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AN INTELLIGENT SYSTEM FOR DISH-LEVEL DIET PLANNING BASED ON AN OPTIMIZATION
MODEL

The paper addresses the problem of developing intelligent systems for personalized nutrition planning. Modern research in this field demonstrates a
transition from classical formal diet models to hybrid architectures that combine two methodological paradigms: knowledge-driven and data-driven
approaches. However, there is some methodological gap between them. Knowledge-driven models provide mathematical rigor and guarantee the
satisfaction of nutritional and resource constraints, but they are usually limited in adaptability and personalization. In contrast, data-driven approaches,
including modern generative models, demonstrate high flexibility and the ability to incorporate behavioral data, yet they do not provide formal guarantees
of optimality and constraint satisfaction. This contradiction motivates the development of an integrated intelligent nutrition planning system that
combines the advantages of both approaches. The objective of this study is to develop an intelligent dish-level nutrition planning system whose core is
a formalized multicriteria diet optimization model. Unlike the classical diet problem, where optimization is performed over individual food products, the
proposed approach models nutrition at the level of complete dishes, which improves the practical feasibility, interpretability, and usability of the resulting
dietary plans. The mathematical model is formulated as a multicriteria optimization problem in which the decision variables represent the number of
dish portions, while constraints reflect nutritional, energetic, logical, and temporal requirements. The proposed model is implemented within a multi-
layer system architecture consisting of a data layer, an optimization core, an intelligent decision-support layer, and a user interaction layer. The
optimization core ensures mathematical correctness and computes optimal solutions, whereas the intelligent layer provides adaptation, personalization,
and interpretation of results. The model is further extended to a dynamic form using a rolling planning horizon, allowing the diet plan to be updated as
new data and user preferences become available. Computational experiments have demonstrated that changes in criterion weights lead to transitions

between several stable optimal meal structures, reflecting the discrete nature of the considered multicriteria optimization problem.
Keywords: Nutrition planning, diet, dish-level model, decision support system, multicriteria optimization, hybrid Al systems, recommendation

systems.

Introduction. Nutrition planning is an important task
in the field of dietetics, as dietary intake directly affects
human health, disease prevention, and the maintenance of
an adequate level of energy and physical activity. Modern
approaches to diet formation require consideration of
multiple factors, including individual physiological needs,
taste preferences, cultural characteristics, food availability,
and economic constraints. Due to the need to account for a
high degree of personalization, the development of
personalized decision support systems based on the use of
modeling and optimization methods has become increa-
singly relevant, enabling the formation of balanced dietary
recommendations adapted to individual conditions.

The classical diet problem is one of the first
mathematical tools that was applied for rational nutrition
planning. It allows one to minimize the total cost of a diet
while maintaining nutrient intake standards. Despite its
mathematical rigor and widespread application in
optimization theory, the classical model has limitations: it

does not account for taste preferences, meal structure,
dietary diversity over time, or the dynamics of user needs.
These limitations create a gap between the formal solutions
of the optimization model and the practical realities of
nutrition.

Modern intelligent systems and artificial intelligence
methods open up new possibilities for the automation and
personalization of meal planning. They enable the
integration of expert knowledge, product and recipe data,
and the application of machine learning methods to predict
nutrient needs and dynamically optimize menus. One
promising area is nutrition modeling at the dish level, rather
than individual products, ensuring the practical feasibility
of recommendations, taking into account taste preferences,
and ensuring dietary diversity.

Literature review. The development of automated
nutrition planning systems demonstrates a clear evolution
from isolated formal models to hybrid intelligent architect-
tures, namely those that are a combination of two metho-
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dological approaches: knowledge-driven and data-driven.
While early solutions were based primarily on formal
optimization models and expert rules, modern systems
increasingly integrate decision support methods, machine
learning, and generative models [1-9].

The data-driven approach is based on the analysis of
large data sets about users, their dietary preferences, health
status, weight dynamics, physical activity, and other
parameters. Unlike expert systems, decisions are made not
based on predefined rules, but on identified statistical
relationships. In the context of meal planning, a data-driven
approach typically involves the use of machine learning
algorithms for classifying users by diet type, regression
models for predicting nutrient requirements, clustering
methods for segmenting eating habits, gradient boosting
and ensemble methods for optimizing calorie intake and
balance, neural networks for modeling complex nonlinear
relationships, and large language models (LLM) for
generating recipes and text recommendations. Among main
advantages of the approach are high adaptability to
individual data, scalability, ability to account for complex
nonlinear relationships, model updates for new data.
However, the standalone use of the data-driven approach
also has limitations. You may face such problems such the
lack of strict constraint guarantees, low explainability of
model decisions, dependence on the training sample
quality, risk of generating incorrect or unbalanced menus.
Thus, the data-driven approach ensures adaptability, but
does not always guarantee the formal correctness of the
diet.

Knowledge-driven approaches rely on modeling the
knowledge of experts, the use of "if-then" rules, product
databases, and nutritional guidelines. Classic expert
systems can automatically select menus based on the user's
parameters [10-13]. Another important tool is constrained
optimization methods, which make it possible to construct
a diet that simultaneously satisfies several requirements
[14-16]. The main advantage of mentioned approach is the
transparency of decisions, allowing specialists to trace the
rules that led to the formation of a specific menu. However,
they have a number of disadvantages, such as: limited
adaptability — systems respond poorly to new or non-
standard conditions, such as unexpected user dietary
preferences; dependence on a knowledge base — outdated
or incomplete data can lead to incorrect recommendations;
scaling difficulty— maintaining rules and restrictions up-to-
date for a large number of users is difficult.

One of the classic problems illustrating the
application of this approach is the diet problem, which
originally arose as an applied economic model for
determining the cheapest diet that satisfies human
physiological needs [17]. In such formulation, it is assumed
that there is a finite set of foods, each characterized by its
cost and nutrient content. The objective of the model is to
minimize the total cost of the diet while satisfying the
minimum nutritional intake requirements. Even in its basic
form, the mentioned model solves a number of practically
important problems: rational nutrition planning, economic
evaluation of diets, and basic automation of calculations. In
this sense, it remains a correct and mathematically rigorous
model [18-19]. However, the classical formulation has

several significant limitations when considered from the
perspective of real-life tasks: ignoring taste preferences,
habits, and cultural characteristics; foods are considered in
isolation rather than as dishes consisting of multiple
ingredients; the linear model may suggest fractional or
excessive quantities of foods; dietary diversity and
repetition over time are not taken into account; rigid and
deterministic parameters (prices, food composition,
consumption norms), which rarely correspond to real-life
conditions.

To overcome these limitations, it's necessary to move
from individual products to dishes. In everyday practice,
people operate with dishes, not individual grams of
ingredients: a diet is formed as a sequence of prepared
meals with their own structure, taste, and context
(breakfast, lunch, dinner). Shifting to dish-level modeling
allows for the integration of recipes as fixed or
parameterized combinations of products, taking into
account technological constraints, repetition frequency,
ingredient compatibility, and user preferences. This
increases the interpretability of results and improves the
practical applicability of models.

Thus, the conducted analysis has shown a number of
remaining methodological limitations and underdeveloped
aspects. Firstly, integrated dietary optimization models at
the dish level are underrepresented, while actual meal
planning is typically carried out in terms of ready-made
dishes. Secondly, the multi-criteria nature of the problem is
often formalized in a simplified manner and does not reflect
all real economic, nutritional, behavioral and technological
factors. Third, a significant limitation of many solutions is
their static nature. The optimization problem is formulated
for a fixed time horizon without a mechanism for revising
the solution as conditions change. User preferences,
changes in health, product seasonality, price fluctuations,
and other factors remain outside the dynamic model. Thus,
there is no mechanism for a rolling planning horizon,
whereby the diet is adjusted as new data becomes available.
Fourth, adaptive learning of user preferences is rarely built
directly into the optimization problem formulation. Fifth,
modern generative models demonstrate high flexibility in
menu generation, but their decisions are not backed by
strict optimization guarantees. They can generate diverse
and personalized recommendations, but they do not
guarantee global optimality and do not provide a formal
structure for explaining the decision. This leads to a
contradiction between adaptability and formal rigor.

Taken together, this means that existing research
predominantly either provides formal rigor without
sufficient adaptivity or provides adaptivity without strict
constraint guarantees. An architecture that integrates these
advantages into a single system is lacking.

Given the identified limitations, developing an
integrated intelligent meal planning system based on a
formalized, dish-level optimization model with a multi-
criteria objective function seems a viable option. This
model should operate in a dynamic, rolling-horizon mode,
provide adaptive learning of user preferences, and maintain
the explainability of decisions through a transparent
optimization core. This architecture combines the rigor of
classical models with the flexibility of modern artificial
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intelligence methods, bridging the identified methodolo-
gical gap and providing a coherent foundation for further
research.

The objective of this work is to develop an intelligent
meal planning system at the dish level, where the core is a
formalized diet optimization model, and the intelligent and
user levels provide adaptation, personalization, and
explainability of decisions.

The proposed information system is designed to for-
mulate diet plans based on a formalized multi-criteria dyna-
mic diet optimization model, expanded to the dish level. A
key feature of the system is that the appropriate mathe-
matical model serves as the computational core, defining
the feasible and optimal solution space, while the intelligent
and user components operate on top of this core. The design
is based on the principle of strict separation of respon-
sibilities between system components, which ensures the
correctness of decisions, scalability, and explainability of
results. The system is implemented as a multi-level archi-
tecture and includes the following logical layers:

e (data layer,

e optimization core layer,

¢ intelligent decision support layer,

e user presentation and interaction layer.

The presence of layers allows us to separate the sto-
rage and preparation of data from decision-making, nume-
rical solution of optimization problems, and interpretation
of results. Fig. 1 shows a conceptual UML class diagram
that clearly demonstrates the key entities of the system,
their functions, and their relationships. Let's briefly review
the contents of each layer.

The data layer is represented by two classes:
UserProfile and Dish. The UserProfile class represents the
system's personalization parameters. It contains user goals,
individual preferences, constraints (medical, ethical, and
taste-related), and a vector of criteria weights for the multi-
criteria objective function. This class is associated with
DietModel and performs the function of parameterizing the
model: it is the user profile that determines the structure of
the constraints and the relative importance of the criteria.
The Dish class describes dishes as alternatives in an
optimization problem. It includes nutrient profile, cost, and
category characteristics.

The optimization core layer consists of three classes:
DietModel, Solver, and Solution. DietModel is the central
entity of the system. It formalizes the mathematical model
for multi-criteria dynamic diet optimization. This class
aggregates the Dish set, obtains parameters from the
UserProfile, generates a constraint system, and constructs
an objective function. Thus, DietModel defines a feasible
solution space but does not perform a numerical search for
the optimum. The Solver class implements the computa-
tional procedure for solving the optimization problem,
producing a Solution object as the result. It is important to
emphasize that the Solver does not interpret the solutions
or modify the model structure; it performs strictly a
computational function. This ensures the autonomy of the
optimization core. The Solution class represents the
outcome of the optimization problem and contains the
selected dishes, aggregated indicators (criterion values),

and the final values of the objective function. This class
serves as an intermediate object between the computational
core and the intelligent layer.

A
.\C_JJ User

interacti

(© AlLassistant

-recommendationHistory

updates
+adaptWeights{profilz- UserProfile)
+selectAlternative()
+explainSoluticn({solution: Solution)
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-userld: Integer .
-gonals !r-c-\l Solver interpreis
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Fig. 1. Intelligent nutrition planning system conceptual UML
class diagram

The decision support intelligent layer is represented
by the Al Assistant class, which implements the system’s
intelligent overlay. This class initiates the execution of the
Solver, analyzes the Solution object, adapts criterion
weights based on the user profile, interprets the results, and
generates explanations. Class relationships: association
with Solver (managing the solution process), association
with Solution (interpreting the result), association with
UserProfile (updating parameters). The intelligent layer
does not interfere with the mathematical structure of
DietModel, but operates within the feasible solution space.

At the presentation and interaction layer, the diagram
has a User class, which represents the end user of the
system and is associated with Al_Assistant.

The presented UML class diagram reflects the
structural organization of the key entities of the system and
the nature of their interactions. At the same time, for a more
complete understanding of the logic of the intelligent
system’s functioning, we should consider its architecture in
terms of logical layers.

The data layer serves as the basis for the formation
and parameterization of the optimization model. It stores
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structured information necessary for creating nutrition
plans and personalizing decisions. This layer does not
contain decision-making logic: its purpose is to provide
reliable and organized data to the upper layers of the
system, including the optimization core and the intelligence
layer. The layer includes the following databases: a product
database, a dish database, a nutrient standards database, and
a user profile database.

The product database contains nutritional information
for each product, including calories, macronutrients, and
micronutrients. It also stores product costs, information on
potential allergens, and seasonal availability. This data
allows for the appropriate planning of meals, taking into
account nutritional value, economic factors, and seaso-
nality.

The dish database includes the ingredients for each
dish, creating a "food-dish" matrix. It specifies standard
portion sizes, cooking restrictions, and categorization of
dishes by mealtimes — breakfast, lunch, dinner, etc. It
ensures the correct combination of ingredients in dishes and
facilitates meal planning.

The nutrient database contains information on daily
and weekly nutrient intake ranges, upper and lower limits
for each nutrient, and energy balance targets. It serves as a
guide for creating diets to ensure that nutrition meets the
user's health standards and energy needs.

The user profile database stores personal data for each
user: their goals (weight loss, weight maintenance, weight
gain), dietary restrictions, including allergies and
individual diets, food preferences, as well as their
consumption history and previously created diets. This
information allows the system to create personalized
recommendations that best suit the user's needs and
preferences.

Structured data at this level enables the dynamic
generation of optimization models for each user and each
scenario. It defines the parameters and constraints for the
core of the system-the diet optimization model-forming
the basis for accurate, personalized, and explainable
decisions.

The central component of the architecture is the
optimization core, represented by the diet model. The
model formalizes the task of meal planning as an
optimization problem, where the variables are the
quantities of dish portions, and the constraints reflect
nutrient, energy, logical, and time requirements. The
optimization core does not contain user logic and does not
interpret the results — it is solely responsible for the
mathematical correctness of the solutions. The model can
be formulated as a mixed-integer linear programming
problem or its extension, depending on the complexity of
the factors considered. The basic version of the model is
described below.

Let's introduce the following notations:

Y. €Z,Y, 20 — number of portions of the k -th dish

included in the diet, k =1,...,K ;
K — total number of dishes;
r, — the amount of product j included in one portion of

dish k, j=1,...,n;
n — total amount of food products;

¢; — unit cost of the j-th product;

a; — the content of nutrient i in one unit of product j,
i=1..m;

m — total number of nutrients;

b™,b™ — minimum and maximum acceptable intake of

the i -th nutrient.
It is suggested to apply the following aggregated
parameters of dishes: amount of the i -th nutrient in the

k -th dish: A, =Z?:la.. r, ; total cost of the k-th dish:

ij
n
C, :Zj:lcjrjk .
The basic single-criteria version of the model is the
following.

Objective  function: minszlekyk; nutrient

- i K .
restrictions: b™ SzkﬂAk Yy, <b™: restrictions on the

number of dishes: 0<y, <Y, ; structural restrictions:

Zszlyk =M, ZkeG Yi <1

Let's consider possible extensions of the basic version
of the model.

Below, we propose a multi-criteria model that
simultaneously considers several, potentially conflicting,
nutritional planning objectives. Unlike single-criteria mo-
dels, this formulation allows us to formalize real trade-offs
between economic, nutritional, behavioral, and consumer
diet aspects.

Generally, the model can be presented as follows:

min f(y) = (f,(y),..., fs(y)) , where f,(y) — g -th opti-
mality criterion, g =1,...,G .

Due to the inconsistency of the criteria, such a
problem typically does not have a single optimal solution
in the classical sense. Instead, a multitude of compromise
alternatives is generated, between which a choice is made
using specialized multi-criteria optimization methods (sca-
larization, e-constraints, Pareto frontier) [20-23].

In the developed system we propose using a scala-
rization method to solve a multi-criteria dietary problem.
This reduces the vector objective function to a single
aggregated function of the form:

. G G
min Zg:lwg f,(y), w, >0, Zg:lwg =1,

where w, —weight of the g -th optimality criterion.

This approach significantly simplifies the compu-
tational implementation of the model and ensures its
compatibility with MILP solvers. However, the key metho-
dological challenge of scalarization is determining the
weighting coefficients reflecting the relative importance of
individual optimality criteria.

To solve this problem, we propose using expert
methods of multicriteria analysis, particularly pairwise
comparison methods. These methods allow us to formalize
the subjective preferences of an expert or user and
transform them into quantitative weights used in the model.
It is assumed that the decision maker is able to express
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preferences between each pair of criteria in terms of relative
importance. The pairwise comparison model is then
defined by so cold square preference matrix:

H=(h),ij=1..,.G, h; >0, h; =1, h, =i.

Ji

Matrix H is interpreted as a formalized representation
of expert judgments regarding the importance of criteria.
Based on this matrix, a weight vector is determined that
reflects the aggregated relative importance of the criteria.
Additionally, a measure of the preference matrix
consistency can be considered, allowing one to assess the
internal consistency of expert judgments and, if necessary,
adjust the initial estimates. This ensures the stability and
reliability of the resulting weighting coefficients. Thus, the
pairwise comparison model serves as a link between the
subjective preferences of the user or expert and the
formalized optimization model, ensuring a correct and
interpretable assignment of the parameters of the multi-
criteria objective function [24-26].

The multi-criteria diet model discussed above
describes the meal planning process in a static mode, where
the diet is formed without explicitly considering the
temporal structure of consumption. However, in practice,
nutrition is distinctly dynamic: meals are distributed over
time, nutrient and energy restrictions apply on both a daily
and weekly basis, and the user's preferences and goals may
change.

In the dynamic model, a diet is considered as a se-
quence of decisions y ={y,},.; , where y, describes the set

of dishes consumed at time t. The set of feasible decisions
is formed taking into account time constraints, such as:
daily and weekly nutrient intake standards, restrictions on
the frequency of meal repetitions, requirements for menu
variety over time, cumulative effects (nutrient deficiencies
Or exXcesses).

Accordingly, the vector of objective functions also
acquires a temporal structure and can be written in the
following aggregated form:

min F(y) = (ZteT flt(yt)""’zle-r fo(¥)

Further, the problem can be represented as a problem
of minimizing the weighted sum of aggregated criteria:

. G
T?EIYI‘] ZgzlzteT Wy fgt (yt) )

where f, (y,) — local indicator of diet quality at time t
according to criterion g .

The dynamic multi-criteria model allows for
consideration of trade-offs not only between various
criteria but also between the user's short-term and long-
term goals. For example, a temporary deviation from
energy balance on a particular day can be compensated for
within the weekly plan without compromising overall
nutrient standards. The result is an adaptive nutrition plan
that simultaneously considers the user's short-term needs
and long-term goals.

From the perspective of the architecture of an

intelligent meal planning system, dynamic formulation
creates an expanded solution space within which the intel-
ligent assistant performs:

e consistent adaptation of diets over time;

o recalculation of solutions when user data or

external conditions change;

e support for "what if" scenarios and planning on a

rolling horizon.

Using a sliding horizon mechanism means that
optimization is performed over a limited time interval, after
which the horizon is shifted forward, taking into account
decisions already made and updated information.

Let the planning horizon be P days. At time t, the
system solves a dynamic multicriteria problem over the
interval [t,t+ P], generating a supply plan for several days

in advance. After the solution for the first period is
implemented, the horizon shifts, and the problem is solved
again for the interval [t+1,t+1+P].

This mechanism allows:

e to account for actual dishes consumed;

e to correct accumulated nutrient deviations;

e to adapt to changes in preferences or external

conditions;

¢ to maintain flexibility without having to recalcu-

late the entire long-term plan.

Additionally, a user preference learning mechanism
can be integrated into the dynamic setup. User preferences
are rarely explicitly and statically defined. In a real system,
they are refined as the user interacts with the assistant. This
requires the inclusion of an appropriate learning mecha-
nism.

Let's say one of the model's criteria describes the
discrepancy between the diet and individual preferences:

foer (V,0), where 6 — user preference parameters. During

system operation, these parameters are updated based on
actual dish selections, rejections of proposed alternatives,
satisfaction ratings, and the frequency of repeat selections
for certain categories. Based on the history of accepted and
rejected meal plans, the system adjusts the weighting
coefficients of the multi-criteria objective function and the
penalty parameters for deviations from preferences, ensu-
ring gradual personalization of the model without changing
its basic structure.

The described mechanisms of dynamic optimization,
rolling horizon, and user preference learning are not
implemented directly at the optimization core layer. Their
use requires a separate control layer responsible for
adapting model parameters, reinitializing optimization
problems, and interpreting the resulting solutions in the
context of user goals and behavior. In the architecture of an
intelligent meal planning system, this function is performed
by an intelligent decision support layer, described below.

The intelligent decision support layer adapts, perso-
nalizes, and explains the optimization model's results. It
operates on top of the optimization core and uses the
solutions provided by the solver to generate recommen-
dations that can be directly understood and used by the user.
Unlike the optimization layer, which is solely responsible
for the formal correctness of solutions and the numerical
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solution of the optimization problem, this layer ensures
interpretation, parameter management, and adaptation of
solutions to the user's individual needs. The layer follows a
hybrid approach that combines rule-based reasoning with
lightweight data-driven adaptation mechanisms. Rule-
based components ensure consistency with nutritional logic
and model constraints, while data-driven elements enable
personalization based on user preferences, feedback, and
behavioral patterns. Let's consider the tasks at this layer.

Model parameter adaptation. The layer enables
dynamic adjustment of multi-criteria model parameters,
including weight adjustments in the multi-criteria objective
function based on user preferences, activation or
deactivation of constraints based on individual dietary
requirements, consideration of the user's personal goals,
such as weight loss, weight maintenance, or muscle gain.
The update rule can be defined as:

WHl

ot t
p —Wg+aug,

where u, — user feedback signal;

a — learning rate parameter.

In a rolling horizon context, adaptation is iterative:
model parameters are adjusted as information about the
user's behavior and preferences accumulates.

Solution space navigation. The dynamic model
generates a set of feasible diets, including the Pareto
frontier in multi-criteria settings. The intelligent layer
evaluates and ranks these alternatives using a user-specific
utility function constructed from the adapted weights:

u(y) =Zj:1W; f,(y) . The preferred solution is selected

from the Pareto set Pc Y as y =arg min,_,U(y).

The layer constructs a ranked subset of alternatives to
support comparison, trade-off analysis, and “what-if”
exploration. This enables informed decision-making in an
expanded solution space that reflects both short-term
preferences and long-term user goals.

The task of interpreting and explaining decisions. The
explanation process consists of three sequential stages:
feature extraction from the optimization solution,
transformation into semantically meaningful indicators,
and generation of user-oriented textual explanations. For
each feasible diet plan, the system evaluates the
contribution of individual dishes to objective criteria and
constraint satisfaction. These contributions are directly
derived from the parameters and structure of the
optimization model and therefore remain fully consistent
with the underlying mathematical formulation. Based on
these evaluations, the relative importance of each dish
within the solution is determined, allowing the
identification of key elements responsible for achieving
nutritional balance and satisfying user-defined goals. The
interpretation mechanism is implemented using a set of
deterministic rules that map quantitative indicators to
predefined explanation templates. This enables the system
to generate consistent justifications for dish selection, as
well as to identify feasible substitutions that preserve
nutritional and energetic properties of the diet.

Thus, the intelligent layer serves as a link between
numerically determined optimal solutions and the end user,

transforming the model's formal results into practical
recommendations that are understandable and convenient
for decision-making. This layer enables dynamic adap-
tation, supports "what-if" scenarios, and allows for real-
time consideration of changing user preferences and con-
ditions.

Let's consider the presentation and user interaction
layer. It facilitates communication between the user and the
intelligent meal planning system and serves as an interface
layer over the system's analytical components. The layer
does not contain its own data storage mechanisms or
implement computational optimization logic, but rather
handles query generation, result visualization, and
interpretation of decisions received from the underlying
architecture layers. Architecturally, this layer serves as an
intermediary between the user, the intelligent decision
support layer, and the centralized data layer. All access to
recipe databases, nutrient tables, and user profiles is
handled through the data layer's service interfaces,
eliminating information duplication and ensuring system
integrity. Let's consider it’s main functions.

The user query generation and structuring function
collects input parameters for the nutrition planning task.
The user can specify target indicators (weight loss, fitness
maintenance, weight gain), restrictions (allergies, medical
contraindications, excluded foods), preferences (flavor
categories, frequency of meal repetitions), planning time
horizon, and acceptable deviations from target values. Input
can be performed both in structured form (via parameters
and filters) and in dialog mode. When using text input, the
interpretation module transforms the natural language
query into a formalized set of parameters passed to the
intelligent layer. Thus, the presentation layer performs the
function of parameterizing the multi-criteria optimization
model without changing its mathematical structure.

Interaction with the intelligent layer. After the query
is structured, the parameters are passed to the intelligent
decision support layer, which refines criteria priorities,
adjusts weighting factors, takes into account interaction
history, and generates a problem statement for the opti-
mization core.

The presentation layer does not make dietary deci-
sions independently. It initiates the computational process
and receives from the intelligent layer a pre-processed
result corresponding to the feasible solution space
generated by the optimization core.

Data layer access function. All operations related to
obtaining information about dishes, recipes, nutritional
composition, and user profiles are performed through a
centralized data layer. The presentation layer requests the
necessary data through service interfaces, displays the
received information in a user-friendly format, and
transmits updated parameters back to the system. Data
storage, updating, and consistency are fully supported by
the data layer and are not duplicated in the interface.

Decision visualization and explanation function. After
receiving a decision from the intelligent layer, the user
interface displays the diet plan by day and meal, displays
the nutrient balance, visualizes deviations from target
values, compares alternative options, and explains the
reasons for choosing specific dishes. The explanation
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mechanism is based on the decomposition of the objective
function and model constraints. The user can obtain infor-
mation about the criteria and constraints that influenced the
proposed diet. This ensures the transparency and explaina-
bility of decisions characteristic of intelligent decision
support systems.

Feedback function. The presentation layer also
collects feedback, including: acceptance or rejection of a
proposed dish, request for alternatives, preference adjust-
ments, and satisfaction ratings. The received information is
passed to the intelligence layer, where it is used to
adaptively adjust the model parameters (specifically, the
criterion weights and preference function parameters).

Thus, the presentation layer closes the interaction
loop: user data is fed to the intelligence layer, which
manages the optimization model, and the decision results
are returned to the interface for analysis and selection. This
approach ensures the system's dynamic and personali-
zation.

To illustrate the performance of the proposed
multicriteria model, we consider the problem of creating a
daily diet from a finite set of ten alternative dishes. Each
dish is characterized by the following parameters: energy
value, protein, fat, and carbohydrate content, cost per
portion, and its functional group (breakfast, main meal,
light meal). The goal is to create a daily diet from three
dishes that satisfies established nutrient restrictions. The
diet is created taking into account three optimality criteria:
minimizing the total cost of the selected dishes, minimizing
the deviation of the actual caloric content of the diet from
the target value, and minimizing the penalty for not
including representatives of functional groups in the diet.
The numerical parameters of the problem are formed on the
basis of generalized data contained in open tables of the
chemical composition of food products.

The mathematical formulation of the problem is
presented below:

. K
ryrwder](WlZ:k:lskyk +wd +w, Y (7)),

W +W, +W, =1, w,w,,w, >0,

=[5t <]
z, Zl_Zk:gk:g Yi» Z, 20,

where Y, €{0,1} — the number of portions of the k-th dish
included in the diet, k =1,...,K ;
d - deviation of the caloric content of the diet from

the standard value;

z, — penalty for absence of functional groups of

dishes;
K — total number of dishes;
S, — unit cost of the k-th dish;

e, — unit calorific value of the k-th dish;

e” — standard caloric value.
In this case, the following restrictions must be met.
Structural restrictions:

K
Zk:l Yo = 3.
Nutrient restrictions:
0 K
bimln < Zk:l Ak yk < bimax ,
where A, — the amount of nutrient i in dish k ;
i=1,..,m, m=3 —total number of nutrients;

b™, b™ — minimum and maximum acceptable

intake of nutrient i .
Calorie restrictions:

min K max
e™ <Y ey, <e™.

To study the influence of the decision maker's
preferences on the structure of the optimal diet, a com-
putational experiment was conducted in the Python envi-
ronment using the PULP library.

During the experiment, the weight coefficient w, was

sequentially varied within the range [0;1]. The remaining
weight was distributed equally between w, andw,. For

each value of w; an optimization problem was solved, and

the values of the key indicators were recorded: the total cost
of the diet, the deviation from the target caloric level, and
the diversity indicator. Based on the obtained results,
graphs were constructed showing the dependence of these
characteristics on the weight w, (see Fig. 2 — Fig. 3).
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Fig. 3. Calorie deviation vs W,
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The cost graph demonstrates two stable solution
regimes. For relatively small values of w,, the optimal diet

is the one that more closely matches the target caloric
intake, but has a higher total cost. As w, increases, a

transition to an alternative diet with a lower cost occurs.
This transition occurs abruptly upon reaching a certain
threshold.

The graph of deviation from the target calorie value
shows the opposite trend. A decrease in the cost is
accompanied by an increase in deviation from the target
calorie value. This indicates a conflict between the criteria
and confirms the need for a multi-criteria approach.

We do not present here the dependence of diet
diversity on w,, as in the current experiment, this diversity

indicator remains constant. This means that both found
optimal diets have the same structure across meal groups.
Consequently, the diversity criterion in this set of
alternatives does not significantly influence the choice of
the optimal solution, although its inclusion in the model
allows for control over the structural characteristics of the
diet and may play a more significant role when expanding
the set of feasible alternatives. Overall, the analysis shows
that changing preferences between criteria leads to a
transition between several stable structures of the optimal
diet, reflecting the discrete nature of the current multi-
criteria optimization problem.

Conclusions and future research directions. This
paper develops the concept of an integrated intelligent meal
planning system at the dish level, based on a formalized
multi-criteria dynamic optimization model. Unlike the
classic diet problem, where individual products are the
object of optimization, the proposed approach implements
modeling at the level of finished dishes, improving the
practical feasibility, interpretability, and applicability of the
resulting diets.

An analysis of existing research revealed a
methodological gap between knowledge-driven and data-
driven approaches to personalized nutrition. The former
provide mathematical rigor and constraint guarantees, but
have limited adaptability. The latter are characterized by
high flexibility and the ability to incorporate behavioral
data, but do not provide formal guarantees of decision
correctness. The proposed architecture bridges this gap by
integrating a formal optimization core and an intelligent
adaptation layer.

A multi-criteria diet model was developed using a
scalarization method and an expert-based weighting
mechanism based on pairwise comparisons of criteria. This
ensures the formalization of user subjective preferences and
their integration into a rigorous optimization formulation.
Additionally, the model was expanded to a dynamic form,
taking into account the time structure of nutrition,
intertemporal constraints, and a sliding planning horizon
mechanism.

A multi-layered system architecture is proposed,
including a data layer, an optimization core, an intelligent
decision support layer, and a user interaction layer. A clear
division of responsibilities between the components
ensures scalability, modifiability, and explainability of the
system. The intelligent layer implements adaptation of

model parameters, navigation in the solution space, and a
preference learning mechanism without disrupting the
mathematical structure of the problem.

Thus, the developed approach forms a holistic
theoretical and methodological basis for the construction of
intelligent personalized nutrition planning systems that
combine the rigor of optimization methods with the
adaptability of modern artificial intelligence technologies.

Promising areas for further research include
experimental validation of the model on real user data;
integration of stochastic factors; and the use of robust and
stochastic optimization methods. In addition, the
preference learning mechanism can be extended using data-
driven approaches to improve the adaptation of criterion
weights over time. Further development of the intelligent
decision-support layer, particularly the explanation
module, is also of interest, including the use of advanced
natural language generation techniques to enhance the
quality and interpretability of recommendations. Finally,
future work may focus on the development of a prototype
software implementation of the system and its comparative
evaluation with existing solutions.

Declaration on the use of generative Al. During the
preparation of this work, the authors used ChatGPT and
Grammarly for grammar and spell checking, as well as for
rephrasing and reformulating the text. After using these
tools, the authors reviewed and edited the content as
necessary and take full responsibility for the content of this
publication.
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IHTEJEKTYAJIbHA CUCTEMA IVIAHYBAHHSI JIETU HA PIBHI CTPAB HA OCHOBI
ONTUMIBALIIMHOI MOJIEJI

VY cTaTTi po3rIAHYTO HPOOJEMH CTBOPEHHS Ta BIPOBAKECHHS IHTEJEKTYaJIbHMX CHUCTEM IE€PCOHAII30BAHOrO IUIAaHYyBaHHS XapuyBaHHsA. CydacHi
JIOCITIJDKEHHS y Wil Taimy3i IEMOHCTPYIOTh ITepexis BiJ KIacHYHMX (opMalti3oBaHHX MOZAENEH Ai€eTH 0 TiOPUIHMX apXiTeKTyp, IO NMOEIHYIOTH JBi
MeTozonoriyni napagurmu: knowledge-driven Ta data-driven migxomu. [Ipote Mixk HUMH iCHY€e NEBHUI METOOIOTIYHUM pO3pHB. Moeri, OpieHTOBaHi
na 3uauHs (knowledge-driven), 3abe3medyioTh MaTeMaTHYHY CTPOTICTh i TAPAHTYIOTh IOTPUMAHHS HYTPIMiHHUX Ta PECYpPCHUX OOMEKEHb, OJHAK
3a3BHYail MaroTh OOMEXKEHY aJalTHBHICTb i mepcoHaisarit. HatomicTs migxonm, opienToBani Ha nawi (data-driven), 30kpema cydJacHi reHepaTHBHI
MO/IeJi, IEMOHCTPYIOTh BUCOKY THYUKICTb 1 3JaTHICTh BPaXOBYBATH ITOBE/IIHKOBI JlaHi, aje He 3a0e3MneuyoTh (POpMabHUX TapaHTiid ONTUMAaIbHOCTI Ta
BHUKOHAHHS 0OMexeHb. Lle mpoTupiyus 3yMoBIIO€ HEOOXIIHICTh PO3POOIICHHS IHTErPOBAHOI 1HTEIEKTYaIbHOT CUCTEMH IIJIAaHYBAaHHS XapyyBaHH, SKa
TIO€THYE TIepeBark 000X MiXoiB. MeToro JIOCiKeHHS € CTBOPEHHS iHTeNeKTyalbHOI CHCTEMN TUIaHyBaHHS XapdyBaHHS Ha PiBHI CTPaB, SAPOM SKOT
€ ¢opmarizoBaHa OaraTokpuTepiagbHa ONTHMI3alliliiHa MoJenb Aietd. Ha BiAMiHY BiJ KIacH4HOI 3aiadi Ji€TH, JI¢ ONTHUMI3allisl BUKOHYETHCS 100
OKpEMHUX XapyOBHUX IPOAYKTIB, 3aIPOINIOHOBAHHUHN MiJIXiJ MOJEIIOE Xap4yBaHHS Ha PiBHI TOTOBHX CTpPaB, LIO IMiJBUIILYE MPAKTUYHY peasi30BaHiCTh,
IHTEPIPETOBAHICTh Ta 3py4HICTh BUKOPUCTAHHS OTPHMMAHUX AIETHYHHUX IUTaHiB. MaTeMaTH4IHa Mo/ielb (JOPMYITFOETBCS SIK 3a/]a4a OaraToKpUTepiaabHOl
ONTHMI3allii, y sIKiif 3MiHHI PilICHHS MPEACTABISIOTH KIIbKICTh MOPLIi CTpaB, TOAI K OOMEKEHH BiJOOpa)aroTh HyTpilliliHi, eHEpreTUY Hi, JIOTIUHI Ta
4acoBi BUMOTH. 3alIPOIIOHOBAaHA MOJIEIIb Pealli3oBaHa B MeXax 0araTopiBHEBOI apXiTEKTypH CHCTEMH, IO CKJIAJA€ThCS 3 PIBHS IaHUX, ONTHMI3aIiiHOTO
71pa, 1HTEIEKTYa bHOTO PiBHS IMiATPUMKH TNPUHHATTS PIllleHb Ta PiBHSA B3aeMOJIl 3 KopucTyBadeM. OnrTumizamiiiHe A1po 3abe3nedye MaTeMaTHIHy
KOPEKTHICTh i OOYMCIICHHS ONTUMAJBHHUX PIllleHb, TOMI SK IHTENEKTYyaJbHUIl piBeHb 3a0e3Medye ajanTaliiio, NepCOHANI3AI0 Ta IHTEpPIPeTaLiio
pe3ynbTatiB. Moenb Takoxk PO3LIMPEHO A0 JUHAMIYHOI QOPMH i3 BUKOPHCTAHHSIM KOB3HOTO FTOPHU30HTY IIAHYBAHHS, 1110 103BOJISE OHOBIIFOBATH ILIAH
XapuyBaHHs y Mipy HaJXO/PKEHHsS HOBHX JaHUX Ta 3MiH KOPHCTYBAIbKHUX Yrono6ans. OOUMCITIOBANIBHI €KCIIEPUMEHTH TTPOAEMOHCTPYBANH, 110 3MiHa
Bar KpUTEpilB MPHU3BOAUTH 10 MEPEXOJiB MiX KiIbKOMa CTaOlIbHUMH ONTHMAILHUMH CTPYKTYpAaMH PallioHy, IO BiZoOpaXkae ITUCKPETHY MPHPOLY
PO3MIISIHYTOT 3a1a4i OaraTOKpUTEpianbHOT ONTHMI3aIli.

Korouoi cioBa: rutaHyBaHHs XapdyBaHHS, Ji€Ta, MOJENb Ha DIiBHI CTpaB, CHCTeMa MiATPHMKH NMPHHHATTS pilleHb, GaraToKpHTepiaabHa
ONTHMI3allist, TIOPUAHI CUCTEMHU ITYYHOTO IHTEIEKTY, PEKOMEHAliHI CUCTEMH.
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VERIFICATION OF EMPIRICAL MODELS OF SIMPLEX METHOD COMPLEXITY USING THE
MODIFIED GMDH

This paper presents the results of constructing an empirical dependence of the number of arithmetic operations of the standard simplex method as a
function of the problem dimensionality defined in canonical form. To address this problem, the principle of model self-organization based on a modified
combinatorial algorithm of the Group Method of Data Handling is applied. The modification of Group Method of Data Handling consists in forming a
residual representation that is assumed to contain the sought empirical complexity function, as well as in applying a preliminary partitioning algorithm
for the basis functions, which are additively included in the residual representation, into two non-overlapping classes: the class of main dominant
components and the class of refining residual components. This approach significantly reduces the combinatorial search procedure. Based on theoretical
complexity estimates available in the literature, a redundant set of basis functions was constructed. Five fundamental models were considered:
Borgwardt’s polynomial estimate, the Adler — Megiddo quadratic bound, a basic polynomial form, the smoothed analysis model of Spielman — Teng,
and a general mixed model previously proposed by the authors. To expand the search space, a logarithmic component was added to the basis functions.
Thus, the residual representation includes six basis components, along with all their squares and pairwise products. The optimal structure was selected
using a symmetric regularity criterion by evaluating more than 134 million alternative models, the number of which is uniquely determined by the
cardinality of the set of refining residual components. To ensure the correct application of the least squares method for strongly nonlinear regressors of
different scales (whose absolute values differ by several orders of magnitude), the necessity of scaling input data by their standard deviation, with
optional centering, was experimentally justified. The efficiency of this approach was confirmed through a specially designed experiment with a known
ideal solution, including a constant term (bias) at the order of 100000 and normally distributed noise with an amplitude of 1 % of the mean value of the
ideal regression on the values of the input variables of the experiment. The results of simulation modeling on a dataset of 13690 randomly generated
linear programming problems demonstrate the clear superiority of the mixed polynomial-logarithmic structure within the extended class of candidate

functions.

Keywords: simplex method, model self-organization, modified Group Method of Data Handling, least squares method, redundant representation,

regularity criterion, data standardization.

1. Introduction. Publications [1, 2] consider applied
problems, the solution of which requires the solution of on
average hundreds of linear programming (LP) problems
with thousands of variables. The efficient implementation
of such algorithms is based on parallelization of calcula-
tions, which requires knowledge of efficient estimates of
the number of simplex method’s arithmetic operations as a
function of the dimensionality of the LP problem given in
canonical form [3].

With the aim to verify the objectivity of the empirical
complexity formula previously proposed by the authors
(0.63m?**n°% log"® n + 4.04m *"n** where m is the

number of equations, N is the number of non-negative var-
iables), which was found using the four common basis
functions presented in the abstract, and seven in total, using
the modified Group Method of Data Handling (MGMDH)
[4]. For this, in this work, the MGMDH is used for the case
when the residual representation, according to which the
search for the empirical formula of complexity is imple-
mented, is extended to the basis functions, their squares and
all pairwise products.

The use of the MGMDH allows us to move away from
the a priori defining the model structure and find the opti-
mal dependence by a reduced search of subsets of basis
functions, their squares and all pairwise products using the
regularity criterion first proposed by Ivakhnenko O. A., as
a part of the classical Group Method of Data Handling

(GMDH). Finding the coefficients for partial representa-
tions (partial models) is done using the least squares
method (LSM). The selection of the optimal structure is
carried out using the symmetric regularity criterion, which
is the sum of two components, each of which is the value
of the residual sum of squares on the test sequence for the
case when the data from which the partial representations
of the sought model are built and the data from which the
value of the regularity criterion is found are interchanged.
Since the redundant representation contains significantly
nonlinear basis functions, the values of which can differ by
orders of magnitude, the classical implementation of the re-
sidual representation of the MGMDH for linear models re-
quires an appropriate correction.

2. Basic theoretical provisions and data genera-
tion. To objectively investigate the computational com-
plexity of the standard simplex method, it is necessary to
generate a representative sample of random LP problems in
canonical form. To ensure the admissibility of the con-
straint system, the generation is carried out by the inverse
construction method.

That is, the components of the non-negative solution
of the vector X and the parameters of the LP problem are
generated as realizations of random variables that have a

uniform distribution on the intervals (0.1, f +O.1) for the
components of the vector x, on the interval (0, f) for the
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parameters of the constraint matrix 4. The vector of the
right-hand side b is generated by the formula b = Ax + 4,

where x is the solution of the LP problem, & is a vector

whose components are realizations of random variables that
have a uniform distribution on the interval (0, 2f ) The

components of the vector ¢ (the optimality criterion of the
LP problem) were also generated from a uniform distribu-
tion on the interval (0, f ) The quantity f acts as a hy-

perparameter (scaling factor), which allows you to flexibly
control the order of quantities in the generated data. This
allows you to more correctly find the empirical complexity
function of the simplex method.

As mentioned in the introduction, to build an empiri-
cal model of complexity on the obtained data, the MGMDH
is used [4]. Unlike the classical combinatorial GMDH,
which involves a complete enumeration of all possible
combinations of basis functions (which is computationally
impossible for large bases) and does not specify a residual
representation containing the sought solution structure, the
modification of the GMDH also consists in a preliminary
partitioning of the space of the set of components of the
residual representation, linear with respect to unknown co-
efficients, into two classes. Based on the initial LSM esti-
mate, the algorithm identifies a cluster of main dominant
components (set M,) and assigns the remaining basis

functions to a cluster of clarifying residual components (set
M,). The structure of each partial representation contains

a mandatory component from the set M, and an arbitrary
subset of components from the set M,. It is postulated that

the sought empirical formula for the complexity of the sim-
plex method belongs to the set of partial representations
formulated above.

3. Data standardization issues. To ensure the correct
operation of the LSM within the framework of structural
identification, the stage of preliminary data preparation is
critically important. In computational complexity estima-
tion problems, the redundant representation contains signif-
icantly nonlinear basis functions (see Section 5), for exam-

ple, suchas Inm+Inn or m’n’. Since their absolute val-
ues differ by many orders of magnitude, direct application
of the LSM to raw data leads to serious distortions: func-
tions with significant absolute values receive coefficients
that are insignificant in absolute value, which makes it im-
possible to correctly algorithmically select significant basis
functions by absolute values of their coefficients. Accord-
ing to the classical theory of regression analysis [5], an ef-
ficient solution to this problem is the standardization of pre-
dictors that includes centering (subtraction of the mean)
and scaling (division by the standard deviation 0 of the
generated values of the input variables from their mean
value) [6]. However, in our case, the input parameters (di-
mensions of matrices) and the output objective function
(the number of operations) have strictly non-negative val-
ues. The use of the centering operation inevitably leads to
the appearance of artificial negative values, which destroys
the physical logic of the problem and complicates the inter-
pretation.

In view of this, this work justifies the use of only the
scaling operation without centering. In general, the scaling
procedure is as follows.

Let the regression model be of the form:

y(xl,...,xm):a)o+z':a)jff(xl,...,xm)+g, )]
7=l

where & is a random variable, the coefficients @,

j= G, are unknown. The test results:

((xli,...,xmi)%yi,i:l,_n), 2)
we replace model (1) with the following:
Honn, )=, + Y 0, M i=Ln, (3
= o,
where
1 1L ’
R AT B Sy S|
i=1 i=1

According to model (3), based on the results of statis-
tical tests (2), using the LSM we find estimates of unknown
coefficients. The final constructed regression has the form:

y(xl,...,xm)=a)0+Zo_—/fj(xl,...,xm). 4)
j=1

J

Remark. The MGMDH uses the presented scaling
procedure for finding estimates of the unknown coefficients
for all partial representations.

Such preprocessing is a necessary condition for the
LSM to be able to adequately estimate the parameters, and
for the clustering algorithm of the GMDH to correctly sep-
arate the main representation from the noise one without
losing the physical sense.

It is important to note that such an exact algebraic
equivalence is a specific property of models that are linear
in parameters. In most other machine learning algorithms
(e.g., decision trees or multilayer neural networks), such an
analytical denormalization of weights is not possible be-
cause the scale of arguments is nonlinearly woven into the
internal structure of decision making [7].

4. Synthetic test proving the importance of scaling.
To experimentally prove the hypothesis of the critical need
for data scaling, a verification simulation test was con-
ducted on synthetic data with a known reference structure.

A sample of 500 points was generated, where the in-
dependent arguments varied in the range m,n € [10, 1001

The true target pattern was generated in the form:
y(m,n)z 10° +m’ -n’ +¢,

where € is a normal noise with a standard deviation of 1 %
from the mean of the regression model on the experimental
input data. The structural identification algorithm was
given a redundant representation of nine candidate basis

functions: basis m’,n*,Inm, their squares, and all possible

Bicnux Hayionanvrnozo mexuiunozco ynigepcumemy «XI1I». Cepis: Cucmemnuii

14

auanis, ynpaeninis ma ingpopmayiiuni mexnonoeii, Ne 1 (15) 2026



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

pairwise products. The algorithm’s task was to automat-
ically find the true pattern.

The results of applying the LSM to unscaled data led
to erroneous final results: due to the imbalance of the orders
of magnitude of the functions, the algorithm demonstrated
instability at the stage of structural identification. When di-
viding into clusters, the algorithm gave false preference to
basis functions with small numerical values, mistakenly se-
lecting as the only main basis function (cluster A,) a func-

tion Inm with a coefficient of ~1.4126-10°. At the same
time, the algorithm perceived the true dominant term
m’-n’ as secondary noise and sent it to the residual rep-
resentation M, with a coefficient of 1.0019. Structurally,

the model was identified absolutely incorrectly, which
makes further analysis of complexity impossible.

Instead, the application of pre-scaling of the input data
significantly improved the result. The LSM correctly deter-
mined the weights of each function in the total variance,
which allowed the algorithm to identify the structure with-

out error. The only true basis function m’-n’ was auto-
matically selected for the main representation cluster
(M,). The resulting model took the following form:

»(m,n)=1.2046-10° +1.0006- (m* - n* ). (5)

The terms of the residual representation A/, and the

shift in this case act exclusively as insignificant compensa-
tors of the imposed noise. Therefore, the synthetic criterion
took the minimum value on the correct structure of the re-
gression model (5). In this example, the following modifi-
cation of the criterion for selecting the final solution was
used: all partial representations were considered, for which
the values of the symmetric criterion practically do not dif-
fer from the minimum, and from them the partial represen-
tation was selected, which contains the minimum number
of basis functions. The resulting estimates of the unknown
coefficients were found for the entire set of experimental
data and practically do not differ from the coefficients of
the ideal model.

5. Simulation modeling of input data for finding
the empirical complexity function of the simplex
method using the MGMDH. Having confirmed the effi-
ciency of the methodology, the MGMDH was applied to
objectively verify the empirical formula for the computa-
tional complexity of the standard simplex method. For the
empirical analysis, random LP problems were generated
according to the rules described in Section 2.

To ensure statistical reliability of the results, five se-
ries of independent simulation experiments were conducted
for each of the two samples (estimating data for each of the
models using the LSM and data of the validation subset
used to select the best empirical formula from the six can-
didates found). The values of m (the number of con-
straints) and n (the number of variables) varied from 200
to 2000 with a step of 50. For each combination of m and
n values, five independent LP problems were generated.
Thus, the total number of generated and solved problems in
one series of tests was 37-37-5-2=13690. For each

solved problem, the exact number of arithmetic operations
performed by the simplex method was recorded.

To implement the structural identification procedure,
a redundant representation was formed based on five fun-
damental theoretical estimates: the earlier proposed by the
authors general mixed model without considering the con-

stant (fgenml =0.63m>*n"" log"” n+4.04m™*"'n** ), the
Adler-Megiddo model ( Soadter = n4) [8], the refined

Borgwardt model ( = m3n2) [9], the basic polynomial

Borg

model (f poly = mn) [10], and the smoothed analysis model
( Snoon =m0’ In n) [11]. In order to increase the reliability

of the verification of the obtained model, the search space
was expanded by introducing logarithmic components,
namely, supplemented with an additive logarithmic func-
tion f,, =lnm+Inn.

This allowed us to form a set of partial representations
from the class of complex polynomial-logarithmic func-
tions, which additively includes six basis functions, their
squares, and pairwise products.

Thus, the total number of residual terms is equal to
M =27 candidate arguments. Considering the cardinality

of the set M, which is equal to M,, (N M,, (each of which

is found by its own validation subset), the set of all partial

representations is equal to 2°" —1~1.34-10° models, which
practically guarantees finding the correct structure of the
empirical formula for the complexity of the simplex
method within the given residual representation.

The choice of selected basis functions, instead of ele-
mentary arguments such as m,n, is due to the multiplica-

tive nature of the interaction of the number of constraints
and variables. Since the total complexity is derived from
the product of the number of iterations times the complexity
of one iteration of the simplex method, any correct estimate
of the complexity of the simplex method must consider this
physical logic of the algorithm.

To increase the estimation objectivity, as indicated
above, a symmetric regularity criterion was used, which re-
quires dividing the test sample into two independent parts:
a training subset 7' and a validation subset V. The algo-
rithm works according to a two-step scheme: first, the esti-
mates of the coefficients of partial representations are
found by the sample 7' and the residual sum of squares of
each partial representation is found by the sample V
(TNV isanempty set, T UV is the set of all test data, the
cardinality of the sets 7 and V' is the same); then the pro-
cedure is repeated when 7' performs the functions of the
validation subset, and V' is used to find the estimates of the

coefficients of partial representations (from which the va-
lidity of the formula M, =M, N M,, follows).

