in order to design optimal routes [11];

e risk theory — for developing risk maps and
performing quantitative and qualitative analyses of
potential threats, taking into account uncertain or
incomplete data [12];

e computer modeling methods — for reproducing
complex scenarios of vehicle movement and the
interaction of agents within supply logistics systems
through agent-based models [13];

o artificial intelligence technologies, in particular
multi-agent systems, for modeling and optimizing
the independent or interdependent operation of supply
and distribution routes [14].

Problem Statement
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simultaneously reducing the risk of cargo loss and
increasing transport utilization. Particular attention is
given to the distinction between supply and distribution
routes, as well as to the use of different modes of
transportation: trucks, trains, and aircraft.

To achieve this goal, the following objectives must
be addressed:

e to formulate a generalized combined structure
of the supply chain encompassing both supply and
distribution routes;

e to identify and analyze the key parameters
of supply and distribution routes across different
modes of transport;

e to design a computer experiment plan including
several modeling scenarios;

e to perform modeling of supply and distribution
paths using an illustrative example, taking into account
the following criteria: time, risks, cost, and reliability;

e to develop practical recommendations for the
implementation of logistics projects during wartime,
considering both separate and joint optimization of
supply and distribution processes.

Model Description

The purpose of this study is to develop a model
of supply and distribution routes that enables the
optimization of delivery time and costs while

The logistics supply — distribution chains of
a manufacturing enterprise can be divided into two
components: the supply routes for material resources
and the distribution routes for finished products. Each
of these components may include various types of
participants in the supply chain and, accordingly,
different structural configurations.

In supply logistics, the main participants are:

e suppliers,
e intermediate warehouses (both  wholesale
and retail),

e intermediaries (carriers or logistics operators).

In distribution logistics, the main participants include:

e intermediaries (both wholesale and retail),

e end consumers.

It should be noted that when considering the
production of dual-use goods during wartime, where the
end users are military units, the storage of finished
products should not be employed in distribution logistics
in order to ensure the fastest possible delivery. Moreover,
volunteer organizations may act as intermediaries in such
cases. Figure 1 schematically illustrates a combined
structure of the supply chain for an enterprise engaged
in the production of military-purpose drones. It should
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also be emphasized that within such a supply chain,
multiple route options exist between the specified
elements. For the analysis of logistics networks and the
selection of optimal solutions, it is effective to apply
simulation modeling, particularly discrete-event models.
This method makes it possible to account for the temporal
dynamics of processes, random events, and variability in
the operating conditions of logistics channels, which
cannot be achieved using a classical analytical approach.
The model formalizes the supply chain as a network
of nodes and arcs of the transport system represented

asagraph G = (V,E), where V — is the set of nodes.

These represent individual elements of the logistics
network: suppliers of raw materials and components,
manufacturing  enterprises, warehouses, and end
consumers. Each node is characterized by its own storage
parameters, throughput capacity, and order processing
capabilities; E is the set of routes between nodes,

i.e., the possible transportation paths. Each arc of the
graph is described by parameters such as route length,
expected travel time, type of transport, throughput
capacity, and risk factors.

Thus, the model includes a set of input parameters
transport

describing vehicles, routes, and order

Supplier |
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characteristics. The transport parameters include the type
of vehicle T ={road,rail,air}, movement speed v,
carrying capacity Q, and unit cost per kilometer c.
A route is characterized by the distance between nodes d ,
base travel time t=d/v, and risk coefficient r, which

reflects the probability of delays or additional costs.
Order parameters include cargo volume W , delivery
priority p, and delivery deadline D .

The input parameters can dynamically change
during the simulation, reflecting fluctuations in supply
and demand as well as the state of transport infrastructure.

As output parameters, the model provides
a comprehensive assessment of the efficiency of logistics
solutions using the following indicators: delivery
time T, , which accounts for possible delays along the

el

route; transportation cost C,, , which includes additional

expenses associated with risks and the choice of transport
mode; and route reliability S, , inversely proportional

rel 1
to the risk coefficient. To obtain an integrated evaluation
of efficiency, an aggregate criterion is applied, combining
normalized indicators of time, cost, and reliability
with corresponding weighting coefficients.