6. Identification results. As a result of using the sym-
metric regularity criterion, it was found that the above for-
mulated criterion for selecting the correct structure of the
partial representation gave the following result: from the set
of partial representations, for each of which the values of
the symmetric regularity criterion practically do not differ
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from the minimum, a partial representation with the mini-
mum number of basis functions from the partial represen-
tation is selected. Estimates of the unknown coefficients of
the selected partial representation are found for the entire
set of test data. Thus, the resulting empirical formula for the
number of arithmetic operations of the simplex method as
a function has the form:

y(m,n)~3.2705-10° +

+1.0045- £,

genera

+1.58-10% i, +1.97-107 - fi, —

—L13:107 - £2 ~449-10° - £, 0 frog —

poly

~1.5310° - f,,, =2.35-107* - £, —2.38-1077 - f  +

+1'69.10_5.fB0rg.}(1 _6'17'10_12.fB0rg poly+

og

+7.10-107° - f

smooth

~251-10°- f

poly
—5.47-10_9-fpo]yfAdlcr+l.88-104-fpoly. (6)

It should be noted separately that there is a free term
(shift) in the obtained model, which is about 3.2705-10".

From the point of view of classical asymptotic analysis of
algorithms, a constant term does not affect the complexity
class with infinite growth of dimensionality. However, in
the context of applied resource estimation problems, this
parameter carries information about the fixed overhead of
the algorithm [12]. Considering this shift is critically im-
portant for accurate prediction of the number of operations
on problems of small and medium dimensionality
(m <500,n < 600), where asymptotic terms are not yet

dominant. It is for these restrictions that it is possible to use
a simplified formula:

y(m,n)=3.2705-10* +1.0045-0.63m>*°n"* log " n +

+4.04m™ ',

Conclusions. 1. We set the problem of finding the
correct empirical formula for the number of arithmetic op-
erations of the simplex method for LP problems given in
the canonical form of medium complexity (the number of
equations does not exceed 500, the number of variables
does not exceed 600).

2. We give a justification for a residual representa-
tion, to which belongs the structure of the sought empirical
formula for the number of arithmetic operations of the sim-
plex method belongs.

3. We chose the MGMDH as a method for finding
the empirical complexity formula. The method was adapted
for the case when the residual representation is linear with
respect to unknown coefficients and nonlinear with respect
to given basis functions.

4. As aresult of the algorithm, we found an empiri-
cal formula for the number of arithmetic operations of the
simplex method for LP problems of medium dimensional-
ity (the number of equations does not exceed 500, the num-
ber of variables does not exceed 600).

5. We provided a qualitative interpretation of the
sense of the constant included in the resulting empirical for-
mula for the number of arithmetic operations of the simplex
method.

Declaration on the use of generative Al. The au-
thors did not use any generative artificial intelligence tools
in the preparation of this manuscript.
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BEPUPIKAIA EMIOIPUUHAX MOJIEJIEA CKJIAJTHOCTI CUMIIJIEKC-METO/TY 3
BUKOPUCTAHHAM MOJUPIKOBAHOI'O MI'YA

HaBeneHno pe3ynpTaTd HOOYIOBH EMITIPUYHOI 3aJEKHOCTI KITBKOCTI apH()METHYHHX OIepaliii CTaHJAPTHOIO CHMILICKC-METOAY K (yHKUil Bix
pO3MIpHOCTI 3amayi, 3amaHoi B KaHOHIuHiM (opmi. JInst po3B’si3aHHS NMPOOJIEMH 3aCTOCOBAHO IMPHHIMII CaMOOpraHi3alii Mojeneidl Ha OCHOBI
MO (HIKOBAHOTO KOMOIHATOPHOTO AITOPUTMY METOAY IPYHOBOTO YpaxyBaHHs apryMeHTiB. Moaudikaiisi MeToy rpyloBOro ypaxyBaHHs apryMEHTIB
nossrae y GopMyBaHHI 3aJIMIIKOBOTO OIHCY, B SKOMY IPUITYCKA€ThCS MICTUTBCS IIIyKaHa eMITipH4Ha (QYHKIISA CKJIaJHOCTI Ta BUKOPHCTAHHS allrOPUTMY
HONEPEAHBOr0 PO30KUTT 6a3UCHUX (YHKILH, 3 IKNX aAUTHBHO CKJIAJAEThCS 3AIMIIKOBUI OIKC, HA BA KJIACH, 110 HE IIEPETUHAIOTHCS: KJIaC TOJIOBHUX
JTOMIHAHTHHMX KOMITOHEHT Ta KJIaC yTOYHIOKOYHX 3aJIMIIKOBUX KOMIIOHEHT, 1[0 I03BOJISE CYTTEBO CKOPOTHTH MIPOLIEAYpYy KOMOiHaTOpHOTrO repebopy. Ha
OCHOBI BiJOMHUX 3 JITEPAaTypH TEOPETHYHHX OLIHOK CKJIAAHOCTI COPMOBAHO HAJIMIIKOBHN onuc 0a3ucHuX (yHKLiH. [0 po3rsiy BKIOYEHO ISTh
(yHIaMEeHTaIbHUX MOJENel: TMOJIiHOMIaNbHy OLIHKY Bopreapara, kBampaTuuny Mexy Azepa-Meriquo, 06a30By nomiHoOMianbHy (HOpMy, MOAENIb
3ri1aJKeHoro ananizy Crinmana-TeHra Ta 3arajipHy 3MillIaHy MOJIENTb, PaHillIe 3alIPONIOHOBAaHY aBTOPAaMH. 3 METOIO PO3ILIMPEHHS IPOCTOPY MOIIYKY, 10
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FUZZY LOGIC IN DORMITORY ACCOMMODATION RECOMMENDATION SYSTEMS: ACCOUNTING
FOR UNCERTAINTY AND LINGUISTIC STUDENT PREFERENCES

The problem of student dormitory room allocation is considered as a multi-criteria decision-making task under uncertainty. The relevance of the study
is driven by the need to improve the quality of accommodation processes through intelligent recommendation approaches that account for individual
student preferences, rather than relying on simple filtering mechanisms. The aim of the paper is to develop a recommendation model that evaluates the
suitability of dormitory rooms based on both quantitative characteristics and subjective user preferences. To achieve this goal, a fuzzy logic approach is
applied to model the linguistic nature of user requirements and to handle uncertainty in decision-making. The proposed model calculates partial
compatibility scores for multiple criteria, including price, distance, comfort, noise level, and social compatibility, and aggregates them into an overall
suitability measure for each student-room pair. The effectiveness of the approach is evaluated by comparing it with the Simple Additive Weighting
method, used as a baseline. The results show that the fuzzy logic-based approach provides more differentiated and flexible recommendations, better
representing diverse student preferences and improving the quality of ranking alternatives. The analysis of score distributions shows that the fuzzy logic
approach yields a smoother, more continuous range of compatibility values, whereas the additive weighting method tends to produce clustered scores,
reducing the ability to distinguish between alternatives. The proposed method can be used as a decision-support tool in dormitory management systems

to enhance allocation efficiency and user satisfaction.

Keywords: fuzzy logic, multi-criteria decision making, dormitory allocation, student preferences, recommendation system, social compatibility,

additive weighting method.

Introduction. The management of student accommo-
dation in dormitories is an essential part of campus opera-
tions that directly affects student satisfaction, the quality of
the educational environment, and the efficient use of cam-
pus resources. Despite the growing digitalization of higher
education, many institutions still rely on manual or semi-
automated room allocation procedures that require signifi-
cant administrative effort and often fail to adequately ac-
count for individual student preferences [1], [2].

To improve decision-making in such environments,
universities increasingly adopt intelligent information sys-
tems and personalized recommendation approaches. Rec-
ommender systems enable the generation of accommoda-
tion suggestions based on user preferences and contextual
factors, thereby improving the quality of the user experi-
ence and adaptation [1], [3].

The dormitory room selection process involves multi-
ple criteria, including budget constraints, room capacity,
distance to the university, comfort level, noise conditions,
and social compatibility. Many of these criteria are subjec-
tive and are naturally expressed in linguistic terms such as

“moderately priced”, “quiet environment”, or “not too
many roommates”, which makes it difficult to use deter-
ministic approaches based on strict thresholds.

In this context, fuzzy logic provides an effective
framework for representing uncertainty and modeling lin-
guistic preferences in multi-criteria decision-making prob-
lems [4], [5]. Therefore, developing a fuzzy-logic-based
recommendation component for dormitory accommodation
becomes a timely and relevant task to improve the per-
sonalization, interpretability, and quality of student housing
decisions.

Literature review. Most existing dormitory manage-
ment systems concentrate on routine administrative tasks
and offer little support for intelligent decision-making. Uni-
versity accommodation systems typically support applica-
tion processing, document management, and status
tracking, but do not provide personalized room recommen-
dations based on student preferences [6].

Commercial accommodation platforms, such as
INGEK, HousingAnywhere, Student.com, and UniAcco,
provide filtering by price, location, and room characteris-
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tics; however, their recommendation mechanisms usually
rely on direct filtering rather than multi-criteria decision
support [7]-[10]. Similar limitations can also be observed
in local web-based dormitory solutions [11].

Regarding methodological approaches, multi-criteria
decision-making methods, such as the Simple Additive
Weighting method, are widely used because of their trans-
parency and computational simplicity. However, such
approaches require precise numerical inputs and assume
linear relationships between criteria, which limits their
applicability in situations involving subjective or linguistic
preferences [12], [13].

Data-driven and clustering-based approaches have
also been applied to recommendation problems [2], [14].
While they can be effective with large datasets, their inter-
pretability is often limited, which reduces their usefulness
in real decision-support settings.

Fuzzy logic provides a flexible and interpretable
framework for modeling uncertain and linguistically
expressed user preferences in multi-criteria environments
[4], [5]- At the same time, optimization approaches, in-
cluding genetic algorithms, have proven effective for
solving related allocation problems under constraints [15],
[16].

Therefore, existing dormitory systems do not ade-
quately combine personalized preference modeling, social
compatibility assessment, and interpretable multi-criteria
evaluation. This motivates the development of the proposed
fuzzy-based recommendation approach.

Problem Statement. The problem of student accom-
modation selection can be formulated as a multi-criteria
decision-making problem under uncertainty, in which the
degree of suitability between students and available dormi-
tory rooms must be evaluated based on individual
preferences and room characteristics.

Let d denote the set of students, R ={r,r,,...r,} —the

set of available rooms, and C ={c,,c,,...c,} — the set of

evaluation criteria, which includes price, distance to the
university, noise level, room capacity, comfort, renovation
condition, and social compatibility. Each student provides
their preferences for these criteria in linguistic terms (e.g.,
low price, quiet environment, moderate distance), which
are subjective and cannot be directly encoded as precise
numerical values; for example, an acceptable price level is
“medium”. At the same time, each criterion is assigned a
weight that reflects its relative importance for a particular
student.

The central objective of the problem is to determine
how well each room satisfies a given student’s preferences.
This is achieved by calculating a compatibility score for
each student—room pair:

K
Fij= zwil -di,
I=1

where | is the index of the criterion, w; represents the im-
ji €[0]]
denotes the partial compatibility of the room r; with re-

portance of the criterion c, for student s;, and d,

spect to this criterion. The values d; are obtained using

fuzzy inference or rule-based evaluation depending on the
criterion, which transform both linguistic preferences and
guantitative room characteristics into a unified numerical
scale.

Once the compatibility scores are computed, the
recommendation task becomes a ranking problem. For each
student, all available rooms are evaluated and ordered in
descending order of F;, and this ordering forms a per-

sonalized list of recommended options. Such a formulation
focuses on identifying the most suitable alternatives for
each individual student rather than performing a global al-
location of all students simultaneously.

The main challenge in this problem lies in processing
heterogeneous and partially subjective criteria. For exam-
ple, preferences such as an acceptable price level or desired
comfort are inherently vague, and trade-offs between crite-
ria (for example, lower price versus higher comfort) also
complicate the evaluation process. These characteristics
limit the effectiveness of classical linear and deterministic
models.

To address these challenges, the proposed approach
uses fuzzy logic to model uncertainty and linguistic
preferences. The resulting compatibility scores offer an
interpretable, flexible basis for generating personalized
room recommendations. The obtained ranking can further
serve as input to more advanced allocation models, which
may be considered a direction for future research.

Method. The proposed method considers the problem
of assigning students to dormitory rooms as a multi-criteria
decision-making task under uncertainty. Each student is
evaluated for all available rooms based on individual
preferences and room characteristics, while the vagueness
of human judgments is handled using fuzzy logic. Social
compatibility is incorporated through an additional
rule-based component.

Let S={s;} denote the set of students and R={r;}

the set of available rooms. Each student s; is described by
a vector of preferences P =(p,;,... pi) and a correspond-
ding vector of weights W; = (w,,...w, ), where

k
ZW” =1
1=1

Each room r; is described by a vector of parameters
X; = (Xjy,-.-X; ), where x; represents the value of room
r; corresponding to criterion ¢, .

For each pair (s;,r;), the model computes partial

scores d;; €[0,1], where index | corresponds to a specific

ijl
criterion (e.g., price, distance, noise, comfort). These scores
are obtained through fuzzy inference or rule-based evalua-
tion, depending on the criterion. First, both student
preferences and room parameters are transformed into lin-
guistic variables using predefined membership functions
(e.g., low, medium, high), typically represented by triangu-
lar or trapezoidal fuzzy sets. Then, Mamdani-type inference
is applied using a rule base of the form:

Ilvashchenko O. V., Filip S., Yuriev N. R. Fuzzy logic in dormitory accommodation recommendation
systems: accounting for uncertainty and linguistic student preferences 19
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IF room parameter is A
AND preference is B
THEN suitability is C.

The resulting fuzzy output is defuzzified using the
centroid method, yielding a crisp value d; .

In addition to the considered criteria, the method
incorporates a social compatibility component that reflects
the feasibility of co-living among students. This covers
aspects such as language, cultural background, and lifestyle
preferences. For instance, language compatibility is evalu-
ated not only by the presence of identical languages but also
by students’ ability to communicate through a shared lan-
guage. English often serves as a common communication
medium; therefore, in international dormitory environ-
ments. So, if two students do not share a native language
but both can communicate in English, partial compatibility
is assigned. Otherwise, compatibility is minimal. The
resulting social score is denoted as dg, [0,1] and is

treated as a partial score corresponding to the social com-
patibility criterion. Thus, social compatibility is incorpo-
rated into the model as an evaluation criterion and con-
tributes to the overall compatibility score in the same
manner as the other criteria.

The overall compatibility between student s; and

room r; is computed by aggregating all partial scores using
F..

ij
Thus, for each student, the method iteratively evalu-

ates all available rooms by performing fuzzification,
inference, defuzzification, and aggregation steps, storing
the results in a matrix F =[F;]. Rooms are then ranked in

descending order of F;,

producing a personalized recom-
mendation list.

The overall workflow of the method, including the
stages of fuzzy evaluation and aggregation described, is
illustrated in Fig. 1.

Results and Discussion. The experimental dataset
was constructed based on domain expertise and direct com-
munication with international and Erasmus students, which
enabled the identification of the most relevant accommoda-
tion criteria and typical preference patterns for both short-
term and long-term residents. This approach ensured that

the dataset reflects realistic decision-making scenarios and
incorporates both quantitative room characteristics and
subjective user preferences.

Three dormitories with different accommodation
conditions were modelled to evaluate the behavior of the
proposed approach under varying trade-offs between crite-
ria. Dormitory A is located close to the university and is
characterized by relatively low noise levels and moderate
comfort. Dormitory B is farther away but offers better
renovation conditions. Dormitory C is located in a central
area, offering greater comfort but also higher prices and
increased environmental noise. Such differentiation allows
testing the model’s sensitivity to conflicting criteria and re-
alistic decision-making scenarios.

Vg “‘
| stat )

:

Obtain student profile

Obtain preferences and weights
Load available rooms
N\
s N\
Y = Nt ro0mM available? e
N
1
‘ No
E X
| Fuzzification of room parameters and Sorl rooms by F_j
preferences =
|
Mgt Taz2y Mifoyencs Generate ranked recommendation| L
I .
| Genetic aigoritm for global |
Centroid defuzzification AT | allocation |
\ End B
l - . L ]
‘ Optimized allocation
Fartial scores d_il
Social compaibilty d_soc |

Integrated score F_jj — Store score in matrix F

Fig. 1. Flowchart of the fuzzy-based room recommendation
algorithm

In contrast to a flat dataset representation, the experi-
mental data were organized according to the relational
structure of the developed system. The dataset includes
multiple interconnected tables describing students, their

Table 1 — Relational data used in the experiment

Table

Role in the experiment

USERS

Stores student profiles and social characteristics

STUDENT_PREFERENCES

Stores linguistic accommodation preferences

STUDENT_PREFERENCE_WEIGHTS

Stores individual criterion weights

HOSTELS Describes dormitory-level characteristics
ROOMS Stores room parameters used in recommendation
BEDS Defines bed places within rooms

CURRENT_ASSIGNMENTS

Stores already occupied beds and current residents

MODEL_PARAMETERS

Stores model parameters for social compatibility

RECOMMENDATION_LOG / output file

Stores calculated scores and ranking results
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preferences and weights, and dormitory and room charac-
teristics. The main entities involved in the experiment and
their roles are summarized in Table 1.

Such a structure allows separating static information
(room parameters, dormitory characteristics) from dynamic
user-specific data (preferences and weights), which is es-
sential for evaluating the recommendation model.

The recommendation results were obtained by com-
puting partial compatibility scores for each criterion and
aggregating them into the final compatibility score — F; . In

Table 2, dpice , d

compatibility scores for the price criterion, noise level, and
social compatibility, respectively, where each value
belongs to the interval [0,1]. A fragment of the computed
results is presented in Table 2, where each row corresponds
to a specific student-room pair.

noise » @nd dg. denote normalized partial

Table 2 — Fragment of calculated recommendation results

Student | Room dprice dnoise doc Fij Rank
Ayse

Dureie | ALOL | 0500 | 0.790 | 0575 [ 0.732 | 1
Ayse 1 A103 | 0500 | 0790 | 0.500 | 0.727 | 2
Demir

To better understand the behavior of the proposed
method, several representative student profiles were ana-
lyzed in detail. The selected students differ in their
preference structures, allowing evaluation of the model
under different decision-making scenarios. For example,
some students demonstrate strong preferences for comfort
and low noise levels, while others prioritize price or social
compatibility. These differences in preference structures
directly influence the resulting compatibility scores and
ranking outcomes.

The results demonstrate that the proposed fuzzy-based
method yields distinct compatibility scores across rooms,
even when the initial parameters are similar. This is pri-
marily due to the use of fuzzy inference, which captures
gradual transitions between linguistic categories (e.g.,
“low”, “medium”, “high”) instead of relying on strict
thresholds.

To further assess the effectiveness of the proposed
approach and to better interpret the results, the outcomes
were compared with those of the Simple Additive
Weighting (SAW) method, which is widely used in multi-
criteria decision-making problems due to its simplicity and
interpretability. In SAW, all criteria are normalized and
aggregated linearly using predefined weights, without
explicitly modelling uncertainty or linguistic preferences.
This makes SAW a suitable baseline for comparison with
more advanced approaches [17].

In the SAW method, each criterion is first normalized
to a comparable scale, taking into account its type (benefit
or cost), after which the overall score is calculated as a
weighted sum of criterion values. The same criteria and
weights were used for both methods in this study to allow
a fair comparison. The key distinction appears at the
evaluation stage: the proposed approach uses fuzzy

inference, whereas SAW performs a direct weighted
aggregation of numerical values.

A comparison with the SAW method reveals
important differences in ranking behavior. While SAW
often produces identical or very close scores for multiple
alternatives, the fuzzy-based approach introduces
additional sensitivity to variations in criteria values and
better reflects subjective preferences. This effect is
especially noticeable in cases where trade-offs between
criteria are present.

The comparison in Table 3 shows that both methods
yield similar results for students with clearly dominant
preferences and homogeneous room characteristics. For
instance, students such as Ayse Demir and Luka Horvat
receive nearly identical recommendations from both
methods, which indicates that their preference structures
clearly match the characteristics of the top-ranked rooms.

However, noticeable differences appear in more
complex cases. In particular, for students such as Elif Kaya
and Mehmet Arslan, the fuzzy-based method produces
rankings that differ from those obtained using SAW. This
can be explained by the structure of their preferences, in
which no single criterion dominates and multiple trade-offs
must be considered.

For example, Elif Kaya assigns relatively balanced
importance to several criteria, including distance, noise,
and comfort. In such cases, the fuzzy-based method
captures partial satisfaction across multiple criteria,
whereas SAW tends to favor alternatives with slightly
higher normalized values, resulting in different rankings.

Table 3 — Comparison of top-ranked rooms using the Fuzzy
method and SAW

Student Method | Rank1 | Rank2 | Rank3
Ayse Demir Fuzzy Al01 Al103 Al104
Ayse Demir SAW A101 A103 A104
Elif Kaya Fuzzy A309 A310 A311
Elif Kaya SAW A303 A304 A305
Luka Horvat Fuzzy C308 C309 C310
Luka Horvat SAW C308 C309 C310
Mehmet Arslan Fuzzy B114 Al13 A317
Mehmet Arslan SAW A317 A318 A319

Similarly, for Mehmet Arslan, the inclusion of the
social compatibility component significantly influences the
final ranking. The fuzzy-based method prioritizes rooms
with better social matching, whereas SAW does not
explicitly account for such relationships, leading to
different top-ranked options.

In addition to individual comparisons, the overall
behavior of the proposed method was analyzed based on
the distribution of compatibility scores across all evaluated
student—room pairs.

Fig. 2 illustrates the distribution of compatibility
scores F; obtained for all evaluated student-room pairs.

The majority of values fall between 0.68 and 0.71,
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indicating the overall consistency of the evaluated accom-
modation options with student preferences.

Distribution of compatibility scores Fj

KMumber of room alternatives

10

I

0.64 0.66 0.68 070 0.7z 0.74 0.76
F_ij {Compatibility score)

Fig. 2. Distribution of compatibility scores Fij for all evaluated
student-room pairs

At the same time, the presence of both lower and
higher values indicates that the model can distinguish
between less and more suitable alternatives. In particular,
rooms with significantly higher scores (above 0.74) cor-
respond to cases where multiple criteria are simultaneously
well satisfied, while lower scores reflect partial mismatches
in one or more criteria.

Such a distribution confirms that the proposed fuzzy-
based approach provides a balanced evaluation of alterna-
tives and avoids excessive clustering of results. This is
especially important in recommendation scenarios, where
small differences in scores determine the final ranking of
options.

The fuzzy-based method and SAW method exhibit
different score distributions (Fig. 3). The fuzzy-based
method yields more concentrated compatibility scores in
the middle range, whereas SAW produces several groups
of values due to linear normalization and aggregation. This
confirms that the proposed and baseline methods rank
alternatives using different evaluation mechanisms.

Comparison of score distributions: Fuzzy vs SAW

Fuzzy-based method

AW meth
i SAW method

w
o

Number of alternatives
L5
[=]

0.55 0.60 0.65 0.70 0.75 0.80
Score value

Fig. 3. Comparison of score distributions obtained
using the fuzzy-based method and the SAW method

A more detailed analysis of Fig. 3 shows that the SAW
method tends to produce several distinct clusters of scores,
which is a direct consequence of linear normalization and

aggregation. As a result, multiple alternatives receive
identical or nearly identical values, reducing the discrimi-
native ability of the ranking.

In contrast, the fuzzy-based method produces a
smoother and more continuous distribution of scores. This
behavior reflects fuzzy inference’s ability to model gradual
transitions between preference levels and capture partial
satisfaction of criteria. Consequently, the proposed
approach provides a more nuanced differentiation between
alternatives, which is particularly important in scenarios
with closely competing options.

Overall, the experimental results demonstrate that the
proposed fuzzy-based approach provides a more flexible
and sensitive evaluation of accommodation alternatives
compared to the SAW method. This is especially clear in
situations with several trade-offs and subjective criteria,
where handling uncertainty and partial preferences beco-
mes important.

Conclusions. This study proposes a fuzzy-logic-
based recommendation approach for selecting student
dormitory rooms, formulated as a multi-criteria decision-
making problem under uncertainty. The method allows the
incorporation of both quantitative room characteristics and
linguistically expressed subjective student preferences.

The developed model integrates fuzzy inference to
evaluate partial compatibility across multiple criteria and
includes a social compatibility component that reflects the
feasibility of co-living among students. This allows the
model to better reflect how students actually make
decisions.

The results show that the proposed method produces
more differentiated and interpretable rankings compared to
the Simple Additive Weighting (SAW) method. While
SAW tends to generate identical or closely grouped scores
due to linear aggregation, the fuzzy-based approach
captures gradual transitions between preference levels and
accounts for partial satisfaction of criteria.

The comparison also shows that both methods provide
similar results in cases with dominant criteria; however,
significant differences arise in more complex scenarios
involving multiple trade-offs and social factors. In such
cases, the proposed approach demonstrates higher sensi-
tivity to variations in input parameters and better reflects
individual preferences.

Therefore, the proposed method can serve as an
effective tool for personalized dormitory room recommen-
dation. It may serve as a decision-support component wit
hin dormitory management systems, improving the quality
of allocation decisions and user satisfaction.

Future research may focus on integrating the proposed
recommendation model with global optimization tech-
niques, such as genetic algorithms, to solve the full alloca-
tion problem under capacity constraints.

Declaration on the use of generative Al. During the
preparation of this work, the authors used ChatGPT and
Grammarly for grammar and spell checking, as well as for
rephrasing and reformulating the text. After using these
tools, the authors reviewed and edited the content as neces-
sary and take full responsibility for the content of this pub-
lication.
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HEYITKA JIOT'IKA B PEKOMEHJALIIMHAUX CUCTEMAX NOCEJIEHHS B I'YPTOXKHUTKAX:
YPAXYBAHHS HEBU3HAYEHOCTI TA JIIHTBICTUYHHUX YIIOJAOBAHBb CTYJAEHTIB

3aj1a4a po3MOIiTy CTYAEHTIB MO KIMHaTaX TYPTOKHTKY PO3TIIANAETHCS K 3a/ja4a 6araToOKpUTepiabHOTO IPHIHATTS PillleHb B yMOBaX HEBU3HAYEHOCTI.
AKTyaJbHICTh JOCHi[DKEHHS 3yMOBIEGHAa HEOOXITHICTIO MiBUIIEHHS SKOCTI IPOLECIB IOCETEHHS 32 PaXyHOK BHUKOPUCTAHHS iHTENEKTyalbHUX
peKOMeH/IaNifHAX ITiIXO0/IB, 110 BPaXOBYIOTh iHAMBINyalbHi BIIOJOOAHHS CTYEHTIB, Ha BiMiHY BiJl MPOCTUX MeXaHi3MiB ¢inpTpamnii. Meroro pobotn
€ Po3po0OIIeHHs PEeKOMEHAMIHOT MOJIeT, sIka OIIHFOE MPHIATHICTh KIMHAT TYPTOKUTKY Ha OCHOBI SIK KiJIbKICHUX XapaKTEPHCTHK, TaK i Cy0 eKTHBHIX
BMOJ00aHb KOPHUCTYBadiB. JIJIi NOCATHEHHS Ii€]l METH 3aCTOCOBAHO IiJIXiJ] HEYITKOI JIOTIKM ISl MOJENIOBAHHS JIHIBICTUYHOI NPHUPOAM BUMOT
KOpHUCTYBaJiB Ta BpaxXyBaHHs HEBM3HAUEHOCTI B TNpOIECi MPUIHATTS pillleHb. 3anporOHOBaHA MOJIENb OOYNCIIIOE YaCTKOBI OIIHKK CyMiCHOCTI 3a
JIEKiIbBKOMa KPHUTEpisiIMH, 30KpeMa I[HOIO, BiJICTaHHIO, KOM(OPTOM, PIBHEM IIyMy Ta COILIaTbHOI CYMICHICTIO, Ta arperye ix y 3arajbHy Mipy
MPUAATHOCTI JUISl KOYKHOI AU «CTYJeHT—KiMHaTa». EQEeKTUBHICTD MiIX0y OLIHIOETHCS HIISIXOM MOPiBHSAHHSA 3 MeTooM Simple Additive Weighting,
SIKUH BUKOPHCTOBYETHCS SIK 0a30BHA. Pe3ynbTaTi mOKa3yroTh, IO MijIXiJ HA OCHOBI HEYITKOI JIOTIKHM 3a0e3mnedye Oinbil nudepeHiioBaHi Ta rHy4Ki
pexoMeHail, Kpalle BigoOpakae pPi3HOMAHITHICTB YIOA00aHb CTY/CHTIB i MiABHILYeE SKICTh PaH)XKYBaHHS aldbTePHATHB. AHaIi3 PO3MOJIIY OIIHOK
MOKa3ye, 10 MiIXiJ HeiTKOI JOTiku (opMye OLIBII TMIaJKuii 1 Oe3nepepBHIi iana3oH 3Ha4e€Hb CyMICHOCTI, TOJI SIK METOJ aJJUTHBHOTO 3Ba)KYBaHHS
Ma€ TEHJICHIII0 JI0 YTBOPEHHS KJIACTEPH30BAHUX 3HAYEHb, IO 3HIDKYE 3ATHICTh PO3PI3HATH aJbTEPHATHBH. 3alpPONOHOBAHUII METOA MOXe OyTh
BUKOPUCTAHUH K IHCTPYMEHT IiJTPUMKM NPUIHATTS PillleHb Y CUCTEMaX YNpPaBIiHHSA TYPTOXKUTKAMHM I MiJABUINEHHS e)EKTUBHOCTI PO3NOALTY Ta
3aJJ0BOJICHOCTI KOPUCTYBAYiB.
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CHCTEeMa, CollialbHa CYMiCHICTb, METOJ] aTTUBHOTO 3Ba’KyBaHHS.
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TRUSTED RFID EVENT MODELING FOR AUDIT, SECURITY, AND PROVENANCE
IN PATIENT APPOINTMENT WORKFLOWS

This paper is devoted to the development and investigation of an approach to auditing, security, and provenance of RFID-based patient interactions
within appointment-centered workflows in medical information systems. The paper analyzes the limitations of traditional RFID implementations in
healthcare, which are typically focused on simple identifier retrieval and do not ensure contextual integrity, traceability, or verifiability of clinical actions,
leading to risks related to inconsistent medical records and reduced reliability of appointment outcomes. The proposed solution treats RFID readings as
trusted context-aware events embedded into the lifecycle of a patient appointment and forming a verifiable chain of clinical interactions. A formal model
of a trusted RFID event is introduced, incorporating actor, temporal, spatial, and clinical context parameters, enabling its use as an atomic unit of audit
and provenance. The approach establishes a relationship between RFID event chains and appointment results, where the outcome of a patient visit is
derived from a sequence of validated and contextually consistent events rather than solely from declarative records. To ensure interoperability and
standardized audit mechanisms, the proposed model is aligned with HL7 FHIR resources, including AuditEvent and Provenance, enabling representation
of both event-level actions and their origins within a unified framework. A risk-based approach to RFID infrastructure security is incorporated, allowing
differentiation of protection mechanisms depending on the criticality of clinical interactions. The client-server architecture of the medical information
system is extended with event-driven server-side processing of RFID interactions, ensuring validation, authorization, and consistency of clinical
workflows. The results demonstrate that the proposed approach improves auditability, traceability, and reliability of RFID-based patient appointment
management compared to traditional identification-centric solutions, making it suitable for deployment in real healthcare environments requiring high

levels of trust and accountability.

Keywords: RFID, patient identification, trusted events, audit, provenance, appointment workflows, healthcare information systems

Introduction. The ongoing digital transformation of
healthcare systems has significantly increased the volume
of medical data and the complexity of clinical workflows.
Modern medical information systems are required not only
to store and manage electronic health records but also to
ensure the integrity, traceability, and accountability of
clinical actions. Patient appointments represent a central
organizational unit in such systems, structuring interactions
between patients, healthcare professionals, and clinical
processes. However, in many cases, the results of patient
visits are still primarily based on declarative records
entered by medical personnel, which may lack sufficient
evidence of actual clinical actions and introduce risks
related to human error, data inconsistency, and limited
auditability [1, 2].

Radio Frequency ldentification (RFID) technology
has been widely adopted in healthcare as a solution for
automated patient identification, asset tracking, and
medication management. Compared to traditional barcode-
based systems, RFID enables contactless identification,
supports real-time data acquisition, and improves
operational efficiency in dynamic clinical environments
[3-5]. Recent studies show that RFID-based systems can

reduce medication errors, improve patient safety, and
enhance workflow efficiency, particularly in high-load
hospital settings [6, 7].

Despite these advantages, most existing RFID
implementations in medical information systems are
limited to simple identifier retrieval and access control.
RFID tags are typically treated as static identifiers that
provide access to patient data, while the interactions
themselves are not interpreted as clinically meaningful
events. As a result, RFID-based actions are rarely
integrated into the logical structure of patient appointments
and do not provide sufficient support for audit, provenance,
or verification of clinical outcomes [8, 9].

At the same time, modern healthcare systems
increasingly require mechanisms that ensure traceability,
data provenance, and accountability of clinical processes,
especially in the context of patient safety and regulatory
compliance. Standards such as HL7 FHIR introduce
structured representations for audit trails and provenance,
including resources such as AuditEvent and Provenance,
which enable tracking of actions and their origins within
healthcare systems [10, 11]. However, the integration of
real-time identification technologies such as RFID with
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these standardized models remains insufficiently explored,
particularly in the context of appointment-centered
workflows and verification of clinical outcomes [12, 13].

This paper addresses the identified gap by proposing
an approach in which RFID interactions are treated as
trusted, context-aware events embedded within the
lifecycle of patient appointments. In the proposed model,
each RFID interaction contributes to a verifiable chain of
events that supports audit, provenance, and validation of
appointment outcomes. This enables a transition from
declarative recording of clinical results to their evidence-
based verification, improving the reliability, traceability,
and accountability of medical information systems in real
healthcare environments.

Related works and problem statement. Reliable
patient identification is a fundamental requirement for
ensuring safety and quality in healthcare delivery. In
modern clinical environments, identification processes are
tightly integrated with various stages of patient care,
including admission, diagnosis, treatment, and follow-up.
Failures in identification can lead to serious consequences
such as incorrect medication administration, duplication of
medical records, delays in treatment, and clinical decision
errors. As healthcare systems become increasingly digital
and interconnected, the need for robust and scalable
identification mechanisms continues to grow, especially in
high-load environments where multiple interactions occur
simultaneously [14, 15].

Traditional identification methods, including manual
verification and barcode-based systems, have contributed
to improving standardization and reducing certain types of
human error. However, these approaches remain dependent
on direct interaction, line-of-sight scanning, and correct
user behavior, which limits their effectiveness in dynamic
and time-critical clinical workflows. In addition, barcode
systems are susceptible to physical damage and often
require repeated scanning, which may introduce delays and
reduce usability in practice [16, 17].

Radio Frequency Identification (RFID) technology
has emerged as a promising alternative, enabling
contactless identification and real-time data acquisition in
healthcare environments. RFID systems allow automatic
detection of tags without the need for direct line-of-sight
and support simultaneous identification of multiple entities,
including patients, medical staff, equipment, and medica-
tions. These capabilities contribute to improved workflow
efficiency, reduced manual workload, and enhanced
situational awareness within clinical settings [18, 19].

Recent studies highlight the growing adoption of
RFID in various healthcare applications, including patient
tracking, medication administration, and asset manage-
ment. In particular, RFID-based systems have been shown
to reduce identification-related errors, improve compliance
with clinical procedures, and support automation of routine
tasks. Furthermore, integration of RFID with mobile
devices and hospital information systems enables seamless
access to patient data and facilitates real-time decision-
making by healthcare professionals [20, 21].

At the same time, the effectiveness of RFID systems
depends on multiple technical and organizational factors,
including tag placement, environmental conditions, reader

configuration, and system integration. Challenges such as
signal interference, reading accuracy, and infrastructure
costs may affect system performance and limit large-scale
deployment in certain healthcare settings. Nevertheless,
ongoing advancements in RFID technology and its
integration with digital health infrastructures continue to
expand its potential as a key component of modern medical
information systems [22, 23].

Despite widespread RFID use in healthcare, most
systems remain limited in scope and integration. Tags are
typically used as static identifiers for record access or
simple actions, reducing interactions to basic lookups
without clinical context. As a result, RFID events are
treated as isolated technical operations rather than
meaningful clinical events, limiting their role in validation,
reasoning, and higher-level decision-making [24, 25].

This issue is critical in appointment-centered work-
flows, where identification is part of a sequence of clinical
steps. The same RFID action is used for admission, exami-
nation, medication, or discharge, each requiring different
rules and context. Yet many systems process them unifor-
mly, ignoring context. This loses semantic meaning, wea-
kens workflow control, and increases the risk of errors or
Another critical issue is the lack of contextual awareness in
RFID data processing. Reliable interpretation requires fac-
tors like actor identity and role, location, appointment state,
and intended action. However, most systems ignore this
context, relying only on identifier matching, which limits
validation and increases the risk of inappropriate or unau-
thorized operations in complex clinical environments [26].

From an architectural perspective, traditional RFID
systems rely on synchronous request-response models,
where each identification triggers an immediate server call.
While simple, this limits scalability and flexibility. In high-
load environments like hospitals, it can cause bottlenecks,
higher latency, and reduced responsiveness. It also compli-
cates multi-stage workflows requiring asynchronous pro-
cessing, event correlation, and coordination across distribu-
ted components [27].

Beyond scalability issues, synchronous models create
tightly coupled architectures where identification logic,
business rules, and Ul are interdependent. This reduces
maintainability and makes it hard to adapt to new
workflows, integrations, or regulations. As healthcare
systems become more distributed and interoperable, these
limitations grow increasingly problematic [24].

Another limitation is weak support for auditability
and traceability. RFID interactions are often treated as
transient and not stored in a structured, context-rich form.
Even when logged, they lack detail to reconstruct who did
what, under which conditions, and in what clinical context.
This complicates incident analysis, compliance verifica-
tion, and quality assurance processes [28].

Moreover, the lack of explicit links between identi-
fication events and higher-level clinical constructs, such as
appointments or treatment episodes, further limits trace-
ability. Without this linkage, it is hard to verify whether
recorded outcomes match the actual sequence of actions.
This gap between data and verifiable evidence is a critical
weakness of many medical systems and undermines trust in
digital health records [28].
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Current RFID systems offer limited support for data
provenance, as they rarely capture the full chain of actions
leading to a clinical outcome. This makes it hard to assess
data reliability, detect inconsistencies, or trace errors. The
issue is especially critical in complex, multi-actor,
distributed workflows, where tracing data to its origin is
key for accountability and trust [25].

The limitations of existing RFID systems highlight
the need for a different model that goes beyond simple
identifier-based access and includes contextual, verifiable,
and traceable representations of clinical interactions.
Identification should be treated not as an isolated operation
but as part of clinical workflows, linked to appointments
and outcomes. This requires viewing RFID interactions as
structured, context-aware events that reflect real actions
and support reliable audit and verification.

In this approach, each RFID interaction is a trusted,
context-rich event (actor, location, time, clinical stage),
forming an atomic unit in a verifiable chain of actions
within an appointment. Identification becomes evidence of
interaction rather than just access.

Linking events to appointments provides context,
enabling scenario differentiation and context-specific rules
like role-based access, location constraints, and workflow
conditions, improving safety and correctness [29].

Trusted events enable building verifiable chains of
clinical interactions, where each action links to previous
ones within an appointment. Outcomes are derived not as
declarations but from validated event sequences, making
them evidence-based. This increases reliability of medical
records and supports accountability, especially in critical
scenarios like medication administration or invasive
procedures [30].

To ensure interoperability and standardization, the
model aligns with HL7 FHIR. RFID trusted events map to
resources like AuditEvent (actions) and Provenance (data
origin and history), enabling consistent representation of
event chains and their links to clinical entities such as
appointments and encounters. This supports both internal
processing and compliant data exchange within a unified
framework [31].

Another key aspect is a risk-based approach to RFID
processing. Clinical actions differ in criticality, so they
require different validation levels. For example, check-in
may need minimal checks, while medication or treatment
actions require stricter controls like multi-factor verifica-
tion and enhanced auditing. Embedding risk awareness
allows the system to adapt its behavior, ensuring appro-
priate security and reliability [32].

Event-based RFID  representation  improves
auditability, traceability, and analysis. Each interaction is a
structured, context-rich event, enabling reconstruction of
the full action sequence within an appointment. This
supports incident investigation, quality assurance, and
compliance by revealing workflow deviations and root
causes. Unlike traditional logs, it provides a coherent,
semantically meaningful view of clinical processes [30].

Overall, a trusted event-based RFID model enables
more reliable, transparent, and accountable healthcare
systems. Linking identification events to appointment
workflows and deriving outcomes from validated event

chains addresses key limitations and supports next-
generation systems focused on safety, traceability, and
trust.

Trusted RFID event model for appointment-
centered clinical traceability. The limitations of RFID
identification in healthcare call for a shift from viewing
interactions as isolated technical operations to modeling
them as part of clinical workflows. Traditional systems
treat RFID as a means to retrieve identifiers and grant
access, ignoring its role within broader care processes.

In practice, identification occurs within structured
workflows, especially patient appointments, where each in-
teraction (admission, examination, medication, discharge)
is context-dependent and contributes to outcomes. Yet most
systems fail to link identification events to this context,
creating a gap between recorded data and actual clinical
practice.

This gap affects the reliability of appointment out-
comes, which are often recorded as assumed actions rather
than verifiable ones. Without links to traceable events, it is
hard to assess data integrity, audit processes, or investigate
incidents.

To address this, a trusted event-based RFID model is
proposed, centered on patient appointments as the core
context. Each interaction is treated as a structured, context-
aware event representing a clinical action, enriched with
attributes like actor, location, time, and purpose for proper
interpretation within an appointment.

A core principle is that trust in clinical data must be
established, not assumed. RFID interactions become
trusted events only after validation of integrity, context, and
rule compliance, turning them into reliable evidence rather
than transient signals.

Patient appointments act as containers that organize
events into coherent workflows. Events within an
appointment form a sequence reflecting the visit’s
progression, providing a basis for deriving outcomes from
verifiable evidence rather than assumptions.

The approach shifts from identifier-centric, access-
based models to an evidence-based view of clinical in-
teractions, where RFID events ensure traceability, accoun-
tability, and data reliability. By formalizing context-aware
identification events, it enables integration of RFID into
healthcare systems while supporting efficiency and clinical
trust.

To achieve consistent and verifiable interpretation,
the model defines a trusted event as a structured entity
combining identification data with clinical context. This
allows RFID interactions to act as atomic units of clinical
activity, forming the basis for audit, traceability, and out-
come validation.

A trusted RFID event is defined as a tuple:

E = {uid, t,actor,role, loc, ctx, appointment_id}, (1)

where uid represents the unique identifier associated with
the patient’s RFID tag; t denotes the timestamp of the
interaction; actor identifies the entity (e.g., healthcare
professional or device) initiating the event; role specifies
the clinical role of the actor, such as physician, nurse, or
technician; loc (location) describes the spatial context in
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which the interaction occurs; ctx (context) represents the
clinical intent of the action (e.g., appointment confirmation,
examination, medication administration); and
appointment_id links the event to a specific patient
appointment, providing the primary contextual framework
for its interpretation.

Contextual parameters distinguish this model from
identifier-centric ones, enabling a semantically rich view of
interactions. The appointment_id is key, linking each event
to a specific visit, allowing identical RFID actions to be
interpreted differently depending on context and supporting
context-aware validation.

An RFID event is not inherently trustworthy; trust is
derived from completeness, consistency, and alignment
with clinical context. It becomes trusted only if it answers
core accountability questions (who, patient, where, when,
process), shifting RFID from passive identification to
evidence generation.

The model also supports composability: trusted events
form ordered sequences reflecting appointment progres-
sion. These preserve temporal and contextual links, enab-
ling workflow reconstruction and analysis, and serving as a
basis for event chains and appointment outcomes.

Formalizing RFID interactions as trusted events
supports integration with interoperability standards and
audit frameworks. Structured events with defined attributes
align with audit logging and provenance tracking, enabling
consistent mapping to standardized clinical actions and
ensuring compatibility and extensibility within healthcare
ecosystems.

Overall, the model provides a formal foundation for
interpreting identification as verifiable clinical actions. By
enriching events with context and linking them to
appointments, it shifts from identifier-based access to evi-
dence-based processing, supporting traceability, accounta-
bility, and reliability in modern healthcare systems.

In this model, an RFID interaction is not immediately
trusted; trust is derived through validation and con-
textualization. Raw identification alone is insufficient, so
each interaction passes through stages that establish its
validity and clinical meaning.

The first stage is structural validation, which checks
completeness and consistency of essential attributes (iden-
tifier, timestamp, actor). It ensures the event meets format
requirements but does not interpret its meaning

Next is contextual validation, where the system
evaluates the event against clinical context (actor role,
location, appointment state). This distinguishes identical
actions under different conditions and ensures only con-
textually valid events proceed.

The next stage is constraint and policy validation,
where domain rules and organizational policies (role-
based, temporal, workflow-specific) determine if the action
is allowed. Separating this from contextual validation keeps
the model flexible and extensible.

After passing validation, the event becomes eligible
for clinical interpretation and is mapped to a specific action
within the appointment workflow. It is no longer a technical
signal but a representation of a real clinical interaction,
enabling alignment with actual clinical practices.

The final stage is persistence and traceability, where
the event and its validation outcome are stored in a
structured log. This preserves each interaction as evidence
for audit, workflow reconstruction, and incident analysis,
unlike traditional transient identification actions.

Thus, transforming an RFID interaction into a trusted
clinical event is a multi-stage process ensuring technical
correctness and clinical validity. Explicitly modeling these
stages provides a clear, reproducible mechanism for trust
formation across clinical scenarios.

The overall validation and trust formation process is
shown in Fig. 1.

RFID Interaction Occurs

¢ uid, timestamp, actor,
Event Creation role, location,
l context, appointment _id

Structural Validation
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Reject Event
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Fig. 1. Stages of validation and trust formation for RFID-based
clinical events within appointment-centered workflows

While the formalization of RFID interactions as
trusted events provides a foundation for representing
clinical actions, the full semantic value of these events
emerges only when they are interpreted within a structured
clinical context. In the proposed approach, such a context
is defined by the patient appointment, which serves as the
primary organizational unit for grouping, interpreting, and
validating events. This appointment-centered perspective
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enables the transformation of isolated interactions into
coherent representations of clinical workflows.

A patient appointment is a bounded episode of care
involving interactions such as identification, examination,
diagnostics, treatment, and follow-up. Linking each RFID
event to a specific appointment provides context, allowing
events to be interpreted both individually and in relation to
others within the same process.

The integration of trusted RFID events into appoin-
tment-centered workflows is shown in Fig. 2.
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Fig. 2. Integration of trusted RFID events into appointment-
centered clinical workflows

The appointment_id attribute is key, linking each
event to a specific visit and enabling contextual interpre-
tation. This ensures identical RFID actions can have diffe-
rent meanings depending on the appointment. For example,
a scan during admission differs clinically from one during
medication, despite using the same mechanism.

Within the appointment-centered model, events are
not processed in isolation but are interpreted as components
of a broader workflow. The appointment acts as a container
that organizes events into a structured sequence, reflecting
the actual progression of the clinical process. This structure
allows the system to enforce workflow-specific constraints,
such as permissible transitions between stages of care,
required actions, and dependencies between events. As a
result, the system can detect inconsistencies, prevent
invalid operations, and ensure that clinical processes follow
defined rules.

Another important aspect of this integration is the
ability to correlate events across multiple actors and
locations within the same appointment. In real healthcare

scenarios, a single patient visit may involve several
healthcare professionals and multiple departments. By
associating all relevant events with a shared appointment
context, the system enables a unified view of the clinical
process, facilitating coordination, communication, and
comprehensive analysis of performed actions.

The appointment-centered model also provides a basis
for linking RFID events with higher-level clinical entities
and outcomes. Since each event is contextualized within a
specific visit, it becomes possible to evaluate not only indi-
vidual actions but also their collective contribution to the
overall result of the appointment. This establishes a direct
connection between low-level identification interactions
and high-level clinical semantics, bridging the gap between
technical data acquisition and meaningful clinical interpre-
tation.

While individual trusted RFID events provide a
reliable representation of atomic clinical actions, their full
value is realized when they are considered as part of a
structured sequence within a patient appointment. In the
proposed model, events associated with a specific
appointment are organized into event chains, which reflect
the temporal and logical progression of clinical
interactions. These chains serve as a bridge between low-
level identification events and high-level clinical outcomes,
enabling a consistent and verifiable interpretation of patient
visits.

An event chain represents an ordered sequence of
trusted RFID events linked by a common appointment
context. Each event in the chain corresponds to a specific
action performed during the visit and is enriched with
contextual attributes that allow it to be interpreted within
the workflow. The ordering of events is primarily deter-
mined by temporal relationships, but it is also influenced
by clinical logic, such as dependencies between actions and
permissible transitions within the workflow.

The concept of event chains enables the system to
move beyond isolated event processing toward a holistic
representation of clinical processes. Instead of evaluating
individual interactions independently, the system can
analyze the entire sequence of actions associated with an
appointment. This makes it possible to assess whether the
performed actions are consistent, complete, and aligned
with expected clinical procedures.

The relationship between RFID event chains and
appointment outcomes is illustrated in Fig. 3.

Within this framework, the outcome of a patient
appointment is no longer treated as a purely declarative
record but as a result derived from a sequence of validated
events. Each outcome is supported by an underlying chain
of actions that can be reconstructed, verified, and analyzed.
This establishes a direct link between recorded clinical data
and the actual interactions that occurred during the visit,
significantly improving the reliability and credibility of
medical records.

The use of event chains also enables the detection of
inconsistencies and anomalies in clinical workflows. For
example, if a required action is missing from the sequence,
or if events occur in an invalid order, the system can
identify such deviations and flag them for further review.
This capability is particularly important in safety-critical

Bicnux Hayionanvrnozo mexuiunoeo yHisepcumemy «XI1ly. Cepia: Cucmemnuii

28

ananis, ynpaguinus ma ingopmayiini mexroaoeii, Ne 1 (15) 2026



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

scenarios, where incomplete or incorrect workflows may
lead to adverse outcomes.

Another important advantage of this approach is its
support for post-event analysis and audit. Since each event
in the chain is recorded as a structured and contextualized
entity, it becomes possible to reconstruct the entire
appointment process with a high degree of detail. This
allows healthcare organizations to investigate incidents,
verify compliance with clinical protocols, and assess the
quality of care provided.

Furthermore, the event chain model provides a
foundation for integrating advanced analytical and
decision-support mechanisms. By analyzing patterns of
events across multiple appointments, the system can identi-
fy trends, detect potential risks, and support optimization of
clinical workflows. This extends the role of RFID from a
passive identification technology to an active component of
data-driven healthcare systems.

Overall, the introduction of event chains transforms
the interpretation of RFID interactions from isolated tech-
nical signals into a coherent and verifiable representation
of clinical processes. By linking appointment outcomes to
sequences of trusted events, the proposed model establishes
a foundation for evidence-based clinical data, enhancing
traceability, accountability, and trust in healthcare infor-
mation systems.

While the proposed trusted event-based model pro-
vides a conceptual and formal framework for interpreting
RFID interactions within appointment-centered workflows,
its practical value depends on the ability of a system to
support and reflect this model in real-world operation. In
this context, the implementation of a medical information
system serves not as the primary contribution, but as a
validation that the proposed approach can be effectively
realized and integrated into everyday clinical processes.