Military unit 2

Drone production

FpP2

Supplier 2

Supplier 3

— Procurement

— Transportation

T |

T

Military unit N

Ministry of Defense of Ukraine

FP2

Supply » Production ———whg————— Distribution d
— Cargo handling - Production FP1 = Cargo handling
— Production FP2

— Warchousing

= Management

L— Transportation

T

Costs for informational and financial operations |

=1

1 Total logistics costs

|

Fig. 1. The supply chain of supply, production, and distribution of unmanned systems
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The logic of the model’s operation can be described
as follows. The model begins by initializing a network
with predefined nodes and routes characterized by
their parameters. Then, an order flow is generated to
represent the demand for raw materials and finished
products from consumers. For each order, the system
determines feasible routes and available transport modes,
calculates the expected delivery time, transportation
cost, and probability of successful delivery. During
the simulation process, random events such as delays,
breakdowns, or other force majeure circumstances
are considered, which modify the base parameters.
An integrated performance score is calculated for all
alternatives, allowing the identification of optimal
routes and the formulation of recommendations
for logistics flow management.

Among the key application features, the model
enables a comprehensive analysis of both supply
channels (from suppliers to production enterprises) and
distribution channels (from manufacturers to end users),
ensuring the evaluation of logistics flow efficiency and
reliability. It also allows for extension and customization
by incorporating additional criteria such as transportation
environmental impact, infrastructure load, and warehouse
turnover, thereby improving the flexibility and accuracy
of assessments. Under martial law or emergency
conditions, the model can be adapted by adjusting risk
coefficients for specific routes or restricting their
availability, which enables forecasting and managing
potential delays and risks. Thus, the proposed discrete-
event model provides a systematic approach to logistics

Asmomamuzosani cucmemu ynpaenints ma npunaou aemomamuxu. 2026. Ne 1 (188)

Management Information System and Devices. 2026. No. 1 (188)

network analysis, accounts for temporal and stochastic
factors, and supports scientifically grounded decision-
making in optimizing supply and distribution routes.

Description of the Computer Experiment

For the evaluation of the efficiency and reliability
of logistics channels in a manufacturing enterprise,
a computer experiment was conducted using a transport
network model of Ukraine.

In this study, the enterprise under consideration
has a single plant located in Lviv and a network of
suppliers and customers distributed across cities
throughout the territory of Ukraine. The input parameters
of the experiment were formed based on open data on
transport infrastructure and transportation statistics,
taking into account the specific conditions of operation
under martial law. The main focus was placed on
two types of logistics flows: supply channels for
delivering resources from supplier cities to Lviv, and
distribution channels for delivering products from
Lviv to frontline and key regional cities.

The input parameters for each route included the
type of transport, the distance between nodes, the
expected travel time (both without delays and considering
risk factors), the cargo capacity, and the qualitative risk
characteristics. During the simulation, potential delays
caused by technical or security-related restrictions were
also taken into account. Tables 1 and 2 present the main
parameters of local supply and distribution routes with
the production center located in Lviv.

Table 1. Main parameters of local supply routes to Lviv (fragment)

Time (h)
Ne (Suc;;gl)ger) Transport Dl(slzﬁ:l)ce (W::t:ﬁslfégﬁlsgs / Lo(e; %;ﬁgﬁglty Qualitative advantages / risks
risks)
1 2 3 4 5 6 7
1 |Lutsk Road 170.7 1.71/1.71-4.28 |~20t (truck) Close to Lviv — fast delivery; moderate risk of local
traffic jams
2 | Lutsk Rail 177.6 2.28/2.28-6.84 |~75t (wagon) Higher throughput; requires coordination at stations
3 | Lutsk Air 136.6 0.23/0.23-0.58 |~10-20t Very fast for urgent batches; expensive, limited
(depending on | availability
aircraft)
4 | Rivne Road 225.4 2.25/2.25-6.75 |~20t Short regional route; possible local restrictions
5 |Rivne Rail 234.4 3.00/3.00-12.00 | ~75t Suitable for larger batches; risks at junctions
6 |Rivne Air 180.3 0.30/0.30-0.75 |~10-20t High speed but costly
7 | Ternopil Road 146.2 1.46/1.46-3.65 |[~20t Short routes — quick delivery; min delays in
peacetime
8 | Ternopil Rail 152.1 1.95/1.95-5.85 |[~75t Suitable for medium-sized batches
9 | Ternopil Air 117.0 0.19/0.19-0.47 |~10-20t Minimal delivery time; high cost
10 | Vinnytsia Road 409.1 4.09/4.09-12.27 | ~20 t Medium distance; possible delays on highways
11 | Vinnytsia Rail 425.4 5.45/5.45-21.80 | ~75t Good capacity but high risk of node delays
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1 2 3 4 5 6 7
12 | Vinnytsia Air 327.3 0.55/0.55-1.38 |~10-20t Fast but costly and dependent on airports
13 | Zhytomyr Road 417.1 4.17/4.17-1251 |~20t Medium distance; risks in the central corridor
14 | Zhytomyr Rail 433.8 5.56/5.56-22.24 | ~75t Large shipments possible; complex coordination
15| Zhytomyr Air 333.7 0.56/0.56-1.40 |~10-20t Fast for small urgent cargo
16 | Kyiv Road 584.4 5.84/5.84-17.52 | ~20 t Major supplier; high traffic intensity; increased road
risks
17 | Kyiv Rail 607.8 7.79/7.79-38.95 | ~75 High capacity, but junctions are vulnerable points
18 | Kyiv Air 467.5 0.78/0.78-1.95 |~10-20t Fast delivery of critical materials
25 | Kropyvnytskyi | Road 770.2 7.70/7.70-26.95 | ~20 t Medium distance; moderate risk
26 | Kropyvnytskyi | Rail 801.0 10.27/10.27- ~75t Effective for large batches
51.35
27 | Kropyvnytskyi | Air 616.2 1.03/1.03-2.58 |~10-20t Fast but more expensive
Table 2. Main parameters of distribution routes from Lviv
Approx. Travel time
Direction Transport distance | (without delays/ Loaq Qualitative advantages / risks
type (km) | considering risks) capacity
Lviv — Road ~900 16-20h/20-36h |~20t Door-to-door delivery possible; high attack risks;
Zaporizhzhia long distance
Lviv — Rail ~930 18-24h/24-72 h |~75t(x50- | Large-scale deliveries, but dependence on railway
Zaporizhzhia 70 wagons) |junctions
Lviv — Air ~800 15-2h/3-5h ~10-20t Very fast delivery; high risk of air defense
Zaporizhzhia engagement
Lviv — Dnipro Road ~820 14-18h/18-30h |~20t High mobility; road attack risks
Lviv — Dnipro Rail ~850 16-22h/24-60h |~75t Large volumes; vulnerable infrastructure nodes
Lviv — Dnipro Air ~720 15h/3-4h ~10-20t Fastest option; increased operational risks
Lviv — Kharkiv | Road ~1000 18-22h/24-40h |~20t Long route; risk of shelling
Lviv — Kharkiv | Rail ~1030 20-26 h/30-72h |~75t Large-scale transport; dependence on junctions
Lviv — Kharkiv | Air ~950 2h/3-5h ~10-20t Very fast; vulnerable to attacks
Lviv — Poltava Road ~720 12-16 h/16-28 h |~20t Direct delivery; risks in central Ukraine
Lviv — Poltava Rail ~740 14-20h/24-60h |~75t Suitable for bulk cargo; rail junctions under threat
Lviv — Poltava Air ~650 15h/3h ~10-20t Fastest route; high cost and risk
Lviv — Sumy Road ~965 9.5h/34h ~20t Long route; elevated risk
Lviv — Sumy Rail ~1004 13h/64.5h ~75t Suitable for large batches if infrastructure remains
stable

Lviv — Sumy Air ~772 15h/35h ~10-20t Fast delivery; high cost

Figures 2 and 3 graphically illustrate the inverse
relationship between delivery time and cost parameters
across different types of transport. Thus, even considering
only two parameters, the task of selecting a mode of
transport is a compromise problem. Therefore, solving
the task of forming supply and distribution routes based
on five criteria (some of which are fuzzy and some
qualitative) by algorithmic means is highly complex
and requires the use of simulation modeling.