T 1
| Events are linked by time, By
| context. and appeointment_id

In the developed system, patient appointments are
represented as central entities that organize clinical
interactions and serve as containers for trusted RFID
events. All interactions involving patient identification are
implicitly or explicitly associated with a specific
appointment, ensuring that events are never processed in
isolation. This design enables consistent contextualization
of actions and aligns system behavior with the conceptual
model described in previous sections.

The practical representation of the proposed model,
including the interaction between appointments, RFID
events, and system components, is illustrated in Fig. 4.

Within the system, trusted RFID events are reflected
through changes in the state of domain entities, such as
patients, appointments, and clinical actions. For example,
an identification event associated with a scheduled
appointment may trigger a transition from a “planned” to
an “active” state, while subsequent events contribute to the
progression and eventual completion of the visit. This
demonstrates that RFID interactions are not merely
recorded but actively influence the lifecycle of clinical
processes.

The system interface provides a visual representation
of these processes, allowing users to observe and manage
appointments, patient data, and associated interactions.
However, the interface itself does not define the logic of
event processing; instead, it reflects the underlying event-
based model. This separation ensures that the interpretation
of RFID events remains consistent regardless of the client
interface used, supporting heterogeneous environments that
include web applications, mobile devices, and RFID-
enabled readers.

Another important aspect of the implementation is the
persistent storage of events and their outcomes. Each
trusted RFID event, along with its contextual attributes and
processing result, is recorded as part of a structured data
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model. This enables full traceability of clinical interactions
and supports audit and analysis of appointment workflows.
By maintaining a detailed history of events, the system
provides a reliable basis for reconstructing clinical
processes and verifying the correctness of recorded
outcomes.
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Fig. 4. Practical representation of appointment-centered
workflows and trusted RFID event integration in a medical
information system

The integration of trusted events into appointment-
centered workflows also enables consistent
synchronization between different system components.
Changes triggered by RFID interactions are propagated
across the system, ensuring that all representations of
clinical data remain aligned. This is particularly important
in distributed environments, where multiple users and
systems may interact with the same patient data simulta-
neously.

Overall, the practical implementation confirms that
the proposed trusted event-based model can be effectively
applied within a medical information system, providing a
coherent link between identification technologies and
clinical workflows. By ensuring that RFID interactions are
interpreted, validated, and recorded as context-aware
events within patient appointments, the system supports
traceability, accountability, and evidence-based representa-
tion of clinical outcomes.

The proposed trusted event-based model, together
with its practical representation, demonstrates a consistent
and extensible approach to integrating RFID-based identi-
fication into appointment-centered clinical workflows. By
redefining RFID interactions as structured, context-aware,
and verifiable events, the model overcomes the limitations
of traditional identifier-centric approaches and enables a
deeper integration of identification processes into the se-
mantic structure of healthcare information systems. This
shift allows identification to be interpreted not merely as a
technical operation, but as a clinically meaningful action
that contributes to the overall outcome of a patient appoint-
ment.

A key contribution of the proposed approach lies in
the explicit linkage between RFID events and patient
appointments, which serve as the primary contextual
framework for interpreting clinical interactions. This
appointment-centered perspective ensures that events are
not processed in isolation but are embedded within
coherent workflows that reflect real-world clinical
processes. As a result, identical identification actions can
be interpreted differently depending on their context,
enabling more precise validation, improved safety, and
greater alignment with clinical intent.

The introduction of a multi-stage validation process
further strengthens the reliability of the model by ensuring
that only structurally correct, contextually appropriate, and
policy-compliant events are considered trusted. This
approach establishes a clear mechanism for trust formation,
transforming raw identification data into evidence that can
be used for audit, verification, and decision-making. In
contrast to conventional systems, where trust is often
implicitly assumed, the proposed model provides an
explicit and reproducible process for establishing the
validity of clinical interactions.

Another important aspect of the model is the concept
of event chains, which enables the representation of patient
appointments as sequences of interrelated actions. By
organizing trusted events into ordered chains, the system
can capture the temporal and logical structure of clinical
workflows, supporting both real-time validation and
retrospective analysis. This allows appointment outcomes
to be derived from verifiable evidence rather than
declarative assumptions, significantly enhancing the
reliability and credibility of medical records.

From a system perspective, the practical implementa-
tion confirms that the proposed model can be effectively
realized within a medical information system without intro-
ducing excessive complexity. The separation between
event generation, validation, contextual interpretation, and
persistence ensures flexibility and scalability, while the use
of appointment-centered modeling provides a consistent
structure for integrating diverse clinical interactions. The
system interface, in turn, serves as a reflection of the under-
lying model, demonstrating that the proposed approach can
be seamlessly incorporated into real-world workflows and
user environments.

Furthermore, the model supports key requirements of
modern healthcare systems, including traceability,
accountability, and auditability. By representing RFID
interactions as persistent and context-rich events, the
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system enables detailed reconstruction of clinical processes
and facilitates post-incident analysis, compliance verifica-
tion, and quality assessment. This capability is particularly
important in safety-critical environments, where the ability
to verify performed actions is essential for ensuring patient
safety and maintaining trust in digital health systems.

Overall, the presented approach establishes a coherent
conceptual and practical framework for transforming
RFID-based identification into a foundation for evidence-
based clinical data processing. By linking trusted events
with appointment-centered workflows and deriving out-
comes from structured event chains, the model provides a
scalable and reliable solution for integrating identification
technologies into modern healthcare information systems.

Conclusions. This work addresses reliability, trace-
ability, and verifiability of patient-related interactions,
highlighting limitations of conventional RFID systems that
treat interactions as simple identifier retrieval without
context or links to clinical processes. This reduces data
integrity, auditability, and reliable validation of appoint-
ment outcomes.

To address this, a trusted event-based RFID model is
proposed, centered on patient appointments as the main
clinical context. RFID interactions are treated as structured,
context-aware events representing atomic clinical actions,
enriched with attributes such as actor, role, location, time,
and appointment link.

A key contribution is a multi-stage validation process,
where events become trusted only after structural,
contextual, and policy checks. This provides a reproducible
way to transform raw identification into verifiable clinical
evidence and supports a shift from access-based to evi-
dence-based data processing.

Another key aspect is integrating trusted RFID events
into appointment-centered workflows. Linking each event
to a specific appointment provides consistent context,
enables differentiation of similar actions under different
conditions, and enforces workflow-specific constraints,
improving safety and alignment with real clinical practice.

Event chains extend this by representing appoint-
ments as sequences of related actions. Outcomes are
derived from validated, consistent event chains rather than
declarations, linking results to evidence and improving
reliability, transparency, and credibility of medical data.

Practical implementation confirms applicability in
real systems. Trusted events integrate into appointment ma-
nagement, workflows, and data storage without excessive
complexity. Separation of representation, validation, and
interpretation ensures flexibility, scalability, and consis-
tency across components.

The results show the approach provides a strong basis
for next-generation healthcare systems focused on
traceability, accountability, and trust. By redefining RFID
identification as a source of verifiable clinical events, it
improves patient safety, supports audit and compliance, and
enables more reliable digital representations of clinical
processes.

Future work may extend the model with advanced
event correlation, real-time analytics, and decision-support
integration, as well as alignment with standards like HL7
FHIR for audit and provenance. Further research may

explore use in distributed, large-scale environments,
including mobile platforms and Internet of Medical Things,
enhancing robustness and adaptability of appointment-
centered, event-driven systems.
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MOJIEJIIOBAHHS JOBIPEHUX RFID-IIO/I JJISI AVIUTY,
BE3IEKH TA TOXO/KEHHS JAHUX Y TPOLIECAX BI3UTIB NAILIICHTIB

15 pobota npucesiueHa po3poOili Ta JOCHIIKEHHIO MiIX0Ly 10 ayAUTy, O€3MeKH Ta BiCTEKEHHS MOXO/UKEHHs naHuX (provenance) RFID-B3aemopniit i3
TaIfieHTaMH B paMKax MPOIIECiB, OPIEHTOBAHMX Ha BI3UTH, y MEJIMYHNX iHQOPMALIHHNX chcTeMax. Y CTATTi IPOaHaTi30BaHO OOMEKEHHS TPaIHIliHHIX
peanizauiit RFID y cdepi oxoponu 310poB’s, fKi 3a3BUYail 3BOJATHCS 10 NMPOCTOrO 3UMTYBaHHA ieHTU(IKaTOpa Ta He 3a0e3Me4yl0Th KOHTEKCTHOT
LTICHOCTI, TPACOBAHOCTI Ta BEpU(PIKOBAHOCTI KIIHIYHUX Jil, 110 NPU3BOIUTH JO PUBHMKIB, MOB’S3aHUX 13 HEY3TOPKEHICTIO MEIUYHMX 3aIHCIB i
3HIDKEHHSAM HaJIHHOCTI pe3ynbTaTiB BisHUTiB.3anpornoHoBaHe pimeHHs posrnsagae RFID-3unTyBaHHs SIK JOBipEHI KOHTEKCTHO-OPiEHTOBAHI MOii,
iHTErpoBaHi B JKMTTEBMII IIMKJ Bi3WTY TAIlieHTa Ta TaKi, Mo (pOpMyIOTh BepH(iKOBaHWI JTAHIIOT KIiHIYHUX B3a€MOJiil. 3anpoBa/ukeHO (hopMaTbHy
Mozenb noipeHoi RFID-monil, sika BKiII0OYae mapaMeTpu akTopa, 4acy, MpoCTOPOBOTO Ta KIIHIYHOTO KOHTEKCTY, IO 103BOJISIE BUKOPUCTOBYBATH i SIK
aTOMapHy OJWHUII0 ayAUTY Ta BiJICTEKCHHS ITOXOKEHHS TaHUX.Y poOOTi BCTAHOBIFOETBCS 3B’s130K Mixk JaHIoramu RFID-moxiii Ta pesynapraTamMu
BI3WTIB, JIe MiJICYMOK Bi/IBilyBaHHs maiieHTa QOpPMy€eThCS Ha OCHOBI MOCIIIIOBHOCTI BaJIilyBaHHX i KOHTEKCTHO y3rO/KEHHX TIOJIiH, a He BUKIIOYHO Ha
OCHOBI JIeKJIapaTUBHUX 3amuciB. [lns 3a0e3nedyeHHs iHTeponepadeNbHOCTI Ta CTAHIAPTU30BAaHMX MEXaHI3MIB ayIuTy 3alpoNOHOBaHA MOJENb
y3romkyetbes 3i crangapramu HL7 FHIR, 30kpema pecypcamm AuditEvent i Provenance, mo 103BoJisie NPEACTABISATH K OKpeMi mii, Tak i ix
TIOXOJ/DKEHHSI B MEXaxX €IMHOI yHiikoBaHOi Mojeni.V miaxoxi Takox peaizoBaHO PH3HK-OpPi€HTOBaHWH MmijXinx mo 3abesmedenHs Gesnexu RFID-
iHQPaCTPyKTypH, IO I03BOJISAE AU(DEPECHIIIOBATH MEXaHI3MH 3aXHCTY 3aJIEKHO BiJl KPUTHYHOCTI KITIHIYHMX B3a€MOAIA. ApXIiTEKTypa MeIUYHOT
iH(opMaNiiHOT cCHCTEMH PO3IINPEHa 32 PaXyHOK M0J[i€BO-OpieHTOBaHOI cepBepHOi 00po0k RFID-B3aemoniii, mo 3abe3neuye Bai/aliito, aBTOPH3aIliFo
Ta y3TOJDKEHICTh KIIHIYHUX TporieciB.OTpHMaHi pe3ylIbTaTH AeMOHCTPYIOTh, IO 3alPOIOHOBAHMI ITiJIXiJ] MTOKpaIIlye ayJAHTOBaHICTh, TPACOBAHICTS i
Ha/IiHICTh YIPaBIiHHS Bi3UTaMH MaIi€HTiB Ha ocHOBI RFID mopiBHAHO 3 TpaauuiiHUMK PIlICHHSMHU, OPIEHTOBAHMMHU JIMIIE HA iIeHTU]IKALIO, 110
PpOOUTH HOTo IPHAATHUM ISl BIIPOBA/DKCHHS B PEAIbHIX MEANYHUX 1H(POPMALIHHNX CHCTEMaX i3 BUCOKUMHI BUMOTaMH JI0 JIOBIpH Ta MiJ3BiTHOCTI.

Karouosi ciioBa: RFID, inenTudikanis nauienTa, 1oBipeHi NO/I1, ayAUT, BiICTEKEHHS NOXOKEHHS IaHUX, TPOLIECH Bi3UTIB NAI[I€HTIB, MEIMYIHI
iH(pOpMaliliHi CHCTEMH
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MO/JIEJIIOBAHHS BILIMBY KOPIIOPATUBHUX 3HAHb TA OPIAHI3ALIIMHOIO KOHTEKCTY
IT-KOMITAHII HA JIOKAJIBHI KPUTEPII AKOCTI TPOLIECY PO3POBKH INIPOT'PAMHOI'O
3ABE3IIEYEHHA

TIpoBeneHo mapameTpu3aLilo opraHizamiiiHoro koHtekery IT-kommanii (3a MaciTaboMm, Gi3HEC-MOJEIUII0, PIBHEM 3pLIOCTI MPOILECIB, pECYpCHUMH
OOMEKEHHSMH) Ta CTPYKTYPHY ACKOMITO3HLIIO ii KOPIOPATHBHUX 3HAHb HA YOTHUPH KJIACH: TEXHOJOTIYHi, MPOLECH], EMITIIPHYHI Ta OpraHi3amiiHi, 3
BU3HAYCHHSIM KPHTEPiiB HATEKHOCTI J0 MHOXKHHH KOPITOPATUBHUX 3HAHB ((hOpMaIiz0BaHiCTh, BiI4y)KEHICTh Bi HOCis, TOBTOPHA BHKOPHCTOBYBAHICTB).
JlokanbHi KkpuTepii IKOCTI — CTPYKTYypOBaHiCTh, KEPOBaHICTh, IepedadyBaHiCTh, BUMIPIOBAaHICTh, aHANTHBHICTE Ta ONTHMI30BaHICTh — BH3HAYEHO SIK
KpUTEpii OLIHIOBAaHHSI OKPEMOro MPOIECY PO3POOKU MPOrpaMHOro 3abe3neveHHs, y3ro/pkeHi 3 aeB’sitbMma atpubyramu mpouecy moneii SPICE.
Po3pobiieHo popmaitizoBany TpUpIBHEBY i€papXiuHy MOeab Ha 6a3i METOy aHali3y iepapxiid, sika BCTAHOBIIOE KUTBKICHI B3a€MO3B’SI3KH MIXK SIKICTIO
OKPEMOro IpOLEeCy PO3pOOKH IPOrpaMHOro 3a0e3MedeHHs, HOro JIOKAIBHHUMH KPHUTEPISIMH Ta KJacaMH KOPIIOPAaTHBHHX 3HAHb 3 ypaxyBaHHSIM
opraHi3amiifHoro KoHTekcTy KonkperHoi IT-kommasnii. [IpoBeneno obuncmoBanpHuil ekcriepument s pouecy TEC.2 «BusnaueHHs: moTped Ta BUMOT
3alliKaBICHUX CTOPiH» Yy KOHTEKCTI CEpPeIHbOI ayTCOPCHHIOBOI KOMIIAHII, KU OKa3aB JOMiHYBaHH: eMIIpHYHUX 3HaHb (43,4 % riobaibHOI Barn) ta
OOTpyHTYBaB X NPIOPUTETHUII PO3BUTOK. AHAJII3 YyTIMBOCTI IiATBEPAUB KOPEKTHY PEaKIil0 paH)XyBaHHS IIPH 3MiHI KOHTeKcTy. HaykoBa HOBH3HA
MOJISITa€ 'y BCTAHOBIJICHHI KiMBKICHOI 3aJ€)KHOCTI MDK KJacaMH KOPIOPAaTHBHHX 3HAHb Ta SIKICTIO OKPEMOro MPOLECY PO3POOKH MPOrPaMHOrO
3a0e3meueH s Yepes JIOKAIbHI KpUTepii SKOCTi 3 mpHB si3k0r0 10 atpubyTiB Moaeni SPICE. [IpakTuiHe 3HAYESHHS IMiX0Ly HOJISITA€ Y 3aMiHi iHTYi THBHHX
pimeHp [T-MeHePKMEHTY HayKOBO OOIDYHTOBaHMM MEXaHi3MOM PO3IIOALITY PECYpCiB Ha PO3BUTOK OKPEMHX KIIACIB KOPIIOPATHBHHX 3HAHb VIS
LiIBOBOTO MiJBHILECHHS SKOCTI KOHKPETHUX IPOLIECIB PO3pOOKH MpOrpamMHoOro 3abesmedeHns. [lofganpini HOCIiIKEHHS mependadaoTs ypaxyBaHHs

pecypcHUX 0OMEXEHb Ta arperaiio OLiHOK OKPEMHUX MPOLECIB B IHTErPalIbHY SIKICTh MPOLECY PO3POOKHU MPOrPaMHOr0 3a0e3MeIeHHS.
Kurouosi cioBa: mporec po3poOKy IporpaMHOro 3abe3nedeHHs, JOKaIlbHI KpUTepii SKOCTi, KOPIOPAaTHBHI 3HAHHS, OpTaHi3allifHII KOHTEKCT,

mozenb SPICE, meroxn aHanisy iepapxii, Gpopmanizaliis BIUTHBY.

Beryn. ¥V cydacHHX yMOBaX 3pOCTaHHS CKJIaTHOCTI
IT-npoexTiB 3a6e3me4eHHst BUCOKOT SIKOCTI TPOIIECy pO3po-
oxu (ITP) mporpamuoro 3adesmedenns (I13) € kpuTHaHIM
¢dakropom ycmixy IT-kommaniii. BipoBamkeHHS BU3HAHUX
MDKHApOIHHUX CTaHOAPTIB 1 Momenei 3piaocTi (Takux sK
ISO/IEC 33020 [1], CMMI (Capability Maturity Model
Integration) [2], ISO/IEC/IEEE 12207 [3]) cipssmoBate Ha
CTaHAapTHU3allil0 Ta ONTHMI3al[il0 BUPOOHUYUX IPOIIECIB.
[Ipote yHiBepcasbHI MiIXOAN YaCTO BHSBISIFOTHCS HEJi€-
BUMH uepe3 ITHOPYBaHHS OpraHi3aliifHOr0 KOHTEKCTY
KoHKpeTHOi IT-koMmaHii Ta HeZOCTaTHE BUKOPUCTAHHS
kopnopatuBHux 3HaHb (K3) [4, 5]. Bigcyrnicts ¢opma-
JI30BaHUX MEXaHI3MiB, sIKi O JO3BOJISUTH aaNTyBaTH BUOIP
METO/IB MiABUIIEHHS AKOCTI mij crnenudiky IT-kommaHnii 3
ypaxyBaHHSM HaKOIMYEHOTO imkeHepHoro nociny (Les-
sons Learned, marepHiB, METpHUK), MPU3BOIUTH A0 (oOp-
MaJIbHOTO 3aCTOCYBaHHS CTaHIApTIB 0e3 BiAYyTHOTO
nigBumenHs skocti [IP I13. Tomy dopmainizarist BimBy
KOPIIOPAaTHBHUX 3HAHb Ta OPTaHi3aliifHOrO KOHTEKCTY Ha
JIOKaJIbHI KPUTEPii IKOCTI OKPEMHX Mpo1ieciB po3pooxu 113
€ aKTyaJlbHUM HAayKOBUM 3aBJIaHHSIM, BHPILIEHHS SKOTO
CTBOPHUTH MIAIPYHTSA I PO3POOKH CHUCTEM MiATPUMKH
MPUHHATTS PIllleHb NPHU MJIaHyBaHHI MiJABHIIECHHS SKOCTI

TP I13.

AHaJi3 ocTaHHIX aocaigkedb i my6uaikamii. [Ipo-
OIleMaTHIll YIpaBITiHHS AKICTIO Ta BIOCKOHAJICHHS TpOIIe-
CiB TIporpaMHOi iHKeHepil MPUCBIYCHO 3HAYHY KITBKICTh
Cy4YacHHX JTOCHIIKCHb, SIKi CBIAYATh MPO BiACYTHICTH KOH-
CEHCYCY MIOI0 METPHK SKOCTI mpotecy po3pobku I13. I1o-
piBHAITBHE AOCHTiKeHHS [4] hakTOpiB yCIixy MOKpaIieHHs
nporeciB Software Process Improvement (SPI) moka3zaso,
10 OpraHi3aulifHUii KOHTEKCT CYTTEBO BIUIMBAE HA KpH-
TUYHICTh OKpeMux (akropiB SPI.

Poui ynpaBiiHHS 3HaHHSAMH Yy MIABHIICHHI SKOCTI
nporeciB po3pobku I13 mpucssueno podoru [6, 7]: y [6]
MPOaHai30BaHO B3a€MO3B’SI30K MIXK iHINIaTMBaMH yIpaB-
JIHHS 3HAHHSMH Ta TOKPAIIEHHSM SKOCTI IPOTPaMHHX
npoueciB; y [7] 3ampomoHOBaHO NPAaKTHUKH MOETHAHHS
YIpaBIIiHHS 3HAHHSIMM Ta YIpasiiHHSA sKicTio B IT-npoek-
Tax. 3aCTOCYBaHHIO METOJIB OAaraTOKpHTEpialbHOTO aHa-
Ji3y y mporpamHiii imkeHepii npucssiueno [8], ne meron
aHanizy iepapxiii (MAI) BUKOpHCTaHO [UIsl IPIOPUTH3ALII]
KpPHUTEpiiB OMIHIOBAHHS MPOTPAMHMX MPOIECIB 1 THYYKHX
MIPAaKTHUK PO3POOKH.

[Ipobnemi amamTariii mporeciB A0 OpraHizamiiHOTO
KOHTEKCTY IpucBsdero [5, 9]: y [5] mokasaHo, 1110 KOHTEK-
CTyallbHi (PaKTOPH 3MYIIYIOTH IPOIECH €BOJIIOI[IOHYBATH Y
riopuam, a 'y [9] dopmanizoBano migxia go aganrauii npo-
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TPaMHUX TPOIIECIB 3 YpaxyBaHHIM I[iJIel MMPOEKTY Ta KOH-
TEKCTy. Y KOHTEKCTi JEKOMITO3UII 3HaHb KOMILICKCHY
TaKCOHOMIIO KOTHITHBHUX KOHIIEMIIH y MporpamMHii iHxke-
Hepii po3pobiero y [10], a poib HestBHUX 3HaHB B [ T-iHIy-
cTpii gocmimkeno y [11] 3 Bukopucranusm moxeni SECI
(Socialization, Externalization, Combination, Internali-
zation) [12]. ®ynaamenT opmarizarii Momene 3pinocti
CMMI ta SPICE (Software Process Improvement and
Capability dEtermination) mis ynpasmninas sikictio 1P I13
3aknaneHo y [13, 14].

HesBaxaroun Ha BaroMi pe3ylbTaTH, y BiIOMHX
miaxonax OpaKye KOMIDICKCHHX MOJEJCH, siKi O BCTaHOB-
JOBAJM KiNBKICHHHN Ta CTPYKTYPHHH 3B 30K MK IEKOM-
MOHOBAHMMH €JIEMEHTaMH KOPIOPaTUBHUX 3HAHb Ta
JIOKaJTHbHAMH KPUTEPIsIMH SKOCTI depe3 Mpu3My KOHKPET-
HOTO OpTaHi3aIllifHOTO KOHTEKCTy. BincyTHiCTH Takoi
dopmamizaiii  yCKIaJHIOE OOIPYHTOBaHE IUIAHYBaHHS
migBumeHas skocti TP I13 mns koukperHux ymoB IT-
cepeoBHILA.

Mera. PozpoOka QopmarnizoBaHoi iepapxigyHoi Mo-
JIeJTi, 10 BU3HAYA€E 3aJIC)KHICTh SKOCTI OKPEMOTO MPOLECY
po3pobku I13 B 1eKOMIOHOBaHUX KOPIIOPATHBHUX 3HAHD
Yepes JIOKAIbHI KPUTEPii SKOCTI, Y3ropKeHi 3 aTpudyTaMu
nporecy mozeni SPICE, 3 ypaxyBaHHSIM OpraHi3aliifHOro
koHTekcTy [T-kommaHii.

dopmaitizalis Ta nmapamMerpu3auisa opraizauiii-
Horo koHTekcry IT-kommanii. BxinHorO TOUKOIO HOCHI-
JOKEHHSI € CHCTeMa BJACTHBOCTEH SIKOCTI MpoOLECcy po3-
po6ku I13, BcTanoBneHa y [15]:

Q = f(St,Ma, Pr,Me, Ad, Op),

ne St — cTpykTypoBaHicTh ((popMani3oBaHICTb);

Ma — kepoBaHicCTBb;

Pr — mepen6auyBaHicTh;

Me — BuMiproBaHiCTB;

Ad — aganTUBHICTS;

Op — onTUMI30BaHICTb.

Y poboTi nepesiueHi BIACTHBOCTI PO3TILLIAIOTHCS SK
JIOKaJIbHI KpUTEpil OLIHIOBAHHS OKPEMOT'0 MPOLIECy, y3ro-
JokeHi 3 arpuOyramu wmozeni SPICE. Kopmoparushi
3HAHHS BUCTYMAIOTh SIK IHCTPYMEHT BIUIMBY Ha 11l JIOKaJIbHI
Kputepii, mo (GhopMarizyeTbes dalli depe3 IeKOMITO3UIIII0
Kn Ha oxpemi kiacu Ta iX po3MillleHHs Ha piBHI albTepHA-
TUB iepapxiuynoi moneni. Knacudikanito I1T-kommnaniii 3a
OpraHi3aliiHUMH 03HAKaMH, SIKa CIYTY€ BXiJJHOIO TOYKOIO
JUTs TapaMeTpu3anii KOHTEKCTyY, HaBeaeHo y [16].

ITix opranizamiitauM KoHTeKCTOM IT-KOMMaHii po3y-
MIETHCS BHOPSKOBAHA MHOYKHHA CTATUYHHX Ta JMHAMIY-
HHUX XapaKTepPHUCTHK, 110 BU3HAYAIOTH YMOBU (YHKIIIOHY-
BaHHS KOMaH]{ po3poOKH Ta HaKJIaJaloTh OOMEXEHHS Ha
BUGip MetoxiB ynpasiinas [5, 9]. MHOXuHY mapaMeTpis
KOHTEKCTY mo3Haunumo sk C = {Ci, Cz, ..., Cn}.

Bazyrouncek Ha kiacugikanii opraHizaniiHuX CTPyK-
typ B IT [15, 16], BumimuMo 6a30BHil BEKTOP KIHOYOBHX
napamerpiB C = {S, T, M, R}, ne S (Scale) — macuirab kom-
nawii (maii, cepenni, Benuki); T (Type) — Tun 6i3Hec-Mo-
neri (mpoaykToBi abo cepsicHi/ayTcopcunrosi); M (Matu-
rity) — piBess 3pinocti mporecis 3a mkanor CMMI [2] a6o
SPICE [1]; R (Resources) — piBeHb pecypcHHX 0OMEKEHD
(>KOpCTKi, MOMIpHI, THYYKi).

KoxeH KOHKpeTHUH CTaH OpraHi3alliiHOro KOHTEK-
cry C* = (So, to, Mo, Fo) BU3HAYAE TPIOPUTETHICTH JOKAIb-
HUX KPUTEPIiB AKOCTI IS OI[IHFOBAaHHS KOHKPETHOTO IIPO-
recy B ymoBax I T-xommanii [4, 5]. Hanpuknaz, s Maxoro
AyTCOPCHHIOBOTO IPOEKTY 3 KOPCTKHUMHU PECYPCHUMH 00-
MEKCHHSIMH KPUTHYHOK € HEOOXIMHICTh IBUIKOI peaKiiil
Ha 3MIHM BUMOT 3aMOBHHKa, IO Ii/IBUIIlY€ Bary aJanTHB-
Hocti (Ad). TakuMm yuHOM, opraHi3auiiiHuii koHTekcT C
MaTeMaTUYHO BH3HAYa€ BEKTOP BaroBUX KOE(ili€HTIB
JIOKIBHUX KPUTEPIiB SKOCTI AJsI KOHKPETHOTO HpOLECy
po3podku I13.

Jexommo3uuisi kopnopatuBHux 3HaHb IT-kommna-
Hil. /11 BU3HA4YECHHS CTYIEHS BIUIMBY KOPHOPATHBHUX
3HaHb Ha JIOKAJBbHI KPHUTEpil SKOCTI Mporecy HeoOXiTHO
OKPECIIUTH MEXIi bOTO MOHATTS. BimmoBigHO 10 Kilacwd-
HOI Teopii opranizariitnoro 3Hanus [12], 3HaHHs opraHiza-
il MOAINSIOTECA HA JBa (DyHIaMEHTAlbHI THUNU: SIBHI
(explicit) — i, mo MoxyTh OyTH (opMmami3oBaHi, 3aI0Ky-
MEHTOBaHI Ta mepenaHi 4epe3 QopmanbHi KaHa M, Ta
HesBHI (tacit) — Ti, IO ICHYIOTb y BHIVIAI OCOOMCTOTO

V mié poOOTI MiJ] KOPIIOPATHBHUMH 3HAHHSIMH PO3Y-
MIIOTBCS BUKITFOUHO SIBHI, popMai3oBaHi Ta JOCTYITHI IS
MTOBTOPHOT'O BHKOPHUCTAHHSA iH(POPMALiiHI aKTHBH KOMIIA-
Hil, SIKi 3QJIMIIAIOTECS B 11 PO3MOPSIKEHH] HE3aJIeKHO Bif
3MiHH KaIpoBOTO CKiany. [HpopMmamiiHUA aKTHB Hae-
JKUTh 70 MHOXMHH K3 Tomi 1 TINBKH TOHmi, KOJH BIH
OJTHOYACHO 3a/I0BOJIBHSIE TPU KPHUTEPIl: (POpMati3oBaHICTh
(3HaHHs 3adikcoBaHe y JOKYMEHTI, perno3uTopii abo 6asi
JIAHWX); BIIIYKCHICTh B/l HOCIsI (3HAHHS TOCTYITHE OpTaHi-
3alii He3aJIe)KHO Bijl MPUCYTHOCTI KOHKPETHOTO CIIiBpO-
0iTHHKA); TIOBTOPHA BUKOPHUCTOBYBAHICTh (3HAHHS MOXKE
OyTH 3aCTOCOBaHEe B HOBHX MPOEKTax abo ireparisix). He-
SBHI 3HaHHJ, HE 3a/IOKYMEHTOBaHI y KOPIOPaTUBHHUX
cucTeMax, y Liii MoJelli HajeaTh 0 «EKCIEPTHOTO I10-
TEHIITy» KOMaH/I! 1 HE PO3IJISIAIOTECS SIK €JIEMEHT Kepo-
BaHux K3. Takwif miaxix y3roDKyeTbes 3 pe3ylbTaTaMu
[11], me moka3aHoO, IO €KCTEpPHANI3AIlIS HESIBHUX 3HAHb Y
¢dopmarizoBani apreakTd € KPUTHIYHHM MeEXaHi3MOM
OpraHi3aniiHOro HaBYaHHS.

[TpoBeneMo CTPYKTYpHY JEKOMIIO3HIII0 MHOXHHH
koproparuBHuX 3HaHE: KN = {Knech, KNproc, KNexp, KNorg},
ne Kniech (TEXHOOTIYHI 3HAHHS) — 33JJ0KyMEHTOBaHI apXi-
TekTypHi pimeHHs (ADR), permo3utopii ma6noHiB Koxy,
TEXHOJIOTIYHI pagapu, Oi0JIOTEeKH BHYTPIMIHIX KOMIIO-
HeHTIB; KNproc (TIpOIIECHI 3HAHHS) — PErJIaMeHTH IIPOLIECiB,
incTpykii (SOP), ctanmapTé HanmucaHHS KOAY, YeK-JTiCTH
Code Review, mabiaoHn npoexTHOI moKyMeHTamii; Khexp
(emmipuuHi 3HaHH:) — 6231 JaHUX Ae(EKTiB, 3BITH 3 pETPO-
cnekTHB, HokyMeHTH Lessons Learned, Post-Mortem ana-
i3, ICTOPUYHI METPUKH TPOAYKTUBHOCTI; KNorg (Oprami-
3ariiiHi 3HaHHs) — Matpuii komnerentin (SKill Matrix),
OHOOpAIHT-MaTepiany, KapTH KOMYHIKaIliil.

3anpornoHoBaHa JEKOMIO3HWIISA Y3TOJKYEThCA 13
Cy4aCHHMH TaKCOHOMIiSIMH 3HAHb Y MPOTpaMHil iHxeHepil
[10, 12] Ta mimxomamMu g0 YOpaBIiHHS 3HAHHAMH B
IT-kommanisix [6, 7]. Koxen enemenT MHO)uHKH Kn Mae
pi3HMI CTYIIiHb BIUIMBY Ha JOKaJIbHI KpHTepii sikocTi (St,
Ma, Pr, Me, Ad, Op) i po3mMiliyeThest Ha piBHI albTEPHATHB
TpUpiBHEBOI iepapxiynoi moxeni (puc. 1). Hampukian,
npouecHi 3HaHHA (KNproc) HaliCHIIBHIIIE KOPEIIOIOTS 13 i -
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BHUILEHHAM CTPyKTypoBaHocTi (St) ta xeposanocti (Ma)
[7], Toxi six emmipuuni 3HaHHSA (KNexp) € KITFOUOBUM Ipaii-
BepoM amarnrtuBHOCTI (Ad) Ta orrrumizoBanocti (Op).

Y3romkeHHs1 JIOKAJIBHUX KpUTepiiB sIKOCTi 3
arpudyramu moaesi SPICE.

JlokanbHi kpurepii St, Ma, Pr, Me, Ad, Op, BusHaueHi
y [15] s mponecy po3pobku I13, B Mexax 1iei poboTu
3aCTOCOBYIOTBCS JUIsl OLIHIOBAaHHS OKPEMOTo Ipolecy 3
6a3o0Bo1 mozeni SPICE. Takuii miaxin 3abe3mneuye cymic-
HICTh 3alpPONMOHOBAHOTO amapary 3i CTaHIapTHUMHU peii-
tuaropumu mikanamu ISO/IEC 33020 [1] ta crBOproE
MepeayMOBH /I TMOOYIOBH arperoBaHOi OLIHKU SIKOCTI
mporecy po3pooku [13 y minomy gepes 3BaKyBaHHS OKpe-
MHX TPOIIECiB, IO € IPEAMETOM MOAATBITUX JOCIIHKEHb.

Jnis oOTpyHTYBaHHS TaKOTO IIIXOAY BCTAHOBJIICHO
BiNOBIHICTF MiX IIiCTHMA JIOKATEHUMH KPHUTEPisMHU Ta
neB’saThMa atpubyrtamu mporecy (Process Attributes, PA)
mogeni SPICE, Buznauennmu B ISO/IEC 33020 [1]. Kox-
HOMY JIOKQJIbHOMY KPUTEPIl0 MOCTABJICHO Y BIAMOBIAHICTh
TOW aTpHOYT, Yepe3 SIKH BiH pealli3yeTbCsl y CTaHAAPTHIH
Mojeni 3pitocTi (tabdi. 1).

Tabmums 1 — BiamoBigHiCTh TOKATBHUX KPUTEPIiB SIKOCTL
atpubytam nponecy moaeni SPICE

. JloxanpHUM
PiBenr | Atpubyt npouecy (PA) N
1 PA 1.1 Process Performance — (6azoBe
BHKOHAHHSI)
2 PA 2.1 Performance Management Ma
2 PA 2.2 Documented Information Ma
Management
3 PA 3.1 Process Definition St
3 PA 3.2 Process Deployment St
3 PA 3.3 Process Assurance Ad
4 PA 4.1 Quantitative Analysis Me
4 PA 4.2 Quantitative Control Pr
5 PA 5.1 Process Innovation Op

Jlorika BcTaHOBIJIEHOT BiJIIIOBIAHOCTI MOJISATAa€e B TOMY,
10 KOXKEH JIOKaJbHUI KPUTEPil XapakTepu3ye Ty BIACTH-
BicTh mporiecy, ska B mojeiai SPICE 3abe3neuyerses Bij-
MOBIZIHUM aTpuOyTOM abo maporo aTpulyTiB: KEPOBAHICTh
Ma BimoOpakae 3HaTHICTP TIAaHYBAaTH M KOHTPOJIOBATH
BUKOHAHHS TIPOIIECY Ta KEPyBaTH HOTO JOKyMEHTOBAHOIO

inpopmariero (PA 2.1 ta PA 2.2); crpykrypoBaHicTh St
BiNOBiTae popmalizaii cTaHIapTHOTO MPOIECy Ta HOTo
CcHUCTeMaTHYyHOMY posropTraHHio B mpoektax (PA 3.1 Ta
PA 3.2); ananrruBHicTs Ad pearizyeThcs depe3 MOHITOPHHT
i 3a0e3re4eHHs BiIMOBIAHOCTI MpoLeCy BU3HAYEHUM BU-
MoraMm y MimimBux ymoBax (PA 3.3); BumiproBanictes Me
peanizyerscs dyepes KinbKicHui anani3z (PA 4.1), a nepen-
OauyBaHicTh Pr — yepe3 KuIbKICHE YHpaBIIiHHS IIPOLECOM
(PA 4.2); ontumizoBanicte Op BiAmoBifae igeHTU(IKAIT
Ta peanizalii IHHOBaIIIfHUX 3MiH MPOLECY JJIsl ZOCITHEHHS
mineit mokpamernas (PA 5.1).

Bazoswuit atpubyT PA 1.1 xapakrepusye cam ¢paxT BU-
KOHAaHHS TIPOIIECY i HE Ma€e OKPEeMOTO KpPUTEpilo SKOCTI,
OCKIJIBKH TIepeye iX 3MiCTOBHOMY OIliHIOBAaHHIO.

IloGynoBa iepapxiunoi momeni Ha 0a3i merony
aHaJi3y iepapxiii. J{ns ¢popmarizamii BIDIHBY TEKOMITOHO-
BaHMX KOPIOpaTUBHMX 3HaHb (KN) Ha JOKanbHI KpUTepii
SKOCTI 3 ypaxyBaHHsIM oprasizaniinoro kourekcry (C) 00-
paHo MeTox aHanizy iepapxiit [17]. Ha Bimminy Bix iHmmx
MeToliB OarartokpurepiaipHoro anamizy, MAI nossossie
TpaHc(hOPMYBATH SKICHI CY/DKECHHS €KCIIEPTIB Y KUIbKICHI
BaroBi Koe(ilieHTH Ta Ma€ BOYIOBaHUI MEXaHI3M IepeBi-
PKH JIOTi9HOT Y3rOJDKCHOCTI CYIUKSHb Yepe3 BiIHOIICHHS
y3romkeHocTi CR. [ominbHicTh 3actocyBaHHs MAI y
3aja4ax OLIHIOBAaHHS INPOTPAMHHUX MPOLECIB MiATBEp-
JokeHa y [8, 14].

BimnosigHo mo meromonorii MAI, po3poGiieHO Tpu-
piBHEBY iepapXiuHy MOAENb BILIHBY (puc. 1), sika Ma€ TaKky
ctpykTypy: PiBens 1 (I'mobanbHa I1iyib) — iHTErpaIbHUN
MOKa3HUK SIKOCTI okpemoro mnpouecy Q. Pisens 2 (Kpure-
pii) — St, Ma, Pr, Me, Ad, Op, BaroBi KoedilieHTH AKUX BH-
3HAYAIOTHCSl 3 YPAaxXyBaHHSIM OpraHi3alidiHOrO0 KOHTEKCTY
C* ta cneun(iku KOHKPETHOTO MPOLECY, 10 OLIHIOETHCS,
i QopMmyroTh yHiKampHUN TpodimTe TOTped KOMIIAHIL.
PiBens 3 (AnmbpTepHATHBH) — KJIacH KOPIIOPATUBHUX 3HAHB
Knitech, KNproc, KNexp, KNorg; Ha 1IbOMY piBHI BH3HAYAETHCS,
SIKMHA KJIaC 3HaHb € HAHOLIbII Ji€BUM IHCTPYMEHTOM ISt
JOCSTHEHHS KOYKHOTO JIOKAJILHOTO KpHUTepito 3 PiBHs 2.

MaremaTuunuii anapar mogesi. OCHOBOIO po3pa-
XYHKY € MaTpHLli HapHUX MOPIBHSHb A, €JIEMEHTH SIKHUX djj
OIIHIOIOTHCS eKCcIiepTamMu 3a 9-0anpHOO mikanorw Caarti
[17] i 3am0BONBHAIOTE YMOBY 3BOPOTHOI CHMETPHIHOCTI
aj = Ua;, a; = 1. JlokanbHi BEKTOPH MPIOPHUTETIB W ISt

P'BL';;E"‘ {niﬂBHU.IEHHH AxkocTi MP N3 (Q)

PiBeHb 2 St Ma Pr Me Ad Op
KpuTepii  |CTPYKTYpOBaHICTL KepoBaHiCTb MepenfayyBaHicTe| | BUMIpIOBAHICTE AJANTHEHICTL ONTHMIZOBaHICTE

PiBeHb 3 Knech Knproc Kneyp Kngpg

ANLTEPHATHBK TexHONOrYHi 3HaHHA MpouecHi 3HaHHA EmnipuyHi 3HaHHA OpraHizaliiHi 3HaHHR

Puc. 1. Iepapxiuna Mo/esb BILIMBY KOPIIOPATHBHUX 3HAHD Ha JIOKAJIbHI KPUTEPIi SIKOCTI OKpeMOro npoiecy po3pooku I13

Cokon B. €., I'vpm /[. O., I'oonescoruit M. /1., [lawnee A. A. Mooeniosanns
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KOXKHOTO PiBHS i€papxii 0OYHCITIOIOTHCS K HOPMOBaHHUI
BJIACHUH BEKTOp Marpuili A, MO BiAMOBimae i MakcH-
MaJIbHOMY BJIACHOMY 3HAYECHHIO Amax:

Aw=A4_ -W. (1)

JIi1st MPaKTHYHOTO OOYHCIIEHHS BEKTOpA MPIOPUTETIB
BUKOPHUCTOBYETbCA METOJA CEPEAHBOI0 I'€OMETPHUYHOTO
pstxis [17]:

E,izl,...,n. (2)

n
9=\114
i1
HopMoBaHuii BEKTOP MPIOPUTETIB BU3HAYAETHCS AK:

ng

k=1

W =

MakcumanbHe BilacHE 3HAYEHHS Amax OOUMCIIIOETHCS
SK:
n .
1 & (Aw)

j’max = n ;T : (4)

J1nst nepeBipKH JIOTI4HOT HECYIIEPEWwINBOCTI EKCIIepT-
HHUX OLIHOK PO3paxoBYEThCs iHmekc ysromkenocti Cl ta
BiHONICHH: y3ropkeHocti CR:

A = N
Cl = max , 5
o1 ®)
Cl
CR=—, 6
o (6)

Jie N — pO3MIpHICTh MaTpHIli OPIiBHSHb;

RI — BumankoBuii iHIEKC, 3HAYECHHS SIKOTO IS aKTy-
anpHUX po3MipHocTeit (N = 4 mnst matpuub PiBHA 3 Ta
n = 6 mia Matpuni PiBHsa 2) cranoBisate 0,90 ta 1,24
BiamosiaHo [17]. ExcriepTHa OIliHKa BBAKAETHCS IPHUAHSIT-
noro, ko CR <0,10 [17].

I'no6anehwuii npiopuTter j-ro kiacy K3 oduncimoerses
Yepe3 3BaXKEHE ITiJICyMOBYBaHHS JIOKAJIbHUX BEKTOPIB:

ngobal(j):zwi'wij’ i=1...k @)
i1

Jie M — KiTBKICTh JIOKaJAbHUX KpuTepiiB PiBus 2 (M = 6);

k — ximpkicTs KitaciB K3 (k= 4) ;

w; — Bara i-ro JIOKaIbHOTO KpHuTepiro 3 PiBHs 2;

wy — JIOKasHU# mipiopuTeT j-ro kinacy K3 BimHOCHO
i-ro JIOKaJIbHOTO KPUTEPIKO.

IIpouenypa excneprHoro ouinoBaHHsA. Dopmy-
BaHHSI €KCIIEPTHOI I'PYITU 3iHCHIOETHCS 32 NPHHIMIIAMU
meroay Henbdi [18] 3 He3anexkHUM aHOHIMHUM OLHIOBaH-
HiM. [{o OIiHIOBaHHS 3aTy4aloThes (axiBili 3 MPAKTUYHIM
JIOCBIIOM YIpaBIliHHA Tporiecamu po3pooku 113, siki mpa-
moTh B IT-KOMIaHiAX 3 BIAMOBITHUM OpraHizalliiHUM
KOHTEKCTOM; PEKOMEHIIOBaHUI po3mip rpymu — 5—15 ocibd
[14, 17].

KoxeH ekcnepT 3armoBHIOE MAaTpPHIll MApHUX TOpPiB-
HaHb U1 PiBHIB 2 1 3 iepapxii 3a 9-0anpHOIO MIKAJIOIO

Caari, BiITTOBiJaf0YH HA 3aTIMTAHHS PO BiTHOCHY BaXKJIH-
BIiCTh JIOKAJbHHUX KPHUTEPIiB U 3alaHOTO KOHTeKCTy C*
(PiBeHp 2) Ta BimHOCHHWH BIUIMB KiaciB K3 Ha kKoxeH Jio-
kanpHUN KpuTepiil (PiBens 3). I koxkHOT iHANBITyaTbHOT
Mmarpuui nepesipsietbes CR 3a dopmynamu (5)—(6); mar-
puui 3 CR > 0,10 noBepTaroThCs HA MEPETIIS.

B 00uucnoBaibHOMY CKCIEPUMEHTI MaTpHil chop-
MOBaHI Ha OCHOBI y3arajJbHCHOTO IHXKCHEPHOTO IOCBIAY
aBTOPIB Ta KOHCYJIbTAIli{ 3 TPAKTUKYIOYUMU (axiBISIMU 32
OMKCAHOI MPOIECIYPOI0 arperarii, mo BiAMOBIAAE TiJ-
xomy, ampoboBaHomy y poborax [13, 14]. TToBHOMacHI-
TabHE eMIipUYHE IOCHTIHKEHHS 3 PO3IIHUPEHOI0 TPYIOI0
eKCIIePTiB Ta MEePEBIPKOI0 MIXKEKCIIEPTHOI Y3TOHKEHOCTI €
MPEAMETOM HOAANBIINX JOCIiIKEHb.

O0unc/II0BAIbHUI eKclepuMeHT. [ 1eMoHcTpa-
Ii1 TIpare3aaTHOCTI po3poOICHOTO MiAXO0Ly MOJENb 3aCTO-
coBano ji0 npouecy TEC.2 «Bu3naueHHs notped Ta BUMOT
3alliKaBJICHUX CTOPiH» [19] y KOHTEKCTI cepeaHbol ayTco-
pcunropoi IT-komnanii (mapamerpu C*: cepenniii mac-
mTad KOMaHI, IWHAMIYHI BHUMOTH 3aMOBHHKA, >KOPCTKi
gyacoBi oomexenHs). [Iponec TEC.2 00paHo Sk KITFOYOBUI
JUISL 2y TCOPCHHTOBOI MOJIENI, OCKIJIBKH pOOOTa 3 BUMOTAMHU
3aMOBHHMKA € CEpLEBUHOI0 I[Or0 Oi3HEC-CerMeHTy, a ii
SKICTh BU3HAYAJIbHUM YMHOM BIUIMBA€ HA YCHIX MPOEKTIB.
Lleii koHTEKCT 0OpaHO SIK TIOKA30BUil 3aBISIKH MOEIHAHHIO
BHCOKOT MiHJIUBOCTI BUMOT i KPUTUYIHOT POJIi KOPIIOPATHB-
HUX 3HaHb y 3a0e3meueHHi skocTi mporecis [15, 16].

BuzHayeHHsi Bar JIOKaJbHUX KpHUTepiiB SAKOCTI
(PiBensb 2). MaTpuis mapHUX MOPIBHSHb BAKJIUBOCTI JIO-
KaJbHUX KpuTepiiB s mporecy TEC.2 B 0OpaHOMY KOH-
TEKCTI HaBeJIeHa y Ta0JI. 2.

Tabmuns 2 — MaTpuus napHUX TOPIBHSIHB BAYKIUBOCTL
JIOKaJIbHUX KpHUTepiiB skocti npouecy TEC.2

Kpurepiit St | Ma | Pr | Me | Ad | Op W
St 1 13 | 12 1 15| 2 | 0,083
Ma 3 1 2 3 12 | 4 | 0,239
Pr 2 1/2 1 2 13 | 3 | 0,147
Me 1 13 | 1/2 1 1/4 | 2 | 0,087
Ad 5 2 3 4 1 6 | 0,393
Op 12 | U4 | 13 | 1/2 |16 ] 1 | 0051

MakcumaibHe BiIacHE 3HAYEHHS Amax = 6,054; iHgekc
y3romkeHocTi Cl = 0,011; me BigHOIIEHHS Y3rOKEHOCTI
CR =10,009 < 0,10, o miaTBEpIKYE HAMIHHICTH OL[IHOK.

Pesynpratn po3paxyHKy HiITBEpXKYIOTb, IO IS
nporiecy TEC.2 «BusHaueHHs moTped Ta BHMOT 3alli-
KaBJICHHX CTOPiH» B KOHTEKCTI CEPeJHbOT ayTCOPCHHTOBOT
KoMMaHii HalO1IbII IPIOPUTETHUM JIOKATEHUM KPHUTEPiEM
€ agantuBHicTh (Ad = 0,393, a6o 39,3 %), 10 3yMOBICHO
IWHAMIKOIO 3MiH BHMOI 3aMOBHHKIB Ta HEOOXIIHICTIO
MIBUAKOT peakiii Ha TX KopeKIil B poleci poOOTH 3 BUMO-
ramu. J{pyre Mmicue nocigae keposanicts (Ma = 0,239), 1o
BigoOpaxkae HEOOXIJAHICTh YiTKOTO YNPaBJIiHHA OYiKyBaH-
HSIMU KITIEHTIB.

Busnavenns BBy kiaciB K3 Ha KkoxkeH
JoxkajbHui kpurepiii (PiBens 3). [ KOXKHOTO 3 MECTH
JIOKUIBHUX KpUTEPIiB M0OYyJ0BaHO OKPEMY MAaTPHIIIO Hap-
HUX TIOPIBHSHB BILIMBY 4oTHUphox KkiaciB K3. Tlpukmazg
TaKOi MaTPUIl TSI JTOKAITLHOTO KpuTepito «CTpyKTypoBa-
HicTh» (St) HaBexeHo y Tabu. 3.
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Tabmuus 3 — Matpuus napHUX HOPiBHSIHB BIUIUBY eneMeHTiB K3
Ha JIOKaNbHUI Kputepii «CTpyKkTypoBanicTsy (St)

KpI/ITepiﬁZ St Kntech Knproc KnNexp Knorg W
Kntech 1 1/5 2 1/2 0,123
Knproc 5 1 7 3 0,587
Knexp 1/2 1/7 1 1/3 0,072
Knorg 2 1/3 3 1 0,218

Hns panoi marpuui Amex = 4,019; ClI = 0,006;
CR =0,007 < 0,10. AHanorigHo TOOYZOBAaHO MaTPHIIL IS
nokanpHUX KpuTepiiB Ma, Pr, Me, Ad, Op; mis Bcix mar-
punp BigHommeHHs y3romkeHocTi CR He mepesumye 0,030,
110 3HAYHO HIDKYe KpuTuaHoro opory 0,10 i miaTBepmxye
HaJIHHICTh OTPUMAHUX JIOKAJFHUX BEKTOPIB MPIOPHUTETIB.
OO0umncrneHi JIOKaIbHI Bard W; BUKOPHCTAHO Jali IS CHH-
Te3y TII00aNbHOrO BEKTOpa.