Table 3 presents the comparative characteristics
of the three main types of transport used in the logistics
routes for the supply and distribution of products: road,
rail, and air transport. To generalize the indicators,
average values from the distribution routes from
Lviv were used, which makes it possible to obtain
a representative picture of the efficiency and limitations
of each transport mode.

The main parameters include route length, expected
travel time, average speed, maximum load capacity,
transportation cost, route throughput, route flexibility,
critical points, qualitative advantages and risks, as well as
infrastructure availability and reliability.

In the logistic network model, each mode of
transport is assigned indicators of risk, reliability,
and weight coefficients for the integrated efficiency
assessment, reflecting the specifics of transport
channel functioning under conditions of increased
uncertainty.

For making strategic decisions regarding cargo
transportation, it is necessary to take into account
possible changes in transportation conditions and
to provide, in addition to the main mode of transport,
reserve and critical alternatives. Moreover, combined
routes based on different modes of transport can be
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developed. By summarizing the data presented in Table 3 that more substantiated decisions can be made
and identifying the primary decision-making criterion, by considering the specific characteristics of the
it is possible to formulate recommendations, which territories along the planned route.

are presented in Table 4. However, it should be noted
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Fig. 2. Delivery time from Lviv by transport type
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Table 3. Distribution of transport modes depending on the primary delivery criterion

Parameter Truck Train Air
Route length, km 820 840 650
Expected travel time, h 8/18 10/35 1/2
(without delays / considering risks)
Average speed, km/h ~80 ~60 ~600
Maximum load capacity, t 20 75 15
Transportation cost per km, UAH 20 8 150
Transportation cost per tonne, UAH | 820 90 6500
Route throughput, t/day ~400 ~3,000-5,000 ~200-300
Route flexibility High Medium Low

Critical route points Roadblocks, road repairs,

shelling zones

Railway junctions,
track damage, transshipment
stations

Airport accessibility, air
defense, weather conditions

Qualitative advantages Door-to-door delivery,

flexibility, local logistics

High capacity, cost efficiency,
stability

Speed, urgency, contactless
delivery

Main risks Shelling, sabotage groups,

traffic jams, road repairs

Track damage, infrastructure
shelling, delays

Air defense strikes, weather
limitations, accident losses

Infrastructure availability High High Low
Reliability Medium High Low
Cargo destruction risk, % 10 4 35
The risk indicator characterizes the probability conducted in [15], resulting in the determination
of delays or additional costs during cargo transportation. of territorial hazard indices for both railway and

Its values were established based on expert evaluations
and analysis of Ukraine’s transport infrastructure.

Table 4. Comparative characteristics of transport modes

road transport.

Table 5. Distribution of cities by hazard indices

on the main supply route F:ﬁéi;d Number of hazardous events City
Primar Main Reserve Critical 01 1 Ivano-Frankivsk
criteriox transport transport transport 01 2 Lutsk
mode mode mode 0.1 0 Uzhho_rod_
Minimization of Air Auto Rail 0.1 0 Chernivtsi
delivery time 0.5 64 Vinnytsia
Minimization of . . 0.5 46 Zhytomyr
delivery cost Rail Auto Alr 0.5 47 Kropyvnytskyi
Minimization of . . 0.5 60 Lviv
delivery risk Rail Auto Alr 0.5 94 Poltava
o ) 0.5 18 Rivne
For road transport, the risk is 0.2, reflecting the 05 18 Ternopil
average influence of road conditions, checkpoints, and 0.5 48 Cherk_as_y
wartime threats. For rail transport, the risk is 0.25, |22 69 Chernihiv_
. . . . . 0.7 971 Zaporizhzhia
accounting for the concentration at junction stations, 07 290 Kyiv
possible track damage, and delays at transshipment points. 0.7 362 Odesa
The highest risk is associated with air transport (0.8) 0.7 105 Khmelnytskyi
— : T . 0.9 9301 Dnipro
due to Ilmlte_d_ airport ac_ceSS|b|_I|ty, air defense threats, 0.9 1187 Mykolaiv
weather conditions, and high maintenance costs. 0.9 3623 Sumy
To assess risk, factors determined by the hazards 0.9 3286 Kharkiv
of wartime conditions can be used, namely the possibility ~ [0:9 3769 _ | Kherson
of attacks on transport infrastructure. The consequences L0 Temporarily occupied territories | Donetsk
) P . ' _q 1.0 Temporarily occupied territories | Luhansk
may include damage to railway tracks, highways, 1.0 Temporarily occupied territories | Simferopol