Cunre3 r100a1bHOr0 BeKTOpa npiopureriB. [710-
OanbHUil BekTOp NpiopuTeTiB Wglobal OOUHCITIOETHCS 32
¢dopmysoro (7). PesynpTatu cHTE3y HaBeAeHO y Tao. 4.

Tabmuns 4 — 'moGansHUi BEeKTOp mpiopuTeTiB KiaciB K3

mponecy TEC.2
KpI/ITepiﬁ Kntech Knproc KnNexp Knorg
St (0,083) 0,123 0,587 0,072 0,218
Ma (0,239) 0,160 0,467 0,095 0,277
Pr (0,147) 0157 | 0272 | 0483 | 0,088
Me (0,087) 0,218 0,123 0,587 0,072
Ad (0,393) 0,182 0,068 0,636 0,115
Op (0,051) 0,140 0,140 0,643 0,077
Wolobal 0,169 0,245 0,434 0,153

PesynbraTi cuHTE3y NE€MOHCTPYIOTH, IO JUIA 00pa-
HOTO KOHTEKCTY TIJIOOaNbHUI PEUTHHT TNPIOPUTETHOCTI
KJIaCiB KOPIIOPATUBHUX 3HAHb MA€ TAKHUI BUTIIS: JIACPOM
e emmipuyHi 3HaHHA (Knexp = 0,434, abo 43,4 %), npyre
Micue nocifalTs mnpouecHi 3HaHHS (Knpoe = 0,245, abo
24,5 %), tpete — TexHooriuni 3HaHHS (Knwech = 0,169, abo
16,9 %), a 3aMHKalOTh PEHTUHI OpraHi3aimiiHi 3HAHHS
(Kngrg = 0,153, a6o 15,3 %).

OTpumaHuii pe3yabTaT CBIAYUT PO T€, MO IS Mif-
BHUIIICHHS sIKOCTI mporecy TEC.2 B ymMOBax ayTCOPCHHIO-
BOI KOMITaHii IPIOPUTETHUM € PO3BUTOK caMe eMITipHIHUX
3HaHb — 0a3 JaHuX ae(eKTiB, JOKyMeHTiB Lessons Learn-
ed, icTOpHYHAX METPHK Ta 3BITiB 3 PETPOCIEKTHB, OCKLIb-
KA BOHHM HalCWIBHINIE BIUIMBAIOTh HAa KIIOYOBUH JIO-
KaJIbHUH KPUTEPil alalTUBHOCTI.

AHaJIi3 YyTJIUBOCTI pe3yJbTatiB. /{151 OLIHKY CTiii-
KOCTI OTpHMMaHuX mpioputeTiB kiaciB K3 mias mporecy
TEC.2 «BwusHaueHHsS mnOTpeO Ta BHUMOT 3alliKaBICHHX
CTOPIH» JI0 MOKJIMBUX Bapialliif B OLliHKax MPOBEJCHO aHa-
mi3 vyrauBocTi, kv y MAI monsirae y mociipkeHHi
BIUIMBY 3MiHH BXIJIHUX MapaMeTpiB Ha paH)KyBaHHS aJlb-
tepHaTuB [20]. Po3risiHeMO BIUTMB 3MiHM Baru HaiOimbLI
MIPIOPUTETHOTO JIOKAJIBHOTO KPUTEPII0 «AIANTHBHICTHY
(Ad) Ha rioGanbHuit peitiaT KinaciB K3 3a Tppoma crieHa-
pistmu (Ta6m. 5). Crienapiii S1 Biamosinae 6a30BoMy KOHTE-
KCTY cepeinboi ayrcopcuuroBoi IT-kommanii (Ad = 0,393),
S2 — ToMy caMOMy KOHTEKCTY 31 3HH)KCHOKO JIMHAMIKOO
Bumor 3amoBHHKa (Ad = 0,200), a S3 — KOHTEKCTY BEIHMKOT
npoaykroBoi kommawii (St = 0,350; Me = 0,250).

Ta6mus 5 — Axani3z 4yTiuBocTi: rnobanbHi npioputetn Walobal
1t mpoutecy TEC.2 3a pi3HHX crieHapiiB KOHTEKCTY

CHeHapifI Kniech Knproc Knexp Knorg Hiz[ep
S1 0,169 | 0,245 | 0,434 | 0,153 Knexp
S2 0,172 | 0,298 | 0,352 | 0,178 Knexp
S3 0,178 0,368 0,276 | 0,178 Knproc

IMpu 3umxenni Baru Ad 3 0,393 1o 0,200 (cruenapiit
S2) Knexp 36epirae niepiry nosuiito (0,352), oqHaK po3pus
3 Knproc cyTTEBO CKOpOuyeThes (0,298).

Ipu mepexoni mo cruenapiro S3 Knproe BUXOAUTH Ha
nepiry nosutito (0,368), mo € JIOTiYHAM: SKIIO IPOIeC
TEC.2 posrisigaeTbcsi B KOHTEKCTI BEUKOI MPOAYKTOBOT
KOMIaHii, (hpopMali3oBaHi IPOLECH] periaMeHT! poOOTH 3
BUMOTaMH € CYTTEBIIINMH, HI>)K EMIIPHYHHUN TOCBI.

TakuM YHHOM, aHaJi3 YYTIUBOCTI MiATBEPIKYE, IO
MOJIE)Ib KOPEKTHO pearye Ha 3MiHM OpPraHi3amiiHOro KOH-
TEKCTY, B IKOMY BUKOHYETBCSI IIPOLIEC.

Oo6roBopeHnHst pe3yabrariB. JloMiHyBaHHS eMITipH-
yHUX 3HaHb KNeyxp (43,4 %) mns mpouecy TEC.2 B aytco-
PCHHTOBOMY KOHTEKCTI MOSICHIOETHCS CIeNN(iKOI0 OpraHi-
3aliifHOT MOJIENi: B yMOBaX MiHJIMBOCTiI BUMOT 3aMOBHHUKA
¢dopmamizoBani ypoku mmHynmoro (Lessons Learned) Ta
aHali3 iCTOPMYHUX Ae(DEKTiB BHABIAIOTHCA MIEBIMIAM 3a
CTaTUYHI IHCTPYKIIi, MO y3romKyeThes 3 [5, 6]. BogHouac
CTPYKTypa BIUIMBY HeoaHopimHa: Knpoc IOOMiHYe s
cTpykrypoBanocri (58,7 %) ta kepoBaHocTi (46,7 %), 1o
MIATBEP/XKYE B3a€MO3ANEKHICTh MNPAKTHK YHPaBIiHHS
3HAHHAMH Ta SKiCTIO [7] 1 HEOOXigHICTh KOHTEKCTHO-3a-
nexHoro OamaHcy Mix kiacamu K3. AHami3 4yTJIMBOCTI
(Tabu. 5) mokasas, 1110 MPH 3MiHI KOHTEKCTY POdiIb mpio-
PHTETIB KapJHMHAIBHO 11epe0yT0BY€EThCS.

BucHoBkn. Y po0O0Ti BUPIIIICHO HAYKOBO-TIPAKTHIHE
3aBHaHHs (opmarizanii BIVIMBY KOPIIOPAaTUBHUX 3HAHb Ha
JIOKaJbHI KpHUTEpii AKOCTI mporecy po3podku I13 3 ypaxy-
BaHHIM OpraHizaniifHoro kKoHTekcTy IT-kommaHii.

31ifiCHEHO CTPYKTYPHY IE€KOMIIO3HIIII0 KOPIIOPATHB-
HUX 3HaHb Ha 4oTUPH KIIacH (KNtech, KNproe, KNexp, KNorg) 13
BU3HAYCHHSIM KPUTEPIIB HAJIEKHOCTI: (OpMalli3oBaHOCTI,
BIZIYY»KEHOCTI BiJl HOCisl, HOBTOPHOT BUKOPHCTOBYBAHOCTI.

BcTaHOBIEHO BIAMOBIAHICTD IIECTH JIOKATBHUX KPH-
TepiiB sikocTi (St, Ma, Pr, Me, Ad, Op) neB’sitboMm aTpuby-
tam npomecy Mmoxemi SPICE Bignosimao mo ISO/IEC
33020:2019, mo 3abe3neyye CyMiCHICTb 3aITpOIIOHOBAHOTO
MiIX0/y 31 CTAaHAAPTHUMH PEHTHHTOBUMH LIKaJIAMHU.

Po3pobiieHo TpupiBHEBY iepapXidyHy MoJenb Ha 0asi
MALI 3 matemarnyauM anapatoM (dpopmymnu (1)—(7)), sixa
NapaMeTpU3yeThCSl  Yepe3  OpraHi3amiiHUH  KOHTEKCT
kommanii C = {S, T, M, R}. HaykoBa HOBHM3HA MoJsrae y
BCTAaHOBJICHHI KINBbKICHOI 3aleXHOCTI MDK KjacaMu
KOPHOPaTUBHUX 3HAHb Ta JIOKAJbHUMHU KPUTEPISIMU SIKOCTI
OKPEeMOro TpOIeCy Yepe3 MPHU3My OpraHi3arliiHoro KOoH-
TEKCTY 3 IpUB’s3K010 10 atpudyTiB Mozeni SPICE.

B o0uuncmoBalbHOMY €KCHEPUMEHTI ISl MPOLECy
TEC.2 «Bu3zHaueHHs noTped Ta BUMOT 3alliKaBJIEHHX CTO-
piH» y KOHTEKCTI cepetHboi ayrcopcuaroBoi IT-xkommanii
nobynoBaHo 7 marpuip napHux nopisasHb (CR < 0,030)
Ta BCTAHOBJICHO TJI00aIbHUI PEHTHHT KJ1aciB KOPIIOPaTHB-
HHX 3HaHb: emmipuuHi 3HaHHS (Knexp = 0,434), mpouecHi
(Knproc = 0,245), Texnonoriuti (Knech = 0,169), oprasxiza-
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mitiai (Knog = 0,153). Anamiz 9yTIHBOCTI TpH 3MiHi
KOHTEKCTY MiJTBEPJUB KOPEKTHY PEaKIii0 paH)KyBaHHSI.
[IpakTryHe 3HaYCHHS — 3aMiHa IHTYITUBHUX pimeHs [ T-me-
HEDKMEHTY Ha HayKOBO OOTPYHTOBaHWH MeXaHi3M pO3MO-
Ity pecypciB Ha po3BUTOK K3 [UIs HITHOBOTO i ABHUIIICHHS
SIKOCTI OKPEMOTO Iporiecy po3podku I13.

[Monaneun gocimkeHHs nependadaoTb pO3IIHPEHHS

MO/IeJIi Ha MHOXHHY TPOLIECiB XUTTEBOro nukiy I13, arpe-
rafifo OLIHOK OKPEMHX IIPOIECiB B IHTErPaJIbHY SIKICTBh
nporecy po3poOKu MporpaMHOro 3abe3nedeHHs, MpoBe-
JCHHS IIOBHOMAacIITA0OHOTO EKCIEePTHOIO ONHUTYBaHHS Ta
ypaxyBaHHS PeCypCHUX 0OMeXeHb, 0 CTAHOBUTH PO3BU-
TOK ITiTXO/Ty, 3aIl04aTKoBaHOTO y [14].

Jekjapanis nMpo BHKOPHCTAHHSI T'€HEPATHBHOIO

Ty4yHoro iHrtejekry. Ilig wac miarotoBku miei poOOTH
aBropu BukopucroByBanmu Claude mns mepeBipku rpama-
TUKH Ta opdorpadii, nepedpasyBanns Ta nepedhopmyio-
BaHHs TekcTy. [licmsi BHMKOpUCTaHHS IMX IHCTpYMEH-
TiB/CEpBICIB aBTOPH MEPEBIPWIIM Ta BiJpeAaryBaid BMICT
3a HEOOXIJHOCTI Ta HECYTh MOBHY BiJIOBIJANBHICTH 3a
3MICT myOiKarii.
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MODELING THE INFLUENCE OF CORPORATE KNOWLEDGE AND ORGANIZATIONAL CONTEXT OF
AN IT COMPANY ON LOCAL QUALITY CRITERIA OF THE SOFTWARE DEVELOPMENT PROCESS

The organizational context of an IT company has been parameterized by scale, business model, process maturity level, and resource constraints, and its
corporate knowledge has been structurally decomposed into four classes: technological, process, empirical, and organizational, with defined inclusion
criteria (formalizability, separation from the individual carrier, reusability). The local quality criteria — structuredness, manageability, predictability,
measurability, adaptability, and optimizability — have been defined as evaluation criteria for an individual software development process, aligned with
the nine process attributes of the SPICE model. A formalized three-level hierarchical model has been developed using the Analytic Hierarchy Process
that establishes quantitative relationships among the quality of an individual software development process, its local criteria, and classes of corporate
knowledge with regard to the organizational context of a specific IT company. A computational experiment has been conducted for the TEC.2 process
«Stakeholder needs and requirements definition» in the context of a medium-sized outsourcing company, which revealed the dominance of empirical
knowledge (43.4% of the global weight) and substantiated its prioritization. Sensitivity analysis confirmed the correct response of the ranking under
contextual changes. The scientific novelty consists in establishing a quantitative dependence between classes of corporate knowledge and the quality of
an individual software development process through local quality criteria with a linkage to the SPICE model attributes. The practical significance of the
approach lies in replacing intuitive IT management decisions with a scientifically grounded mechanism for resource allocation toward the development
of specific classes of corporate knowledge for the targeted improvement of the quality of specific software development processes. Further research will
address resource limitations and the aggregation of individual process scores into the integral quality of the software development process.

Keywords: software development process, local quality criteria, corporate knowledge, organizational context, SPICE model, analytic hierarchy
process, formalization of impact.

Toeni imena asmopis / Author's full names

Astop 1/ Author 1: Coxon Bonogumup €srenosud / Sokol Volodymyr Yevhenovych
Astop 2/ Author 2: T'ypr Jlenuc Onexcangposud / Hurt Denys Oleksandrovych

Astop 3 / Author 3: Tomrescokuii Muxaiiino Jmurposuu / Godlevskyi Mykhailo Dmytrovych
ABTOp 4 / Author 4: [TanneB Anzpiii AnatomnifioBud / Pashniev Andrii Anatoliiovych

Cokon B. €., I'vpm /[. O., I'oonescoruit M. /1., [lawnee A. A. Mooeniosanns
6N.1UEY KOPNOPAMUBHUX 3HAHb MA op2anizayitino2o koumexcmy IT komnanii ... 39



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

DOI: 10.20998/2079-0023.2026.01.06
VJIK 004.9

K. E. IIETPOB, noxtop TeXHIYHUX HAYK, Ipodecop, XapKiBChbKUi HAIIOHATBHUN YHIBEPCUTET PaJiOeNeKTPOHIKH, 3aBiqyBay
kadenapu iHGopMaIifHIX YITPaBIIOUNX CHCTEM, M. XapkiB, YkpaiHa; e mail: kostiantyn.petrov@nure.ua, ORCID:
https://orcid.org/0000-0003-1973-711X

T. B. YAJTHH, acnipant kadeapn iHpopMaLiifiHIX yIPaBISIOUnX cHCTeM, XapKiBChKHii HALlIOHANBHII yHIBEPCHTET
panioenekTpoHiky, M. XapkiB, YkpaiHa, taras.chalyi@nure.ua, ORCID: https://orcid.org/0009-0002-3796-5810

KOHTP®AKTUYHA MOJIEJIb MEJIUYHOI'O BIBHEC-ITPOLHECY

ITpenmeToM JOCTIDKEHHS € Mequ4Hi Oi3Hec-mponecy. Mera poboTH Homsrae y po3poOiii KOHTpHaKTHIHOT MO MEIHIHOTO Oi3HEC-IIPOLECY 3 THUM,
11100 3a0€3MeYnTH MOXIIHBICT BUOOPY aJbTEPHATHBHHUX PillleHb IPH HAJIAHHI IEPBHHHOI MEJIMYHOI JI0IIOMOTH, NOJIAJIBILOr0 aMOYyIaTOPHOTO JiKyBaHHS,
a TaKOX KJIIHIYHOrO HUBIXY Ta peabimiTauii. JloCATHEHHS METH Opi€HTOBAHO Ha 3a0E3IEYeHHs HYYKOCTI MEAMYHUX Oi3HEC-NpOoLeciB B yMOBax
pecypcHUX, (PIHAHCOBUX 1 PEryaaTOpHHX OOMexeHb. J[JIs JOCSATHEHHS METH BUPIIIYIOThCS HACTYIHI 3aadi: po3poOHTH (GopManbHy CTPYKTYpY
KOHTP(aKTUIHOT MOJENI MEIMIHOTrO Oi3HEC-IPOIIECY K PO3IIMPEHHS CHTYAIIHOT MOJIeNi y3araJbHEHOTO MeIMYHOT0 Oi3HeC-IpoIiecy, 3 BKIIOYEHHIM
Kay3aJbHHUX 3aJI©KHOCTEH Ta CHCTEMH TEMITOPAJIbHHX MIPABKII, 1110 OMUCYIOTH JOITyCTUMI ITOCIIiIOBHOCTI MOIiH 1 YaCOBi iHTEpBaIH M)XK HUMH; BUKOHATH
eKCIICPHMEHTANIbHY MEpeBIpKy CHCTEMH KIIHIYHHX OOMEKEHb, IO 3a4ac IPOCTIP MOXJIMBHX KOHTP(AKTHYHMX CIEHapiiB. 3ampornoHOBaHO
KOHTp(aKTHYHY MOJICIh MEAUYHOrO Oi3HEC-Tpolecy, sKa Ha BiIMIHY BiJl ICHYFOUHMX IOEJHYE CHTYaIiiiHy CTPYKTYpYy MEIMYHOrO Oi3HEec-Ipolecy,
Kay3aabHUH rpad MPUYMH 1 BUKOHAHHS il POIIECY, CHCTEMY OOMEXEHb, II0 BH3HAYAIOTh MOMIIMBICTH pealti3awil TpacKTopiil mpoiecy 3rigHo
KJIIHIYHUX TIPOTOKOJIB, @ TAKOX TEMIIOpaJIbHi IIPaBHJIa, 0 BU3HAYAIOTH ITOCHIJOBHICTh MO MEIMYHOrO Oi3Hec-Tpolecy y yaci. ExcrniepuMeHTanbHa
nepeBipka MOJeNi 3 ypaxyBaHHSIM CHCTEMH OOMEXKeHb, Kay3aJbHOTO rpady Ta TEMIIOPAIbHHUX INPABWJI IiNTBEpANIIAa 3MEHIICHHS YAaCTKU KJIIHIYHO
HETPUHHATHAX CIIEHAPIiiB y MOPIBHAHHI 3 TPAAULIAHUM ITiAX0IO0M 10 MOOYI0BH KOHT(HAKTHIHUX MOsICHEHb. [loqaspiunii pO3BUTOK 3apPOIOHOBAHOI
KOHTP(aKTUIHOT MO MEANYHOTO Oi3HeC-IPOIECy IT0B sI3aHUH i3 po3poOKOr0 iH(pOpMaLifHOT TEXHOIOTIT ATPUMKH IPHHHATTS PillIeHb Y MEIMIHUX
0i3Hec-nporecax Ui o0y JOBH iHIHBITyalli30BaHIX MapIIPYTiB JIIKYBaHHS 3 ypaxyBaHHsM II0TpeO IallieHTa Ta 00MEKEHb CHCTEMH OXOPOHU 310POB’sL.

KarouoBi ciioBa: menuunuii Oi3Hec-mpoliec; KOHTP(AKTHUHA MOIENb; CUTyalliiHa MOJeNb; CTPYKTYpHA NPHYMHHA MOENb; TEMIOpPaIbHi
MpaBuiia; KIiHIYHI 0OMEXESHHS, TEMIIOpaJIbHI OOMEXEHHS; 1HIMBIAyai30BaHe JiKyBaHHS.

Beryn. bisaec-nporec (BI1) BkiIroUae mociigoBHICTD
MPOIIETYP 31 CTBOPEHHS MPOAYKTY 200 MOCIYTH, 1[0 CTAHO-
BUTh LiHHICTH AN KopucryBada [1]. Lmkn ynpaBniHHS
0i3Hec-TpoIlecaMy BKITIOYA€E STAIU aHATI3Y MisTIbBHOCTI Op-
ranizauii y mpouecHoMy acrekTi, o0y 0By Ta MoJalbIly
peanizauito mozeneil 6i3Hec-npouecis, MmoHiTopuHr bIT it
ynockoHaneHHs moxeneit BII 3a pesympTatamu MOHITO-
pHHTY. ¥ Tpoliec yJOCKOHAJICHHS MPOIECY BPaXOBYIOThCS
pecypcHi, piHaHCOBI i TeMITOpaNbHi 00MEKEHHS Ha 3B SI3KH
MIX IIpoIeIypamu mporecy [2].

Mennuni 6i3uec-tiporiecn (MBIT) e xiacom BII, mo
IHTETPYIOTh MOCIITOBHICTH JIill 3 HATaHHSI MEIUYHOI JOTIO-
MOTH, TOYMHAIOYH 3 TIEPBUHHOTO 3BEPHEHHSI MALlIEHTA i J10
BUIUCKM M TOJAIbUIOr0 3a HUM crocrepexeHHs. MBI
BKJTIFOYAIOTh J1arHOCTHYHI, JTIKYBaJibHi, a TAKOK peadiiTa-
miiHi Ta agMidicTpatuBHi mporeaypu.[3] Kirouosa oco6-
JIMBICTh MEJMYHMX TPOLECIB MOJSrac B HEOOXiTHOCTI Ta
Ba)XXJIMBOCTI BPaxOBYBaTW I1HIUBINyanbHi OCOOJIMBOCTI
MaIfieHTa Ta AWHAMIKY KITiHIYHOI CHUTYyaIlil, 10 HoTpedye
PO3pOOKH TIPOIECHUX MOAENEH, SIKi JAal0Th MOXKIHMBICTH
aJanTyBaTH IIOCIIJIOBHICTh 1 NapaMeTpu IpoLeayp 3a
YMOBH 30€pEKEHHS Y3r0/KEHOCTI 3 KIIHIYHUMH ITPOTOKO-
JaMU Ta HAsSBHUMH PECYPCHHMH OOMEXEHHSIMH MeIud-
Horo 3akiany [4] Lle icTOTHO yCKIIaIHIOE MOICTFOBAHHSI.

MBII wmoxe OyTH TpeACTaBICHHH Ha OCHO-
Bi cuTyamiitHoi Moneni. OCTaHHS MICTHTH TMOCIiJOBHICTb
CUTYAIli}, y KOXKHil i3 IKUX 31iHCHIOETHCS BHOIp anbTep-
HAaTHB BUKOHAHHS IIPOIENyp 3 KOMIUIEKCY OOMexXeHb[S].
3a pe3ynpTaTaMu BHOOPY MPHHMAETHCA PIIIEHHS 00 BH-
KoHaHHSA nogansmux aik MBII 3 ypaxyBaHHSIM ZOCTYITHHX
pecypciB, 4acy JKyBaHHS Ta KJIiHIYHMX oOMexeHb. [lii
MBII peani3yroTh MOCiIOBHICTE (ha3 IEpBUHHOI MEANTHOT
JIOTIOMOTH, OAAJBLIOT0 aMOYJIATOPHOTO JIKYBaHHS, a Ta-

KOX KIIHIYHOTO IIIAXy Ta peabimitarii. KomOinamii mux
(a3 yTBOPIOIOTH aJbTEPHATHUBHI TPAEKTOpil BHUKOHAHHS
MBI [6]

Pa3oM i3 TUM mpornecHuil aHami3 y Cy4acHUX Meauy-
HUX iHQOpMaUiiHUX cHCTeMax 3[eOiNbIIOro 30CepeKy-
€TBCSl Ha BHSBJICHHI BIAXWJICHb BiJ| CTaHIAPTH30BaHUX
mozeneit (conformance checking) Ta He 3abe3mneuye aBTo-
MaTH30BaHOTO (POpPMYBaHHS KIHIYHO 3IICHEHHHUX allb-
TepHATUBHUX TpaekTopiit [7-9]. KonTpdakTranwmii aHami3,
SKAH PO3IIISIA€ ANbTEePHATHBHI CIIEHapil THITY «mio OyIo
0, AKOM TIeBHE PillICHHS 0YJI0 3MiHEHOY», aKTHBHO 3aCTOCO-
BY€ETHCS JJIsl TIOSICHEHHS! PillleHb MOJIENICH MAIIMHHOTO Ha-
BYaHHs, ajie He BPAaxoBYE OOMEXeHb MeIU4HOl cdepw,
OB’ s13aHi 13 pU3UKOM Jyist 310poB’st moauuu [10, 11].

Takum 4nHOM, po3po0OKa KOHTP(HAKTHIHUX MOETeH
MEIMYHHUX O13HEC-TIPOIIECIB JA€ MOXKIIUBICTD 3a0€3IIEUUTH
IHMBITyasTi3alif0 MEIUYHOT JOIIOMOTH 3 YpaxyBaHHIM Ha-
SIBHUX pECYpCHHUX 1 piHAHCOBUX OOMEKEHB.

AHaJti3 oCTaHHIX J0CTiKeHb i myOJikauii

CyuacHi TiIX0IH 10 MOJICIIOBaHHS Oi3HEC-TIPOIIeciB
opieHTOBaHI Ha ()OPMYBaHHS HAaOOPY MOXKIHMBHX IIOCIHi-
JIOBHOCTEH AiM, 110 3a0e31eUyIoTh JIOCATHEHHS [IIbOBOTO
CTaHy CHCTEMH NpolecHoro ynpasiinas. [lociizoBHOCTI
IIifl OMHCYIOTHCS SK MOCHITOBHOCTI aKTHBHOCTEH Yy CKJIai
MATPOIECiB 3 BUKOPUCTAHHAM CTAaHAAPTH30BAaHUX HOTA-
i, Takux sk BPMN [5, 7, 8].

Y nocnmimkeHHSX 3 ympaBiiHHS Oi3Hec-mporecaMu
CTPYKTYpY€ETbCsSl NMOBHUM xuTTeBud bBII, mouumnarounm 3
BHU3HAUEHHS MiJeH, IJIaHyBaHHA, NOOYAOB IPOIECHOI
Mojieni, ¥ 10 BUKOHAHHA 1 MOHITOPHHTY Ta IMOJAJBIIOTO
YIOCKOHAJIIEHHS 3 BHKOPHCTAaHHSAM IHTEJICKTYaJIbHOTO
aHaJIi3y MPOLECiB HA OCHOBI IaHMX 13 XKYpHAaJIiB MOAIH 1po-
uecy [1, 7].
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V cohepi MmenqnuHUX Gi3HEC-TIPOIECIB MPOIECHUM ITi]T-
X1J1 BUKOPUCTOBY€ETHCS JUIS i ABUICHHS SKOCTI MEAMIHUX
MIOCITYT, 3MEHIIEHHS KITbKOCTI HOMHJIOK, CKOPOUEHHS 4acy
OYiKyBaHHS, ONTHMIi3allii BUKOPHCTAHHS PECypCiB Ta MO-
KpalleHHs] KOOpAWHAIIT MK Pi3HUMH PIBHIMH MEIMYHOL
nonomord [2, 3, 5]. 3acTocyBaHHS IHTEJIEKTYaIbHOTO aHa-
ni3y mpoueciB y MBIl nae MoXJIHBICTh BUSIBISTH BY3bKi
Miclisl, palioHaNi3yBaTi MapIIpyTH MAIi€HTIB Ta CTaHap-
TU3yBaTH MPOILIEC iX JIIKyBaHH: Ta IMOJAIBIIOT peabimiTanii.
[pote BupilIeHHs KX 3aa4 OTPeOy€e pO3POOKH THYUKUX
MIPOIIECHUX MOJENeH, IpU3HAYCHUX U iHIWMBiXyasi3armii
nikyBauus [2, 4, 9].

B rpymi MegumaHEX Gi3HEC-TIPOIECiB OKPEMO PO3TII-
naroTbes KiiHivHI monsixu (clinical pathways), musaxu no-
TSy 3a manieHTaMu (care pathways) Ta IUISIXH JTiKyBaHHS
3axBoproBaHHA (disease management), IO BiZOOpa’karoTh
PI3HI aCTIEKTH HaJaHH MeAUYHOT qoromoru [4—6]. Tpaau-
WIAHUA TAXIA 0 BUIUICHHS KIIHIYHUX NUIAXIB CIIPUSE
3HW)KEHHIO BapiaTHMBHOCTI JIIKyBaHHsI 1 3a0e3neuye nepen-
0avyyBaHICTh HOro pe3yJbTaTiB, OJHAK OOMEXKye Bpaxy-
BaHHS IH/AWBIAyaJbHUX MOTPeO MallieHTa Ta OOMEXEHb
3aKJIa/IiB OXOPOHH 310poB’s [4, 5].

KonTpdaktnunuii anami3 3a3BHYail 3aCTOCOBYETHCS
JUISL TIOSICHEHHS pIIlleHb, OTPUMAHUX B 1HTENEKTYaJbHUX
cucTeMax, 30KpeMa IpH BHpIIIeHH] 3a1a4 knacudikarmii ta
MIPOTHO3YBaHHS, /€ IPOMOHYIOTbCA METOOM TeHepalii
KOHTP(AaKTHIHUX MPHUKIA/IB K albTEPHATHBHUX BXIJHHAX
HabOpIB TaHUX, IO 3MIHIOIOTH pe3yabrar moaerni [10-12].
JlocmipKeHHs 010 KOHTP()AaKTUYHUX MOSCHEHb, T ATBEP-
JDKYIOTb T IBUILIEHHS JIOBIPY JIIKapiB 10 CHCTEM HITYYHOTO
inrenekty. [IpoTe Ha HpakTHIi CTaHIAPTHI aJTOPUTMH
4acTO HE BPaXxOBYIOTh HE3MIHIOBaHI BIACTUBOCTI MAIIEHTA,
a TaKoXX KJIIHIYHI MPOTOKOJIH, 1110 MOKE MPUBECTH 110 (Hop-
MYBaHHSI HENPUIHATHUX clieHapiiB BukoHauus MBIT [13,
14].

[IpencraBnena B [5] cuTyariitHa MOAeTh y3arajibHe-
HOTO MeTUYHOTOo Oi3Hec-mporecy 3abesnedye BHOIp aib-
TepHATUBHUX cleHapiiB. [IpoTe y Momeni He BHIIICHO
KOHTp(aKTHYHI CIleHapii Ta He BU3HAYCHO MHOXXUHY K-
HIYHUX OOMEXEHb, SIKi BU3HAYAIOTh MOXKJIMBOCTI MPAKTHY-
HOTO 3aCTOCYBaHHS MOJIEJII.

Januit aHai3 CBiYNTH MPO MPAKTUIHY MOTPedy y 3a-
OesrieueHHl 1HAMBIAYyani3amii JKyBaHHS 3 ypaxyBaHHs
pecypcHUX 0OMeKeHb Ha OCHOBI TOOYZOBH MEAWIHHX 0i3-
HEC-TIPOIIECiB, MPOTE iCHYrOUi MeToau A0 moOymoBu BIT
OpiEHTOBaHI Ha TPaJULIiiHI Oi3HEC-TIPOIECH 1 HE BPaxoOBY-
I0Th BJKJIMBICTB 1HIMBITyaizanii METUYHOTO 00CITyTroBY-
BaHHS Ha OCHOBI aHali3y MOXIJIMBUX allbTEPHATUB, NPE]-
CTaBJIEHUX KOHTP(AKTAMHM, IO 1 CBIAYUTH MPO aKTyallb-
HICTB JOCIIIKEHHS.

Mera Ta 3aga4i gociaizkeHHsi. Mera poOOTH MOJIS-
ra€e 'y po3poOmi KOHTPp(HAaKTHYHOI MOZIENi MEAWIHOTO
0i3HEC-TIpOIIeCy SIK MOJAIBIINHA PO3BUTOK CHUTYAI[IfHOTO
MiIX0AY 10 MOJIECTIOBAaHHS y3arajlbHEHOTO0 METUIHOTO 0i3-
HEC-IIPOIIECY 3 THUM, III00 3a0€3MeYNTH MOXKIINBICTH BUOOPY
QIBTEpPHATHBHUX DIIIeHb NPH JIKyBaHHI B KIiHIiN, MPH
JOTJISII Ta B paMKax IIOBHOTO IPOLECY JIIKYBaHHS 3aXBO-
proBaHHS. JIOCSATHEHHST METH OpIEHTOBaHO Ha 3ade3re-
YEeHHsI THYYKOCTI MEIUYHHMX Oi3HEC-IIpolLeCciB B yMOBax
pecypcHuX, GpiHaHCOBHX 1 PETyJITOPHUX OOMEKEHB.

JIJist HOCSITHEHHST METH BUPILITYIOTHCS TKI 3a/1a4i:

— po3pobuTtu (hopMambHy CTPYKTYPY KOHTP(AKTHY-
HOI MoOJeNi MeIWYHOTro Oi3Hec-IpoIecy SK pO3MHPEHHS
CUTYaIlifHOT MOJIeNi y3araJbHEHOTO MEAWYHOTO 0i3-
Hec-TpoLiecy, 3 BKIIOYEHHS Kay3aJbHUX 3aJISKHOCTEH Ta
CHCTEMH TEMITOPAJIBHUX MPABUJI, 1[0 ONUCYIOTH TOITYCTHMI
MOCJIIIOBHOCTI TO/IIH 1 4acOBi iHTEPBAIN MiX HUMHU;

— BU3HAUUTH Ta BUKOHATH EKCIIEPUMEHTAIIbHY Iiepe-
BIPKY CHCTEMHM KIIHIYHMX OOMEXEHb, 110 33Ja€ MPOCTIp
MOYJIUBHX KOHTP()AKTHIHUX CLEHAPIiB.

Konrpdakrnuna Moaenb MeIUIHOro di3Hec-mpo-
necy.

CuryariitHa MOJeINb y3araJbHEHOTO0 MEIUIHOTO 0i3-
Hec-TIPOLIeCy 3a7a€ThCs 3 TPIHKOIO <S, Di,» Dout> i3 mocui-

JOBHOCTI cuTyamifi S, a Takok MHOXKHH BXiguux Dy, i

Buxiguux Dy JaHnmx ta Moxke OyTH iHTeprpeToBaHa SK

«KapTay eTamiB MpoIecy ,I0 MICTUTh AaHi PO MalieHTa
JIO Ta TiCJIs JIIKyBaHHS.

Konrpdaktnuna mogens CM posiuproe cutyariiiine
NPEICTaBICHHS, TOJAal04M 10 HOTO MHOXUHY albTepHa-
TUBHHX CLIEHAPIiB 1 ccTeMy OOMEXKEHb, 110 MOXKHA PO3T-
JSIIATH K JOTIOBHEHHS MOJIENi MHOXHHOIO ajlbTePHATHB-
HUX BapiaHTIB BUKOHAHHS Ta HA0Opy OOMEXeHb, SKi
BiAinbTpoBYIOTh HenpuiHATHI BapianTH. KoHTpdakTu-
YHa MOZENb (POPMaIbHO MOZEINb 3a4a€ThCA SIK KOPTEXK:

CM =(S, Dy, Dy CF, I1), @

ne CF — MHOXHHA KOHTP(HAKTUYHUX CIECHAPIiB BHKO-
Ha"us MBI,

IT — cucrema oOMexeHb, IO BH3HAYAE MOXKIUBICTD
KJIIHIYHOT peaizaiii BiJIOBIIHIX CLEHAPIiB.

Kosxnuit kourppaxtuannii cuenapiin ¢f € CF intep-

MPETYETHCS K ATbTEPHATHBHA TPAEKTOPIS MPOIIECY i3 3Mi-
HEHUMHU pINICHHAMH Yy BHOpaHHX CHTYyamisx, aie i3
36epeKeHHSIM MOCIIOBHOCTI cuTyallii S . BimoOpaxkeHHs

@:CF>8S" 2)

CTaBUTh Y BIANOBIAHICTE KOXXHOMY CIICHAPIFO TOCIi-
JTOBHICTh CHUTYAIliii, IKi BiH BUKOHYE, IO TO3BOJISIE 1HTEP-
IpeTyBaTh cCHeHapil B TepMiHaX CHUTYalilfHOTO OIHCY
MeJIUYHOTro Oi3Hec-mporecy. Ko MHOXKHUHY CLIEHapiiB Ta
00Me)XeHb HE BPaxOBYIOTHCA, TO KOHTP(AKTUIHA MOJENh
CITPONTYETHCS JI0 TIOYATKOBOI CUTYaIlIHHOT MOJIENI.

BaxumBuM eneMeHTOM KOHT()AKTHYHOI MOJemi €
CTPYKTYpHa Kay3allbHa MOJIENh MEIUYHOTO Oi3Hec-Tpo-
necy. /lana mMonenb Bu3Ha4ya€ B3a€MHMH BIUIMB OJIMH Ha
0JTHOTO (haKTOpIB Ta MOMAIH y MEOJUIHOMY Oi3HEC-TIPOLIECi.
Mopenb npeacTaBIsieThes SIK OpiEHTOBaHUH rpad, e Bep-
IMIMHAMU € KJIiHIYHI (akTopy Ta pillleHHs, a AyraMHy € Ipu-
YHHHI 3aJI€XKHOCTI.

®dopMaIbHO Taka MOJAENb 3aIa€ThCSl OPIEHTOBAHUM

arukIiyauM rpagom G = (V, E), ne V. — MHOXWHA 3MiH-
HUX (KpOKH JIIKyBaHHS, CTaHU Mali€HTa, pe3yiapraTn), E —
MHOKHHA AYT, 0 33JIal0Th MPUUNHHO-HACITIIKOBI 3B’ SI3KH
MK HUMH.

Jts koxuoi 3Mianoi X; €V 3amactees Qymkuia f;,
siKa BU3HAYa€, sIK 3HAYCHHsI I[i€1 3MIHHOT (OPMYETHCS Ha
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OCHOBI 3HaYCHb i1 OATHKIBCHKHX (3 ypaxyBaHHIM OPIEHTO-
BaHocTi rpadha G ) 3MiHHHX Ta BUMAAKOBUX (PAKTOPIB &; !

X; = fi(Pa(X;). ), @)

e Pa(Xi ) — MHOXHHA GaTBbKIBCBKHX 3MIHHUX 11 X ;

& — cTOXacTUYHE 30yPEHHs, SIKE MOJICITFOE HEBPAaXO0-

BaHi (QaKTOPH.

Le o3nauae, mo y MBII koxHa mois Ta ii pe3yiapTaTi
MaroTh «IIOTICPEHNKIBY, B[ IKMX BOHA 3aJeKHUTh. Ha mo-
JIiF0 TAKOX MOXE BIUTMBATH BHIIAIKOBA CKJIAJ[0BA.

Cnij BUAIIMTH NPUXOBaHI CHUIBHI MPUYMHHM, Xapak-
tepHi came s MBII. Taki npu4rHU OTHOYACHO BIUIMBA-
I0Th Ha BUOIp TpaekTOpii JNiKyBaHHS Ta KiHIEBUH pe3yib-
TaT JIKyBaHHS.

TakuMu NpUYUHAMH, HATPUKIIAA, MOXe OyTH 0a3o-
BUii CTaH 3710pOB’s a00 CYNyTHI 3aXBOPIOBAHHS MAIli€EHTA.

Omnwc BTpydaHHS a€ MOXKIIMBICTh 3MIHUTH MIEBHE Pi-
IICHHS B MOJIEJTi 1 OLIHUTH BiATIOBIAHI 3MIiHH PE3YIIbTATY.
BrpyuanHs no3Havaerbcs oneparopom do:

P(Y1do(X =x)), (4)

ne X —3MiHHa, Ha SKY 3A1HCHIOEThCS BTpYYaHHs (Harpu-
KJ1aJ], BUOIp THITy JIKyBaHH);

x' — HaB’A3aHe 3HAYECHHS,

Y — pes3ynbTar micns BTpy4YaHHS.

Jns MepmgaHOTO Oi3HEC-Tporecy me (gopmarizoBaHe
BTPYYaHHS Ja€ MOXIHBICTH OIL[IHUTH BINIOBiJI Ha 3aId-
TaHHS TUIY: «IKUM OyB OM pe3ynpTarT JiKyBaHHS, SKOU
3amicTh Bapianty X =X Oyno BuOpaHo X = x'?». MHo-
KHMHA JIONYCTUMHUX YTpydaHb OOMEKYETHCSI CHCTEMOIO
obmexens I, 30kpemMa oOMeXEeHHSIMH Ha KITiHIYHI TPOTO-
KOJIH, 10 BHUKJIIOYA€ CLEHapii, sKi cymepedars MeIuIHIM
3HAHHAM

Cuctema I 3amae ¢popmanpsHi mpaBmIiIa, Mo BU3HAYA-
I0Th, AKi KOHTP(AKTHYHI CIeHapil € HEeMpUHHATHHUMH 3
MeINYHOI TouKH 30py. MHOnHa I1 Bkitouae oOMexeHHs
10710 3a00POHU 3MiH CTa0ITBPHUX XapaKTEPUCTHUK MaIlieHTa
(BiK, cTaTh, 0a30Bi aHATOMO-(i3i0IOTIYHI apaMeTpH), a
TaKOX TeMItopaiibHi oOMexxeHHs. OcTaHHI GOpMaTi3yrTh
JIOITYCTHAMI 9acoBi BiTHOMICHHS MK KIIHIYHAMH ITOMISIMA
Y BHUIJBIII TEMIIOPAIBHUX IPAaBWI: HANPUKIAMN, IICIS
nozii 1 mpoTsroM He GubIe HiX t Yacy Mae BinOyTHCS T0-
nist 2 abo 3» um «mmoist 2 He MoKe BigOyTHcs paHime 3a 1»
[15, 16].

TemnopanpHUI aCHEKT KOHTPHAKTHIHIX CIIEHAPIiB Y
y MOjieNi 33Ja€ThCsl CUCTEMOIO (hOPMALHUX TEMIIOPAib-
HUX TPaBWI HaJ MOCTIJOBHOCTSAMH IOMIil MEIMYHOTO
6i3nec-nporiecy. st KOXKHOT 1OJTiT BU3HAYAETHCS YaCOBUM
iHTepBaJI A, B MeXaxX SKOTO IEepeBipSI€THCS BUKOHAHHS
BiNOBITHUX TEMIOPATBHUX MpaBWI. TeMIopaisHe mpa-
BHJIO (POPMYITIOETBCSA Y BUTIISAAL IMIUTIKAIi: SKIO HA iH-
TepBayi moAii A 3ycTpidaerbes meBHUI Tpurep (moxis 1),
TO B IIbOMY CaMOMY BiKHI MpPOTSITOM 3aJaHOTO Yacy IO-
BHMHHA 3’ IBUTHUCS X04a 0 0/1Ha 3 ofii-HachiaKiB (2 abo 3).
CyKyIHICTb TEMIIOPATEHUX 00OMEXEHb CTAHOBUThH CHCTEMY
IIPaBUJI, SIKI MOXKYTh OYyTH ITpeACTaBIeH] y BUIIIsAL popmyn
JIHIHHOT TEMITIOPAILHOT JIOTIKH.

ExcnepumeHTajbHa nepeBipka po3pod/ieHoi Mo-
Aeti.

ExcnepuMmenTanbHa miepeBipka Opi€HTOBaHA Ha OIli-
HIOBaHHS €()EeKTHBHOCTI CHCTEMH OOMEXEHb U CKOpO-
YEHHs YaCTKH KOHTP(HaKTUYHUX CLIEHAPIiB, 110 HE MOXKYTh
OyTH peanizoBaHi 3TiHO KIIHIYHHUX NPOTOKOJIB, IMOPIB-
HSHO 3 0a30BUM METOJ0OM KOHTP(AKTHYHOTO MOSCHEHHS
DiCE [13]. B sikocTi BXiIHUX AaHHX BHKOPUCTAHO (hpar-
MEHT JIOTY MEJUYHOTO Oi3HEC-IIPOLIECy, 10 MICTUTD pealti-
30BaHi TpaekTopii BukoHanHs MBII. 1i TpaekrTopii oxon-
JIOIOTH 1H(OPMAII0 PO XapaKTePUCTUKU TAIli€HTa, I0-
CITiTOBHICTh BUKOHAHUX MPOLEAYD, IX TPUBATICTb.

Ha mepmomy erami mepeBipku CTBOPIOBAIIIICH KOHTP-
(akTHUHI cueHapii IIISIXOM 3aCTOCYBAaHHS JIOITYCTHMHX
YTpy4aHb, SKi 3MiHIOBaJIM BHOIp MpoOLeaAyp, IX MOPSAOK Ta
TPHBAJICTh, alic He BpaxoByBalu ooMexeHHs 1.

st KOXKHOTO CLIEHApilo pO3paxoBYBalUCS arpero-
BaHi IIOKa3HUKH BapTOCTi, TPUBAJIOCTI Ta BHKOPHCTAHHS
pecypciB. AHaznorigHo, 3a gonomoror meroxy DiCE ¢op-
MYBQJINCh KOHTp(aKTHYHI BapiaHTH 0e3 MPUB’SI3KH JI0 CH-
Tyamii.

Ha npyromy erami no cueHapiiB KOHTp(haKTHYHOT
mozeni 1a 10 DiCE-cieHapiiB 3acTOCOByBaJiach CHUCTEMa
obmexens 1. Cnouatky Bin¢inbTpOBYBalUCh CLieHApii,
[0 MOPYIIYBaIx OOMEKCHHS 100 3MIHH HE3MIHIOBAHHUX
XapaKkTepUCTUK TalieHTa. B mopanpliomMy mnepeBipsutucs
TEMITOpaJibHI 0OMEXEHHs Y POPMi TeMIIOpaIbHUX NPaBHJL,
1110 BU3HAYAJIH BiJIIOBIHICTh Y4COBUM BHMOT'AM OO I10-
PSAAKY 1 TOMYCTHMUX JIATiB MiXK JIarHOCTHKOIO, JIIKyBaH-
HSIM 1 KOHTPOJILHUMH OTJISIAaMH.

TakoK 3aCTOCOBYBAIMCH OOMEKEHHSI IIIOJI0 BiIITOBI -
HOCTI Oi3HeC-TpoIeCy BHMOTaM KITiHIYHHX IPOTOKOJIB.
PesynbpraTH ekcrepUMEHTAIbHOI MEepeBipKM HaBEICHO B
Tabm. 1.

Sk BHTHO 3 TaOJIMII, IPU BUKOPUCTaHHI 6a30BOT0 Me-
tony DiCE noHan noyioBrHa 3reHepOBaHUX KOHTP(AKTHY-
HUX CLIEHapiiB MOPYyIIye NPHHANMHI OJIHE 3 KIIHIYHUX 00-
MexeHb. [l po3pobiieHoT Mojeli yacTka KIiHIYHO He-
NPUIHATHHX CLIEHApiiB 3MeHIIyeThes 10 9 %.

Tabmus 1 — [NopiBHSHHA BUKOHAHHS OOMEXEHb IS
KOHTP(AKTUIHUX CIIEHAPiiB MEANYHOTO Oi3HEC-TpoLecy

YacTtka
. Kinekicts KJIIHIYHO
KinpkicTb .. .
.. KJIIHIYHO HenpHid-
Iigxin 3T€HEPOBAHUX .
HEMIPUHHATHUX HSATHUX
CIICHApIiB
CIICHApIiB CIICHApIiB,
%
DiCE 80 52 65
Kountpdak- 80 7 9
THYHA
MOJIENb

[lepeBara po3po6aeHOT KOHTPGHAKTHIHOI MOZIET Me-
JMIUIHOTO Oi3HEC-TIPOIIeCy MOJISITae B TOMY, IO KOHTpdakK-
TUYHI cIieHapii (OpMyIOTECS Ha PiBHI CHUTYaIiifHOI CTPYK-
TypH MeIu4yHOTO Oi3Hec-Tpoliecy, a He JHIIe Ha piBHI
BEKTOPIB O3HaK, SIK MPH TPaIULIiHHUX MiIX0/1aX, IIo 3a0e3-
neyye BUKOHAHHS OOMeXXeHb MPpeAMETHOI 00JIacTi.

OTpuMaHi pe3yJIbTaTH EKCIEPHUMEHTY IEMOHCTPY-
10Tb, L0 IHTErpallis CHCTEMH 0OMEXEHb y KOHTP(PaKTHIHY
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MOJEINb JI03BOJISIE CYTTEBO 3MEHIINTH YaCTKy CIEHApiiB,
0 He MOXYTh OyTH peani3oBaHi MOPIBHAHO 3 0a30BUMHU
MEeTOJaMH KOHTP(AKTHIHOTO MOsCHEHHA. To0TOo po3pob-
JIeHa MOJETh 3a0e3leduye ypaxyBaHHS JIOMEHHHUX OOMe-
XKEHb Yy Mean4Hil cdepi npu moOynoBi KOHTPHaKTUIHUX
crieHapiiB, 1110 Bi1oOpakaloTh albTEPHATHBHI BapiaHTH BU-
KOHAHHS MEIUYHUX OI3HEC-TIPOIIECIB.

BukopucranHs koMOiHaLil Kay3aJbHUX Ta TEMIOpa-
JIBHUAX 3aJIeKHOCTEH J03BOJISIE TNEPEBIPATH KOPEKTHICTH
MIPUYMHHO-HACIIIKOBUX 3aJIE)KHOCTEH, OCKUIBKY NPUYNHA
3aBXKAH B Yaci Ma€ IepexyBaT HACTiIKY.

MOo>KIIHBOCTI PO3POOIIEHOT MOJIENI CYTTEBO 3aJICKATh
BiJI MOBHOTH (popMalTi3arii KIiHIIHUX MPOTOKOJIIB i TEMTIO-
pampHUX OOMEXEHb, a TaKOX JOCTYHHOCTI JIOTIB 3
TEMITOPATbHUMH MITKaMH. Y TPEIMETHHX OONacTsix, 1e
MIPOTOKOJIM € HENOBHUMH 200 HEOJAHO3HAYHHUMH, CHCTEMA
oOMexeHb mMoTpeOye MOJAaTKOBOTO HAaJaIITyBaHHS, a
KOHTp(aKTHYHI ClieHapii MaroTh OyTH BaiJOBaHi ekcrep-
TaMH.

[lepcieKTHBHUMH HampsMaMH TOJAANBIIAX JOCIiA-
JKCHb € PO3IIUPEHHS 3aCTOCYBAHHS HA IHINI BUIM MEIUY-
HUX Oi3Hec-IpoIleciB, 30KpeMa Ha MYIbTUAUCIUILTIHAPHI
MapIIpyTH JTiKyBaHHS MAIi€HTIB, a TAKOXX PO3pOOKa iHTeT-
POBaHHMX METPHK OLIHKH SKOCTI KOHTP()AKTUYHHUX CLICHA-
piiB.

BucHoBKH. 3a1ponIoHOBaHO KOHTP(AKTUIHY MOJEIb
MEIMYHOTrO Oi3HEec-TIpouecy, fka IOENHYE CHTYaIiiHYy
CTPYKTYPY MEAUYIHOT0 Oi3HEeC-mpoIlecy, kay3anbHuil rpad
MIPUYWH ISl BAKOHAHHS A1l IIpoILecy, CHCTEMY 0OMEKEHb,
1[0 BU3HAYAIOTH MOMJIMBICTh peaizailii TpaeKTopii mpo-
Liecy 3riIHO KIIHIYHUX MPOTOKOJIIB, & TAKOX TEMITOPaJbHi
MpaBuja, [0 BU3HAYAIOTH IOCHIJOBHICTh MO Memud-
HOTO Oi3HEeC-TPoIIeCy Y Yaci.

ExcriepuMmeHTanbHa mepeBipka MoJIeNi 3 ypaxyBaH-
HSIM CHCTEMH 00MEXeHb, Kay3aJbHOro rpady Ta Temropa-
JbHUX MPaBUJI BUKOHAHA Ha NMPHKJIAJl JaHUX 3 MEJUYHOTO
6i3Hec-nporiecy, Jie IMOKa3aHo 1CTOTHE 3MEHIIEHHS YacTKH
KIIIHIYHO HENMPUHHATHUX CIEHApiiB y MOpiBHAHHI 3 0a30-
BHM METOJIOM MOOYTOBH KOHTP(PAKTHYHHUX CIICHAPIiB.

[Tomanbimii pO3BUTOK 3aIIPONIOHOBAHOT KOHTP(HAKTH-
YHOI MOJENI MEIUYHOro Oi3HeC-IpoIecy OB sI3aHHi i3
PO3p00OKOI0 iHGOPMAIIHHUX TEXHOJIOT1H i ATPUMKH MIPHIA-
HSTTS PillIeHb Y METUYHHUX Oi3HEC-TpoLiecax Jyis o0YA0BH
IHAMBiqyaTi30BaHUX MapIIPYTIB JIKYBaHHS 3 ypaxyBaH-
HSIM TTOTpeO namieHTa Ta 0OMeXXeHb CUCTEMH OXOPOHH 3710-
poB’s.

Jekjapanisi N1po BUKOPHCTAHHS TeHEPATHBHOIO
IITY4YHOTO iHTEJeKTy. ABTOPH MiATBEPKYIOThb, IO HE
BUKOPHCTOBYBAIHM TEXHOJIOTIi IITYYHOTO IHTENEKTY IpH
HalMCaHHI TeKCTy i€l poboTH.
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COUNTERFACTUAL MODEL OF A MEDICAL BUSINESS PROCESS

The subject of the research is medical business processes. The aim of the work is to develop a counterfactual model of a medical business process in
order to enable the selection of alternative decisions when providing primary medical care, subsequent outpatient treatment, as well as clinical pathways
and rehabilitation. Achieving this aim is oriented towards ensuring the flexibility of medical business processes under resource, financial, and regulatory
constraints. To achieve the aim, the following tasks are addressed: to develop the formal structure of a counterfactual model of a medical business process
as an extension of a situational model of a generalized medical business process, including causal dependencies and a system of temporal rules that
describe admissible event sequences and time intervals between them; to perform an experimental validation of a system of clinical constraints that
defines the space of possible counterfactual scenarios. A counterfactual model of a medical business process is proposed which, in contrast to existing
approaches, combines the situational structure of a medical business process, a causal graph of reasons for performing process actions, a system of
constraints that determine the feasibility of process trajectories in accordance with clinical guidelines, as well as temporal rules that define the sequence
of medical business process events in time. Experimental validation of the model, taking into account the system of constraints, the causal graph, and
the temporal rules, has confirmed a reduction in the share of clinically unacceptable scenarios compared to the traditional approach to constructing
counterfactual explanations. Further development of the proposed counterfactual model of a medical business process is associated with the design of
an information technology for decision support in medical business processes, aimed at constructing individualized treatment pathways that take into
account patient needs and the constraints of the healthcare system.

Keywords: medical business process; counterfactual model; situational model; structural causal model; temporal rules; clinical constraints;
temporal constraints; individualized treatment.
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AUTOMATED OBJECT SEGMENTATION AND BACKGROUND REMOVAL IN MULTIMEDIA
CONTENT PROCESSING SYSTEMS

In today's rapidly developing digital technologies, image processing occupies a key place in the fields of computer vision and graphics. One of the most
popular tasks is the automatic separation of foreground objects from the background, which is of critical importance for web design, e-commerce, the
advertising industry, and augmented reality systems. Traditional manual editing methods are laborious and dependent on user experience, especially
when working with complex textures or fuzzy object boundaries. The development of deep learning methods make it possible to automate these
processes, providing high accuracy and speed of processing in real time. The aim of the work is to analyze existing algorithms for automatic background
removal and develop an effective methodology for object segmentation using modern computer vision models to improve the quality of multimedia
content. The work uses a comprehensive approach based on the use of the hybrid neural network architecture BEN2. The key feature of the method is
the implementation of an innovative Confidence Guided Matting pipeline, which implements a two-stage Bayesian approach: first, coarse segmentation
(BEN Base) is performed to create a “draft" mask, and then targeted refinement of boundaries in areas of low confidence of the model (BEN Refiner).
As part of the research, a software application based on the Streamlit framework was developed, which provides automated inference of the BEN2
model. The system supports loading images in popular graphic formats, batch data processing, and visualization of results using an interactive slider.
The high efficiency of the algorithm was experimentally confirmed: for complex objects, the architecture provides accurate matting of hair and small
details, minimizing artifacts such as "ragged edges". The processing workflow was optimized by using local caching of models and supporting
acceleration on GPU/CPU. The proposed approach based on the BEN2 architecture and boundary refinement mechanisms demonstrated higher accuracy
compared to classical one-stage segmentation methods. The developed system is scalable and suitable for integration into real multimedia processing
information systems, which allows significantly reducing the time for preparing graphic content and increasing its professional level.

Keywords: multimedia content processing, automatic background removal, image segmentation, deep learning, alpha matting, BEN2 architecture.

Introduction. In today's rapidly developing digital
technologies and multimedia systems, image processing
occupies an important place in the fields of computer
vision, graphics, and information technology. One of the
key tasks of visual data processing is the automatic
separation of foreground objects from the background [1],
which has wide practical applications in web design, e-
commerce, digital photography, the advertising industry,
and augmented reality systems.

Traditional background removal methods involve
manual image editing, which is laborious, requires specia-
lized skills, and is time-consuming. Processing images with
complex background textures, uneven lighting, or blurred
object boundaries is particularly challenging. In such cases,

the accuracy and quality of the result largely depend on the
user's experience.

With the development of machine learning methods
and deep neural networks, effective approaches to
automating the background removal process have emerged.
Modern algorithms enable high-precision image segmen-
tation, ensuring rapid object detection even in complex
scenes.

The relevance of the research is due to the need to
improve the efficiency and quality of automatic backgro-
und removal in images, as well as the development of
universal algorithms capable of working in real time and
adapting to different types of input data.
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Current State of the Problem. The background of an
image is an important visual component that significantly
affects the user's perception of graphic content [2].
Excessive saturation, complexity, or the presence of
extraneous details in the background can lead to distraction
and a decrease in the informational value of the main
object. This is especially true for applied tasks, such as
creating advertising materials, profile images, or content
for web resources, where a clear visual hierarchy is
required.

Modifying or replacing the background allows you to
improve the aesthetic characteristics of the image, ensure
focus on the target object and achieve stylistic consistency
in a series of graphic materials. In addition, background
correction helps to improve the adaptability of images to
different display formats (web, printed materials) and
ensures compliance with specified thematic or design
requirements. Thus, changing the background acts not only
as a means of visual editing, but also as a tool for improving
the quality and professional level of digital content.

The study of the problem of removing and replacing
the background of images is based on a wide range of
scientific sources, covering both classical methods of
digital image processing and modern approaches to
computer vision using deep learning. The fundamental
principles of image segmentation are outlined in works
devoted to image analysis and pattern recognition. In [3, 4],
basic methods of image processing are considered,
including threshold segmentation, filtering and contour
extraction. These approaches became the basis for the
further development of more complex algorithms.

With the development of machine learning methods,
considerable attention is paid to the use of convolutional
neural networks for segmentation tasks. An important
milestone was the introduction of the U-Net architecture
[5], which provides high segmentation accuracy due to the
symmetric encoder-decoder structure and the use of skip
connections. Further research, such as works [6, 7], is
aimed at the development of fully convolutional networks
(FCNs) and SegNet-type architectures.

Modern sources also highlight the use of hybrid
models that combine convolutional networks with attention
mechanisms or transformer architectures. In [8], the Vision
Transformer (ViT) is presented, which demonstrates high
efficiency in image analysis tasks due to the global
contextual representation of data.

A separate group of sources is made up of applied
research devoted to automatic background removal in real-
world conditions [9]. Such works analyze the problems of
complex scenes, non-uniform illumination, and translucent
objects, and also propose methods for increasing
segmentation accuracy by using additional features and
post-processing.

Thus, the analysis of scientific sources indicates the
evolution of approaches to solving the segmentation
problem: from classical image processing algorithms to
modern deep learning methods. Despite significant
achievements, the issues of increasing the accuracy, speed,
and versatility of background removal algorithms remain
relevant, which determines the feasibility of further
research in this area.

Problem Statement. The relevance of this research is
due to the need to develop effective algorithms for auto-
matic background removal that combine high accuracy,
speed, and versatility of application in conditions of limited
resources and a variety of input data.

The aim of the work is to analyze existing algorithms
for automatic background removal in images and develop
an effective methodology for object segmentation using
modern computer vision and machine learning methods.

To achieve the goal, it is necessary to solve the
following tasks:

o to formalize the problem of background selection
in digital images;

e conduct research on classical digital processing
methods and modern algorithms based on deep learning for
background removal;

e to justify the use of the hybrid neural network
model BEN2 (Background Erase Network) [10] as a basic
tool for high-precision segmentation;

e ensure the implementation of the Confidence
Guided Matting (CGM) pipeline for targeted processing of
areas where the model has a low level of confidence;

e to justify the use of a combined loss function that
combines weighted BCE, loU, and SSIM metrics to
improve local and global segmentation features;

e create a practical application based on the
Streamlit framework;

e to evaluate the effectiveness of the developed
approach using object accuracy and edge sharpness metrics
in various application scenarios.

The object of research is the process of processing
digital images in the tasks of segmentation and background
removal.

The subject of research is algorithms and methods for
automatic background removal in images, in particular
approaches based on computer vision and deep learning.

Main Section. Removing the background from an
image is widely used in many areas:

e e-commerce and advertising — photos of products
on a white or neutral background for online stores, adver-
tising banners and product catalogs;

e graphic design — creating collages and posters,
developing logos and branding materials, infographics and
presentations;

e photography and media — portrait photos for
documents or social networks, replacing the background
with a more aesthetic or thematic one, photo processing for
magazines and news sites;

e video conferencing and streaming — virtual back-
ground in Zoom, Teams, Google Meet, chroma key effects
without a green screen;

e gaming industry and 3D applications — cutting
sprites and textures for games, preparing references for 3D
modeling;

e medicine and science — isolation of objects in
microscopic images, processing of medical images (X-ray,
MRI);

e documents and identification — passport photos,
visas, passes, digital signatures and seals;
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e fashion and beauty — photos of clothes and
accessories for lookbooks, image processing for fashion
websites.

The process of image background removal is based on
segmentation tasks, which can be implemented using
different methods depending on the complexity of the scene
and the chosen software tool. The main approaches include:

1) Manual segmentation — involves the user selecting
the object using precise geometric marking tools (e.g.,
polygonal contours or Bezier curves). This approach pro-
vides high accuracy, but is time-consuming and depends on
the operator's skills.

2) Automated segmentation — implemented using
computer vision and artificial intelligence methods, in
particular convolutional neural networks (CNN), which
perform pixel classification and object separation from the
background without user intervention. This approach is
characterized by high processing speed and ease of use.

3) Combined methods — combine automatic segmen-
tation with subsequent manual refinement of the result,
which allows achieving a balance between speed and
accuracy.

The choice of method depends on the requirements for
the quality of the result: for mass image processing, it is
advisable to use automated approaches, while for tasks
requiring high accuracy (for example, catalog products or
design), manual or combined processing is preferred.

The effectiveness of background removal is largely
determined by the characteristics of the input image. To
achieve a high-quality result, it is advisable to consider the
following recommendations:

e use images with uniform and sufficient lighting
that ensures the clarity of the object's contours;

e avoid using images with low resolution or
significant blur;

e provide contrast between the object and the back-
ground to simplify the segmentation task;

e use graphic formats with alpha channel support to
preserve transparency;

e when processing manually, use scaling to increase
the accuracy of boundary selection.

The work uses a comprehensive approach to solving
the problem of automatic background removal, which
includes computer vision, mathematical modeling, and
deep learning methods. The basis of the research is image
segmentation methods using the hybrid BEN2 architecture.

BEN2 implements a new approach to foreground
segmentation through an innovative CGM pipeline. The
model does not simply “draw a mask” around the object,
but first analyzes where it is uncertain, and only then refines
these areas in a targeted manner. The BEN architecture
consists of two components: BEN Base is used for initial
segmentation (makes a first “draft”: divides the image into
foreground and background) and BEN Refiner for confi-
dence-based refinement, while purposefully processing
pixels where the base model demonstrates a lower level of
confidence, which gives more accurate and reliable matting
results.

The Multi-view Aggregation Network (MVANet)
shows significant potential in dichotomous image seg-

mentation (DIS) using a multi-view learning approach. The
BEN?2 architecture takes this architecture as a base, but
introduces important changes. BEN Base repeats MVVANet,
but with notable changes: the activation function is repla-
ced (GELU — Gaussian Error Linear Unit is used as the
activation function instead of ReLU and PReLU from the
original MVANet) and normalization (instance normali-
zation is chosen) [11].
Let the input image be given:

I ERHXWXC , (1)

where H, W are image height and width;
C is number of channels (usually C=3 is True

Color format for RGB model).
The task of segmentation is to find a function

f, (=M, @

where f, is parameterized model;
6 is a set of parameters;
M {0,3"" is a binary mask that separates the

object (1) from the background (0).
Final image with transparent background:

F=1oM, 3)

where © is element-wise multiplication.

In segmentation and background removal tasks, the
key step is to determine the exact boundaries between the
foreground object and the background. For this, the BEN2
architecture uses the alpha matting operation, which allows
you to simulate semi-transparent transitions between image
areas and improve the quality of contour extraction. In this
case, we are dealing with real edges that are not binary —
each pixel is described by the equation:

I, =a,F,+(1-a,)B,, «a,<c[01], )

where F, is foreground color;
B, is background color;

a, is opacity mask.

From (4) the problem arises — to estimate «, for each
pixel. To solve the problem, the model predicts using a
trained neural network M = f, (1) .

In the BEN2 architecture, the matting operation is
integrated as a separate boundary refinement module,
which works on the basis of a previously obtained seg-
mentation map. The main stages are:

1) Coarse segmentation — in the first stage, the con-
volutional neural network forms a confidence map (proba-
bilistic map of the object)

C,=1-2|M,-05. )

The closer M » Up to 0.5, the lower the confidence.

2) Border region selection — an uncertainty region
(trimap) is determined, which includes: a clear foreground
(a =1), clear background ( & ~ Q) and an undefined region
(transition zone).

Kovalenko S. V., Kovalenko S. M., Aleksandrova T. E., Malko M. M. Automated object
segmentation and background removal in multimedia content processing systems 47



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

3) Alpha channel estimation — for pixels in an
undefined area, a neural network or specialized submodule
estimates the value « taking into account local textural
features, intensity gradients, and contextual information.

4) Boundary enhancement — the resulting alpha mask
is used to smooth contours and eliminate artifacts such as
“ragged edges”.

To train the matting module in BENZ2, a combined loss
function is used, combining three components: weighted
BCE (Binary Cross Entropy), weighted loU (Intersection-
over-Union), and weighted SSIM (Structural Similarity
Index):

L=algee + Ly + 3l - (6)

It is designed to capture local, global, and token-level
segmentation features.
Binary cross-entropy (local pixels) is calculated using

Loce == @, (M JlogM | +(1—-M ) log(1— Mp)). @)
p
Intersection over Union (global pixels) is calculated
ZCOPM PM P
P

o =1- ~ ~ !
o Zp:wp(Mp+Mp—MpMp)

L (8)

where @, =1+y(1-C) is weight, larger for uncertain

pixels.

BEN2 was trained on DIS5K [12] and its own
proprietary dataset of 22,000 images for segmentation. The
improved model demonstrates improved performance in
hair matting, 4K processing, object segmentation, and edge
refinement.

Thus, BEN2 [13] is a two-stage Bayesian approach
that includes first a coarse segmentation with a confidence
assessment, and then targeted refinement where the model
is “in doubt.” This is what makes this approach more
efficient than classical one-stage methods.

After removing the background, you can perform
post-processing of the object boundaries. In particular, it is
recommended to apply feathering or edge filtering techni-
ques to eliminate artifacts such as “torn” contours or resi-
dual background pixels.

Fig. 1 shows a block diagram of the system, illust-
rating its step-by-step algorithm of operation.

The process begins with launching the application,
followed by loading the interface. After loading the image,
the system checks whether the model is already available
locally. If the answer is negative, the model is downloaded,
if positive, the local copy is used. This stage is critical for
optimizing response time and reducing network load.

For each image, the BEN2 model is inferred, after
which the result is converted to RGBA format (alpha
channel extraction). The obtained results are stored in the
internal session state, which allows avoiding repeated
calculations and maintaining Ul interactivity. The system
displays the results using an interactive “before/after”
slider.

*

Launch app

!

Load page

Show upload hint

Files uploaded?

J/ yes

< Select format (PNG / WebP) >

!

Click Remove BG

Model cached?

Download model

J/ yes
For each image: \
BEN2 inference — RGBA j
< Save to session_state >
Display results
Before/After slider

Fig. 1. Flowchart of the system operation based on the BEN2
model architecture

The activity diagram (Fig. 2) details the interaction
between three main components: the user, the interface
(Streamlit) and the processing module. The user performs
the following sequence: opening the application, loading
images, selecting the format, starting processing. These
actions initiate further processes in the system.

Upload
images

User

Open
app
start

Select Click
format Remove BG

|

Process Show Save @
images slider file
end
no

Background Remover
Streamlit

Download
model
BEN2
inference

GPU / CPU
processing

BEN2 model

Fig. 2. Activity diagram of the automated background
removal process
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Streamlit-level logic accepts input data, passes it to
the computational module, coordinates inference calls, and
displays the results.

Processing at the Background Remover level involves
checking the cache, loading the model (if necessary),
performing batch image processing (Process images). The
BEN2 module receives the image, performs foreground
segmentation, uses the GPU or CPU (GPU/CPU proces-
sing), returns the result as a mask or RGBA image. In the
final step, the results are transmitted to the Ul, an interac-
tive slider is displayed, and the user can save the files.

The data flow between the program components is
shown in Fig. 3.

EEE——
Streamlit Ul
Upload, settings
L J

PIL image

load request
images

display

L P -

et cdie Result renderer
Slider, PNG/WebP
L

T model
J/ data

/ N /
BEN2 inference RGBA
GPU / CPU

‘ User

L

file [~ h
—){ Filesystem ‘
L J

J settings

J

weights

.
Session state
Processed results

EEE——
‘ HuggingFace Hub ‘ ‘
L )

External entity Ul process Inference Storage Model
o o

Fig. 3. Data flow between application components

The system architecture is built on a modular principle
and includes components of the user interface, data
processing, model inference, and results storage.

The user interface is implemented using the Streamlit
web framework [14] and provides: loading images; setting
processing parameters (output file format, computing
device); initiating the processing process (forming a load
request); displaying results in the form of an interactive
comparison. Loaded images are transferred as PIL (Python
Imaging Library) format objects, which provides unified
processing of graphic data.

The Model cache module performs the function of
centralized management of the model and its weights. The
main tasks it solves are: loading model weights from an
external repository (HuggingFace Hub); caching the model
in RAM for reuse; transferring the model to the inference
module; processing parameters received from the user. The
use of caching allows you to significantly reduce the time
of recalculations and increase system performance.

The central component of the system is the inference
module, which implements image processing using the
BEN2 model. The main functions: receiving a pre-
processed image; performing object segmentation; forming
an alpha mask; using hardware acceleration (GPU via
CUDA or CPU). The result of the module is an image with
a removed background in RGBA format, where the alpha
channel is responsible for transparency.

The Session state module is responsible for tempo-
rarily storing processing results within the user session. It
allows you to accumulate processed images; transfer data

to the display module; support batch processing (multiple
images); save intermediate results for repeated access. This
module allows you to avoid repeated calculations when the
user interacts with the interface.

The Result renderer module is responsible for the
visualization and export of results. Its capabilities include:
displaying results as an interactive slider; preparing files for
saving; transferring results to the file system. Interaction
with the file system allows the user to save results locally.

Experiment. As part of the research, a software
application was developed for automated background
removal from digital images based on modern computer
vision and deep learning methods. The system is based on
the BEN2 neural network model, which provides high-
precision segmentation of objects with further refinement
of boundaries using alpha matting mechanisms.

The data upload module allows the user to import
images via a drag-and-drop interface or select files from the
file system. Popular graphic formats (JPG, JPEG, PNG,
WEBP, BMP) are supported with a file size limit of 200
MB (Fig. 4).

© sutings BEN2
el Background Remover

Neural background removal - PramalLLC/BEN2

b L

Fig. 4. Graphical user interface (GUI) for single and
batch image uploading

The preprocessing module performs image norma-
lization, resolution change, and data preparation for feeding
into the neural network. This ensures the stability of the
model regardless of the input image parameters.

The segmentation module (the core of the system)
implements the inference of the BEN2 model, which
includes the initial segmentation of the object; determi-
nation of border regions; refinement of boundaries using
boundary enhancement mechanisms.

The results visualization module provides the user
with the ability to compare the original and processed
images (before/after mode), and also displays additional
quality metrics, including: object accuracy coefficient;
boundary clarity indicator (Fig. 5).

For this example (Fig. 5), the object accuracy coef-
ficient is 77 %, and the edge sharpness index is 59.1, which
indicates a fairly good sharpness of the image edges in the
image with the background removed.

The results export module allows you to save
processed images in PNG format with transparency support
or as an archive (ZIP) for batch processing.

A demonstration of batch processing is shown in
Fig. 6 and Fig. 7.

Conclusions. Based on the results of the study, the
following conclusions can be drawn:

A thorough analysis of existing approaches to
automatic background removal has been conducted — from
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classical threshold segmentation methods to modern deep
learning-based architectures such as U-Net and ViT.

Results

@ seetings

Fig. 5. Segmentation results visualization: “Before/After”
comparison and quality metrics

Background Remover

&1 Sertings

Neural background removal - PramalLLC/BEN2

Wi Dragard s bies here
Devios: 1

i

B s Backgu

Fig. 6. Batch processing interface for multiple multimedia
content files

@ sermng

Fig. 7. Examples of automatic background removal
for complex multimedia objects

The hybrid neural network architecture BEN2, which
implements a two-stage approach: coarse segmentation and
further refinement of boundaries using the CGM pipeline,
is justified and applied.

The process of separating objects is mathematically
modeled through the alpha matting equation, which allows
processing translucent transitions and complex contours.

A software application based on the Streamlit
framework has been developed, which integrates the BEN2
model and provides a user-friendly interface.

As a result of the research, a system was created that
provides highly accurate segmentation of objects even in
difficult conditions (complex background texture, uneven

lighting); batch image processing functionality was imple-
mented, which increases the efficiency of working with
large volumes of multimedia content; high-quality visuali-
zation of results was achieved using interactive elements
(before/after sliders) and providing metrics of accuracy and
clarity of boundaries, and the feasibility of using the
proposed approach for applied areas such as e-commerce,
graphic design, and media was confirmed.

Directions for further work may include: expanding
the post-processing functionality, such as implementing
additional feathering and edge filtering methods to
completely eliminate background pixel remnants in ultra-
complex scenes; optimization for mobile devices; adapting
the BEN2 architecture to work on devices with limited
computing resources without significant loss of accuracy;
working with video content, e.g. developing an algorithm
for automatic background removal in a video stream in real
time, which is relevant for streaming and video confe-
rencing, and integrating with generative Al, developing
modules for automatically replacing the removed backgro-
und with generative images that match the style of the
target object.

Declaration on the use of generative Al. During the
preparation of this work, the authors used ChatGPT and
Grammarly for grammar and spell checking, as well as for
rephrasing and reformulating the text.
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METOJ(IB TIMOOKOr0 HAaBYAHHS JO3BOJISI€ aBTOMATH3YBATH 1li MPOLECH, 3a0e3Meuyl0Yd BUCOKY TOYHICTh Ta LIBHIKICTH OOPOOKH B peallbHOMY 4aci.
Meroro pobOTH € aHasi3 iCHYIOUHMX aJTOPHTMIB aBTOMAaTHYHOTO BHJANEHHS (OHY Ta po3poOka epeKTHBHOI MeTomolorii cerMeHTamii 00’€KTiB i3
BUKOPHCTAHHSM CyJaCHHX MOJIEJIEH KOMIT FOTEPHOTO 30pY I ITi[BUIEHHS SIKOCTI MyJIbTHME/[IHHOT0 KOHTEHTY. ¥ poOOTi 3aCTOCOBAHO KOMITITEKCHHIT
miaxin, mo O0a3yeTbcsi Ha BUKOPUCTaHHI TiOpuaHOI HeiipomepexeBoi apxitekTypun BEN2. KinrouoBoio 0COOMHMBICTIO METOLY € BIPOBAKEHHS
iHHOBamiiHoro kKouBeepa Confidence Guided Matting, sikuii pearizye JBoeTarmHui 6aifeciBCHKMIA MiJIXiJ]: CIIOYAaTKy BUKOHYEThCSA Ipyda CerMeHTarlis
(BEN Base) jutst cTBOpEHHS «4epPHETKH» MAcKM, a TOTIM TIPUIUIbHE YTOYHEHHS MEX y 30HaX HM3bKoi BrieBHeHOCTI Mojerni (BEN Refiner). Y mexax
JIOCITI[DKEHHST PO3pO0JIeHO MpOrpaMHuii 3aCTOCYHOK Ha 0asi ¢peiimBopky Streamlit, sikuii 3abe3medye aBToMatm3oBanuii inpeperc momeni BEN2.
CucreMa MiITpUMye 3aBaHTaKEHHs 300pakeHb y MOMYISPHUX Tpadiunnx Qopmarax, makeTHy oOpoOKy HaHMX Ta Bi3yalli3allifo pe3ylIbTaTiB 3a
JIOTIOMOTO0 iHTEPAKTHBHOTO ciaiiziepa. EkcriepuMeHTabHO MiATBEPIKEHO BUCOKY €(EKTHBHICTh alrOpPUTMY: JUIS CKIAJHUX 00’ €KTIB apXiTeKTypa
3a0e3neyye TOYHE MaTyBaHHS BOJIOCCS Ta JIpiOHUX AeTajel, MiHiMi3yloun apTeakT THIY «pBaHHX KpaiBy. [Iporiec 0OpoOKH ONTHMI30BAaHO HUISIXOM
BUKOPHCTAHHSI JIOKAJIIBHOTO KENIyBaHHs Mojienei Ta miarpumkn npruckoperHs Ha GPU/CPU. 3anpononoanwif mijxij Ha ocHoBi apxitekTypn BEN2 Ta
MeXaHi3MiB YTOUHEHHS MEX MPOJIEMOHCTPYBAB BHIIY TOUHICTh MOPiBHAHO 3 KIIACHYHUMH OJJHOETAITHIMH METOaMH cerMeHTailii. Pospobiena cucrema
€ MacmTaboBaHOIO Ta MPUAATHOIO [UIsL iHTErpaiii B peajibHi iHpopMaliiiHi cucTeMH 0OpOOKH MyIbTHMEia, 10 J03BOJSE 3HAYHO CKOPOTHTH 4ac
I ITOTOBKH Ipa)iTHOTO KOHTEHTY Ta ITiABHIUTH HOTO mpodeciiiamii piBeHs.

Kaio4uosi ciioBa: 00poOKka MyIbTHMEIHHOTO KOHTEHTY, aBTOMaTHYHE BHIAICHHS (OHY, CerMeHTalisl 300pakeHb, IITHO0Ke HaBYaHHS, aib(a-
MaTyBaHHs, apXiTektypa BEN2.
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HPOEKTYBAHHSA IH@OPMAILIMHOI CACTEMM JIJ151 OITIPAIIFOBAHHSI PACTPOBUX 30BPAKEHD

V crarTi po3rIsHYTO aKTyallbHY 33/1a4y NIPOEKTYBaHHS iHGOpPMaLiiIHOT CHCTEMH TSl aBTOMaTH30BAHOT'O ONPALFOBaHHS PACTPOBUX 300paxeHs. OOIpyH-
TOBaHO HEOOXIiIHICTh MiJBUIICHHS e(DEeKTHBHOCTI OMPALOBAHHI 300pa)KeHb B YMOBaX 3pOCTaHHs OOCSTIB Bi3yalbHHX AAHUX Ta BUMOT O CTaOLIBHOCTI
ix sikocTi. Bu3HaueHO OCHOBHI omeparii ompamoBaHHS, 30KpeMa iMIOpT rpadivnoi iHdopMamii, KOPEKIio KOIbOpy, YCYHEHHs IIyMiB i1 nedeKTis,
MaciTaOyBaHHs Ta KaapyBaHHsi. OnucaHo 0OMeXeHHs ICHYIOYHX IPOrpaMHUX 3ac00iB, [I0 OPIEHTOBAHI EPEBAXKHO Ha pydHe ab0 HaMiBABTOMATHYHE
penaryBaHHs. 3ampOMOHOBAHO MiAXia 10 MOOYI0BH iH(POPMALIHHOI CHCTEMH Ha OCHOBI (DYHKIIOHATFHOTO MOJETOBaHHs. CTPyKTYpyBaHHS MPOLIECY
OIIpaIlOBaHHS BUKOHAHO 3 BHKopucTaHHaM Hotawii IDEFQ. Jlana HoTamis 3abe3nedye dpopmaizamito B3a€MO3B’I3KiB MK BXiTHUMH JaHUMH, KEpYIO-
YMMH BIUTHBAMH, MEXaHi3MaMu Ta pe3yibTatamu. [100y10BaHO KOHTEKCTHY Jiarpamy Ta peani3oBaHO i JeKOMIO3HII0, y PE3yIbTaTi YOr0 BUIIICHO
OCHOBHI Tinpouecy. Bu3nadeHo iHbopmalliiiHi MOTOKM MiX ITiIIPOLecaMd Ta YMOBH HEPEXOAy MK eTarmaMy ONpaloBanHs. Po3pobieHo anroputm
(YHKIIOHYBaHHS CHCTEMH y BHIJIS [ICEBJOKOLY, 10 OXOIUIIOE MOBHHUIT LIWKJI ONpPALIOBAaHHS 300pakeHb. AJITOPUTM IIependadae nepesipky Gopmary
Ta TICHOCTI (haiiniB, aHAaNI3 METaJaHUX, HOPMAJIi3allilo [TapaMeTpiB, iITepaTHBHY KOPEKLIIO SKOCTI, BUSBICHHS Ta yCYHEHHS Ae(EKTiB, a TAKOXK MACIITA-
OyBaHHs 1 KaapyBaHHs. Peani3oBaHO MeXaHi3M PaHHBOTrO BiZOpaKyBaHHS HEKOPEKTHHX IAaHMX, L0 3MEHIIYE BHTPATH OOYHCIIOBAJIBHHX PECYpCiB.
3anpornoHoBaHO aJaNTUBHUN LIUKIJI KOPEKIii, KU 3a0e3neuye NOCATHEHHsI 3a1aHuX MOKa3HHKIB AKOCTI 0e3 (ikcoBaHOI KiJlbKOCTI iTepariii. [lepen-
6aueHO BEAICHHS )KypPHAILY OIepalLliil JUIsi KOHTPOJIIO Ta BIICTEXKEHHS Pe3yJIbTaTiB ONpaloBaHHs. [IpakTHuHe 3HAYEHHSI OTPUMAHUX PE3y/IbTATIB MOJISrae
y MOXJIMBOCTI BUKOPUCTAHHS 3alPOIIOHOBAHOI CUCTEMH JUIsl aBTOMATH30BaHOTO ONPALOBAHHS PACTPOBHUX 300paKEHb y PI3HUX MPHKIAJHUX cdepax.
3acToCyBaHHS CHCTEMH JI03BOJISIE M1 ABHUIUTH IPOJYKTHBHICTD OIPALFOBAHHS 300pa)KEHb, 320€3MEYNTH Y3rOKEHICTh ITAPAMETPIB SKOCTI Ta 3MEHIIUTH
noTpedy B pydHOMY BTpydYaHHi. BusHaueHO 0OMexeHHs, MOB’s3aHi 3 iTEPaTHBHUM XapaKTepoOM AITOPUTMY Ta MiATPUMKOK (opmatiB. OKpecieHO
HaNpsMHU MOJAJBIINX JOCIHIIPKEHb, 30KpeMa iHTerPallilo METOAIB MAIIMHHOTO HABYAHHS Ta PO3MIMPEHHS (YHKI[IOHATBHUX MOXJIUBOCTEH CHCTEMH.

Kaiouosi cioBa: ingopmaniiiHa cucteMa, IPOEKTYBAaHHS, PAacTpOBE 300pakeHHS, (YHKI[IOHAJIbHE MOJCIIOBAHHS, MOJENb, allOPUTM, He-

KOMIIO3HULS.

Beryn. OnpantoBanHs 300pakeHb Ma€e BRKIIMBE 3Ha-
4YeHHs B 0araThoX cepax MisIIbHOCTI, 30KpeMa y BeOam-
3aitui [1], monirpadii [2], mepiaingyctpii [3], koM toTep-
HOMY OauenHi [4] Ta HaykoBHUX gociipkeHHsx [5]. 3nauni
o0csrH Bi3yanbpHOI iH(pOpMatii TOTpeOYIOTh e(hEeKTUBHIX
3ac00iB aBTOMAaTH30BAHOTO OIPAIIOBAHHS, SIKI 3[aTHI 3a-
0e3NeunTn BUCOKY SKICTh Pe3yJbTaTiB MPH MiHIMaIbHUX
BUTpaTax 4acy ta pecypcis [6, 7].

PacTtpoBi 300pakeHHs, SIK OJMH 13 HANMIOIMUPEHIIITIX
¢dopmaTtiB nogaHHs rpadivHUX JaHUX, YaCTO MOTPEOYIOTh
MOTIEpEeTHHOTO OIPAIIOBAHHS, 30KpeMa KOpEeKIii KOJIbopy,
YCYHEHHS ITyMiB i Me(eKTiB, MacmTa0yBaHHI Ta Kaapy-
BanHs [8]. HasiBHi nmporpamHi 3aco0u 31e01Ib1I0T0 OpieH-
TOBaHI Ha py4He a00 HalliBaBTOMAaTHYHE PeAaryBaHHs, 110
oOMexye X eeKTUBHICTb ITPH ONPAIOBaHHI BEJIMKUX Ma-
CHUBIB JaHMX 200 HeoOXiIHOCTI 3a0e3neYeHHs CTablIbHUX
rapaMeTpiB SIKOCTI.

CKIagHiCTh OTpaIfOBaHHS PACTPOBUX 300paKeHb 3y-
MOBJICHAa DPi3HOMAaHITHICTIO iX (opmaTiB, mapameTpiB Ta
YMOB OTpHMaHHs. 300pakeHHSI MOXYTh BiAPI3HATHCA 3a
PO3MITBHOI0 3AATHICTIO, KONIPHHM MPOCTOPOM, DPiBHEM
LIYMYy Ta CTyIIEHEM CIOTBOpeHb. Lle yckiaaHioe 3acTocy-
BaHHS yHIBEPCAJIHHUX METOMIB ompamoBanHsA. Kpim Toro,
3a0e3neueHHs] y3ro/UKEHOCTI IapaMeTpiB sIKOCTI BUMarae
BUKOPHUCTaHHS (popMasi3oBaHUX MiAXOIIB O KepyBaHHS
MIPOLIECOM OIIPAIIOBaHHSI.

EdexTuBHE omnpalroBaHHS 300paKeHb MOJATAE Y TIO-
€IHaHHI KUIBKOX B3a€MOIIOB’SI3aHUX €TalliB, sIKI IIOBUHHI
BHUKOHYBATHCS y BHU3HAYCHIH MOCHIIOBHOCTI. BincyTHicTh
IUTiCHOT OpraHi3amii OUX €TaImmiB MPU3BOJUTH 10 BTPATH
SIKOCTI pe3ynbTaTiB abo MepeBUTpAT OOYHCITIOBAIBHIX
pecypciB. ToMy akTyaabHUM € MiIXim, 10 0a3yeThCcs Ha
CHCTEMHOMY TMpEJCTaBIICHHI MpOLECY OIpAaIfOBaHHS Ta
JI03BOJIsIE 3a0€3MIeYUTH KEpOBaHICTh 1 BiJTBOPIOBAHICTh
pe3yJnbTaTiB.

BaxJIMBUM € TakoK HEOOXiTHICTh popmartizariii mpo-
IeAyp OMpaIfOBaHHS 300pakeHb Y BULJIAAI MOJEJCH Ta
anroputMiB. lle mae 3MOTy 4iTKO BH3HAYUTH CTPYKTYPY
CHCTEMH, BCTAHOBHUTH B3a€MO3B’SI3KM MiXK 11 KOMIIOHEH-
TaMU Ta 3a0€3MCYUTH MOMIIHMBICTH TOJANBINOI aBTOMA-
TH3amii. 3acToCyBaHHA (PYHKIIOHATBHOTO MOJICIIOBAHHS
JTO3BOJISIE TIPEACTABUTH IPOILEC OMPAIIOBAHHS K CYKYII-
HICTh B3a€MOIIOB’SI3aHUX ITiIIPOIIECIB 13 BH3HAYCHUMU
BXOJIaMH, BUXOJaMH Ta MeXaHi3MaMH peai3arfii.

V 3B’S3KY 3 IIUM aKTyaJbHOIO € 3a7a4a po3pOOIeHHS
iH(opMamiiHO{ CHCTEMH, IO 3/1aTHA ABTOMATH3YBaTH IIPO-
1[eC OIPAIFOBaHHS PACTPOBUX 300pakKeHb.

AHaJi3 ocTa”Hix aociigxeHb Ta myoaikanii. Cy-
YacHI TOCT/KeHHS y cdepi onparfoBaHHs HPPOBHUX 30-
OpakeHb 30Cepe/PKEH] Ha MiIBHUIICHHI SKOCTI Bi3yalbHHX
JMAHUX Ta ABTOMATH3allii BiIMOBITHUX IPOIECIB. 3HAYHA
yBara NMpUAUIETbCS PO3POOJIEHHIO AITOPUTMIB KOPEKIil
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KOJIbOPY, YCYHEHHS IIyMiB 1 MOKpaIIeHHs AeTalizaii 30-
Opaxxenb. Y pobotax [9, 10] po3rasHyTO miaxoan 10 Iif-
BHIIICHHS SIKOCTI PacTpOBHX 300pa)keHb Ha OCHOBI mu-
POBOTO OIPAIIOBaHHS CUTHAIIB. 3alPOIIOHOBAHO METOIU
azanTuBHOI (QiNbTparii, 110 J03BOJISIOTH 3MEHILUTH BILJIMB
LIymiB 0e3 BTpaTH BayKJIMBUX JIE€TaJIeH.

V [11] nocnimkeHo nporpamHi 3aco0H 11 aBTOMATH-
30BaHOTO pearyBaHHsi 300paxkeHb. OmmcaHo QyHKIio-
HaJIbHI MOXKJIMBOCTI Cy4acHHX rpadiyHHX pelakTopiB Ta
CHCTEM MAKETHOTO OIPALIOBaHHS, SIKi 320€31eYyI0Th BUKO-
HaHHS THIIOBHX oIepamiil 6e3 y4gacTti kopuctyBada. Oco0b-
JUBY yBary NPHUAIJICHO ONTHMi3amii MPOIeciB Macmira-
OyBaHHS Ta IEPETBOPEHHS (hOpMaTiB.

PobGota [12] mpucBsdeHa 3aCTOCYBAaHHIO METOIB
IITYYHOTO iHTENEKTY B OTIPAIIOBaHHI 300pakeHs. Po3ris-
HYTO BHKOPHCTAaHHS HEHPOHHHX MEPEX UL 3a1ad IIyMo-
MIPUTHIYEHHS, BITHOBJICHHS MOIIKO/DKEHUX AUISTHOK 1 aBTO-
MaTH4HOI KOpEeKUii rmapamerpiB 300pakeHHs. BusHaueHo
nepeBard Takux IiJIXO0JiB, 30KpeMa IiJBHIICHHS TOYHOCTI
OIIPALIIOBAHHS Ta 3MEHIIIEHHS NOTPeOU B pyYHOMY Haarl-
TyBaHHI napamerpiB. BogHovac y [13] 3a3HaueHo, 110 BH-
KOPHCTaHHS CKJIaJHUX MOJENEeH MAITMHHOTO HABYaHHS 0~
TpeOye 3HAYHUX OOUYMCIIOBAIBHUX PECYpCIB 1 HE 3aBXKIU
rapaHtye CTaOUTBHICTh pe3yNbTaTiB IS Pi3HUX THUIIB 30-
Opa’keHb.

OxpeMi JOCHTiKeHHS CIPSMOBaHI Ha aHaJi3 CTPYK-
TYPHUX CKIIaJOBHX IPOIIECY ONPALOBaHHS 300paeHb. Y
[14] sampomoHOBaHO MOJeNi OLIHIOBAaHHS SIKOCTI 300pa-
KEHb Ha OCHOBI CYKYHHOCTI 00’€KTHMBHHX MOKa3HHKIB,
TaKUX SIK Pi3KiCTh, KOHTPACTHICTD 1 PiBeHb MIyMy. Pe3yiib-
TaTH pOOOTH JJO3BOJISIOTH (popMaltizyBaTH KpUTEPIi OLiHIO-
BaHHS SIKOCTI Ta BUKOPUCTOBYBATH iX Y aBTOMaTH30BaHUX
cucremax. Y [15] po3risiHyTO anropuTMiuHi MigXOqH IO
MacITaOyBaHHS Ta IHTEPIIOIAIIT 300paXeHsb i3 30epexKeH-
HSM JIeTaJIel, 0 € BaXJIMBHUM JUIs 3a0€3Me4YeHHsT KOPEKT-
HOTO BinoOpakeHHs rpadivHoi iHPopmarii.

[Mompu 3HaYHY KINBKICTH OCIIIKEHb, OLTBIIICTD 13
HUX OpI€HTOBaHA Ha BUPIMICHHS OKPEMHX 3a/ay OIpa-
LIOBaHHS 300paxkeHb. [IMTaHHA KOMIUIEKCHOT opraHizarii
MPOIECY OMPAIIOBAHHS B MeXax €IuHOT iH(opMariitHol
CHCTEeMH, L0 MOEAHYE Pi3Hi eTanu 00poOKH Ta 3abe3neuye
Y3TO/PKEHICTh MapaMeTpiB SIKOCTI, 3AJIMIIAETHCS HEJOCTAT-
HBO JIOCITIPKEHHM.

Mera Ta 3aBIaHHA JOCTiIKeHHs. MeTor I0Cii-
JDKEHHS € ITPOEKTYBAHHS 1HPOPMAIIHHOT CHCTEMH JUIS KO-
peKuii, peTynyBaHHs, MacIITa0yBaHHS Ta KaJpyBaHHs pa-
CTPOBUX 300paKEHb

JAst TOCSATHEHHS ITOCTAaBIIEHOT METH ITOTPiOHO PO3B’S-
3aTH TaKi OCHOBHI 3aBJIaHHS:

e po3pobuTH (HYHKIIOHATBHI MOJIEITi OTIPAIFOBAHHS
pacTpoBUX 300paXKeHb;

e po3poOWUTH AITOPUTM iH(POPMAIIIHOI CHUCTeMH
OTIPALIIOBAHHS PACTPOBHUX 300pakeHb.

DyHKIioHATBHI Mo/eJTi ONpanIOBaHHS PacTPOBUX
300pa:keHb. CTPYKTypyBaHHS MPOIIECY OMpPAIfOBaHHS pa-
CTPOBHUX 300pakeHb BHKOHAHO 3aco0aMu (yHKIIOHAJb-
Horo MojemoBanHs B Hotauil IDEFO [16]. L{s meTonosnorist
3a0e3neyuye 4iTKe pO3MEXKYBaHHS MDK THUM, IO BHKOHYE
cUcTeMa, 32 PaxyHOK 4OTo Iie BilOyBa€eThCs Ta SKMMH 00-
MEXXCHHSIMH PETYIIOEThCsl BUKOHaHHS. [loOynoBa moneni
31ilicHIOBaNach iepapXxidyHo, TOOTO BiJl 3arajlbHOTO OIHCY

CHUCTEMH Ha KOHTEKCTHOMY PiBHI JIO JIETAII30BAHOTO I0-
JTAaHHA OKPEMHUX HiAMPOIIECiB.

KonrekcrHa miarpama (puc. 1) Qikcye 30BHIIIHI Mexi
CHCTEMH Ta BH3HA4ae€ ii Micle y IMUPIIOMY OpraHi3amiii-
HOMY Ta TEXHOJIOTIYHOMY cepenoBuili. lleHTpanbHuii
ook A-0 yoco0itroe yBech MmpoIiec OnpaIfoBaHHs pacTpo-
BUX 300pa)KeHb SIK €MHY HEMOAUIbHY (DYHKIIIO, HE PO3K-
pHBarO4H i1 BHYTPILIHBOI OYIOBH.
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Puc. 1. KonTekctHa fgiarpama

Jlo cucteMu HagXOIATh TIOYATKOBI 300pa’keHHS — pa-
cTpoBi (painmm pizHEX PopmaTiB, MO MiIATAIOTH ITOANb-
miif Tpancopmarii. PesyiapraToM € ompampoBaHi 300pa-
JKEHHS, IKICTh 1 BUITIS SKMAX BiAIOBIZAIOTH BCTAHOBIECHUM
kpurepisim. Tpu kateropii kepyroUyKx BIUIMBIB BU3HAYAIOTh
npaBujia BUKOHaHHS poOoTH. MexaHi3MaM# YMOXKJIUBIIIO-
I0Th Peatizallito mpoIecy.

Posroprannss koHTekcTHOro Onoky Ha piBHi A0
(puc. 2) BusiBiisic 4OTUPH (YHKIIOHATBHI MiIPOLIECH, MK
SIKIMH IIIPKYITIOIOTH TIPOMIXKHI iH()OpMAIIiifHI TOTOKH.

brnok Al € Toukoto Bxoay cucteMu. TyT BUKOHY€ETBCS
3aBaHTaXeHHs (ailiiB, BepudikaIis iX BiIMOBITHOCTI BH-
MoOTraM JI0 SKOCTi Ta HOpMaJji3allisi BUXiIHUX MapaMeTpiB.
Brnok Bifciroe HempuaaTHI ISl ONPAIFOBaHHSA Matepiaiu
e 10 M0YaTKy OCHOBHOTO TEXHOJOriyHoro uukiy. Lle
CYTTEBO CKOPOYY€E BUTPATH PECYPCIB Ha MOJAJbIIUX CTa-
nisix. biox A2 peanisye HajalmTyBaHHS TOHaJBHOTO Ta
KOJIIPHOTO MPOCTOPY 300pakeHHs. DaxiBiii 3 nmpeaMeTHOT
rajy3i, CIIUparoyuch Ha BUMOTH JI0 JIM3aiiHY, KOPUTYIOTh
SCKpaBiCTh, KOHTPACT, KOJIPHY TeMIIEpaTypy Ta HacHde-
HICTB. Y pe3ynbTati OJepKyIOThCS BiAKOPUTOBaHI 300pa-
JKCHHS, SKi mepenaroTbes no 0okiB A3 ta A4. Biiok A3
OpIEHTOBaHMI Ha JOKAJIbHE YCYHEHHS TEXHIUYHHX JAe(ex-
TiB: apTe(akTiB CTUCHEHHS, IMITYJIbCHOTO IIyMY, ONTHY-
HUX a0epariii Ta (I3UYHUX MOIIKOIKCHb BHUXIiIHOTO
Mmarepiany. KoHTponb 3a pe3yibTaTaMy peTyIIyBaHHS
3MIMCHIOETHCS BIANOBIIHO IO CTaHAAPTIB 1 MpaBWI, IO
ybe3neuye Bifg HaIMIpHOTO BTPYYaHHS B CTPYKTYpYy 300-
paxeHHs. biiox A4 3aBepirye TeXHOJIOTIYHUH JIAHITFOXKOK:
300pakeHHs] HAOyBa€ IUTbOBHX T€OMETPHYHUX IapameT-
piB (po3mipiB i mpomopiii) BixmoBigHO A0 BuMor. Ha
BHUXOA1 (hOpMyIOThCS (hiHANBHI OINPAIlbOBaHI 300paXKECHHS,
TOTOBI 10 BUKOpUCTaHHs ab0 myOJiKaii.

Slkmo pesynbraT OyIb-sSKOTO MIANPOLECY HE 3a10-
BOJIbHSIE BCTAHOBJIEHI BUMOTH, BIANIOBIJHUI Marepial 1o-
BEPTAEThCS Ha MONEPEAHIHN eTarl JUIsi IOBTOPHOTO OIPaLlio-
BaHHSI.
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| A
Binvorn N
Oo AKOCT - » R S
Bimorn
10 maiEy
Iamopt T2 Ivmopr oeani Crammapru.
IMouatkori OOmepenHe 500K eHEA rpaswna
sobpaw i QIpanoBaHHA
Al x 3 Bipgopiros ani
Iy Iy Kopesaria sobpax et
napameTpis
paMeTp L
s00pakeHHS
A2 Y v
3 Perymyeasad Ta Bigperyimosani
BHIOANEHHI s0bpask eHEA
.. Amnaparhe D’EQ)EKDB
Tpadhizssi h r
sabesme- A3
peRaRTopH HEHHA
Sanicmi 3 Macmrabyeasss )
MpemMeTHOL T4 KaOpVKaHHA _Oné;a.m:_orsam_’
ofmacti > 300 pa eHHA
Ad

Puc. 2. JlekoMIo3uilisi KOHTEKCTHOI AiarpamMu

Adaroput™M indopManiiiHoi cucTeMHu 1J1s1 onpamio-
BaHHSI PacTPOBHMX 300paxeHb. J[J1s5 PO3KPHUTTS Mpole-
ITypHOI JIOTIiKH iHpOpMAaiiHOT CHCTEMH, 11 PYHKIIOHATBHY
MOBEIiHKY (popMai30BaHO y BHUIIIALI TICEBIOKOMY, MPEN-
CTaBIICHOTO B ANTOpUTMI 1. ANTOPUTM OXOIUTIOE€ TOBHUH
IIMKJI OTIPAIlIOBAHHS 300pa)KEHb.