or bridges. Such events cannot be predicted in advance;
however, based on historical data, it is possible
to estimate the overall level of danger in a specific
territory by considering the frequency of air raid alerts
as well as artillery and missile strikes. Such studies were

Reliability reflects the stability and predictability
of delivery. Although this indicator is not directly
used in the integrated efficiency formula, it serves for
qualitative comparison of transport modes. For road
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transport, reliability is 0.85, for rail transport — 0.90,
and for air transport — 0.50. This correlation aligns
with real-world characteristics: road transport is the
most flexible, rail transport is the most stable, and air
transport is the fastest but least predictable.

The integral assessment of route efficiency ( Score ),
taking into account time, cost, and risk indicators,
is calculated using an additive aggregation formula:

Score = w,Tnorm + w,Cnorm + w,Rnorm,

where Tnorm,Cnorm,Rnorm — are the normalized
indicators of time, cost, and risk, respectively, and
W, W,, W, are the corresponding weighting coefficients.

The weight coefficients of the integrated evaluation
(w, — time, w, — cost, w, — risk) in this experiment are
setas w, =0.2,w, =0.2,w, = 0.6 . The significant weight
of the reflects

risk factor the strategic priority
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of transportation safety during wartime, when even
short-term disruptions or infrastructure damage can lead
to critical consequences. It should be noted that when
the weighting coefficients change — for example, when
transportation time becomes significantly more important
than risk (which may be the case when delivering
cargo for immediate needs at the front line) — preference
will be given to air transport, such as helicopters
or transport unmanned aerial vehicles.

The logistic network model, implemented in
the AnyLogic environment, is shown in Figure 4.
On the schematic diagram, blue squares represent
suppliers, and red squares denote end customers.
The model simulates the dynamic movement of road
and rail transport, allowing analysis of supply routes,
transportation duration, and the collection of statistical
data for further efficiency calculations.

Fig. 4. Scheme of the supply and distribution logistics network implemented in the AnyLogic environment

For the experiment, a discrete-event model of the
logistics system was developed, covering supply and
distribution routes between major industrial and regional
centers. Three baseline scenarios were formulated:

e Scenario 1 — Dependent supply and distribution
using in-house transport. Characterized by stable
operation of road transport over short and medium
distances. The main advantage is route flexibility and the
possibility of direct delivery; however, sensitivity
to wartime risks and road congestion increases.
The average reliability is 0.85.

e Scenario 2 — Dependent supply and distribution
with cost, time, and risk optimization. This scenario

implements an algorithmic selection of the most efficient
transport type according to an integral indicator (Score)
calculated using established weighting coefficients.
The model minimizes the risks of delays and cost
overruns, prioritizing railway transport for large shipments
and road transport for short routes. The average reliability
is 0.87, indicating a balanced system.

e Scenario 3 — Independent supply and distribution.
The channels operate autonomously, involving external
logistics operators. The average reliability is 0.90; however,
the system has lower flexibility and higher costs.