Aaroputm 1: OmnpaifoBaHHs pacTpOBUX 300paXkeHb B
iHpopMariitHiil cucTemi

Bxinni aani: pacrposi 300paxenns (hpopmaru BMP, PNG,
JPEG, TIFF, RAW), napametpu sixocti Q , mapamerpu

muzaiiny D, cranmaptu S

Buxiani 1aui: onpansosani 300paxenss R , sxypHan
omnepanii L

1: TIouatok
2: 3aBaHTa)XEHHS BXiTHHUX 300pakeHb Ta iHIIiai3alis
napametpis Q, D, S
3. IS KOXKHOTO 300pakeHHs iMJ 31 BXiJHOT MHOKHHH
BHKOHYBaTH
[TepeBipka hopmary Ta winicHocTi daiiny img

SIKIO GopMaT He MATPUMYEThCs abo (aiin
IIOIIKOKEHO, TOAL

6: 3aHeCTH 3aImc PO TIOMUIIKY 110 KypHaiy L ;
NEPENTH 1O HACTYITHOTO €JIEMEHTY

KiHelb AKIIO

34ynTyBaHH METaIaHUX: PO3/iIbHA 3MaTHICTb,
KOJIipHU# pOCTip, OiToBa rnOnHA

9: IlepeBipka BiAMOBIAHOCTI MeTaganux BUMoram Q
10: SIKIIO MeTazaHi He Bianosigaote Q , Tomi
Bimxunuty img; onoutu L

11: Hopmaunisauist mapamerpiB 300paskeHHsI BiAMOBIAHO

1o Q

12:
13:

14:

15:

16:

17:

18:

19:

20:

21:
22:

23:
24

25:

26:

NMOBTOPIOBATH

Kopexitist sckpaBoCTi, KOHTPACTY, KOJIPHOTO
Ganancy BixnosinHo 10 D

3actocyBanHs KonipHoro npodinto ICC 3rigHo
3D Ta$

OG6uncneHHs TTOKa3HUKA SKOCTI

q =eval(img,Q)
JAOKM ¢ > Q,;, 400 KibKicTh iTepaliii He
nepesumye N,
Businennst neexriB: mrym, apreaxr,
HOIIKOKEH] TUITHKA

3acTocyBaHHs aJrOPUTMIB IIYMOTIPUTHIYEHHS
(Gaussian, Median, NLM)

SIKIIO BUSBJICHO apTe(aKkTh abo JOKaIbHI
TOIIKOKEHHS, TOAI

PerynryBanHs npoOIeMHHX AUITHOK METOIO0M
IHIEHHTHHTY

KiHenn AKI0

MacurrabyBaHHS 10 HUTEOBHX PO3MIPIB 3
iHTeposiero Lanczos-3

KajpyBanHs BimoBiaHo 10 3aganux nponopuiii D
dinanpHa nepesipka: Oy, =eval(img,Q) q; axmo
Qinat = Qmin » TOMi HOBTOPHUTH 3 KPOKy 12
36epexenns pe3yapraty R y ninsoBomy (opmari
3rigHO 3 S

OnoBneHHst kypHany L : gac, mapamerpu, cratyc
oreparii

27: xineub Jst

28: dopmyBaHHs T1iICYyMKOBOTO 3BiTy Ha OCHOBi L
29: Kinenn
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BOymoBaHmii MexaHi3M paHHBOTO BimOpaKyBaHHS
(xpoku 4-10) 3amobirae BHUTpaTi pecypciB Ha OMIpAaIlio-
BaHHS HEKOPEKTHUX (aililiB. ATanTHBHUN IUKI KOPEKIIil
(xpoxu 12-16) 3abe3nedye NOCATHEHHS LITLOBUX IOKa3-
HUKIB SIKOCT1 6€3 )KOPCTKOT0 0OMEXEHHS KIJTBKOCT1 IPOXO0-
niB. IlenTtpamizoBane BemeHHs XypHany L 3abesmeuye
MOJKJIMBICTB BiICTE)KEHHS KOXXHOT BHKOHAHOI OTIeparlii.

Anroput™ BimoOpakae MOCIiZOBHE BHKOHAHHS €Ta-
IiB TIOMIEPETHHOTO aHaNi3y, KOpeKIii mapamerpiB Ta ¢i-
HaJILHOTO ONpAalfoBaHHs 300paxeHHs. Ha mouaTkoBOMY
eTarni 31iHCHIOEThCS IepeBipKa BXITHUX JaHUX 1 HOpMai-
3allis MapaMeTpiB BiIIOBITHO 10 3amaHux BuMor. Jlami
peai3yeThes iTepaTHBHA KOPEKIis XapaKTepUCTUK 300pa-
JKEHHsI 3 OIIHIOBaHHSAM MOKa3HHKA SIKOCTI Ha KOXXHOMY
kpoui. Ilicmst nocsirHeHHS HEOOXIAHOTO PIiBHS SKOCTI
BUKOHYIOTBCSI TIPOLIEZYpH BUSIBICHHS AE(PEKTIB, IIyMO-
MIPUTHIYEHHS Ta JIOKAIBHOTO BiJHOBIICHHS MOUIKOKEHNX
JIUISTHOK. 3aBepIIaibHUN €Tal BKJIIOYAE TEOMETPHYHI Iie-
PETBOpEHHS, 30KpeMa MacuITaOyBaHHsS Ta KaJpyBaHHS, 3
TIOJATBIINM 30€pEKEHHIM Pe3yIbTaTy.

Po3po0GiieHnit anropuT™ XapaKkTepu3yeThes ITOCTII0-
BHOIO CTPYKTYPOIO BHKOHAHHS Ta YiTKO BU3HAYCHUMHU
YMOBaMH Iepexoly MiXK eTalaMH ONpaIioBaHHsA. Voro
OCOOJTUBICTIO € MOETHAHHS MPOLICAYP MOTePEIHBOT Baslifa-
il TaHUX, ITSPAaTHBHOTO MOKPAIICHHS SKOCTI Ta OTpAIlo-
BaHHS 300pakeHb y MeXax €AMHOro NUKiy. Lle 3a6e3neuye
Y3rO/DKCHICTh MTApaMETPiB OIpPaIOBaHHS Ta CTAOUIbHICTh
OTpHMaHUX pe3yibTaTiB. Bukopucranus ¢opmanizoBaHo-
IO ONWCY Y BHIJBSIII IICEBJIOKOAY CIIPOILYE IOJAIbITY
peanizamilo ajdropuTMy B IIPOTPAaMHOMY CEpEIOBHIII Ta
Horo ajganTamnito 10 pi3sHUX IPUKJIAJTHUX 3a/1ad.

BucHoBkn. Y po0oTi 3ampoexToBaHO iHGOpMAIiiHy
cUCTeMY ISl ONIPAIFOBAHHS PACTPOBUX 300paxKeHb, sKa 3a-
Oesrieuye KOPEKILII0, peTyLIyBaHHs, MacIUTa0yBaHHS Ta
KaJpyBaHHs BiIMOBITHO 10 3alaHUX BUMOT sikocTi. [1o0y-
noBaHo (QyHkuioHaneHi Moneni B Hotauii IDEF0. Lle
JI03BOJIMJIO CTPYKTYPYBaTH IPOLIEC OIpalfoBaHHs 300pa-
JKCHb Ta BUIINTH OCHOBHI etamnu poooTu cucremu. Chop-
MOBaHO aJTOPUTM OIIPALIOBaHHS 300pa)KeHb Y BHIJISAI
TICEBJIOKOTy. ANTOPHUTM Tiepeidadae BigOpaKyBaHHS HEKO-
peKTHHX (aiiniB, iTepaTHBHE MOKPAIICHHS SKOCTi 300pa-
JKCHHS Ta YCYHCHHS 1e(DEKTIB.

3amporioHoBaHa iH(popMaliiiHa cucTeMa MoXxe OyTH
BUKOPHCTaHA JJIsl aBTOMAaTH30BaHOTO ONPaNOBaHHS PacT-
POBHX 300pakeHb y Pi3HUX NPUKIATHUX cepax, 30KpemMa
y BeOan3aiiHi, nomirpadii, mudposiit poTtorpadii ta memia-
iHAyCTpii.

Crix 3a3HaYMTH, [0 3aIPOIOHOBAaHA CHCTEMa Ma€
HU3KY OOMEXeHb. 30KpeMa, iTepaTUBHUI XapaKTep ajro-
PUTMY MOXE NPHU3BOAUTH 1O 30UIBIICHHS Yacy OIpalio-
BaHHS IIPH JIOCATHEHHI BUCOKHMX BHUMOT JIO SIKOCTi. Takox
cucteMa OOMEXeHa IATPUMKOI0 BH3HAYEHOTO Habopy
¢dopmatiB i He BpaxoBye crenudiky By3bKOCIELiali30-
BaHMX THIIIB 300pakKeHb.

[Monanpuinii pO3BUTOK JOCIIHKEHHS JOLIIBHO CIIPS-
MYBaTH Ha PO3LUIMPEHHS (YHKI[IOHATBHUX MOXKJIMBOCTEH
3aMpOTIOHOBAHOI CHCTEMHU Ta TIIBHINEHHS PiBHSA aBTOMa-
TH3arii. 30KkpeMa, IepCreKTUBHUM € BIPOBAKEHHS METO-
JiB MaIIMHHOTO HABYAHHSA I aBTOMATHYHOTO BH3HAYCH-
HS TapaMeTpPiB KOPEKIIii Ta BUSIBJICHHS CKIAIHUX Ne(EKTiB

300paxkeHb. JIOMITHbHIM TaKOX € PO3MIHUPEHHS MiATPUMKH
¢dopmariB JaHWX, IHTETpalis 3 XMapHUMHU CepBicaMH I
OTIPAIIOBAHHS BEITUKUX 00CATIB 300pakeHb, a TaKOXK pea-
Ji3aIis iHTeNeKTyadbHUX MEXaHi3MIiB ajamTamii mapamer-
PIB OIPAIFOBAHHS 3aJIC)KHO BiJl TUITY 300paskeHH.

Jexnapaniss Npo BHKOPHUCTAHHSI TeHEPATHBHOIO
mTy4yHoro inrtenexry. Ilin yac miaroToBku 1i€i podoTH
aBTOPU HE BUKOPUCTOBYBAJIM '€HEPATUBHHUN IITYYHUH iH-
TEJIEKT.
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DESIGN OF AN INFORMATION SYSTEM FOR RASTER IMAGE PROCESSING

This paper addresses the problem of designing an information system for automated processing of raster images. The need to improve processing
efficiency under conditions of increasing volumes of visual data and stricter quality requirements is substantiated. The main image processing operations
are identified, including image import, color correction, noise and defect removal, scaling, and cropping. The limitations of existing software tools,
which are mainly oriented toward manual or semi-automatic editing, are described. An approach to the development of the information system based on
functional modeling is proposed. The structuring of the image processing workflow is performed using the IDEFO notation, which enables the
formalization of relationships between input data, control parameters, mechanisms, and outputs. A context diagram is constructed and decomposed,
resulting in the identification of key subprocesses. Information flows between subprocesses and transition conditions between processing stages are
defined. An algorithm describing the system operation is developed in the form of pseudocode, covering the full image processing cycle. The algorithm
includes file format and integrity verification, metadata analysis, parameter normalization, iterative quality adjustment, defect detection and correction,
as well as scaling and cropping. An early rejection mechanism for invalid data is implemented to reduce computational costs. An adaptive correction
loop is proposed to achieve target quality metrics without a fixed number of iterations. Operation logging is incorporated to enable monitoring and
traceability of processing results. The practical significance of the proposed system lies in its applicability for automated raster image processing across
various domains. Its implementation improves processing efficiency, ensures consistency of quality parameters, and reduces the need for manual
intervention. The limitations related to the iterative nature of the algorithm and restricted format support are identified. Directions for future research
include the integration of machine learning methods and the extension of system functionality.
Keywords: information system, design, raster image, functional modeling, model, algorithm, decomposition.
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RESPONSIBILITY-WEIGHTED AGGREGATION OF QUALITY CRITERIA IN MULTI-LAYER IOT
SOFTWARE ARCHITECTURES

Additive quality models are widely used in architectural evaluation because they are transparent, computationally simple, and suitable for integration
into ranking and optimization procedures. However, in multi-layer Internet-of-Things systems, directly summing the Edge, Fog, and Cloud contributions
introduces a structural bias: the resulting score depends not only on criterion fulfillment but also on the number of layers in which the criterion is realized.
This leads to inter-layer double-counting, destroys the unified interpretation scale of criteria, and complicates cross-criterion and cross-scenario
comparison. To address this problem, the paper introduces the layer-responsibility matrix W, which distributes the total responsibility for each quality
criterion across architectural layers. A corrected aggregation formula is derived as a weighted sum of normalized layer-level contributions under row
normalization of W. The paper also provides a lightweight elicitation procedure that allows architects to instantiate W from scenario characteristics,
control logic, dominant risks, and computational placement. The basic properties of the proposed formalism are established, including non-negativity,
boundedness, invariance with respect to the number of layers, scenario adaptivity, and interpretability. A numerical example demonstrates how the
proposed mechanism eliminates inflated criterion values while preserving the linearity of aggregation. A decision-level numerical example further shows
that responsibility-weighted aggregation can reverse the ranking of candidate portfolios and thereby change the architectural decision outcome. The
approach is further illustrated through two case studies, infrastructure monitoring and control, and bionic prosthesis software, showing that the same
aggregation rule remains valid across domains, whereas responsibility distributions vary according to domain logic. The results justify treating W as an

independent component of formal decision support for loT software architecture.
Keywords: loT software architecture; additive quality model; double-counting; layer-responsibility matrix; Edge-Fog-Cloud; multi-layer

systems; quality criteria aggregation.

Introduction. Modern Internet-of-Things systems
combine peripheral devices, intermediate processing
nodes, and cloud infrastructure. In practical deployments,
this translates into multiple execution layers: Edge, Fog,
and Cloud, each contributing to the fulfillment of non-
functional requirements [1]. Architectural evaluation of
such systems often relies on additive models, in which the
contributions of individual components, patterns, or layers
are summed across selected quality criteria. This focus on
quality attributes and their trade-offs in Edge-based loT
systems is also reflected in recent mapping studies [2].

Additive models are attractive due to their
transparency and computational simplicity. Additivity
enables  reproducible comparison of alternatives,
explanation of results to stakeholders, and integration into
multi-criteria optimization procedures. However, in a
multi-layer environment without an explicit semantic
alignment mechanism, plain summation ceases to be a
neutral mathematical operation: it systematically favors
architectures that distribute functions across more layers.

The problem is not the existence of multiple layers per
se, but that the same quality criterion may be accounted for
by contributions from several layers simultaneously. For
example, security in an 10T system is supported by local
device-level authentication mechanisms, gateway-level
filtering, and centralized access-control policies in the
Cloud. Summing these contributions without adjustment
increases the integral score for “security” as the number of
engaged layers increases, even though the underlying
requirement remains the same.

In the authors’ previous work, IoT architecture design
was formulated as a multi-objective pattern-portfolio
synthesis problem with Pareto optimization [3]. In that

Research Article: This article was published by the publishing house of NTU ""KhPI" in the journal
Bulletin of the National Technical University "KhP1". Series: System Analysis, Control and Information
Technologies. This article is distributed under the Creative Common Attribution (CC BY 4.0)

framework, P = { P Poreees pn} denotes a finite catalog of

candidate architectural patterns, and K ={k,,..., k,} is

the set of non-functional quality criteria. A candidate archi-
tecture is represented as a binary portfolio vector x , where

X; =1 if pattern p; is selected. The contribution matrix

B(NxM) encodes the normalized score C;, of pattern
p; toward criterion k. The quality of a portfolio is

evaluated using an additive objective vector F(x)= B"x,

and the solution is a discrete Pareto set of non-dominated
portfolios subject to linear feasibility constraints (budget,
dependencies, incompatibilities, cardinality). The layer-
responsibility matrix introduced in the present paper
extends this formalism by distributing each criterion's total
weight across architectural layers, eliminating the inter-
layer double-counting that arises when Edge, Fog, and
Cloud contributions are summed directly. That line of
research provided a decision-support mechanism for
generating feasible [4], non-dominated architectural por-
tfolios, but it did not isolate the specific semantic problem
that arises when additive criterion contributions are distri-
buted across multiple architectural layers.

The contribution of the present paper is not a new
Pareto-synthesis procedure as such, but a formal layer-level
reconciliation mechanism for additive quality models in
multi-layer 10T systems. Specifically, the paper introduces
the layer-responsibility matrix W, proves its basic proper-
ties, derives the corrected aggregation formula for criterion
contributions across Edge, Fog, and Cloud, and
demonstrates on a decision-level example that responsibil-
ity-weighted aggregation can alter the ranking of archi-
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tectural portfolios and lead to a more adequate architectural
choice.

Related Work and the Double-Counting Problem.
In conventional criteria-based models of software
architecture, the integral score is typically formed as a sum
or weighted sum of element contributions for each
criterion. This approach is natural when considering
independent alternatives or single-layer configurations, but
it proves insufficient for Edge-Fog-Cloud systems. The
reason is that in a multi-layer environment, the same
requirement is realized in a distributed fashion, so the set of
contributions possesses not only a quantitative but also a
structural dimension.

Consider a criterion k, for instance, security or low
latency. If the evaluation of architecture S is performed
separately for each layer and then summed without
reconciliation, the maximum aggregated score of k begins
to depend not only on the quality of the solution but also on
the number of layers in which k is represented. In effect, the
criterion loses its fixed scale: for one scenario, it varies
within [0, 1], while for another it may range up to [0, |L]],
where |L| is the number of layers.

In the broader literature on software architecture
evaluation, direct methodological predecessors of the
present work include architecture trade-off analysis and
multi-criteria decision making. In particular, the CBAM
line of work [5] treats architectural decisions through cost—
benefit reasoning over quality attributes, while AHP-based
approaches [6] formalize the derivation of criterion
priorities and rankings of design alternatives from expert
judgments. Inthe 10T domain, trade-off-aware architectural
tactics [7] have recently been proposed to analyze security
decisions alongside their impact on other quality attributes,
rather than in isolation. From the MCDM perspective,
studies of weighted-average normalization [8] further show
that additive aggregation requires an explicit normalization
step in order to transform heterogeneous criterion values
into a comparable scale.

However, these approaches address an adjacent rather
than an identical problem. They explain how to analyze
trade-offs between criteria, how to derive weights, and how
to normalize heterogeneous criterion values before
aggregation, but they do not address the specific situation
of multi-layer 10T systems in which one and the same
quality criterion is partially realized at Edge, Fog, and
Cloud simultaneously. In such cases, even normalized
layer-level contributions may still inflate the integral score
if they are added without first distributing the total
responsibility for that criterion across layers. Optimization-
oriented studies address search, refactoring, portfolio
generation, and application placement in Fog/Edge
infrastructures [9, 10], yet they also typically assume a
fixed criterion scale and do not isolate the layer-induced
inflation effect.

The closest structural analog to the proposed matrix
W is the weight vector derived from AHP-based methods
[6], in which pairwise comparisons among criteria yield a
normalized priority distribution that sums to one. However,
AHP operates across criteria, distributing importance
among quality attributes for a fixed, single-layer
alternative. It does not address the situation in which one

criterion is realized simultaneously across multiple
architectural layers: when the AHP weight for “security”
equals 0.3, this scalar governs only how security competes
against other criteria in the final ranking, not how the
security contribution of the Edge layer relates to that of the
Cloud. Consequently, applying AHP weights to a multi-
layer 10T system without prior inter-layer reconciliation
does not prevent the inflation of integral scores; it only
rescales an already-inflated sum.

A similar limitation applies to QoS-aware aggregation
approaches widely used in Edge-Fog-Cloud placement and
service composition research [7, 11]. These approaches
normalize individual quality of service (QoS) attributes
before aggregating them via weighted sums or composite
fitness functions, which correctly handle heterogeneous
units across attributes. Yet normalization across attributes
and normalization across layers are orthogonal operations:
even fully normalized layer-level contributions still inflate
the integral criterion score when summed without
distributing the criterion's total “mass” among layers. The
specific gap that W closes is therefore not addressed by
criterion-weight derivation (AHP), trade-off identification
(ATAM/CBAM [5]), or QoS normalization: none of these
mechanisms distributes the unit responsibility for a single
criterion across the architectural layers in which it is
concurrently realized.

In this paper, double-counting is defined as the
situation where a single quality criterion acquires an
artificially inflated integral value because normalized
Edge, Fog, and Cloud contributions are added without a
prior distribution of the criterion’s total “mass” among
layers. This effect distorts the comparison of alternatives,
complicates cross-scenario comparability, and weakens the
interpretability of integral scores.

The Layer-Responsibility Matrix W. Let L={Edge,
Fog, Cloud} be the set of architectural layers of an loT
system, K the set of quality criteria, P the catalog of
architectural patterns, and S < PxL an architectural

portfolio consisting of pattern layer pairs. The scenario
context is denoted C. For each criterion k € K and layer
lelL, let ¢ (k,S;C)e[0,1] denote the normalized layer-

level contribution, representing the total contribution of all
patterns in S deployed at layer | toward criterion k as

(p,l)eS.

Without inter-layer reconciliation, the criterion can be
scored by naive summation as

6 (5,.C) = > 6(k,S;C). M

leL
Formula (1) is the source of double-counting and, in
what follows, is treated as the baseline uncorrected layer-
wise additive aggregation. With three layers, g; can reach

3 even though each c¢; is normalized to [0,1] and seman-

tically represents the degree of fulfillment of a single cri-
terion.
To eliminate this effect, we introduce the layer-

responsibility matrix W = [W,,]. The element w,, €[0,1]
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indicates the share of the total responsibility for criterion k
that falls on layer | in scenario C. The key requirement is
row normalization as

D w, =1 VkeK. )

leL

Formula (2) means that criterion k is treated as a single
unit of responsibility, not multiplied when a multi-layer
architecture is adopted, but distributed among Edge, Fog,
and Cloud. Consequently, adding a new layer to the
configuration does not automatically inflate the criterion’s
integral weight; it only changes the structure of its
realization.

Based on W, the corrected aggregated contribution of
criterion k is defined as

g (5,.C) =Y w,c (k,S;C). A3)

leL

Formula (3) is the central result of this paper. It
ensures scenario-dependent yet mathematically consistent
computation of criterion scores across layers. For practical
use, the matrix W must be elicited from the scenario rather
than assigned arbitrarily. The matrix W is instantiated for a
given scenario C by a lightweight expert procedure. For
each criterion k, the architect first identifies the layer at
which the criterion is primarily realized, using three
practical questions: where the critical control or response
loop is closed, where the main computational or storage
burden related to the criterion is located, and where the
dominant risk of criterion degradation arises. The dominant
layer is assigned the largest share of responsibility, while
the remaining share is distributed between the supporting
layers according to their secondary contribution. If the
criterion is inherently distributed, the responsibility may be
allocated more evenly. In all cases, the resulting row is
normalized so that

> w, =1,

leL

As practical heuristics, low latency and real-time
reaction typically shift responsibility toward Edge, scala-
bility and global coordination toward Cloud, reliability
under unstable connectivity toward Fog or Edge-Fog com-
binations, whereas security is often distributed across all
three layers.

Properties of W. Property 1. Non-negativity and nor-
malization. Since W,, [0,1] and ZWM =1, the matrix W

leL
defines a valid responsibility distribution without negative
or redundant coefficients.

Property 2. Score boundedness. If ¢, (k,S;C)e[0,1],

then g’ (S,C) €[0,1]. Indeed, " is aconvex combination

of values in [0, 1] and therefore cannot exceed the interval.

Property 3. Invariance with respect to the number of
layers. If the semantic content of criterion k remains the
same, increasing the number of layers does not automati-
cally increase g, , because the total weight of the criterion

remains fixed at 1.

Property 4. Scenario adaptivity. Matrix W is not a
universal constant. Its values depend on scenario C, the
system type, physical constraints, data-processing topo-
logy, and dominant risks. The same non-functional require-
ment may be distributed among layers in fundamentally
different ways across different IoT domains.

Property 5. Interpretability. Each coefficient W,; has

a natural interpretation: it reflects the degree to which a
specific layer contributes to achieving a criterion. This
makes W suitable not only for computation but also for
expert discussion and validation.

Numerical Example. To demonstrate that the
proposed aggregation mechanism affects not only the
magnitude of scores but also the ranking of architectural
alternatives, consider a simplified loT scenario: smart-
building climate control with three quality criteria

(K ={low latency, reliability, energy efficiency}) and the

standard three-layer decomposition
L={Edge, Fog, Cloud}. Two candidate portfolios are

compared:

— Portfolio A (“cloud-centric”): comprises patterns
with strong Cloud-side presence (e.g., APl Gateway, Cloud
Load Balancer, Remote Monitoring), yielding moderate-to-
high contributions at every layer;

— Portfolio B (“edge-concentrated”): comprises
patterns focused on the local control loop (e.g., Local
Caching, Sense-Compute-Control, Watchdog Timer),
yielding high Edge contributions but weak Cloud scores.

The layer-responsibility matrix W for this scenario
(Table 1) is constructed according to the elicitation
procedure described in Section 3. In a climate-control
system, the sensor-actuator loop is closed at the Edge, so
low latency and energy efficiency are Edge-dominated.
Reliability depends primarily on local aggregation and
failover mechanisms at the Fog gateway, with Cloud
providing a secondary backup role.

Table 1 — Layer-responsibility matrix W for the smart-building
climate-control example.

Criterion Edge Fog Cloud
Low latency 0.60 0.25 0.15
Reliability 0.25 0.45 0.30
Energy efficiency 0.55 0.30 0.15

Table 2 presents the layer-level contributions c; for

both portfolios, together with the naive aggregation g;

(formula 1) and the corrected aggregation q,’ (formula 3).

Under naive aggregation, Portfolio A dominates on
every criterion (1.80 > 1.60, 1.90 > 1.70, 1.65 > 1.55) and
achieves a higher total score (5.35 vs. 4.85). An architect
relying on this ranking would select A. However, A's
advantage is an artifact of inter-layer double-counting: its
uniformly moderate contributions are amplified by
summation across all three layers, particularly by the Cloud
scores (0.70, 0.75, 0.65) that contribute to criteria for which
Cloud bears only minor responsibility.
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Table 2 — Comparison of two portfolios under naive and corrected aggregation

Criterion Ce Ce Ce | ac | a9

Portfolio A

Low latency 0.50 0.60 0.70 1.80 0.56

Reliability 0.55 0.60 0.75 1.90 0.63

Energy efficiency 0.45 0.55 0.65 1.65 0.51

Sum - - - 5.35 1.70
Portfolio B

Low latency 0.85 0.55 0.20 1.60 0.68

Reliability 0.50 0.80 0.40 1.70 0.61

Energy efficiency 0.80 0.60 0.15 1.55 0.64

Sum - - - 4.85 1.93

After applying W, the ranking reverses. Portfolio B
outperforms A on two of the three criteria — low latency
(0.677 vs. 0.555) and energy efficiency (0.643 vs. 0.510) —
and vyields a higher aggregate corrected score (1.925 vs.
1.698). Portfolio A retains an advantage only on reliability
(0.633 vs. 0.605), where its stronger Cloud contribution
(0.75 vs. 0.40) aligns with the non-negligible Cloud share
of responsibility (w Cloud =0.30).

reliability ?

The reversal is not a numerical coincidence but a
direct consequence of the domain logic encoded in W. In a
climate-control system, real-time response and energy
management are determined primarily at the Edge, where
the physical control loop operates. Portfolio B concentrates
its architectural strength precisely at this layer (c. =0.85

for latency, 0.80 for energy), which is recognized by W
through dominant Edge weights (0.60 and 0.55,
respectively). Portfolio A distributes effort more evenly but
fails to prioritize the layer that matters most — a weakness
masked by naive summation but exposed by the corrected
formula. Thus, the example demonstrates that W does not
merely rescale scores but can also change the outcome of
architectural decisions, favoring the portfolio whose struc-
tural emphasis aligns with the actual distribution of respon-
sibilities in the target domain.

Case Study. The proposed method is examined under
realistic application conditions through two case studies
that represent different classes of 10T systems. The purpose
of the analysis is not to repeat the computational search
procedure itself, but to show how the layer-responsibility
matrix W changes the interpretation of the obtained
architectural result. For each scenario, a previously derived
compromise portfolio from multi-objective synthesis is
taken as the architectural outcome, after which the
scenario-specific matrix W is constructed and the corrected
aggregation is compared with the baseline layer-wise
summation. This makes it possible to evaluate whether the
proposed mechanism preserves a unified criterion scale and
reflects the actual distribution of architectural respon-
sibility across Edge, Fog and Cloud.

Infrastructure Monitoring and Control. The
experimental outcome considered in this scenario is the
previously obtained compromise architectural portfolio for
the infrastructure monitoring and control problem. This
portfolio comprises APl Gateway, OAuth2, TLS, Circuit

Breaker, Health Checks, Message Broker, and Publish—
Subscribe, and is treated here as the architectural result to
be analyzed through the proposed W-based aggregation
mechanism. The computational search procedure that
produced this portfolio is reported in the authors’ earlier
work, where a pool of 16 architectural patterns was
evaluated against five quality criteria, yielding 19448
candidate portfolios, 2010 feasible ones, and 510 Pareto-
optimal alternatives. In the present paper, these search
results are not recomputed; instead, the focus is placed on
the scenario-specific construction of W and on the
comparison between corrected aggregation and the baseline
layer-wise summation for the obtained portfolio.

The domain logic of this scenario determines the
scenario-specific W matrix (Table 3). For the “low latency”
criterion, the greatest responsibility lies with the Edge
layer, because latency is formed before data reaches the
Cloud. For “scalability”, the dominant share shifts to
Cloud, where elastic resource allocation and horizontal
scaling are realized.

Table 3 — Layer-responsibility matrix W for infrastructure

monitoring
Criterion Edge Fog Cloud
Security 0.20 0.35 0.45
Reliability 0.25 0.40 0.35
Low latency 0.65 0.25 0.10
Scalability 0.10 0.30 0.60
Complexity 0.30 0.40 0.30

Table 4 presents the layer-level contributions, cl, for
the compromise portfolio of Scenario 1, along with both
aggregation schemes. The layer-level contributions were
derived from the pattern contribution profiles used in the
computational experiment: for each layer, the contributions
of all patterns assigned to that layer were summed and
saturated to [0, 1].

Without W, all criteria exceed 1 (ranging from 1.55 to
2.10), rendering them mutually incomparable on a single
scale. After applying W, scores return to [0, 1] and acquire
meaningful interpretation. For “low latency,” the corrected
value of 0.710 is high precisely because the largest layer-
level contribution is observed at Edge, and W assigns this
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Table 4 — Aggregated scores for the compromise portfolio of Scenario 1

Criterion Ce Ce Cc No W With W Interpretation
Security 0.50 0.70 0.80 2.00 0.705 Inflated without W across 3 layers
Reliability 0.60 0.80 0.70 2.10 0.715 Balanced Fog-Cloud responsibility
Low latency 0.85 0.55 0.20 1.60 0.710 Edge-dominated criterion
Scalability 0.20 0.45 0.90 1.55 0.695 Cloud-dominated criterion
Complexity 0.35 0.75 0.60 1.70 0.585 Center of gravity at Fog

layer the dominant responsibility share (0.65). For
“scalability”, the value 0.695 is driven primarily by the
strong Cloud contribution, which is also consistent with the
scenario logic.

Bionic Prosthesis Software. The experimental
outcome considered in this scenario is the previously
obtained compromise architectural portfolio for bionic
prosthesis software. This portfolio comprises Graceful
Degradation, Health Checks, Local Caching, Sense—
Compute—Control, TLS, Token Auth, and Watchdog
Timer, and is treated here as the architectural result to be
analyzed through the proposed W-based aggregation me-
chanism. The computational search procedure that pro-
duced this portfolio is reported in the authors’ earlier work,
where a pool of 16 architectural patterns was evaluated
against five quality criteria, yielding 23816 candidate port-
folios, 3690 feasible ones, and 144 Pareto-optimal alter-
natives. In the present paper, these search results are not
recomputed; instead, the focus is placed on the scenario-
specific construction of W and on the comparison between
corrected aggregation and the baseline layer-wise summa-
tion for the obtained portfolio.

The domain logic of a prosthesis shifts the center of
responsibility sharply toward Edge (Table 5). Patient safety
and energy efficiency both have over 50 % of their weight
at Edge, reflecting the fact that bodily interaction and local
control cannot be delegated to remote layers without un-
acceptable risk or latency. The matrices in Tables 3 and 5
were constructed according to the elicitation procedure
described in Section 3.

Table 5 — Layer-responsibility matrix W for bionic prosthesis

software
Criterion Edge Fog Cloud
Patient safety 0.55 0.30 0.15
Latency 0.70 0.20 0.10
Reliability 0.40 0.35 0.25
Energy efficiency 0.75 0.20 0.05
Data security 0.35 0.25 0.40

Table 6 presents the layer-level contributions, cl, for
the compromise portfolio of Scenario 2, along with both
aggregation schemes. The layer-level contributions were
derived from the pattern contribution profiles used in the
computational experiment: for each layer, the contributions
of all patterns assigned to that layer were summed and
saturated to [0, 1].

Comparing Tables 4 and 6 reveals that W is not
merely a scale corrector but a scenario-dependent model of

architectural responsibility. For the prosthesis, the criteria
“patient safety”, “latency”, and “energy efficiency” receive
high corrected scores precisely because their strongest
layer-level contributions are observed at Edge, and W
assigns Edge the dominant share. For “data security”, the
center of responsibility shifts to Cloud, reflecting
centralized logging, access policies, and remote-update
governance. The two W matrices are structurally different,
yet the aggregation formula remains the same, confirming
the domain-independence of formalism and the domain-
specificity of its parametrization.

Discussion. The results lead to several generaliza-
tions. First, matrix W resolves a structural, not cosmetic,
problem of additive models in multi-layer systems by
correcting the baseline aggregation that otherwise conflates
criterion fulfillment with the number of participating
layers. Without it, the model conflates two distinct mea-
nings: the degree of criterion fulfililment and the number of
layers through which the criterion is realized. As a
consequence, architectures with more distributed execution
may automatically receive a higher integral score even if
the actual quality of the solution is not superior.

Second, W preserves the simplicity of the additive
model. Unlike non-linear or quadratic interaction models,
it does not require a transition to a different class of
computational methods. Aggregation remains linear, so the
approach can be directly integrated into ranking schemes,
multi-criteria portfolio synthesis models, and Pareto-set
construction procedures [1, 12].

Third, W makes explicit the domain knowledge that
often exists only implicitly in many methodologies. An
architect typically understands that low latency for a
prosthesis is primarily determined by the peripheral control
loop, while the scalability of an analytics platform depends
mainly on the Cloud. However, without a formal projection
of this understanding into the model, it does not influence
computation in a controlled and reproducible manner.

Fourth, the proposed approach is compatible with the
broader formal apparatus developed in the authors’ earlier
work [1]. In that framework, W combines with the repre-
sentation of architecture as a portfolio S < PxL, with

contribution functions c(k, p,1;C) , with the coverage rela-

tion R(C), and with multi-criteria synthesis and compro-

mise-selection procedures. This means that W is not an
isolated local idea but an organic part of a unified decision-
support model.

Finally, it is important to delineate the scope of
applicability. Matrix W eliminates specifically inter-layer
double-counting. If within a single layer several patterns
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duplicate the same mechanism or exhibit strong
synergistic/conflicting effects, W alone is insufficient. In
such cases, compatibility constraints, pattern grouping, or a
separate interaction-modeling layer are needed. Thus, W
does not replace a full pattern-interaction model but
substantially improves the baseline additive model, from
which the problem originates.

The case studies show that W should be interpreted
not merely as a normalization device, but as a scenario-
dependent model of architectural responsibility. For both
infrastructure monitoring and bionic prosthesis software,
the same aggregation rule remained valid, whereas the
responsibility matrices differed according to domain logic.
This indicates that the proposed formalism is domain-

Table 6 — Aggregated scores for the compromise portfolio of Scenario 2

Criterion Ce Cr Cc No W With W Interpretation
Patient safety 0.90 0.70 0.30 1.90 0.750 Critical local responsibility
Latency 0.88 0.50 0.25 1.63 0.741 Latency set at Edge
Reliability 0.72 0.78 0.60 2.10 0.711 Balanced across three layers
Energy efficiency 0.86 0.45 0.20 151 0.745 Local control loop dominates
Data security 0.40 0.55 0.80 1.75 0.598 Significant Cloud role

Limitations and Future Work. The proposed
approach still has several limitations. First, although
Section 3 provides a minimal elicitation procedure for
constructing the matrix W, its parametrization remains
partly dependent on expert judgment and scenario inter-
pretation. Different architects may assign slightly different
responsibility shares even when considering the same
system context. Future work should therefore investigate
automated or semi-automated derivation of W from empi-
rical data, such as telemetry, latency logs, energy-con-
sumption profiles, or load-test results.

Second, W does not model interactions within-layer
patterns. If two security tactics duplicate each other or,
conversely, amplify each other’s effect, this is not reflected
directly in formula (3). For such cases, the model needs to
be extended, or separate interaction coefficients introduced.

Third, the paper uses scenario illustrations for two
domains but does not attempt to build a universal catalog
of W matrices for all classes of 10T systems. Such a catalog
could become a separate research direction and a practical
artifact for architects [13].

Fourth, a potentially fruitful direction is to combine W
with a posteriori selection procedure, in particular, with
Pareto-alternative ranking via TOPSIS-like approaches or
scenario-based risk analysis [9, 12]. In this case, W would
serve as a mechanism for constructing the correct criterion
prior to the final compromise selection stage.

Conclusions. The study has shown that additive
quality models for multi-layer loT systems contain a
structural source of bias: when Edge, Fog, and Cloud
contributions are summed directly, the resulting score
depends not only on criterion fulfillment, but also on the
number of layers in which the criterion is realized. As a
result, naive aggregation loses a unified interpretation
scale, making cross-criterion comparisons unreliable.

Results demonstrate that the layer-responsibility
matrix W resolves this problem by separating two notions
that are otherwise conflated in baseline additive models: the
degree of criterion fulfillment and the structural distribution
of its realization across layers. In this way, the corrected
aggregation preserves boundedness and comparability of
scores while retaining the simplicity and linearity of the
additive model.

independent at the level of computation, yet domain-
sensitive at the level of parametrization.

Consequently, W should be regarded not as an
auxiliary correction device but as a first-class element of
the architectural decision model, standing alongside the
portfolio representation, the contribution functions, and the
Pareto-synthesis procedure.

Declaration on the use of generative Al. During the
preparation of this work, the authors used Claude
(Anthropic) for grammar and spell checking, as well as for
rephrasing and reformulating the text. After using this tool,
the authors reviewed and edited the content as necessary
and take full responsibility for the content of this
publication.
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ATPET'YBAHHS KPUTEPIIB IKOCTI B BATATOIIIAPOBUX ITIPOTPAMHUX APXITEKTYPAX IOT 3
YPAXYBAHHSAM BAT BIITOBIJJAJIBHOCTI

VY crarti po3msiHYTO npobiieMy MOABIHHOTO BpaxyBaHHsI KPUTEPIiB SKOCTI B GararomapoBux MPOrpaMHHX apXiTeKTypax IHTepHeTy peueid, ne oauH i
TOM camuil He(YHKIIOHAIIBHIUI KPUTEPiit oMHOYacHO peainisyerhes Ha piBHsx Edge, Fog i Cloud. IToka3saHo, o TpaguiiiiHe afuTHBHE ITiICYMOBYBaHHS
BHECKIB OKPEMHX IIapiB MOPOUKYE CTPYKTYPHE BHKDHBIICHHS OLIHIOBAaHHS: IHTErpajbHE 3HAYCHHsS KPUTEPII0 MMOYMHAE 3QJICKATH HE JIUIIE Bij
peanpHOro CTYIEHs HOro MOCSATHEHHs, a W Big KiMbKOCTI miapiB, y sSKHX el KpHTepiid mpeacTraBieHo. lle mMpu3BOAWTH [0 BTpAaTH €IUHOI
IHTEpPIPETALIHHOI IIKAIH, YCKIATHIOE MKKPUTEpialbHe MOPIBHAHHS Ta MOXE 3MIIyBaTH apXiTeKTypHHI BUOIp HA KOPUCTH PIllIeHb, y SIKHX e(eKT
PO3IOITIEHO MiX OLNBINOI KUIbKICTIO mapiB. [y yCyHEHHsI IIbOTO HENONIKY 3alpOIIOHOBAHO MATPHUINIO Bar BiANOBiNAaIbHOCTI INapiB, sika 3ajac
PO3MOiT CyMapHOi BiAMOBIZANBHOCTI 32 KOXKEH KPHUTEPil SIKOCTI MK apXiTeKTYpHHMH PIBHSMH Ta BHKOPHUCTOBYETHCS B IMPOLEAYPi 3BAKEHOTO
arperyBanHs. BuBemeHo ckopuroBaHy (OpMyny arperyBaHHs, BCTAHOBJICHO OCHOBHI BJIACTHBOCTI 3alpOMOHOBAHOTrO (opmaii3my, 30KpeMa
HEBiI’€MHICTh, 0OMEXEHICTbh, IHBapiaHTHICTB 1010 KiJTBKOCTI MIapiB, CIEHAPHY aJaNTHBHICTh Ta iHTEPIPETOBaHICTh. J]0/aTKOBO MOJaHO MiHIMAIBHY
eKCIIepTHY MHpolenaypy (GOpMyBaHHS MATpHI Bar Ha OCHOBI OCOOJHMBOCTEH CIEHApil0, KOHTYPIB KEpyBaHHs, JOKajizamii OOYHCIIOBAILHOTO
HABaHTAXEHHS Ta JOMIHAHTHHUX PU3MKiB. Ha uncioBoMy mpHKiIami mMOKa3aHOo, [IO 3alpOMOHOBAHMI MIXiA He JHIIe ycyBae iHOILIIO OLIHOK, a i
37IaTHHI 3MIHIOBATH PAHXKYBAaHHS apXiTEKTypHNX abTEPHATHB, TOOTO BIUIMBATH HA MiJCyMKOBHIT BHOIp mopTdens matepHis. [IpakTHiHy NpuaaTHICTh
MiAX0/AYy MPOJEMOHCTPOBAHO Ha JIBOX CIEHAPIsX — CUCTEMI MOHITOPHHIY Ta KepyBaHHS iHPPACTPYKTYpOIO i MporpaMHOMy 3a0e3nedeHHi 610HIYHOro
npore3a. OTpUMaHi pe3ybTaTH MiATBEPXKYIOTh, L0 3Ba)KEHE arperyBaHHs 3a BIANOBIAAIBHICTIO HIapiB 3a0e3neyye OUIbII KOPEKTHE Ta 3MiCTOBHO
y3rojkeHe OLiHIoBaHHS OararomapoBux loT-apXiTeKTyp 1 Moxke pO3IUISIAaTHCS SIK OKPEMHH KOMIIOHEHT (POPMAIBHOTrO amapary ITiATPUMKH
APXITEKTYPHHX PillICHb.

Kurouosi ciioBa: nporpamua apxitekrypa loT; OaraTomapoBi apXiTeKTypu; KpUTepii sIKOCTi; aJUTHBHE arperyBaHHs; MOJBiHHE BpaxyBaHHS;
MaTpHI Bar BinmnosigansHocti; Edge-Fog-Cloud; miarpuMka apXiTeKTypHHX pillleHb.
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TH®OPMAIIMHA TEXHOJIOT'IS TOBYJIOBU MOSICHEHD 3 BUKOPUCTAHHSM TEMIIOPAJIBHO
YHOPAJKOBAHUX BXITHUX JAHUX IHTEJIEKTYAJIBHOI CHCTEMH

Ipeamerom cratTi € mpouec (HOpMyBaHHs MOSCHEHb IIOAO PILICHb IHTEIEKTyaJbHHX CHCTEM, BXiAHI JaHi SIKHX € TEMIIOPAIBHO YIOPSIKOBAaHHMH
MOCIIi IOBHOCTSIMH MO/ 13 4aCOBHMHU 3aTprMKaMu MeToro poboTH € po3pobKa MmiIxo/1y 10 M0OYyI0BU MOSCHEHb IO PillieHb IHTEIEKTyalbHIX CUHCTEM
i3 TeMIOpaJbHO YIOPSIKOBAHMMH BXiJHHMH JAHHMH, IO BPAaXxOBYE€ YacOBi 3aTPUMKH y BXIAHHX IOCIIIOBHOCTAX MOMiH. Jlnsi HOCSTHEHHs MeTH
BUPILIYIOTHCS HACTYIHI 3a/1a4i: po3pobKa MeToy 0OpOOKH TeMITOpAIbHUX 3aTPHMOK, [0 BKJIFOYA€ KOMIIOHEHT OLIHIOBAHHS 3aTPUMOK Ha OCHOBI KpOC-
KopemsiLiiiHol (yHKIii Ta KOMIIOHEHT KOIYBaHHs 4acy; po3poOka iHdopMmawiiiHOi TeXHOOoril Mo0yI0BH MOSCHEHb IIOAO PillleHb IHTENCKTYaIbHOI
CHCTEMH Ha OCHOBI TEMITOPAIBHOTO MOPSIKY BXiTHUX JaHHX, 10 BKIIOYAE PO3POOIICHHUIT METOA Y €uHui pipeline mo6ynoBu Ta Bepudikamii HOSICHEHD;
BUKOHAHHS €KCIIEPHMEHTAIBHOI NEepeBipKH MeTomy Ta iH(popMariiHoi TexHomorii. 3ampornoHOBaHO MeToJ OOpOOKH TEMIIOPATFHHX 3aTPUMOK Y
Kay3aJbHUX 3aJKHOCTAX MK By3JTaMH JAHHAMIYHOTO rpada TeMmopanbHOi rpaoBoi HEHPOHHOI MEpPeXi, 0 BiAPI3HAETHCS BiJ BIXOMHX MiIXOMiB
HO€AHAHHSIM KOMIIOHEHTIB KOPEJIALIIHHOTO OLiHFOBaHHS ONTUMAIBHOTO TEMIIOPAIbHOTO 3MIILIEHHS, KOJLYBaHHS Yacy 3 ()a30BUM 3CYBOM Ta aJallTHBHOTO
00’€HaHHs OTPMMAaHHX IIPECTaBIICHb, L0 3a0e3leuye BpaxyBaHHS Kay3albHHX 3aJ©KHOCTEH y MOSCHEHHSX Ha OCHOBI OLIHIOBAHHS YacOBHX
3aTPUMOK. 3alpornoOHOBAHO iH(GOPMALIHHY TEXHOJOTII0 MOOYIOBH MOSCHEHb WIOAO PIlICHb IHTEIEKTYalbHOI CHCTEMH HA OCHOBI TEMIIOPATbHOTO
MOPSAKY BXIZAHUX JaHUX, IO BKJIIOYAE €Tl aJalTHBHOTO ()OPMYBAHHS TEMIIOPATLHHUX IpadiB moiil, moOyI0By TeMIOpaibHOI rpadoBoi HEUPOHHOL
Mepexi 3 00pOOKOI0 TeMIIOpalbHOI 3aTPHMKH, 'eHepalilo Ta MOoJalblly Bepr(iKallilo IOsSCHeHs Ha OCHOBI TeMIIOpalbHOI anrebpy, 1o 3adesmnedye
(hopMyBaHHS TMOSICHEHb 3 YpaxyBaHHSAM 3MiH y TOPSAKY BXIZHHX IOAIH iHTENEKTyalbHOI CHCTeMH. BHKOHaHa eKCIepHMEHTajlbHA IepeBipKa

MATBEPANIIH, IIO METO 0OPOOKHU TEMITOPAIBHOI 3aTPUMKH 3a0e3edye aganTtamnito 10 AeTepMiHOBAHOI, CTOXaCTHYHOI 1 IUKIIIYHOT 3aTPUMKH.
Ku11040Bi c/10Ba: MOSCHIOBAaHUHN IITYYHHUI 1HTENEKT; TEMIIOpaIbHA 3aTPHUMKA; TEMIOPAJbHI 3aJIe)KHOCTI, Kay3albHi 3aJIe)KHOCTI, TEMIIOpalbHa

rpacdoBa HeiipoHHa Meperka; iH(hopMaliiiHa TEXHOIOTis.

Beryn. [IpoGnema iHTepIIpeTOBaHOCTI pillieHb iHTE-
nexryanpHuX cucteM (IC) moB’s3aHa 3 TrM, 10 cyvacHi [C
BHKOPHCTOBYIOTh TTHOOKI HEWPOHHI Mepexi it hopmy-
BaHHS PEJICBAHTHUX PIllIEHb, IPOTE HE HANAIOTh KOPUCTY-
BayeBi 3p03yMUIOr0 OOIPYHTYBaHHS IIOAO MPUYHMH OTPH-
MaHuX pe3yibTaTiB. Taka Hempo3opicTe Mojelnei, o
3a0e3neuyoTh MPUHHATTS pIlIeHb B I1HTENEKTYyaJbHUX
cUcTeMax, € OJJHUM 13 KIFOUOBUX 0ap’epiB, IO 3HIKYIOTh
JOBIpY KOPHCTYBa4iB Ta 3MCHIIYIOTh MOJJIUBOCTI
npakTuyHoro 3acrocyBanus IC y ramy3six, Ae ui pilieHHs
BIUIMBAIOTh Ha 3/0pOB’s Ta Oe3meky moxen [1, 2]. s
BHpIMICHHS i€l TPOOIEMHU MPOBOIATHCS AOCHTIHKEHHS 3a
HATpSMOM TIOSICHIOBAHOTO INTYYHOTO iHTENeKkTy (XAl
Explainable Al). B pamkax 1aHOTO HALIPSMKY BUKOHYETHCS
po3poOka MeTomiB, IO 3a0e3MEeYyIOTh 3PO3YMUTICTH 1
JIOCTYTIHICTH TOSCHEHB I KiHIeBoro KopucTtyBada [C [3].

Po3pobka metoniB XAl ycKiTagHIOETBCS Y BHIIAIKAX,
KOJIM IHTEJIEKTyalbHa CHCTeMa BUKOPHCTOBYE TeMIIOpa-
JLHO yHopsiakoBaHi BXigHi mani. Ili mani BimoOpakaroTh
MTOCTITOBHOCTI MOJIH, MIX SIKUMH iCHYIOTh 9acOBi 3aTpH-
MKHU. HasiBHICTh 3aTPUMOK MOXe€ MOPYIIUTH MPUIYIIECHHS
PO TOCITIZIOBHICTh MPUYUHM Ta HACHIIKY 1 TOMY 0OMEXye
3aCTOCYBAaHHS TpaIUIIHHUX METOIB o0y I0BU
nosiciens [4]. Ilpore Taki cuTyamlii € THIIOBUMH IIpH
BUPIIIEHH] 33/1a4 aHaJi3y TPaH3aKIii, MOHITOPHHTY pobo-
TH TPOMHCIIOBOrO OOJIaHAHHS, MEJUYHUX Mpouecis [5].
TpaaumiiHi  MeTOAM  MOSCHIOBAJIBHOIO  MITYYHOTO
IHTEJIEKTy OpIEHTOBaHI Ha aHaJi3 CTaTWYHUX JAHMUX 1
3a3BMYail HE BPAXOBYIOTh TEMIIOPAJbHUX 3aTPUMOK Y
MPUYNHHO-HACII IKOBHX 3aJISKHOCTSIX, 1110 MOXKE IIPHUBECTH

JI0O HETOYHOTO BCTAHOBJICHHS NPHUYMH Ta HACIiJIKIB 1
¢dopMyBaHHS HEKOPEKTHHX IIOSCHEHb y Kay3aJbHOMY
ACTIEKTi.

J1s moOymoBY OSICHEHb Ha OCHOBI 0OPOOKH THHAMI-
YHHUX TpaOBHUX CTPYKTYp y cydacHux IC BHKOpHCTOBY-
I0ThCsl TeMIiopalibHi rpadosi HeliponHi mepexi (TGNN),
3okpema 3 apxitekrypamu TGAT [6] 1 TGN [7]. Bka3zani
apXiTeKTypH 3a0e3MeuyoTh MOXKJIMBICTh MOOYI0BH TOSIC-
HeHb 11st [C, 1110 00pOo0IISIOTh BXiIHI IOCITITOBHOCTI MOIIH,
TOMY IIO TaKi MEPEKi MOXYTh SIBHO MOJEIIIOBATH 3MiHU
3B’sI3KiB MK 00’ektamu y yaci. [Ipore mexaHi3mu yBaru y
3aranpHIX TGNN 00poOISIOTh TEMITOPANTBHI 3aJIE)KHOCTI 3
OJTHAKOBMMH TIapaMeTpaMH 3racaHHs Uil 3MEHIICHHS
BIDIMBY CTap¥X MO i, BIAIOBITHO, HE PO3PI3HATH ITOCITI-
JIOBHOCTI JIOBrOTPHUBAJIUX TOJIiH 3 BaXKJIIMBUMH HACIiAKAMHU
Ta KOPOTKHUX MOiH 0e3 CyTTEBHX HACHTIIKIB [8].

KommnexcHuit miaxin 1o moOymaoBH MOSICHEHb TTEepeT-
Oauae hopMatizailiro TEMIIOpaIbHUX 3ajexHocTew [9, 10],
aJanTUBHUNA BHOIp 1HTEpBAIiB 9acy I GOpPMYBaHHS IIUX
3aJIeKHOCTEH, BUKOPUCTAHHS aJalTOBAHOTO MEXaHi3My
yBaru Ta no0y/I0By TEMIOPAIBHO Y3TrOPKEHHX TOSICHEHb 13
BepH(ikaliero Ha OCHOBI TEMIIOPAIbHUX XapaKTEPUCTHK
nmanux [11, 12]. Ilpore nns peanizamii 1aHOTO KOMIUIEKC-
HOT'O TMiJIX0y OTPiOHO BUKOHATH OLIHKY YAaCOBHUX 3aTpH-
MOK MIX TO/IiSIMH, TIOB’3aHUX BITHOIICHHSAMH «IIpHYHHA-
Haciok» Ge3nocepenubo B apxitektypi TGNN, mo nae
MOXJIMBICTh (DOPMYBaTH TOSICHEHHS 3 BUKOPHUCTAHHIM
3MiH y iH(opMalii Ipo TEMIOPATBHUX IOPSAOK BXIJTHUX
nmaaux. Taka iHTerparis qae MOXKIUBICTh TOOYAyBaTH Ha-
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CKpI3HMI TIporiec TOOYIOBH IMOSICHEHb. 3a3HAaueHe CBill-
YHUTH PO aKTyaJbHICTH TEMHU JOCIIIKESHHS.

AHani3 ocTaHHiX JocaiTxKeHb i myGaikaniii.

MeToau MOSICHIOBAHOTO IITYYHOTO IHTENEKTY IS
CHCTEM 13 TEMIIOPAIEHIMU 3aJIE)KHOCTSIMU BKIIFOYAIOTh SIK
post-hoc aHaii3 cTaTMYHUX pillleHb, TaK 1 IHTEPHpPETALiIO
JMHAMIYHHUX MOCHIZOBHOCTEH, MpoTe 3a3BUYail HE Bpaxo-
BYIOTb SIBHUX TEMIOPAIBbHUX 3aTPUMOK MK IPUYNHAMU Ta
Hacnigkamu. Y gociimpkeHHi [ 1] kmacudikyroThes miaxoau
10 XAl 3a TurmoM Mojieni Ta BUJJOM HOSICHEHHS. 3a3Ha4eHO,
10 OUIBIIICTH post-hoc MeToiB HE MOXKYTh OyTH 3aCTOCO-
BaHi U TUHAMIYHIX CHCTEM i3 TEMITOPAITEHUM YIIOPSIKY-
BaHHAM. Y JOCITI/DKeHHI [2] TpoBeneHO MOpiBHSIBHUI
aHaJi3 METONiB MOOYIOBH MOsICHEHb. Pe3ynbraTn aHamizy
CBiZUaTh, IO IMiIX0AaM JUIS BUSBICHHSI Kay3aJbHHUX 3aje-
KHOCTEH ISl TEMIIOpaldbHO YHOPSIKOBAHHX IaHWX HE
MIPUALISETHCS I0CTATHBO YBary.

Y pobori [3] 3anmponoHOBaHO MiAXiM 10 BUSBJICHHS
3HauynuXx niarpadis s noscHeHHs pimeHns GNN, ogHak
LIS apXiTEeKTypa Opi€eHTOBaHa Ha craTu4Hi rpadu i He Bpa-
XOBYE TEMIIOpaJbHOI CTPYKTYpH BXigHHMX AaHux. Jocmi-
JoKeHHS [4] posriisigae iHTErpyBaHHS TPAMI€HTIB IUIS BH-
3HAYCHHS BKJIAIY KOXXHOI O3HAKU Y Pe3ybTaT HEHPOHHOT
Mepexu. JlaHuit migxig Moxke OyTH 3aCTOCOBaHHU IO
YaCcOBUX PSAIIB, IPOTE BiH HE BPAXOBYE CTPYKTYPHUX 3aJIe-
YKHOCTI MK By3JIaMH Ta 4aCOBi 3aTPHUMKH MiX IIPUIUHOIO 1
HACIIOKOM. AHANOTiYHe OOMEKEHHS XapakTepHe Ui
merony LIME [5], sikuit renepye jokainbHi JiHIHHI anmpok-
cuMalii pilleHb IHTEJEeKTyalbHOiI CHUCTeMH 0e3 ypaxy-
BaHHS TEMIIOPAIBHOI CTPYKTYPHU BXIJHUX JAHHX.

VY [6] 3ampomnoHOBaHO MEXaHi3M TeMIIOPAILHOTO KO-
JIyBaHHS Ha OCHOBI nepeTBopeHHs Pyp’e, 0 BUKOPUCTO-
BYy€TbCs U1 AMHaMivHuX rpagis. Pobora [7] 6a3yeThbes Ha
KOHIICTIIIT TOTOKY TMOii, KO 3MiHH B rpadoBiii Mepex
BiOYBaIOTHCS JIMIIC B MOMCHTH BUHUKHEHHS MOMiH. Y [8]
3alpoINOHOBaHO ajamnTamiro napamerpiB GNN 3a momomo-
TOI0 pEeKypeHTHUX Mepex. [IpoTe jko/1HA 3 TepeTiaeHux ap-
XITEKTyp HE MOJICNIOE SIBHO YacOBi 3aTPUMKH MiX BY3-
JIAMH, TIOB’S3aHUMH TPUYUHHO-HACITIIKOBUMH 3aJI€)KHOC-
TAMHU.

Hocmimxenns [9, 10], mo npucBsueHo Bepudikarii
BIJIMIOBITHOCTI TEMIOPAIbHUX MPABHI Y MPOIECHO-OPIEH-
TOBaHHUX CHCTEMax, MOKa3ye, 110 HEBPAXyBaHHS TeMIIOpa-
JIHUX 3MIIIIEHb MK BX1THUMH TIOJISIMUA TIPUBOAMTH JI0 TIO-
MUWJIOK TP aHATi31 MPHYUHHO-HACITITKOBHUX JIAHITFOXKKIB.

BupiureHHs 3amadi OLiHIOBaHHS YaCOBUX 3aTPHMOK
BUKOHYETHCS 3 BUKOPUCTaHHSIM METOJIIB KPOC-KOPEJISLii Ta
a"anizy @yp’e B 00poOui yacoBux pszis [11], npore BoHn
HE a/1anToBaHi JUI BAKOPUCTAHHS B SIKOCTI OKPEMHUX CKJIa-
noBux y apxitekrypi TGNN. ¥V pob6orti [12] 3anponono-
BAaHO TEMITOPATLHUX 3CYB MiX €JIeMEHTaMH BXiJHOT TIOCTTi-
JOBHOCTI IIpM BHpIIIEHHI 3aad MIATPUMKH POOOTH
pexkoMeHaamifHux cucteM. [IpoTe 3anponoHoBaHUI METOT
OpIEHTOBaHMI Ha MPOTHO3YBaHHS, a HE Ha I'eHepallio 1o-
SICHEHb.

TakuM grHOM, 3a7a4a KOMIUIEKCHOI OOpOOKH daco-
BHX 3aTPUMOK MiK IPUYHNHOIO T HACIIKOM B paMKaX rpa-
(oBUX HEHPOHHUX MEPEX NMOTPeOy€E CBOTO BUPIIICHHS JUIs
o0y 10BH 1HPOPMALIIHHOT TEXHOJIOTIi TOOY0BY MOSICHEHB
Ha OCHOBI aHaJIi3y TEMIIOPAILHO YMOPSIKOBAHMX BX1JHUX
JTAHUX.

Merta Ta 3aaa4i JocaiKeHH .

MeToro poboTH € po3podKa MiIXoAy A0 IOOYIZOBH
MOSICHEHb IIO/I0 PIiICHb iHTENEKTYaIbHUX CHCTEM i3 TeM-
HOPAJILHO YIIOPSIKOBAaHUMH BXiAHUMH JaHUMHU, IO BPaxo-
BY€ YaCOBI 3aTPUMKH Y BX1THUX IOCITIJOBHOCTSX IOJIIMH.

Jnst foCATHEHHS OCTaBJICHOT METH AOCIIKEHHSI BH-
pilIyroThes 3a1adi:

— po3pobOka MeTony 00pOOKH TEMIOpaTbHUX 3aTPH-
MOK, 110 BKJIIOYA€ KOMIIOHEHT OILIHIOBaHHS 3aTPUMOK Ha
OCHOBI KPOC-KOpeJAIiiHOI (DyHKIIT Ta KOMIIOHEHT KOAY-
BaHHS 4acy;

— po3poobka iHdopmartiitHoi TexHOoIOoTi] HOOYI0BH IT0-
SICHEHb IIOJI0 PIiIlIeHb 1HTEIEKTYaIbHOI CHCTEMH Ha OCHOBI
TEeMIOPAJILHOTO TMOPSIKY BXIIHHMX JAHUX, IO BKIIOYAE
PpOo3po0IeHUH METO ] Y €MUHHUI TIpoIiec MOOYIOBH Ta BEPH-
¢ikarii mosICHEeHB;

— BUKOHAHHSI €KCIICPUMEHTATIBHOT TIEPEBIPKH METOY
Ta iH(pOPMaLiifHOT TEXHOJIOTI].

MeTon 00pOOKH TeMNOpPaJbHHMX 3aTPUMOK JJIsl
Kay3aJIbHUX 3aJIe)KHOCTeli MiK By3/1aMH THHAMIYHOTO
rpaga TemnopajbHoi rpadoBoi HeiipoHHOI Mepeixi.

TemnopanbpHa 3aTpUMKa BH3HAYAEThCS SK YaCOBHH
IHTepBaN 7 MiXK MOMIEI-NPHIMHOIO Eoq i MOJII€F0-HACIIA-

KOM €4 , JUISL IKHX BUKOHY€ETHCS Kay3aJbHa 3aJIeKHICTh
ebeg - eend '

Merto/ BKIIFOUa€ HACTYIHI TPU €Tally.
Eran 1. Po3paxyHOoK onTHUMaabHOI YaCOBOI 3aTPUMKHU
MiX By31aMu rpady.

*
OnTuManbHOKO BBAKAETHCA TAKA 3aTPUMKA Tpeg ong » 38
SKOi aKTHUBHICTH By3Ja-NPUYMHU Deg Haiikpamue mepen-
0avyae aKTMBHICTB By3Nla-HaclifKy end y TeMIOPaIbHOMY

rpagi, TOOTO MiXK IXHIMH MPUXOBaHUMH CTaHAMH JOCATa-
€TBCS MakCHMallbHa HOPMOBaHa Kpoc-kKopesiuis. Jlis

KOXKHOI Iapy By3JIiB (beg, end) TEMIIOPAILHOTO Tpada 1e

3MiH.I€HH$I BHU3HAYAETHCA SAK:

- zthbeg (t)'hend (t+T)
Tbeg,end =arg max

D (0 e ()

ne Npeg (t) y Neng (t) — BEKTOPU IIPUXOBAHUX CTaHIB MapH

@

BY3IIiB (beg, end) y MOMeHT 4acy 1.

OGunCIieHHsT 3[IHCHIOETBCS Yepe3 HepeTBOPEHHs
®Dyp’e, mo 3abe3medye 3HIKEHHS CKIATHOCTI 0
O(N logN) . 3naiinene 3nauenns r;eg’end BimoOpaxae 4a-

COBMH iHTepBaJI, Yepe3 AKUM BILIUB oIl y By3ai beg npo-
SIBIISIETBCS y BY3Ji end .
Etam 2. ®opMyBaHHS Bar yBaru 3 ypaxyBaHHSIM TeM-
MOPaJIbHOTO 3CYBY.
. ™ . *
Ha nanomy etani 3HaliieHa OUIHKA Tpeqeng BAKOPHUC-

TOBYETBCS JIJIsl yTOYHCHHS Bard CTaHJAPTHOTO MEXaHI3MY
yBard. YTOUHCHHS BiIOYBAE€THCS TakK, MO0 MaKCUMAIbHY
Bary OTpUMYBaJH caMme Ti 3B’S3KH MiX By3JIaMH, IHTEpPBaI
MDK SKHMHM HaiOJIMKde BIAIIOBIZAE OIIHII ONTHMAaIbHOI
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3aTPUMKH, a permrTa mTpadyroTbes TPOTOPIHHHO BiAXHU-
JICHHIO BiJ{ IOT'O 3HAYCHHSI.

o *
Takum 4MHOM, 3HANICHE 3HAYCHHS Tpeq ng BUKOPUC-
TOBYETbCSI AT KOPUTYBaHHS CTaHIAPTHOTO MEXaHi3My

yBaru 3 4aCOBUM 3aTyXaHHsM [6]. Bara yBaru mix By3ina-
mu beg Ta end mis mofii y MmoMeHT t o04ncIIOETBCS SIK:

abeg,end (t)

Qbeg : KT (2)

end *
- ‘Atbeg,end ~ Thegend| |>

ne Alyggeng — haxTHUHMI YacoBHil iHTEPBaAT MiX NOMIsIMH

y By3JIax;
A — mapamertp 3aracaHHs;
d — pO3MIipHICTH KITFOUiB.

*
Bupas A -|Atyeg eng — Thegend| 3aAa€ WwTpad Aust 38°53-

KiB, JUIS SIKUX (DaKTHYHHUN IHTEPBAI CYTTEBO BiTXMUISETHCS
Bl OTPMMAHOI OLIIHKY ONTUMAIEHOT 3aTPHUMKH, 1 TOMY MO-
JKHA SIBHO PO3PI3HUTH CHHXPOHHI Ta aCHHXPOHHI Kay3aJlbHi
mapu (TOOTO TOCIIMOBHOCTI BaXJIMBHX 1 HEBAKIMBHX
TOTiHA).

Etan 3. KonyBanHss yacy 3 ba30BUM 3CyBOM Ta ajar-
TUBHE 00’ €THAHHSI MTPECTABICHD.

Ha upomy erani ominka Aty g BOYIOBYyeThCs Ge3-

NIOCEPEHbO Y KOJYBAHHS 4acy KOXHOI Kay3aJbHOI Napu
yepe3 (pa30BUid 3CYB, a aIANTUBHUN BEeHTHILHII MEXaHI3M
3Ba)Ky€ BHECOK HOBOT'O KOJ[yBaHHSI BiJIHOCHO IOTOYHOTO
IIPUXOBAHOI'0 CTaHy BY3Ja, 1[0 JO3BOJISIE PETYIIOBATH CTY-
iHb TEMITOPAIbHOT KOPEKIT 3aJIe)KHO BiJj KOHKPETHOT Ka-
Y3aJIBHOI MTapHu.

CrannaptHe @yp’e-koayBaHHA yacy [6] po3iupro-

€TBCSl 32 PaxyHOK BU3HAYCHHs IapamerpiB ¢azu {gok}.
OcTaHHI 1HIMIATI3yIOTECSA HYJIEM i IOTIM HaBYAaOTHCS Ye-
pe3 3BOPOTHE MOIIUPEHHsI NoxnOku. [Ipu3HavueHHs mapa-
MeTpiB (a3 (9, moyArac y Tomy, IO BOHH KOAYIOTh Xapa-

KTepHHUI MATepH 3CYBY MIX YacOM HACTaHHS MOJii-Ipu-
YHHU Ta YaCOM IOSIBH BiJNOBITHOI moii-HacaiaKy. Takuii
MaTepH € 1HUBITyaTbHUM JIJIsl KOXKHOT Mapu MmoJii.

AnantuBHe 00’€THAHHS NPEACTABICHb BUKOHYETHCS
3a JOMOMOTOK0 BEHTHIILHOTO MEXaHI3MY:

ﬁend =g hend +
+ (1_ g )Agg(abeg,end (t) ' (D(t’ 7'-t:eg,end )) '

Jie § — BEHTWJIBHHMHU IapameTp, 110 Ma€ CKaIpHY Bary Bif

®3)

0 mo | i HaBUaeTHCA 3 yciMa IHIIMMU TapaMeTpaMH MEPEXKi.
BentunpHuii mapameTp ( BU3HAYa€, HACKIJIbKH

HOTOYHHI CTaH By3na N,y 30epiraerbcs 6e3 3MiH, i HacKi-

JIBKU BiH 3aMIHIOE€THCS arperoBaHUM TEMIIOPATIbHO-CKOPH-
TOBaHUM NPEACTABICHHIM.

Indopmaniiina TexHosoris mody10BH MNOsSICHEHb
1010 pillleHb iHTEJeKTYaJdbHOI CHCTEMH HAa OCHOBi
TeMIOPAJIbHOT0 MOPSIAKY BXiAHUX JaHMX.

Po3pobnena iHpopMaliiiHa TEXHOJOTIS BKIIOYAE
I'SITh €TalliB, MO0 IHTETPYIOTh PE3YJIBTATH OCIiIHKESHb

[13-15], Ta po3pobieHuii MeTon 0OPOOKH TEMIIOPAILHOT
3aTPUMKH.

Etam 1. ITonepenss 06poOka BXiTHUX JaHUX.

Ha mpomMy erami moTOKM momiff, sSIKi MOXYTh OyTH
OTpHMaHi 13 PI3HOTHITHHX JDKEepell, 30KpeMa pPesLiitHuX
0a3 JaHUX, MOTOKOBHX IUIATGOpM Ta 30BHIMHIX API,
CTaH/IapTU3YIOThCS, B TOMY YHCII BUKOHYETHCS IIEPETBO-
PEHHSI MITOK 4acy y €quHUI popmar i3 30epekeHHsIM BiJ-
HOCHHX 4aCOBHUX 1HTEPBAIB MIX ITOJIISIMH.

JlonaTkoBO BHMKOHYEThCS MeEpeBipka MOHOTOHHOCTI
YaCOBUX MITOK Ta yCYHEHHS TyOiKaTiB 3 OMHAKOBUMH I10-
3HaYKaMH 4Jacy.

Etam 2. AnantuBHE pOpMyBaHHS TEMIOPAIBHUX Ipa-
¢iB Tomii.

JuHaMidaAl Tpad 3amekHOCTEH MiX momismu Gop-
MYETBCSI HA OCHOBI METO/Iy a/IallTUBHOTO BHOOPY iHTEpBa-
1B, mpezacraBieHoMy B pobori [13]. MHoxuHa nyr rpada
BU3HAYAETHCS JIMILE ISl TUX Tap BY3JIB, IS IKUX KpOC-
KopelsiliiiHa (yHKIIS MepeBHIye 3aJaHui MOPir.

Takuii miaxia g1ae MOXKIHBICTh CKOPOTUTH OOYHCITIO-
BaJIbHI BUTPATH Ta MiJBUIYE TOYHICTh MPEACTABIICHHS 3a-
JIEKHOCTEM.

Etam 3. [To6ynoBa TGNN 3 00po0OK0r0 TeMITOpanbHOL
3aTPUMKH.

Hauanuas TGNN-apxitektypu [14] BUKOHY€ETBCS 13
BUKOPHCTaHHIM METOAy OOpOOKM TeMIopanbHOI 3aTpH-
Mmku. HaBezeHi 3naueHHs nmapamerpis y Bupasax (1) — (3)
HaBYAIOTHCS Y paMKaX €JMHOTO LUKy 3BOPOTHOTO TIOILH-
PEHHSL.

OcoOnuBicTh  gaHoro  eramy  iHQopmamiiHOT
TEXHOJIOTI TIOJISITa€ B TOMY, 10 (DYHKIIisI BTPAT BKIIIOYAE
JIBl CKIIaJIOBUX: CTaHAApTHY BTpaTy Ta peryJsipu3arop,
SKkui mrpadye 3a HeKay3aJibHI 3aJI€KHOCTI.

Etam 4. 'enepariis mosicHeHb.

[osicHeHHsT (OPMYETBbCS Ha OCHOBI miarpadis, IO
MICTSTh 3HAYyNli NMPUYMHHO-HACIHIAKOBI 3B’S3KH 3TiTHO
JOCITIpKEeHHTO [15].

Etam 5. Bepudikarisi mosicCHEHp Ta TIpEICTaBICHHS
OTPUMAaHUX Pe3yJIbTaTIB.

Bepuoikaiis mosicHeHb BUKOHYETHCSI 3 BUKOPHCTaH-
HSIM IHTEPBaJIBbHOI TEMIOPAJbHOI JoTiKK. PesynbTaT Ha-
JIAl0ThCSI uepe3 BianoBinuuii intepdeiic, nanpuknag REST
API, React Tormo.

ExcnepumeHTa bHa
MeTony.

ExcriepumeHTanbHy nepeBipKy BUKOHAaHO Ha Habopi
JITAaHUX CUCTEMH eJIeKTpOHHOI koMepuii. Takuit Habip Mic-
TUTB NOAIT MOKYIIOK TOBapiB i3 MiTkamu yacy. [Ipu npose-
JieHi excriepuMeHTy oninoBaimnch MAE lag, To6to cepe-
JIHS TTOXHOKa OI[IHIOBAHHS 3aTPUMKH Ta YacTKa MOsSCHEHb,
1110 Bi10OpaKaloTh Kay3alibHi 3aJexHOCTi. [lopiBHSIHHS BU-
KOHyBaoch 3 apxirektypamu TGAT, sika onepye yBaroro
JUT TEMIIOPAJIFHOTO Tpada 3 ypaxyBaHHIM 3MiHH y 9aci, Ta
TGN, sixa Binpisaserscs Bif apxitektypu TGAT sBHOIO
nam’ SITTIO BY3JIiB.

ToOGTo BepmmTH Tpada MalOTh BHYTPIIIHINA CTaH,
SIKM OHOBJTFOETHCSI TTPY KOKHIH BX1THIM Nofii. Pe3ynbTaT
EKCIIepUMEHTAIILHOT NTePEBiPKHU TPeICTaBIeHO B Tab. 1.

3pocTaHHs YacTKU IMOSICHEHb, SIKi BigoOpakaroTh Ka-
y3aJIbHI 3aJIeKHOCTI, CBIIYMTBH, IO 3alPOIOHOBAHUN Me-
TOJ] BpaxOBY€ HE JIMIIE JeTEPMiHOBaHY i CTOXaCTHYHY, a i
LUKJIYHY 3aTPUMKY.

nepepipka po3po6JieHOro
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ITepeBara 3anponOHOBaHOTO METOY OOPOOKH TEMIIO-
paJbHOT 3aTPUMKH Y Kay3albHHX 3aJIeKHOCTAX IIOJIArae y
MOJKJIMBOCTI aIaITYBaTHCh JI0 PI3HUX TUIIIB 3aTPHMOK (7e-
TEPMiHOBAHHX, CTOXaCTHYHHX, [IUKIIIIHAUX) Yy TIPOIECi Mo-
OY/IOBU MOSICHCHB.

Tabmuns 1 — EkcniepuMeHTaIbHA IepeBipka MeToay 00poOku
TEMITOPAITBEHHUX 3aTPUMOK JUTS Kay3aJbHUX 3aJIeKHOCTEN

YacTka MosSCHEHbD, 10
MAE . .
Merton BifoOpakae Kay3aabHi
3aTPUMKH .
3aJ1€XKHOCTI
TGAT [6] 9,7 0,57
TGN [7] 6,3 0,59
3anponoHoBaHUI 3,1 0,64
METOJ

Merog Mae OOMEKEHHs 100 3aCTOCYBaHHS, OCKi-
. * . .
JIbKM OLIHIOBAHHSA Tpeg ong 3T1IHO (1) mOTpebye mocTaTHboi

KIJIBKOCTI crocTepexeHb. [l kay3anpHUX Tap, AKi He-
9acTo 3yCTPIUaOThCs y BXiTHHUX JaHUX, OLliHKA MOXKE OyTH
HETOYHOIO.

[Momampmmi nocmiKeHHS OB’ S3aHi i3 BpaxyBaHHIM
TPaH3UTHBHUX JAHIFOKKIB 3aTPUMOK, III0 MOXe OyTH BH-
KOPHUCTaHO IPY BUPILICHHI 3aa4, AJIs IKUX TOTpiOHI po3-
ramyKeHi MPUIHHHO-HACIIKOBI CTPYKTYPH.

BucHoBKH. 3aIrpOIIOHOBAHO METO 0OPOOKH TEMIIO-
pabHUX 3aTPUMOK y Kay3aJbHUX 3aJICKHOCTAX MIX BY3-
JIAMU JTMHaMidHOTO rpada TemropaibHoi rpadoBoi Hel-
POHHOT Mepexi, SKUi BIAPI3HAETHCS BiJ BiIOMHUX IMiAXO/IB
TIOETHAHHSAM KOMITOHEHTIB KODENAIIHHOIO OIiHIOBaHHS
ONTHMAJIEHOTO TEMITOPaJIbHOTO 3MIIICHHS, KOJyBaHHS
yacy 3 ()a30BHUM 3CYBOM Ta aIalTHBHOTO 00’ €IHAHHS OTpPHU-
MaHUX TpeJCTaBlieHb, MO 3a0e3ledye BpaxyBaHHsS Kay-
3aJbHUX 3aJIKHOCTEH Y TOSICHEHHSAX Ha OCHOBI OMLIHIO-
BaHHS YaCOBHUX 3aTPHMOK.

3anpornoHoBaHo iH(GOPMAIiiiHy TEXHOJOTri Mo0Yy-
JIOBU TIOSICHEHB IIOJI0 PILICHb IHTEJICKTYaJIbHOI CHCTEMHU
Ha OCHOBI TEMIIOPAJIbHOTO MOPSAKY BXIJHUX IaHHX, SIKa
BKJIFOYA€E eTanu alallTUBHOTO ()OPMYBAHHS TEMIIOPAJIbHUX
rpadiB nozii, modya0By TEMIOPaIbHOI Ipad)oBOT HEHPOH-
HOT Mepexi 3 00pOOKOI0 TEMITIOPAILHOT 3aTPUMKH, TeHEpa-
il0 Ta TOAANBINY BepUQIKaIilo MOSICHEHh Ha OCHOBI
TEMITOpasIbHOI anredpy, 1o 3ade3nedye GopMyBaHHS MO-
SICHEHb 3 ypaxyBaHHSAM 3MIH y NOPSAKY BXiJHHX IOJiH
IHTEJIEKTYaIbHOI CHCTEMH.

BukoHaHa ekcliepuMeHTaJbHA IepeBipKa MiATBEp-
JIAJIH, TII0 METOJI 0OpOOKH TeMITOpaIbHOI 3aTPUMKH 3a0€e3-
redye ajanTaiilo 10 JAeTepMiHOBAaHOI, CTOXACTUYHOI i
IUKIIYHOT 3aTPUMKH.

Jexnapanisi Ipo BUKOPHUCTAHHSI T'€HEPATHBHOIO
IITYYHOI0 iHTeJeKTy. ABTOpPH MiATBEPKYIOTh, IO HE
BUKOPHCTOBYBAJIM TEXHOJIOTII LITYYHOTO IHTENEKTY IMpH
HalMCaHHI TeKCTy i€l poboTH.
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INFORMATION TECHNOLOGY FOR CONSTRUCTING EXPLANATIONS USING TEMPORALLY
ORDERED INPUT DATA OF AN INTELLIGENT SYSTEM

The subject of the article is the process of generating explanations for the decisions of intelligent systems whose input data are temporally ordered
sequences of events with time delays. The aim of the work is to develop an approach to constructing explanations for the decisions of intelligent systems
with temporally ordered input data that takes into account time delays in the input event sequences. To achieve this aim, the following tasks are addressed:
to develop a method for processing temporal delays that includes a delay estimation component based on the cross-correlation function and a
time-encoding component; to develop an information technology for constructing explanations for the decisions of an intelligent system based on the
temporal order of input data, which integrates the developed method into a single pipeline for explanation construction and verification; to carry out
experimental evaluation of the method and the information technology. A method for processing temporal delays in causal dependencies between nodes
of a dynamic graph in a temporal graph neural network is proposed, which differs from known approaches by combining components of correlation-based
estimation of optimal temporal shift, phase-shifted time encoding, and adaptive fusion of the obtained representations, thereby enabling the incorporation
of causal dependencies into explanations through the estimation of time delays. An information technology for constructing explanations for the decisions
of an intelligent system based on the temporal order of input data is proposed, which includes the stages of adaptive construction of temporal event
graphs, building a temporal graph neural network with temporal delay processing, generation and subsequent verification of explanations based on
temporal algebra, thus providing the formation of explanations that take into account changes in the order of the intelligent system’s input events. The
experimental evaluation has confirmed that the temporal delay processing method adapts to deterministic, stochastic, and cyclic delays.

Keywords: explainable artificial intelligence; temporal delay; temporal dependencies; causal dependencies; temporal graph neural network;
information technology
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INFORMATION TECHNOLOGY FOR OPTIMAL SERVICE PLACEMENT PREDICTION IN A MULTI-
CLOUD ENVIRONMENT USING MACHINE LEARNING

The relevance of the work is due to the need to improve the efficiency of service distribution management in multi-cloud infrastructures, where optimal
service placement directly affects latency, performance, reliability, and rational use of resources. The object of the study is the process of placing cloud
services in a multi-provider environment. The subject of the study includes machine learning methods and algorithms that are used to predict optimal
decisions for placing cloud services in a multi-provider environment based on measured performance indicators. The purpose of the study is to develop
and evaluate models for predicting optimal placement of cloud services in a multi-provider environment using historical data on latency, response time,
and load balancing efficiency. The work uses an open dataset, the Multi-Cloud Service Composition Dataset, which contains characteristics of services
from AWS, Azure, Google Cloud, and IBM providers. Six machine learning algorithms implemented using the Python programming language and the
Scikit-learn library were used for prediction. The obtained results showed that models based on Gradient Boosting and Naive Bayes provide the highest
consistency of the metrics Accuracy, Precision, Recall and F1-score, reaching values of about 0.97-0.98, which confirms their suitability for the tasks
of optimizing the placement of cloud services in a multi-cloud environment. Other developed models demonstrated lower stability of results, which
limits their application in real conditions. The conclusions substantiate the possibility of using machine learning methods and algorithms to build adaptive
load management systems in multi-cloud environments, and also identify prospects for expanding the proposed information technology by including
additional parameters, such as energy consumption, computing cost and fault tolerance.
Keywords: machine learning, cloud computing, cloud infrastructure, optimal service placement, prediction models, information technology.

Problem statement. The rapid growth of multi-cloud
infrastructures creates a need for accurate and adaptive
methods of deploying services that operate in environments
with different providers, different performance metrics, and
variable load conditions.

Optimal service placement determines latency,
throughput, stability, and resource efficiency. However,
current approaches remain fragmented. Some research
focuses on search and heuristic methods for configuring
multi-cloud solutions but does not take into account the
complexity of real-world performance metrics [1].

Other works demonstrate the development of multi-
cloud frameworks, but are mainly focused on specific
applications, which does not allow them to be directly used
for the general task of optimal service placement [2]. A
separate area of research applies Machine Learning (ML)
to solve placement problems in uncertain environments, but
these studies mainly cover edge infrastructures rather than
multi-cloud systems with heterogeneous providers [3].

Thus, the problem of creating a universal approach
that combines the processing of performance metrics,
machine learning, and the ability to accurately predict the
optimal placement of services in a multi-cloud environment
remains unresolved.

This creates a scientific challenge — to develop models
capable of consistently determining optimal placement
based on various indicators, ensuring high accuracy and
practical applicability in dynamic IT systems.

Related work. The problem of service placement in
hybrid and multi-cloud environments is actively being
researched in the context of combining cloud and fog
infrastructure. In their work, Azizi et al. propose the FLEX
platform for scalable and flexible service deployment in
multi-fog and multi-cloud environments, where the task is
formulated as an integer linear programming problem and
solved by a heuristic algorithm to minimize cost and delays
[4]. A similar approach is developed by Dogani et al., who
consider a two-layer scheme for deploying services in
containerized fog-cloud platforms and apply NSGA-II to
simultaneously optimize latency, power consumption, and
cost [5]. Both works focus on optimization and evolu-
tionary methods, but do not use classical machine learning
methods for direct prediction of the “optimality” of place-
ment based on empirical performance metrics.

A separate branch of research is devoted to dynamic
service placement in 5G/6G scenarios and edge
infrastructures. Tabatabaei et al. analyze dynamic service
placement in 6G multi-cloud scenarios, taking into account
low latency and reliability requirements, and propose an
approach to placement management in complex network
environments [6]. Lu et al. develop the Dynamic Service
Placement with Deep Reinforcement Learning (DSP-DRL)
framework for dynamic service placement in mobile edge
computing using deep reinforcement learning to minimize
total delay under resource and cost constraints [7]. These
works demonstrate the potential of reinforcement learning
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for adaptive placement, but mostly work in the context of
edge/fog, rather than for optimal service placement tasks
between several large cloud providers with explicit
performance metrics.

Another area is related to the application of machine
and deep learning for resource allocation tasks in cloud
systems. In a recent review, Zhou et al. systematize
methods based on deep reinforcement learning for resource
planning tasks in cloud environments, demonstrating their
advantage over classical heuristics in scenarios with
dynamic loads and multi-criteria objectives [8]. Bodra and
Khairnar perform a comparative analysis of modern
machine learning algorithms for cloud resource allocation,
including DRL, neural networks, and traditional ML
methods, and demonstrate significant improvements in
execution time, cost, and energy consumption compared to

AWS
é _\_> Ti1
Azure _/_) x; i2
Google Cloud Performance
a Metrics
IBM

[10]. The dataset was used to build prediction models that
allow the optimal placement of services in heterogeneous
multi-provider environments to be evaluated.

The research methodology (Fig. 1) was based on the
use of ML methods implemented in the Google Colab [11]
using the Scikit-learn [12]. Preliminary data processing and
preparation was performed, which included the selection of
relevant attributes, their scaling, and distribution into
training (75 %) and test subsets (25 %). This stage allowed
us to form a consistent sample for correct comparison of
models and obtaining stable results. The study selected six
machine learning algorithms belonging to different model
classes: Decision Tree, Random Forest, Naive Bayes,
Support Vector Machines (SVM), k-Nearest Neighbors (k-
NN), and Gradient Boosting (Fig. 2).

g9h v, = f(x) —> '

Optimal Service AR
Placement ML-based
Predictions
on OSP

Fig. 1. Using machine learning to predict Optimal Service Placement (OSP) based on multi-cloud performance metrics

classical approaches [9]. However, these reviews focus
primarily on general resource planning and allocation tasks
(job scheduling, virtual machine placement, container
allocation) and do not directly address the prediction of
optimal service placement between specific multi-cloud
providers based on integrated performance characteristics.

Thus, existing works demonstrate the importance of
optimization, evolutionary, and DRL approaches for
service placement and resource allocation tasks in cloud
and fog-cloud infrastructures. At the same time, there
remains a gap in the use of classical machine learning
models for predicting the binary measure of placement
optimality (e.g., optimal service placement) in multi-cloud
environments based on measured metrics of latency,
response time, and load balancing efficiency.

Research objective. The proposed research aims to
fill this niche by using an open multi-cloud dataset and
comparing several ML algorithms to support decisions on
optimal service placement.

Materials and methods. The research was based on
the open Multi-Cloud Service Composition Dataset [10],
which contains measured performance characteristics of
services in a multi-cloud environment. The dataset includes
data on Service Latency (ms), Response Time (ms), and
Load Balancing (%), as well as a target variable that
indicates the optimality of service placement as a binary
indicator. The data covers various types of services running
on AWS, Azure, Google Cloud, and IBM infrastructures

Choose features

——— Service latency, ms
Multi-cloud service A
composition dataset Response time, ms

Decision tree — Load balancing, %

Y

Mﬁ_ [ i H Scale features ]
Naive Bayes ,_ (80/20)
SVM F_—)" Train models 4—,
k-NN — ¥

Test models

(Gradient boosting—

Fig. 2. ML-based workflow used in this study

The ML models were trained based on historical
performance measurements [10] and then evaluated using
standard classification performance metrics — Accuracy,
Precision, Recall, and the F1-score [13]. We identified the
algorithms that demonstrated the best consistency of results
for the task of predicting optimal service placement.

The results presented in the figure demonstrate the
high efficiency of the Decision Tree model (Fig. 3), which
provided an Accuracy of 0.97, indicating an almost error-
free classification of most cases.

A Precision of 0.96 means that the model rarely makes
mistakes in determining the positive class. The Recall is
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also 0.97, confirming the model’s ability to detect almost
all relevant objects. The Fl-score is 0.96, indicating a
balanced performance between precision and recall.

0,975
0,97 0,97
0,97
0,965
0,96 0,96
H
0,955
Decision Tree
WM Accuracy ™ Precision ™ Recal ' Fl-score

Fig. 3. Decision Tree model performance

The results for Random Forest indicate the high
overall quality of the model (Fig. 4), which achieved an
Accuracy of 0.96, meaning that most objects were
classified correctly. The Precision is 0.91, which means a
slightly higher number of false positives compared to the
decision tree. At the same time, the Recall is 0.96,
demonstrating the model's ability to effectively find almost
all objects of the positive class. The Fl-score of 0.93
reflects balance, but with a slight decrease compared to
other metrics.

0,98

0,96

0,96
0,96
0,94 0,93
0,92 0,91

0,9

Random Forest

0,88

W Accuracy ™ Precision ™ Recal © Fl-score

Fig. 4. Random Forest model performance

The results for Naive Bayes demonstrate consistently
high model quality across all indicators, demonstrating its
stability and consistency (Fig. 5).

1,2

1
0,8
0,6
0,4
0,2

0

097 097 0,97 097

Naive Bayes

W Accuracy ™ Precision ™ Recal ' Fl-score

Fig. 5. Naive Bayes model performance

Accuracy is 0.97, meaning that the model correctly
classifies the vast majority of cases. The Precision, Recall,
and F1-score metrics are also 0.97, indicating no significant
imbalance between the number of false positives and false

negatives. Such consistency in metrics indicates that Naive
Bayes performs well in classification tasks and provides
predictable behavior across the entire dataset.

The results for SVM show high overall model
performance (Fig. 6), with an Accuracy of 0.96, indicating
correct classification of most objects. The Precision is 0.91,
indicating a slightly higher number of false positives
compared to other metrics. At the same time, the Recall is
0.96, meaning that the model successfully detects almost
all relevant cases. The Fl-score of 0.93 demonstrates a
balance between precision and recall, but with a slight
decrease due to lower accuracy.

0,98
0,96 0,96
0,96

0,94 0,93
0,92 0,91

0!9 .
0,88
SVM

W Accuracy M Precision M Recal ' Fl-score

Fig. 6. SVM model performance

The results for k-NN demonstrate stable and
consistent classification quality (Fig. 7). The model
achieved an Accuracy of 0.95, which means that most
examples were predicted correctly. The Precision score is
0.94, meaning that k-NN accurately identifies the positive
class with a minimum number of false positives. Recall is
0.95, indicating effective detection of relevant cases. The
F1-score of 0.95 confirms the balance of the model and the
harmonious combination of accuracy and completeness.

0,955
0,95 095 0,95

0,95
0,945

0,94
H
0,935

k-NN

W Accuracy W Precision ™ Recal ' Fl-score

Fig. 7. k-NN model performance

The results for Gradient Boosting demonstrate the
highest quality among all models considered (Fig. 8), as all
key metrics have the same value of 0.98. An Accuracy of
0.98 indicates an almost error-free classification of
examples. Precision and recall are also at 0.98, which
means a very low number of false positives and false
negatives. The F1-score of 0.98 confirms the complete
balance of the model.

Such uniformity and the high performance measures
show that Gradient Boosting provides the best consistency
and stability among the algorithms, making it particularly
effective for optimal service placement classification tasks
in the experimental environment.
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Fig. 8. Gradient Boosting model performance

The proposed intelligent information technology
based on ML-algorithms provides automated collection of
multi-cloud performance metrics using APIs (Application
Programming Interface) and provider monitoring tools of
the open access (Fig. 9):

e The system prepares and labels data according to
predefined rules, forming a consistent set of measurements
for training ML models.

e Models are trained and validated on the prepared
dataset using specified hyperparameters and frameworks
that implement ML algorithms.

e The information technology provides predictions
for the OSP based on current performance metrics (e.g.
latency, response time, and load balancing efficiency) and
optimization policies.

e The obtained results are integrated with multi-
cloud orchestration systems to support decision-making
and automated service management.

Conclusions. The study confirmed the possibility of
effectively applying ML methods and algorithms to predict
the optimal service placement in multi-cloud environments
based on the developed intelligent information technology
(Fig. 9). Analysis of the results showed that Gradient
Boosting and Naive Bayes models provide the highest

Data collection policy

Raw l

performance
data

Preparation and labeling
rules

Set of
measures

Prepare and label
dataset

Collect multi-cloud
performance data

AP| and cloud providers
monitoring tools E T

Data pre-processing
tools

accuracy and consistency of performance indicators,
making them suitable for practical tasks of optimizing
performance and minimizing delays.

The use of an open multi-cloud dataset [12] made it
possible to evaluate the behavior of algorithms in realistic
conditions when working with different types of services
and different cloud providers. The results demonstrate the
promise of such ML models for building adaptive resource
management and decision support information technology
in modern cloud architectures.

Further research may focus on expanding the set of
parameters, including energy and computing costs, and
fault tolerance indicators. The use of hybrid models that
combine “classical” ML with reinforcement learning
algorithms to improve adaptability to dynamic loads is also
promising. A separate problem is to test the models on
significantly larger and more heterogeneous production
datasets, which will allow us to evaluate the scalability of
the proposed approach. In the future, a prototype could also
be developed that would predict the optimal service
placement in real time and interact with the infrastructure
tools of cloud platforms.

Declaration on the use of generative Al. During the
preparation of this work, the authors used ChatGPT for
rephrasing and reformulating the text, as well as DeepL for
grammar and spell checking. After using these tools, the
authors reviewed and edited the content as necessary and
take full responsibility for the content of this publication.
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IH®OPMALIMHA TEXHOJIOT'ISI IPOTHO3YBAHHS ONTUMAJBHOI'O POSMIIIEHHS MMOCJIYT Y
BATATOXMAPHOMY CEPEJOBHIII HA OCHOBI MAIIMHHOI'O HABYAHHAA

AKTYyaJIBHICT pOOOTH 3yMOBJIEHA IIOTPEOOIO MiABUIIEHHS e(peKTHBHOCTI YIPABIiHHS PO3IOIIIOM CEPBICIB y OaraToOXMapHHX iH(pacTpyKTypax, 1e
ONTHUMAJILHE PO3MILEHHS MOCIYr Oe3MOCepeaHbO BIUIMBAE HA 3aTPUMKH, MPOAYKTHUBHICTbH, HAJIMHICTh Ta palliOHaJbHE BHUKOPUCTAHHS PECYpCiB.
OO0’ €KTOM JOCIIKEHHS € TIPOLeC PO3MIIEeHHsI XMapHHX MOCIYT Y CepelOBHII 3 JeKiIbKOMa MpoBaiinepamu. [IpenqMeroM T0CIiKeHHs BUCTYIIAI0Th
METO/IM T aJrOPUTMH MAIIMHHOTO HaBYAHHS, SIKi 3aCTOCOBYIOTHCS AJIS IIPOTHO3YBAHHS ONTUMAJIBHUX PillleHb OO0 PO3MILIEHHS! XMAapHHUX HOCIYT Y
CepeloBUIL 3 JIeKUIbKOMa MpoBaiiiepaMy Ha OCHOBI BUMIPIOBaHMX MOKA3HHMKIB MPOAYKTUBHOCTI. METOI0 JOCTIKEHHS € po3po0Ka Ta OI[iHIOBAHHS
Mogernel IPOrHO3yBaHHs ONTHMAIBEHOIO PO3MIIICHHSI XMapHUX IOCIYT y CEpelOBHIII 3 JEKibKOMa IpoBaiaepaMyl 3 BUKOPHCTAHHSIM iCTOPHYHUX
JIaHUX TIPO 3aTPUMKY, Yac BiAryKy Ta e()eKTHBHICTb OallaHCyBaHHS HABaHTaXEHHs. Y po0OTi BUKOPHUCTAHO BiAKpuTHil HaGip rannx Multi-Cloud Service
Composition Dataset, 1110 MiCTUTh XapaKTepHCTHKHU cepBiciB nposaiiaepiB AWS, Azure, Google Cloud ta IBM. [{5is nporHo3yBaHHs 3aCTOCOBAHO IIiCTh
AITOPUTMIB MAIIMHHOTO HABYAHHS, PEali30BaHMX i3 3aCTOCYBAaHHSIM MOBH TporpamyBadHsi Python Ta 3 BukopucranHsm GiGmiorexu Scikit-learn.
OtpuMaHi pe3ynbTaTH MOKa3ay, o Mojeli Ha ocHoBi Gradient Boosting Ta Naive Bayes 3a0e3meuytoTs HallBHILy y3ro/DKEHICTh METpUK Accuracy,
Precision, Recall ta Fl-score, nocsratoun 3HaueHb Onmu3bko 0.97-0.98, mo miaTBepKye IXHIO MPUAATHICTD JUIA 3a/a4 ONTHUMI3aLil pO3MIileHHS
XMapHHUX TOCIYT y 0araToXxMapHOMY CepeloBHILi. [HIN po3poOiaeHi MoJesni MpoIeMOHCTPYBAIM HUKYY CTaOUIBHICTD Pe3ysbTaTiB, IO 00OMEKXye 1X
3aCTOCYBaHHSI B PEaJbHUX yMOBaX. Y BUCHOBKaX OOIPYHTOBAHO MOXIIMBICTh BUKOPUCTAHHS METOJIB 1 AITOPUTMIB MAaIIMHHOTO HABYaHHS UL TOOYI0BH
aIANITUBHUX CHCTEM KEPYBAaHHsS HABAHTAXXCHHSAM y 0araTOXMapHHX CEPEOBHUINAX, a TAKOXX BH3HAYCHO MEPCIICKTHBH PO3LIMPEHHS 3alPONOHOBAHOL
iH(pOpMaIiIHHOT TEXHOJIOTT NIIIXOM BKIIOYEHHS JOJATKOBHX MAPaMETPIB, TAKUX SIK EHEPrOCIIOKMBAHHS, BAPTICTh OOYKCIICHb Ta BiIMOBOCTIHKICTD.

K104oBi ciioBa: ManivHHe HaBYaHHS, XMapHi 00YHCIICHHS, XMapHa iHPPaCcTPYKTypa, ONTHMAIBHE PO3MILIEHHS ITOCIIYT, MOJIENi HPOTHO3YBAaHHS,
iH(popMaIiiHa TEXHOJIOTISI.
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CONTROL FLOW GRAPH RECOVERY FOR DYNAMICALLY LOADED CODE VIA SYMBOLIC
LIBRARY RESOLUTION

Control Flow Graphs are one of the main data sources for software analysis that use dynamic and static software analysis methods. Protected software
and modern malware increasingly depend on dynamic code loading techniques to evade static analysis. Usage of runtime dynamic linking mechanisms
introduces unresolved indirect calls that stop static Control Flow Graph recovery. This serves to hide dynamic library that can be used for prevention of
security analysis. To address this limitation, an analysis technique is proposed that combines symbolic execution with speculative library preloading to
recover Control Flow Graphs from binaries by using dynamic loading. The methodology uses custom software hooks that intercept dynamic loading
operations during symbolic execution and perform actual library loading into the analysis state. The module is based on a two-level architecture that
stores interception functions and instruction tracking at the same time, all within a symbolic execution environment. To avoid executing potentially
malicious code that dynamic instrumentation tools require, the analysis was conducted entirely through symbolic execution, making it safe for malware
analysis. For evaluation a batch of 16 synthetic benchmarks was used, employing various obfuscation techniques including encrypted library names,
network-triggered loading, environment-derived paths, multi-stage decryption chains, fileless execution and manual executable and linkable format
parsing. The experiments results show that module recovers on average 29.8 % additional Control Flow Graph nodes and 26.5 % additional edges
compared to static analysis alone, achieves 100 % precision and 100 % recall in library detection, with all discoveries validated through Frida-based

dynamic instrumentation.

Keywords: Binary analysis, control flow graph, dynamic loading, symbolic execution, malware analysis

Introduction. Modern software systems, such as
browser plugins or enterprise applications, generally use
the dynamic code loading technique. The code that is
loaded at runtime cannot be detected by static analysis,
representing a fundamental problem in assessing program
behavior. Recovering control flow through dynamically
loaded code would provide significant improvement in the
security analysis and verification of software systems. A
Control Flow Graph (CFG) is a graph representation of all
possible execution paths through a program [1]. The
vertices of a CFG are basic blocks — contiguous sequences
of instructions with a single-entry point and single exit
point. Exit points are control transfer instructions:
conditional branches, unconditional jumps, function calls,
and returns. The edges represent possible successors of
each basic block and are therefore directed. Fig. 1 illustrates
a simple CFG.

entry

e

block B

block C

block A

exit

Fig. 1. A simple CFG with conditional branching.

Control Flow Integrity (CFI) is a security mechanism
that checks a program's execution follows a predefined,
valid path by using CFG [2,3]. This enables the detection
and prevention attacks by ensuring that all indirect

branches conform to legitimate edges in the CFG. The
study [4] used CFG similarity to match functionally
equivalent code across different architectures, which
appears to be wuseful when searching for known
vulnerabilities in binaries compiled for unfamiliar
platforms. On the malware analysis side, CFG topology has
become a common feature for classification, though as
demonstrated in [5] demonstrated, models relying on these
features can be fooled through adversarial manipulation.
What these applications share is a common dependency:
their reliability degrades when the underlying CFG is
incomplete or imprecise, particularly in the presence of
constructs like dynamic code loading. Programs load
executable code through various mechanisms: high-level
Application Programming Interfaces (API) invoke the
dynamic linker to load shared libraries; system calls map
files or anonymous memory with execute permissions; and
manual loaders parse binary formats directly. Each
mechanism can load code from diverse sources: filesystem,
network, encrypted blobs, or memory making the loaded
code invisible to static analysis. Dynamically loaded code
executes through indirect control transfers whose targets
depend on runtime values. A function pointer stores an
address returned by symbol resolution; a virtual method
dispatch indexes into a dynamically constructed table; a
return instruction pops an address placed on the stack by
loaded code. Static analysis sees only the indirect transfer
instruction, not its concrete target. These levels interact: a
library loading operation returns a handle; symbol
resolution uses that handle to obtain a function address; an
indirect call uses that address to transfer control. Analyzing
either level in isolation fails as we must track both how
code is loaded and where resolved addresses flow to
indirect transfers. Existing analysis software resolves these
levels separately. Static disassemblers (IDA Pro [6,7],
Ghidra [8]) recover CFGs from existing code but cannot
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analyze code that will be loaded at runtime. Dynamic
instrumentation tools (PIN [9], Frida [10]) observe runtime
behavior but require executing the binary, which is
dangerous for malware analysis and is limited to executed
paths. Symbolic execution frameworks (Angr [1], S2E
[11]) explore paths symbolically but treat dynamic loading
APls as symbolic values that lose all information about
loaded code.