For each scenario, a series of computational
experiments was conducted, resulting in the
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determination of integral efficiency indicators for
the routes. The evaluation, in addition to the three
main criteria, also included an additional reliability
parameter. The obtained results are presented in graphical
form (Figures 5-7), which illustrate the advantages
and limitations of each scenario.
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Fig. 5. Integral efficiency of the experimental scenarios

The analysis of the results showed that the integral
efficiency (Fig. 5), which accounts for costs, risks, and
delivery time, is nearly identical in Scenarios 1 and 2
(= 0.83), whereas independent supply (Scenario 3)
demonstrates lower efficiency (0.8) due to a higher risk
of flow concentration (risk coefficient = 0.32).
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Fig. 6. Ratio of reliability to risk across scenarios

Figure 6 illustrates the relationship between
transport system reliability and risk, where reliability
is interpreted as an availability-oriented measure
of successful delivery, while risk reflects aggregated

probabilities of disruptive events under wartime
conditions based on historical data and expert
assessments.  This relationship  supports strategic

decision-making by justifying rail transport as a stable
primary channel, road transport as a flexible backup,
and air transport for critical time-sensitive deliveries
despite higher risk.
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Fig. 7. Delivery time across cities in different scenarios

The best performance was achieved by rail
transport in the optimization scenario, combining
economic feasibility and stability. Road transport
remained effective for short routes within the western
and central regions.

Air transport, despite its minimal delivery time,
proved economically inefficient and the least reliable
(efficiency coefficient ~ 0.3). The stability analysis based
on the reliability-to-risk ratio further confirms the
trade-off between efficiency and robustness across the

considered scenarios. The upper part of the chart
(high reliability) represents the area of high or
satisfactory stability, where the system operates
efficiently with low risk. The lower part (low reliability)
corresponds to the area of low stability, where risks
increase significantly. Thus, the results of computer
modeling confirm the feasibility of a hybrid logistics
strategy, in which road transport ensures responsiveness
on short routes, while rail transport provides stability
and scalability over long distances.
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Conclusions

Within the scope of the conducted
the following results were obtained:

e ageneralized combined structure of the logistics
chain with supply and distribution routes was formed
for an enterprise engaged in the production of military-
purpose drones;

e the key parameters of supply and distribution
routes for different modes of transport — such as delivery
time, cost, risk, and reliability — were identified
and analyzed; an integral indicator of route efficiency
was proposed;

e a computer experiment plan was developed,
including three simulation scenarios that take into account
the interdependence of supply and distribution processes;

e adiscrete-event model of supply and distribution
routes was developed, enabling the analysis of alternative
logistics scenarios with the determination of optimal
delivery time and costs while simultaneously reducing
the risk of cargo loss;

e supply and distribution routes were simulated
using an illustrative case study within the territory of
Ukraine, considering the criteria of distance, time,
risk, cost, and reliability;

e recommendations were developed to support
strategic decision-making in the implementation of
logistics projects under wartime conditions.

The obtained results confirm that
costs do not always correlate with

study,

increased
improved
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performance indicators, as the decisive factor is
a balanced ratio between economic expenses, risk
level, and expected outcomes. The proposed approach
enables quantitative evaluation of management
decision alternatives within the supply and distribution
chains of  manufacturing  enterprises, thereby
enhancing the justification for selecting an optimal
development strategy.
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MOJIEJIIOBAHHS 1 AHAJII3 JIOTICTUYHUX MAPIIIPYTIB
MOCTAYAHHS TA 35YTY BUCOKOTEXHOJOTTYHOI MPOIYKIIIT
3 OI'JIs1 Y HA PI3HI BUJU TPAHCIIOPTY

Ilpeomemom Oocnidsycenna 6 cmammi € npoyecu opeawizayii ma onmumizayii J02icmMuKu NOCMAYaHHA U 30ymy
BUCOKOMEXHONI02IYHOI 0O0POHHOI NPOOYKYII 8 YMOBAX BOEHHO20 YACY, 30KPEMAa PO3POOIEHHA Mepextcedoi 102iCmMU4Hoi cmpyKkmypu
3 027150y HA 360POMHI ROMOKU, PUsUKu 1t obmedxceri pecypcu. Mema 0ocnioicenns — po3poodieHHs MOOeNi Mapuipymie ROCMAaYanHs
ma posnooiny, AKa ONMUMIZYE 4ac i eumpamu OOCMAGKU, OOHOYACHO 3HUMICYIOUU DUSUKU 6MPAMU 6AHMANCIE | NIOSUWYIOUU
KoeqhiyicHm 6UKOPUCNAHHA MPAHCROPMY. 3A6OAHHA: cPOPMYBAMU Y3a2abHERY KOMOIHOBAHY CIMPYKMYPY NOICIMUYHO20 JAHYI02d;
BUBHAUUMU Ul NPOAHANIZY8AMU OCHOBHI NAPAMEMpPU MApPWpymie NOCMAYAHHA md 30ymy 3a pi3HUMU GUOAMU MPAHCNOPMY;
Ppo3podumu  nAan KoMK IOMEPHO20 eKCHePUMEHNY, 3MOOeN08amMU WIIAXU NOCMAYAHHA 11 30Yymy; 3anponoOHyeamu NpakmuyHi
pexomenoayii 0ns peanizayii 102iCMUYHUX RPOEKMI6 y 6oeHHull yac. Memoou @ 3acobu 00CHIOMHCEHHA: cucmemMHull nioxio,
iMimayiiine MOOeno8anHs, cpapiuno-nopiensiibHull ananiz, niamgpopma AnyLogic. Jocaznymi pesynomamu. Cxemamuuno nooano
KOMOIHO8AHY CMPYKMYPY N02ICMUYHO20 N1aHYI02a 05l NIONPUEMCIGA 3 BUPOOHUYMBA OPOHIB BilICbKOBO2O NPUSHAUEHHS 3 MHOICUHOIO
sapianmis wiiAxie. 3anponoHo8ano mMooeiv, wo Gopmanizye I02iCMuyYHULL 1aHYI02 K Mepedxcy 8V31i6 i dye mpaHchopmuoi cucmemu
ma micmums Habip 6XIOHUX napamempis, w0 ONUCYIOMb MPAHCNOPMHI 3acoOu, Mapwpymu U — Xapaxmepucmuku 3amMOG1eHb.
Cymuicmv KOMN IOMEPHO20 eKCnepuMeHmy noasfede y 8i0MeopeHHi enacmueocmell iHGpacmpyKmyprHux i 102iCIUYHUX NPOEKMIE
3@ 00NOMO20I0 OUCKPEeMHO-NOOIE8OI  imimayitinoi MoOeni, wo 0de 3MO2y QHANIZY8amu KPUMUYHI Napamempu OKpPEeMo
OJ151 NOCMAYAHHA MA PO3NOOINY, A MAKONC MOOenosamu 6unaoku ix ezaemosanexcrnocmi. Ocobnugy ysazy npuoineHo po3oinentio
Mapwipymie Ha NOCMAYanHA U PO3NOOLI, a MAKONC GUKOPUCTNAKHIO PI3HUX 6udie mpancnopmy. Bucnoexu. /locsenymi pesyriomamu
niomeepoX’Ccylomy, W0 GUPIUATLHUM YUHHUKOM JIOSICIMUYHUX DIeHb € 30aIaHCO8aHe CNIBGIOHOUIEHHS MIJC eKOHOMIMHUMU
sUMpamamu, piGHeM puzuKky U OuiKyeaHum egexmom. 3anponoHosanuil nioxio CHpusic KiTbKICHOMY OYIHIOBAHHIO Gapianmie
VAPABNIHCLKUX pilleHb Y T0ICIMUYHUX TAHYI02AX NOCMAYAHHA Ul 36YMYy 8UpOOHUYUX NIONPUEMCME, WO NIOBUWYE OOTPYHMOBAHICHb
8UOOPY ONMUMATILHOT cpamezii po36UumKy.

Kniouosi cnosa: nocicmuka; nanyioe NOCMAYAHHA; YAPAGNIHHA DPUSUKAMU, ONMUMI3AYiA, KOMOIHO8AHA CMPYKMYpd;

MOOCTIOBANHSL; ANIMEPHAMUGHL MAPWPYMU, NOCMAYaHHs ma 30ym, eupoonuye nionpuemcmeo; AnyLogic.
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