Statement of the problem. The primary challenge in
program analysis is that dynamic code loading operates at
two interacting levels, which existing tools analyze
independently, resulting in incomplete CFGs. The aim of
this study was to develop and assess a safe analysis module
that recovers complete CFGs by simultaneously
intercepting all code-loading APIs and monitoring indirect
control flow at the instruction level via symbolic execution,
correlating events across both levels to reconstruct the full
chain from library loading through to indirect invocation.

System-Level Evasion Techniques. While tradition-
nal analysis assumes libraries are loaded via standard,
documented POSIX interfaces [12], target programs
actively manipulate lower-level operating system const-
ructs to map executable code into memory. The most pre-
valent system-level evasion mechanisms include:

1. Internal APl Abuse: Programs can bypass
standard linker artifacts by directly invoking glibc-internal
functions, such as __libc_dlopen_mode(). This allows
library loading without importing dlopen into the Execu-
table and Linkable Format (ELF) [13] dynamic section.

2. Fileless Execution via Anonymous Descriptors:
Using the memfd_create system call, a program can
allocate a RAM-backed file descriptor that does not exist
on the physical filesystem. Writing binary data to this
descriptor and executing it via /proc/self/fd/N completely
bypasses any analysis that monitors at the filesystem.

3. Executable Memory Mapping: Programs can skip
the dynamic linker altogether by utilizing open() to acquire
a file descriptor, followed by mmap() or mmap64() with
PROT_EXEC permissions.

4. Manual Relocation and Resolution: In the worst
cases, a binary maps a shared library into memory and
manually parses its ELF headers, maps individual seg-
ments, processes relocations, and resolves symbols inde-
pendent of the OS loader.

Furthermore, the string parameters passed to these
mechanisms exhibit varying degrees of resolution comp-
lexity. These range from simple hardcoded strings to highly
complex paths that are decrypted at runtime, assembled
from environment variables, or received dynamically over
network sockets.

Symbolic Execution. Because the previous string
parameters are often unresolvable through static disas-
sembly, our method relies on symbolic execution. This
approach replaces concrete inputs with symbolic variables,
tracks path conditions as mathematical constraints, and
utilizes Satisfiability Modulo Theories (SMT) solvers to
explore feasible execution paths. Our implementation
extends angr [1], a binary analysis framework. Our CFG
construction relies on several core abstractions:

1. SimState: The fundamental unit of analysis,
encapsulating the program's registers, file descriptors, and

memory. Crucially, memory is modeled as a mapping to
symbolic bitvectors, permitting simultaneous reasoning
over both concrete addresses and symbolic data.

2. CLE (CLE Loads Everything): The framework’s
binary loader. CLE provides a dynamic_load() method that
allows our module to inject additional libraries into the
SimState execution, a critical requirement for simulating
runtime loading.

3. SimProcedures and Claripy: SimProcedures are
Python abstractions used to hook and replace specific
library functions or system calls during execution. When
these procedures encounter symbolic arguments, we use the
Claripy constraint solving interface, built on Z3 [14], to
concretize the values against a set of known candidate
libraries.

Architecture. Our module is based on a two-level
architecture that combines API-level interception and
instruction-level tracking at the same time, all within a
symbolic execution environment, as shown in Fig. 2.
Each intercepted function is modeled as a SimProcedure
subclass. The analysis proceeds in five stages:

1. The target binary is loaded into Angr.

2. 42 custom SimProcedures are installed at
Procedure Linkage Table (PLT) stubs and known function
addresses.

3. Symbolic execution explores the binary, trigge-
ring SimProcedures at API calls and VEX [15] breakpoints
at indirect control transfers.

4. A correlation engine links events across both
levels.

5. The output is a complete CFG covering both the
main binary and all discovered libraries.

Level 1 API. It consists of 42 SimProcedures divided
into six categories (Table 1). Each intercepted function is
modeled as a SimProcedure subclass. We adopt the naming
convention Dyn<FunctionName> for these classes. For
example, DynDlopen replaces the default dlopen
SimProcedure and extends it with library resolution logic.

Table 1 — Intercepted functions by category

. Detection
Category Functions Purpose
Dynamic dlopen, dlsym, dlclose, Standard
Loading dimopen, dlvsym, dladdr, library
dlinfo loading
Memory mmap, mmap64, mprotect, Executable
Ops mremap, memfd_create mapping
detection
Process execve, execveat, fexecve, Process
Exec clone, clone3 replacement
Security ptrace, prctl, setenv, putenv, | Anti-debug,
process_vm_writev code injection
Network socket, connect, recv, Network
recvfrom, send, sendto, payload
bind, listen, accept interception
File open, openat, fopen, File Directory
Operations sigaction Tracking

The Dynamic Loading category (7 functions) handles
the standard POSIX interface and its variants. DynDlopen
extracts the path argument from dlopen(), resolves it
through CLE's dynamic_load(), and returns a concrete
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Fig. 2. Results of the population grouping

handle address. DynDIsym looks up the requested symbol
in the corresponding library and returns a concrete function
address. DynDlclose decrements the handle reference
count. We also intercept dimopen for namespace-isolated
loading, dlvsym for versioned symbol lookup, and the
internal glibc function __libc_dlopen_mode. Concrete
return values at this level are what allows Level 2 to resolve
indirect call targets.

The Memory Operations category (5 functions)
detects executable regions created outside the dynamic
linker, open and openat record mappings between file
descriptors and filesystem paths in an fd_to path
dictionary. When mmap or mmap64 is called with
PROT_EXEC on a file-backed region, the corresponding
path is retrieved from this dictionary. DynMprotect catches
permission changes from writable to executable,
DynMemfdCreate detects fileless loading, where a library
is written to an anonymous memory-backed descriptor and
loaded through dlopen(/proc/self/fd/N).

The Process Execution category (5 functions) covers
execve, execveat, and fexecve for detecting process image
replacement, as well as clone and clone3 for tracking new
threads or processes that may load code independently.

The Security category (5 functions) intercepts ptrace
to detect anti-debugging checks, prctl for process attribute
changes, setenv and putenv for environment variable
manipulation that may affect library search paths, and
process_vm_writev for cross-process memory writes used
in code injection.

The Network category (9 functions) intercepts socket,
connect, recv, recvfrom, send, sendto, bind, listen, and
accept. These are necessary for cases where the dlopen()

argument is entirely received from a remote source and has
no representation in the binary itself.

The File Operations category (4 functions) includes
open, openat, and fopen for establishing file descriptors to
file paths, providing data that the Memory Operations
group needs. It also monitors sigaction for tracking signal
handler registration that may trigger deferred library
loading.

A central problem at this level is that path arguments
passed to dlopen() may be symbolic, meaning they are
encrypted, computed at runtime, or received from external
input. The default angr SimProcedure for dlopen returns an
unconstrained symbolic value and loses all loading
information. Our replacement performs concrete resolution
instead. All SimProcedures share the unified string
extraction method presented in Fig. 3.

Algorithm 1 (UnifiedStringExtraction) handles three
cases. If the pointer itself is symbolic, it returns a symbolic
pointer indicator. If the loaded data is concrete, it decodes
and returns the string directly. If the data is symbolic, the
algorithm iterates over known candidate strings and checks
whether each one satisfies the current path constraints
through the SMT solver. When a satisfying candidate is
found, the constraint is added and the string is returned. If
no candidate matches, a fallback scans the binary for .so
references, system library paths, and user search direc-
tories.

Level 2 Instruction-Level Tracking. It operates on
the VEX intermediate representation and monitors indirect
control flow transfers during symbolic execution [15].
Where Level 1 determines what is loaded, Level 2 deter-
mines where the resolved addresses are used. Before inter-
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pretation, angr lifts each machine instruction into VEX IR.
Three breakpoint types registered on the symbolic state are:

Algorithm 1 UnifiedStringExtraction
Require: State s, pointer p, max length L, encoding
Ensure: Concrete string, symbolic AST, or error
1: if solver.symbolic(p) then
2 return SYMBOLICPOINTER
3: end if
4: addr « solver.eval(p)
s: data + memory.load(addr, L, )
6
T
8
9

: if —solver.symbolic(data) then

:  return decode(solver.eval(data), E)

: end if

: {Symbolic string: attempt speculative resolution}

: candidates + GetPreloadedCandidates()

11: for each ¢ € candidates do

if solver.satisfiable(data = encode(c, F)) then
solver.add(data = encode(e, E))
return ¢

end if

: end for

: return SYMBOLICSTRING(data)

Fig. 3. Algorithm 1 Unified String Extraction

1. Call breakpoints fire before every call instruction.
If the target matches an address previously returned by
module class DynDIsym or obtained through manual
symbol lookup, a CFG edge is recorded from the call site
to the target function.

2. Exit breakpoints fire before every jmp and
conditional branch. They capture indirect jumps targeting
dynamically resolved addresses and help identify control
flow flattening dispatchers — blocks that branch to many
successors based on a state variable.

3. Return breakpoints fire before every ret instruc-
tion. They examine the return address on the stack to detect
Return-oriented programming (ROP) [16] redirection to
dynamically loaded code.

When a breakpoint encounters a symbolic target,
Algorithm 2 is applied, shown in Fig. 4. For each known
executable region, the algorithm constrains the target to fall
within the region's address range. If the constraint is satis-
fiable, the solver evaluates a concrete address under that
constraint. The collected addresses form the set of possible
call targets, all guaranteed to point to valid executable code.

Algorithm 2 Symbolic Target Resolution
Require: State s, symbolic target £

Ensure: Set of concrete addresses

1: solutions @

2: regions + GETEXECUTABLEREGIONS()
3: for each (start,end) € regions do

4 c+ (t > start) A (t < end)

5. if s.solver.satisfiable(c) then
6
7
8
9

addr ¢ s.solvereval(t, extra = [c])
solutions + solutions U {addr}
end if
: end for
0: return solutions

Fig. 4. Algorithm 2 Symbolic Target Resolution

Correlation Engine. The correlation engine
maintains three types of mappings across levels. First, file
descriptors are mapped to filesystem paths — populated
when Level 1 intercepts open calls and consumed when
mmap is intercepted with PROT_EXEC. Second, library
handles are mapped to loaded library objects — populated
by class DynDlopen and consumed by other class
DynDIsym. Third, resolved symbol addresses are mapped
to their call sites — populated at Level 1 and matched at
Level 2 to the indirect calls detected through breakpoints.
The engine also performs taint tracking. Data received
through recv() is marked as tainted, and if it later appears
as a dlopen() argument, the engine records the complete
data flow from network input to library loading.

Algorithm 3 (CFF Dispatcher Detection) searches the
recovered CFG for control flow flattening patterns.
Algorithm 4 (SMC and Inline Hook Detection) classifies
write operations to executable memory. When such a write
is detected , the original bytes are read and the new data is
classified. A JMP and CALL pattern triggers a hook report
with the computed relative target. A PUSH followed by
RET — common in ROP chains — produces a PUSH or RET
redirect report with the pushed address.

Evaluation. To enable complete evaluation, a suite of
16 benchmarks was created. These benchmarks cover a
wide range of scenarios, from simple dynamic loading to
advanced malware evasion techniques. For each bench-
mark, a dedicated binary was built to exercise a specific
loading pattern. Table 2 shows which intercepted functions
are involved in detecting each technique.

The module was assessed using a four-phase pipeline
that compares a static baseline CFG with the CFG produced
after dynamic library discovery (Fig. 5).

Algorithm 5 Evaluation Pipeline

Require: Binary b, library search paths P, ground truth G

Ensure: Static CFG metrics, module CFG metrics, validation
status

: Phase 1: Static Baseline
: P, + LOADBINARY (b, auto_load_libs=False)
: CEG, + CFGFAST(F;)

Phase 2: Dynamic Library Discovery

: P, + LOADBINARY (b, auta_leoad_libs=False)
: Install 42 SimProcedure hooks on P,

: gg + ENTRYSTATE( ;)

: simgr + SIMULATIONMANAGER(og)

: while |simgr.active| >0 do

simgr.STEP()

Prune active states to < 32

: end while

: L+ RECURSIVESCAN(DYNDLOPEN.LIBRARIES)

= = I~ e

23 E QDR =3w

: Phase 3: Module CFG Construction
: CEGy, + CFGFAST(F,,) {now includes L}

T e 3

- Phase 4: Validation

: for all ¥ € £ do
FRIDAVALIDATE(b, £)

: end for

b2 P2 b2 R
Lok = 3

Fig. 5. Algorithm 5 Evaluation Pipeline

Both CFGs are generated through the same analysis —
the only difference is that the module CFG includes
libraries resolved and loaded by our module. The difference
between the two graphs directly reflects the module’s
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contribution. For each benchmark, recall is computed as the
proportion of ground-truth libraries found, and precision as
the proportion of discoveries that match the ground truth.
The CFG improvement is measured through three metrics:
additional nodes, additional edges, and additional func-
tions. Every discovery is validated independently using
Frida-based dynamic instrumentation.

Environment. All experiments are completed inside
Docker containers running Ubuntu 22.04 LTS with Python
3.11 and Angr 9.2.98. The host system is an Apple
MacBook with M-series ARM64 processor running macOS
and Docker.

Verification. All 16 benchmark binaries are compiled
as ELF 64-bit ARM64 executables using GCC 11.4 with
default optimization level to preserve the original control
flow structure of each evasion technique [17]. Payload
libraries are compiled as independent shared objects. Each
benchmark is executed in an isolated container instance to
prevent issues between experiments. Analysis times are
measured as durations averaged over three independent
runs to account for variability in constraint solver
performance. Table 2 presents the complete library
detection results across all benchmarks together with
independent Frida validation status. For each benchmark,
the number of expected libraries is reported, the number of
libraries discovered by our module, the Frida validation
outcome, and the loading mechanism employed. Based on
these results, the module achieves 100 % recall and 100 %
precision across all benchmarks. All benchmarks discover
libraries that are confirmed through Frida dynamic instru-
mentation, providing independent verification of the sym-
bolic analysis results.

Areas of Improvement. While the results are
encouraging, the module is far from complete, because our
benchmarks are synthetic. They mirror documented
malware techniques, but real obfuscated binaries are
complex and less predictable and will require testing
against samples from virus repositories. Our module can
flag obfuscation but makes no attempt to undo it. Reversing
these transformations to recover the original program logic
is a harder problem, and it is unclear how far angr's

symbolic execution can be pushed in that direction without
fundamental changes to the engine. Platform coverage is
another constraint. The current implementation handles
Linux ELF binaries on x86-64 and ARM64 reasonably
well, and we do not support other OS. Taint tracking also
has known blind spots. The engine follows explicit data
flows but ignores implicit flows through control depen-
dencies, which means precision degrades when execution
passes through hash functions, compression routines, or
cryptographic operations. Whether that integration is
practical, and whether analysts would adopt it, remains an
open question we intend to explore.

Conclusions. The research presented in this paper
demonstrates the feasibility of recovering control flow
graphs from binaries that rely on dynamically loaded code
whose identity is determined only at runtime. By leveraging
a symbolic execution engine and extending it with a two-
level interception architecture, our module can resolve
library targets that are encrypted, constructed on the stack,
derived from network sources, or loaded through fileless
mechanisms, and subsequently construct CFGs that reflect
the true program structure. The evaluation on a suite of 16
benchmarks shows that the module achieves 100 % recall
and 100 % precision for library detection across all tested
scenarios. The module CFGs produced after analysis
contain, on average, 29.8 % more nodes, 26.5% more
edges, and 41.6 % more functions than the corresponding
static baselines, demonstrating an improvement in CFG
completeness. All discoveries are independently validated
through Frida-based dynamic instrumentation. At the same
time, the work highlights limitations and directions for
further development. Obfuscation patterns are detected but
not reversed, and taint propagation does not yet capture
implicit information flows. Future iterations of the system
could address these gaps by integrating automatic deob-
fuscation, extending platform support to additional OS, and
incorporating machine learning classifiers for novel eva-
sion technique identification. Overall, our study delivers a
working demonstration of how symbolic execution can be
combined with comprehensive API interception to recover

Table 2 — Verification Results

Benchmark Steps | Time, s CFG Nodes C_FG Edges Functions IToaded Objects
' Static | Module | Static [ Module | Static | Module Static Module

simple_dlopen 20 0,21 67 101 73 106 37 57 5 7
environment_path 31 0,26 80 116 88 126 43 61 5 7
xor_encrypted 40 0,32 79 111 86 118 42 60 5 7
computed_path 33 0,26 84 115 93 124 44 61 5 7
multi_stage 20 0,25 77 151 91 164 37 81 5 9
stack_strings 22 0,25 72 101 78 109 39 54 5 7
time_triggered 33 0,29 75 104 85 116 39 54 5 7
anti_debug 48 0,32 112 141 130 161 53 68 5 7
memfd_create 26 0,34 136 165 158 189 67 82 5 7
indirect_call 36 0,26 73 102 88 119 34 49 5 7
multi_encoding 151 0,97 105 134 121 152 46 61 5 7
manual_elf load 46 0,36 153 182 192 223 57 72 5 7
mmap_exec 49 0,37 119 152 144 177 50 69 5 7
rop_chain 71 0,40 99 131 118 151 47 65 5 7
signal_handler 71 0,41 114 176 138 202 53 87 5 9
network_socket 82 0,39 118 147 146 177 53 68 5 7
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BITHOBJIEHHSA I'PA®IB ITIOTOKY KEPYBAHHS JUISI JUHAMIYHO 3ABAHTAKEHOI'O KO4Y
HJISIXOM CUMBOJIBHOTI'O PO3B’sI3AHHS BIBJIIOTEK

I'padu motoky KepyBaHHS € OJHUM i3 KIIOYOBHX JUKEPEN JAHMX SIK JJIsI CTATHYHOTO, TAK 1 JUI AMHAMIYHOTO aHali3y MPOrpaMHOro 3ade3neyeHHs,
OCKITBKH CaMe BOHH BiZIOOPaKaroTh MOXKIHBI HUIAXH BHKOHAHHS TPOTPAMH Ta CIYTYIOTh OCHOBOIO JUTSl BHSIBIICHHS Bpas3IHBOCTEH, Bepudikaiii
MOBEIHKY 1 OWIHKH Oe3reKku Koxy. BomHouac 3axmineHe mporpamHe 3ades3nedeHHs Ta cydacHe mKimmmee I13 nemani akTHBHIIIE MOCIYTOBYIOTHCS
MeXaHi3MaM{ TUHAMIYHOTO 3aBaHTAXECHHS KOAY i 3B’SI3yBaHHS I1iJ] YaC BUKOHAHHS, 1[0 3aJIMIIA€ HEBUPIIICHUMH HENPSIMI BUKJIUKH Ta YHEMOKIIMBIIFOE
MOBHE CTAaTUYHE BiJTHOBJICHHS rpadiB MOTOKY KepyBaHHsL. SIK HACIIiIOK, 3aJISKHOCTI BiJl 30BHIMIHIX 010J110TEK 3aMIIAI0THCSl IPUXOBAaHUMH, & PE3YJIbTaTH
CTaTHYHOTO aHaNI3y — HEMOBHHUMH, III0 CYTTEBO OOMEXKYe MOXIIMBOCTI aHaTi3y Oe3neku OiHapHUX (aitmiB. 1 nomonaHHs 3a3HaA4EHOr0 OOMENKEHHS
3aIPOIIOHOBAHO METOJ aHall3y, 0 MOETHYE CUMBOJIIYHE BUKOHAHHS 31 CIEKYJIATUBHUM IONEPEIHIM 3aBaHTAKEHHSIM O0i0JIOTeK JUIS BiIHOBJICHHS
rpadiB MOTOKYy KepyBaHHS 3 OiHapHHMX (aillliB, sIKi BHKOPHCTOBYIOTH JHHAMIYHE 3aBAHTaXXKCHHsS. METOMOMNOris IPYHTYEThCS HA 3aCTOCYBaHHI
CIEIiaTbHAX MPOrPaMHHUX MEPEXOIUTIoBaYiB, M0 (GIKCYIOTh omepanii JUHAMIYHOIO 3aBaHTAXEHHS IIiJl YaC CHMBOJIYHOTO BHKOHAHHS Ta IHTETPYIOTh
(akTryHO 3aBaHTakeHi 0i0TIOTEKH OE3MOCEPeHbO Y CTaH aHANi3y, 3aBASKM YOMY paHillle HEBUPIIIEHI HeMPAMi BUKJIMKH OTPUMYIOTh KOHKPETHI L1
nepexony. Mozyns peaizoBaHO Ha OCHOBI JBOPIBHEBOT apXiTEKTYpH, sika 3a0e3neuye oHoYacHe (YHKIIOHYBaHHSI MEXaHi3MiB epeXoruieHHs GpyHKIii
Ta BIJICTeXEHHS IHCTPYKIH Yy €IUHOMY CEpElOBHINI CHMBOJIIYHOTO BHKOHAHHA. IIpHHIHMIIOBAa BIiIMIHHICTH BiJ IHCTPYMEHTIB JHHAMIi4HOL
IHCTpYMEHTAIli{ MOJIATae B TOMY, IO aHali3 HPOBOJUTHCS I[IIKOM Y CUMBOIIYHOMY CepeloBHUIli 0e3 (akTHYHOro 3amycKy MOTEHIIHHO IIKiAIUBOTO
KOJLy, 10 pOOUTH MiAXix Oe3NeYHUM JUTs JOCIHIIKEHHS 3I0BMUCHOTO MPpOrpamMHoro 3abesnedeHHs. OuiHKy BUKOHAHO Ha 16 CHHTETHYHHX TECTaX, 10
OXOIUTIOIOTH Pi3HOMaHITHI TeXHIKU 00¢ycKarii: 3amudpoBani Ha3BH 6i0yi0TeK, 3aBaHTaXKEHHS IHILIHOBaHE MepEexXelo, IMUBIXH, OTPUMAaHI 31 3MiHHHX
OTOYEHHS, OaraToeTarHi JAHIIOKKY JemudpyBanHs, 6e3(daiiioBe BUKOHAHHS Ta Py4YHHUIl po30ip BUKOHYBaHMX (aiitiiB i (opMaTiB 3B’s3yBaHHS. 3a
pe3yabTaTaMH eKCIepPUMEHTIB 3adikcoBaHO MPUPICT y cepennboMy 29,8 % By3miB Ta 26,5 % pebep rpadiB IOTOKY KepyBaHHS MOPIBHAHO 3 BUKIIOUHO
CTAaTHYHHM aHaJi30M, a Takoxk JocsarHyTo 100 % TounocTi Ta 100 % MOBHOTH y BUSBIICHHI IMHAMIYHO 3aBaHTaXXyBaHMX 0i0JiOTEK, IO MiATBEPIHKEHO
MEPEXPECHOI0 BaIIIIAIIIEIO0 32 TOTIOMOT O IMHAMIYHOT iHCTpyMeHTalii Ha ocHoBi Frida.

KurouoBi cioBa: OinapHuil aHamis, rpad) NMOTOKYy KepyBaHHs, AWHAMIUHE 3aBaHTA)XCHHS, CHMBOJIYHE BUKOHAHHS, aHAJi3 IIKiJUTHBOTO
MIPOrPaMHOTo 3a0e3MeYeHHS.
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METO/I BEPUDIKAILIi 3FAJJAHCOBAHOCTI MEHTAJIBHAX MOJIEJEN PIINEHHS
IHTEJIEKTYAJIBHOI CHCTEMHA

Ipeamerom nocimijxeHHs € npouec Bepudikalii MEHTAIBHUX MOJENeH PIillleHHS IHTEIeKTyallbHOI cucTeMu. MeTor poboTu € po3podka Iiaxomy 10
OLIIHIOBaHHS 30aJaHCOBAHOCTI MOSICHEHD PillleHb iHTENeKTyalIbHUX CHCTEM IIOJ0 iX HeTaTHBHHX Ta IMO3HTHBHUX acIeKTiB. BinmoBinHo mo miel metn
BUPILIYIOThCSL TaKi OCHOBHI 3aJadvi: PO3POOHMTH MiIXiJ MO OLIHIOBaHHS 30aJJaAHCOBAHOCTI MOSICHEHb PIllIeHb IHTEJIEKTYyalbHUX CHCTEM Ha OCHOBI
MPOMOPIIHHOCTI MOAAaHHS HETaTHBHHX 1 MO3UTHBHUX XapaKTEPHCTUK Yy MOSCHEHHI; PO3POOMTH 3araipHuil MeTox Bepudikamii 30anaHcoBaHOCTI
MEHTAJIPHUX MOJEJCH pIIICHHS IHTEIEKTYalbHOI CHCTEMH, SKHH BPAaxOBYye CTPYKTYpHE W BaroBe MOKPHUTTS MHOXXHHHM HETaTHBHUX AacCICKTIB
MEHTAJIBHUMH MOJISIISIMH PILLICHHST; POBECTU EKCIIEPUMEHTAIIBHY TIEPEBIPKY 3aIlpOIIOHOBAHOTO METO/Y Ha MIPHKIIA (i Ha0Opy KOPHUCTYBALIBKUX BiATYKiB
po poOOTY PEKOMEHIALIHHOT CHCTEMH, IO MICTATH 1HPOPMAILIIF0 MEHTAIbHI MOZEI 3alIPOIIOHOBAHHX PillIeHb. 3aIPOIIOHOBAHO Mi/IXi/ 10 OLiHIOBAHHS
30aJIaHCOBAHOCTI MOSICHCHb PIIICHb IHTEICKTYalbHHX CHCTEM 3 ypaxyBaHHSM HETaTHBHHX AaCIeKTIB, SKui mepenbadae (pOpMyBaHHsS ETaJOHHOI
3BaKEHOI MHOXKHHHU CYTTEBUX HETaTHBHHX aCIIEKTIB PIllICHHSI, BUIYYCHHS HETATHBHHUX €IIEMEHTIB IOSICHEHHS Ta PO3PAaXyHOK [IOKa3HUKIB CTPYKTYPHOTO
i BaroBOro IOKPHTTS, a TAKOXK OLIHKU MPOIMOPIIHHOCTI MOJAHHS HEraTUBHOI iH(opMmamii. Takuil MiAXig JO3BOJSIE OTPUMATH KiNBKICHY OILIHKY,
HACKIJIbKH TIOSICHEHHS BifoOpakac OOMEKEHHS Ta MOXKJIMBI HEraTHBHI HACIIIKM 3aCTOCYBaHHS PIILICHHS y CIIBBIJHOLICHHI J0 MO3UTUBHHUX HOTO
BJIACTHBOCTEH!. 3aIPOIIOHOBAHO MeTO | BepHQiKallii 30a1aHCOBaHOCTI MEHTAJIBHUX MOJIENICH PillIeHHS IHTENeKTyaJIbHOI CHCTeMU. MeTo/ BKITIOYaE eTanx
(hopMyBaHHS €TaIOHHOI MHO)KMHHM HEraTHBHHX ACIICKTIB PIiLlICHHS HAa OCHOBI aHaJi3y KOPHCTYBALBKHUX BiATYKiB, BHIyYCHHS! HETaTUBHOI KOMIIOHEHTH
MEHTAJIbHUX MOJIENeH pillicHHS, 00YMCIICHHS MTOKa3HUKIB CTPYKTYPHOTO Ta BArOBOTO MOKPUTTS B MEHTAJIbHUX MOJIEIISIX, OLIIHIOBAHHS IMPONOPIIHHOCTI
1 peneBaHTHOCTI OJaHHs HeTaTHBHUX acleKTiB, GOpMyBaHHS IHTErpabHOI OLIHKU 00 30aaHCOBAaHOCTI MEHTAIBHUX Mozeneil. Merox 3abe3nedye
MOJKIIMBICTh YTOYHEHHSI MEHTaJIbHUX MOJICNEH 3 ypaxyBaHHSAM HEJOJIKIiB MPAKTUYHOTO 3aCTOCYBAHHS PIIICHHS KOPHCTYBada BHACIIJOK HEHMOBHOTH
Mozenell. EkcnepuMeHTanbHa nepeBipka METOy Ha OCHOBI HAOOpY KOPHCTYBALbKMX BIATYKIiB IOKa3alsa, IO BUKOPHCTAHHS BIATYKIB K JDKepena
iHpopMamii IOXO MEHTAIPHHX MoOJeNeil KOPHCTYyBadiB Ja€ MOXIIMBICTE C(OPMYBAaTH €TAJOHHY MHOXKHHY HETaTUBHUX AacHeKTiB pilIeHHS
IHTEJIEKTYaIbHOI CHCTEMH, sIKa BioOpakae npoOIeMy BUKOPHCTAHHS Ta PH3UKH, BaKIIUBI U1 KOPHCTYBAUiB.
K1040Bi c10Ba: MOSCHEHHS; CHCTEMA IITYYHOTO iHTEIEKTY; 3pO3yMUIHI IITYIHHI IHTENEKT; 3JIeXHOCTI; MCHTAJIbHA MOJIEIIb; BepHQiKarlis.

Beryn. IToOynoBa MOSICHIOBAaHMX 1HTENEKTYaJIbHUX
cHcTeM, SIKi MOXKYTh Ha/laBaTH KOPUCTyBadaM iHTEpIpPETO-
BaHi TIyMa4deHHsS CBOIX pIIICHb, € OIHUM i3 aKTYaJbHHUX
HAMPSAMIB JOCITI/DKeHb Y Tajy3i mTyqHoro iHTexekty [1].
[Tpu BUKOpUCTaHHI LUX PIllIeHb HA MPAKTHII KOPUCTYyBayi
MaroTh PO3yMITH 1 BpaXxOBYBaTH SIK iX HepeBaru, Tak i pu-
3MKH, a TaKOK OOMEKEHHs II10JI0 MOXIIMBOCTEH 3acTocy-
BanHs [2]. OqHak 3HAYHA YACTHHA ICHYIOUHX ITiIXOIIB JI0
noOysoBu MosicHeHb B iHTenekTyansHux cucremax (IC)
OpiEHTOBaHA MEPEBaXKHO HA OOIPYHTYBaHHS MO3UTHUBHHUX
aCTeKTIB PEeKOMEHMAIliH, TOMi SK HETaTHBHI BIACTHBOCTI
pIlIeHs YacTo TpeAcTaBieH! (pparMeHTapHO abo He Bimo-
OpaxkaroThCsl 'y mporieci B3aeMojii 3 kopuctyBauem [3].
Jlane oOMeXeHHS NMPU3BOIUTH 0 (OPMYBaHHs He30amaH-
COBaHMX MEHTAIFHHX MOJIENICH pillleHb Y KOPUCTYBadiB,
110, B CBOIO uepry, 3HWKye noBipy no IC Ta yckiaaHioe
MPaKTHYHE 3aCTOCYBAHHS OTPHUMAHUX Pe3ybTatis [4].

Menranbaa mozens pinteHHs 1C npencrasisie cobor0
BHYTPIIIHE MPECTaBICHHSI CYKYITHOCTI IPUYMHHO-HACITI-
JIKOBHUX 3B’SI3KiB MiX BJIACTUBOCTSIMH PIillICHHS, a TaKOX
CIIeHapiiB BUKOPUCTAHHA Ta OOMEXEHb, HA OCHOBI SKOTO
(opMyeThCs TOSICHEHHS 11010 HOT0 KOPUCHOCTI JJIs1 KOpH-
cryBaya [4]. SIkuio MeHTalbHa MOZIENb HE MIiCTHTh ab0 He
MOBHICTIO BPaXOBYE CYTTEBI HETaTHBHI aCHEKTH PillIeHHS
IC, To HaBiTh OOTpyHTOBaHE Ui KOPHCTYBada PilllCHHS
Moxe OyTu crpuiiHaTe sk ynepemkene [5]. Tomy Baxiu-
BUM 3aBJIaHHSM B paMKaXx MOSCHIOBAJIbHOTO MITYYHOTO iH-
TEJIEKTY € po3po0Ka MeTOIiB BepHudikallii 30a1aHCOBAHOCTI
MEHTAJIbHUX MOJENEH PillieHb IHTEJIeKTyalbHUX CHUCTEM 3
ypaxyBaHHSIM BiTOOpa)XCHHS HETATHBHHUX ACIIEKTiB OTPH-
MAaHOTO pe3yJbrary [6].

HeratuBHi acniekTH pilieHb MarOTh NPOSBU HE JIHIIIE
Ha piBHI BHYTPIIIHIX MEHTAIBHUX MOJENeH, ane i, 3a pe-
3yIbTaTaMH JOCBiy BUKOPUCTAHHS WX PIIIEHb KOPHUCTY-
BavaMH, MPOSIBIISIIOTHCS SIK BIII'YKH, CKapri, KOMEHTapi, a
TAKOX TMO3WTHBHI ¥ HeratwBHi ominku [7]. 1li mkepena
iHpopMmauii MicTaTh HehopMatizoBaHi, (parMeHTH MeH-
TaJIbHUX MOJIeJIell KOPUCTYBayiB, sIKi BiJOOpaKarOTh Mpo-
OJIeMHI acleKTH pillleHb, a TAKOX KOPUCTYBALbKY 1HTEp-
IpeTaiio MOBEAIHKM IHTEeJIeKTyanbHOI cuctemu [7].
[HTerparnist pe3ynpTaTiB TAKOrO €MIIiPUYHOTO 3BOPOTHOTO
3B’SI3Ky 13 (POPMaTBbHHMH MOJETSIMH PIlICHb BiIKPHUBAE
MOJKJIMBICTh BeprQiKallii BiJIOBITHOCTI MEHTAIILHUX MO-
JIeJIell Ta pearbHOTo JOCBiAY KOpUCTyBaviB. Hemimmosiz-
HICTP Mozenel 1 JOCBiLy NpPaKTHYHOTO 3acCTOCYBaHHS
pIlIEHs CBIAYUTH TMPO CYTTEBI OOMEKEHHA y TMpoIeci
No0Yy/I0BH MOSCHEHb B IHTENEKTYaJIbHIH CHCTEMI, 8 TAKOXK
He30aJIaHCOBAHICTb MOSICHEHHSI 3 YpaxyBaHHs HEraTHBHUX
acmekriB pimenns IC [8].

Takum 9rHOM, HIepeBipKa 30alaHCOBAaHOCTI MEHTAJIb-
Hux Mozener pimenas IC mae 6azyBatuces Ha opMyBaHHI
0a30BOi MHOXHMHHM CYTTEBUX HETaTHBHUX AaCIEKTIiB
pillIeHHS! Ha OCHOBI, HANIPHUKJIAJl, aHAJTi3y KOPITyCy KOpHC-
TYBaIlbKHUX BiTYKiB, 3 OJANBIIOK BepH]iKaiieo MeHTa-
JBHUX MOJIENEH 1010 MOKPHUTTS Ta MIPOIOPIIIHHOCTI 103U~
THBHUX Ta HETATHBHUX BIacTUBOCTEH piteHHs [6, 8]. Take
CHIBCTaBJICHHS J1a€ MOXJIMBICTh BCTQHOBHTH MOJKIIUBY
nepeBary MO3WTHBHUX aCHEKTIB PIillIeHHS Y MMOTOYHIH MEH-
TaJNbHIA MOJEIl ¥ HEBIAMOBIAHICTh HETATHBHMX ACIIEKTIB
TOMY HpEACTaBJICHHIO, 5Kke (OPMYIOTH KOPUCTYBadi y
CBOIX MeHTampbHHX Momemsix [8]. Sk Hacmimok, MOXyTh
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OyTH BUSBIIEHI 1 TOTIM YTOYHEHI «CJIiITi 30HU» Y MEHTalb-
HUX MOJICJISIX PillleHb IHTENIEKTYaIbHUX CHCTEM [6].

Takum guHOM, BepHdikallis 30aJaHCOBAHOCTI MEH-
TanbHUX Moxener pimeHHs [C cTBoproe ymMOBH Ui
a/IEeKBaTHOTO BUKOPHMCTAHHS IUX DIllIEHb NPU BUPIIICHHI
MPaKTHYHUX 33/1a4 KOPHCTYBaUiB.

AHaJti3 ocTaHHIX T0CTiIKeHb i myOJikamiit

JocnimkenHss y cdepi MOSCHIOBAHOTO INTYYHOTO
inTenekry (XAl) mpuainsdioTh 3HauHy yBary po3poOii
METO/IIB JIOKAIBHOT Ta IJI00aJIbHOT IHTEpIpeTallii MOICIeH,
takux sk LIME, SHAP, a Takox aTpuOyTHBHUX ITiTXOIIB.
CyKymHICTP IMX WIiAXOIIB Ia€ MOXIHBICTH BHSBUTH
HaMOUIBII BaXKIIMBI BJACTUBOCTI 400 KOMITOHEHTH BXITHHUX
naaux [9, 10], mo migsumrye nposopicts Momenei. [lpore
i METONM TpHU3HAYCHI IS TOSCHEHHA TOTO, YOMY
pimmenHs [C MoXyTh OyTH 3aCTOCOBaHiI Ha mpakTuii. Ori-
HIOBaHHIO TOT'0, HACKIJIbKY MTOBHO BII0OpaskeH1 MOTCHITIHHI
pH3HKH, OOMEeKeHHs ab0 HeraTUBHI Hachiaku pimenHs [C
y BKa3aHUX METOJax i MiAX0Aax He MPUAIISETbCS JOCTaT-
Hbo yBar# [3, 10]. Tomy noHsATTS 30aaHCOBaHOCTI MOSsiC-
HEHHS 3a3BUYail PO3IIISIAETHCS SIK HEsSBHE, IO OOMEXYe
PO3pOo0OKyY KpuUTepiiB Ta mpoteayp Bepudikarii [6].

JocnimKeHHs 010 MOAETIOBAHHS Ta aHAIi3Y MEHTa-
JBHAX MOJENell KOPHCTYBadiB y CHCTEMax MiATPUMKH
MIPUHHATTS pillIeHb OPIEHTOBaHI B MEPUIy YEpry Ha BUSB-
JICHHA CHOCOO0iB (OPMYBaHHS BHYTPIIIHBOTO IPEICTaB-
JICHHA TIPO POOOTY CHCTEMH, 11 METY, MOXKITUBI OOMEKCHHS
Ta OouikyBaHy NmoBeAiHKY [11, 12]. ¥V Takux AOCIIHKEHHIX
MEHTaJbHa MOJEIb PO3IJIIIAEThCA Yy aCMeKTi JOBIpH 3
NO3ULIT MPUAHATTS a00 BIIXWIICHHS pillleHb CHUCTEMH, a
TaKOX SIK 00 €KT aamnTaiii 31 CTOpOHH CUCTEMH, 30KpeMa 3
BHUKOPHCTAHHSAM IIePCOHATI30BaHuX MosicHeHs [11]. TIpote
NMUTaHHAM Bepudikauii 30anaHCOBAHOCTI MEHTAJIbHUX
MoJieNelt He PUIIAEThCS JOCTaTHRO yBary [6].

B pamxax noOyznoBu nosicieHb B IC cyTTeBOrO po3-
BHTKY HaOyIH HeHpocuMBOIBHI miaxoau. OcoOIUBICTE Ta-
KHX IIIXO/IB MOJSATae y MOEIHAHHI HEHPOHHUX MEpex i3
CHUMBOJILHUM MPE/ICTaBICHHIMHY 3HaHb Y BUTJISII JIOTTYHUX
MIPaBHJI, OHTOJIOTIH a00 X TPadoOBUX CTPYKTYp Ta CIICHAp-
HuX Mojeneil. Take MoeTHAHHS CTBOPIOE YMOBH IS IIijI-
BUILEHHST NPO30POCTi pOOOTH IHTEJIEKTyalbHUX CHCTEM
[13, 14]. Boanowac HaBiTh y Mekax HEHPOCHMBOJIBHHX CHU-
CTEM OCHOBHA yBara 4acTo 30CEepeIDKYEThCS Ha MPaBUIIb-
HOCTI Ta TMOBHOTI 3HaHb, Y3TOKEHOCTI JIOTIYHUX TIPABIII
YU BIAMOBIAHOCTI OHTOJIONIYHUX 3B’A3KiB, TOMI SIK JOCST-
HEeHHIO OaJlaHCy MK TIO3UTHBHUMU Ta HETraTUBHUMH aclie-
KTaMH pillleHb He MPUALIAETHCS JOCTaTHRO yBaru [6, 14].

BukopucranHs BiryKiB KOPHCTYBaYiB, OL[IHOK Ta KO-
MEHTapiB SK JUKepesa 3HaHb PO pPeasbHUH JO0CBIJI B3aEMO-
Jii 3 1HTEJNEKTYaIbHUMHU CHCTEMaMM PO3TIISIAEThCs B [7,
15]. AHani3 TOHANBHOCTI Ta TEMATHKH BINTYKIiB Ja€ MOX-
JIUBICTH BUSIBUTH MTO3UTHBHI I HETraTUBHI CTOPOHH MPOSY-
KTiB Ta CEPBICiB, 10 J03BOIIsAE (hOpMYBaTH MPOGiii IKOCTI
Ta 33J0BOJICHOCTI KopucTyBadiB [15]. OxHax Taki emmipu-
YHI JIaHi 3a3BUYail He BUKOPUCTOBYIOTHCS JIJIsl BUSIBIICHHS
BiIMIHHOCTEH MDK BHYTPIIIHIMH MOJENSMH CHCTEMH Ta
MEHTAIBHUMH MOJISIISIMU KOpHCTyBadiB [6, 8, 15].

TakuMm YMHOM, aHAJi3 OCTaHHIX JOCIIIKEHb 1 MyOTi-
Kallii cBiTunTh, 0 npobiiemMa Bepudikarii 30a1ancoBaHo-
CTI MEHTAJIBHUX MOAEJNEH pIilleHb IHTENEKTYyaJIbHUX
CHCTEM 3 ypaxyBaHHSIM HETaTUBHHMX acleKTIB Ha OCHOBI

aHai3y MaHUX 3 KOPUCTYBAIbKUX BIATYKiB MOTpeOye CBO-
ro BupimeHHs. Lle 00yMOBIIOE aKTyalbHICTh TAHOTO JO-
CITIIKEHHS.

Mera Ta 3agaui gocaimkeHHsi. Metoto pobotu €
pO3po0Ka MmiIX0ay J0 OILiHIOBAaHHS 30aITaHCOBAHOCTI MOSIC-
HEHb PIllICHb IHTEJNIEKTYalIbHUX CHCTEM ILIOJO0 iX HeraTHB-
HUX Ta MO3UTUBHUX ACTIEKTIB.

BinmoBigHO 10 11i€1 METH BUPINIYIOTHCS TaKi OCHOBHI
3a1a4i:

— pO3pOOUTH MiIXiM IO OI[IHFOBaHHS 30aJaHCOBAHO-
CTi TIOSICHEHP PIlIeHb 1HTEJNEKTYyaJbHUX CHCTEM Ha OCHOBI
MPOTIOPLIHHOCTI MOJAHHS HETaTHBHUX 1 MO3UTHBHUX Xa-
PaKTEpUCTHK y TOSACHEHHI;

— po3pobuTH 3aranbHUI MeTo Bepudikalii 30aman-
COBAaHOCTI MEHTAJIBHHUX MOJEINeil pIMIeHHS IHTENeKTY-
IBHOI CHUCTEMH, SIKMH BPaxOBYE CTPYKTypHE W Barose
MOKPHUTTS. MHOXXHHHU HETaTUBHMX acIEeKTiB MEHTaJIbHUMHU
MOJICJISIMU PIIICHHS,;

— IIPOBECTH EKCIIEPUMEHTAIIbHY MEPEBIPKY 3aIporio-
HOBAaHOTO METOJy Ha IPHUKJIaAI Ha0Opy KOPHUCTYBAlbKUX
BIATYKIB Ipo poOOTy peKOMEHAALIIHOT cucTeMH, 10 Mic-
TATH iHPOPMAIIiIF0 MEHTAIIEHI MOJIEII 3apPOIIOHOBAHUX Pi-
IICHb.

Iligxin a0 ouiHOBaHHA 30aJ1aHCOBAHOCTI MOSIC-
HeHb pillleHb IHTeJEeKTYaAJbHUX CHCTEM.

Ilinxig go omiHIOBaHHS 30aIaHCOBAHOCTI MOSICHEHB
pilICHB IHTENEKTYaTbHUX CHCTEM II0/I0 HETATUBHUX acTie-
KTiB BH3Ha4yae KPHUTEPil Ta MpOICAypPYy OIHIOBAHHS IS
onHOro mosicHeHHs. [1iaXi BKIIFOYa€e YOTHUPH KPOKHU: (op-
MYBaHHSI €TaJOHHOI MHOXXMHHM HEraTMBHUX acIeKTiB pi-
IICHHS; BUIYYCHHS HETATHBHHUX AaCICKTIB pIIICHHS 13
MOSICHEHHSI; 00YHCIIEHHS MOKA3HUKIB MMOKPUTTS Ta MPOTIOP-
uiitHocTi; opMyBaHHs IHTErpaibHOI OI[iHKA 30araHcoBa-
HOCTI OSICHEHHS.

Ha nepuiomy kpoti GpopMyeTbCsi MHOKHHA CYTTEBHX
HETaTUBHHUX AaclleKTiB PIIIeHHS, SKa BHKOPHCTOBYETHCS
JUISl OLIIHIOBaHHS KOHKPETHHUX MOSCHEHb. J[kepenamu mis
o0y IOBH 1€l MHOKHHU € Ha0lp JaHWUX MPO JOCBiI BUKO-
PHCTaHHS PIICHHS KOPUCTYyBayaMu, HaIIPHUKJIa]], TEKCTOBI
BIATYKH. I3 1aHOro HabOpy BUALIAIOTHCS CYTTEBI (3a3BHUAl
MOBTOPIOBaHi) HeraTUBHI (PAKTOPH, SIKi BIUIUBAIOTH Ha €KC-
IUTyaTtarlito pireHHs. s KOXKHOTO HETaTHBHOI'O ACIEKTY
3aJa€TbCsl HOPMOBaHa Bara, sika BiJoOpaxae Horo
3HAYYIIICTh /7S 3aCTOCYBaHHSA PillleHHs. 30KpeMa, CyTT€EBI
300i MaloTh OimbIy Bary, HDX HEIOJIKH iHTepdeiicy.
Hanpuknan, muist TeneoHa TakMMH HETaTUBHMMH acliek-
TaMH MOXYTh OyTH peajbHa €MHICTh Ta aBTOHOMHICTh
aKyMyJISITOpHOT Oarapei, BiJICYTHICTb TapaHTii, meperpis
KOpIyCy, IMCKOM(OPT Bij eKpaHa, IpobieMaMu 3 aBTOpH-
3aI1i€lo Ta KOH(iAeHIIHHICTIO.

Hpyruit Kpok po3pobIeHOro MiaXory OB A3aHUH 13
aHaJII30M KOHKPETHOTO MOsICHEHHS oo pimenHas IC. I3
TEKCTY TMOSICHEHHSI BHUJIUISETHCS MHOXKHHA HETaTUBHUX
€JIEMEHTIB, sIKi B sIBHI a00 HesBHIH (GopMi ONHCYIOTH He-
JTOJTIiKY, HeOakaHi HACIIIKM 3aCTOCYBaHHS a00 OOMEKeH-
HS maHoro pimeHHs. [Ipym BwiIydeHHI O3HaK (DaKTHIHO
(dopMyeTbes BiToOpakeHHs MOSICHEHHS SIK YIIOPSIKOBAHO1
MHOXXMHH BJIaCTHBOCTEH PIllIeHHS Ha MHOXXWHY HETraTHB-
HUX acnekTiB. KojKeH eeMeHT MOsICHEHHs, SIKUH MICTUTb
omnuc mNeBHOI NHpoOJieMH, BiJOOpaXkaeTbcs HA OAWH YU
KiJJbKa EJIEMEHTIB €TaJOHHOI MHOXMHU HETaTUBHUX

Jewuncora I. O. Memoo eepughixayii 36anrancosanocmi MeHmanibHux
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acrmekTi. SIKIO TOsSCHEHHS MICTHTh KOHKPETHHH OITHC,
HalpUKJIAL, 3TafKy I[Ipo MIBUAKUA po3psx Oaraped,
neperpiB abo MOXJIMBI MOMIJIKH aBTOPH3alii, TO BiAIO-
BiZIHI aCIEKTH BBAKAIOThCS NMOKPUTHMH HOSCHEHHSM. B
IHIIOMY BUMAJKY BiICYTHI y OSICHEHHI CyTTEBI HETaTUBHI
acrekTH (ikcyro

Ha tperpoMy Kpolli BHKOHYETHCSI B OOUYMCIICHHS
MOKa3HUKIB CTPYKTYPHOT'O 1 BaroBoro MOKPHTTSL, sIKi Bifl0-
OpakaroTh, HACKUIBKY HIOBHO H aJJeKBaTHO MOSICHEHHS I10-
KpPHBa€ €TaJIOHHY MHOKWHY HET'aTHBHUX aCIICKTiB.

. . ne
KoeoirieHT cTpyKTypHOTO MOKPHTTS Cstrgct xa-

PAKTCPU3YE YaCTKY Lneg €TaJOHHUX HETaTHUBHUX ACIIEKTIB

etalon .
L , IPEICTaBIECHUX Y MTOSCHEHHI:

L"eg

neg __
CSII‘UCI -

. @)

Letalon

ne . .
3nauenns Clgy , 67M3bKI 710 1, CBimuaTh mpo Te, mo

MTOSICHEHHSI MICTUTh OUTBIIICTh CYTTEBHX HETATHBHUX ac-
nekTiB. Hu3pki 3HAYEHHS BKa3ylOTh NPO 3aMOBYYBaHHS
YaCTHHU MPOOJIeM, TOOTO MPO CTPYKTYPHY He30anaHcoBa-
HICTB TIOSICHEHHS.

KoedirmieHT BaroBoro moxpurTs BimoOpaxkae gac-
TKY CyMapHOI Baru HeTaTHBHUX acCleKTiB |}, sKy mepexpu-

creg zhewegw(li)
weight Z !
IieLetalonW(Ii )

IS W(Ii ) — Bara HCTaTUBHOI'O ACIICKTY.

Ba€ MOSICHCHHS.

)

JlaHnii MOKAa3HUK BPaXOBYE B IEPIY Yepry HAHOLIBII
3HAYYIIl ACTIEKTH 3 BUCOKOIO Baroio.

30anaHCcOBaHOCTI MOSCHEHHS KpiM TIOKa3HUKIB (1) Ta
(2) BaxIMBUMU € 3HAYCHHS NPONOPLIHHOCTI Ta PeNIeBaHT-
HOCTI MOJAHHS HETaTHBHUX ACHEKTIB.

ITponopiidHICTh O3HAYAE, 1110 HETATHBHI ACIICKTH HE
JIMIIIE 3TaAYIOThCSI, alie i 3aiiMar0Th Y MOSICHEHHI TaKy Jac-
TKY 3MICTY, siKa BiJIIIOBiJIa€ TXHii 3HAUYLIOCTI MTOPIBHSHO 3
MO3UTHUBHUMH BJIACTUBOCTSIMH pillleHHs. TOOTO SKIIO Bax-
JUBUA HETaTUBHUH acleKT 3rajaHui KOpOTKO Ha (oHi
BEJIMKOTO MIO3UTUBHOTO OIUCY, TO 1€ CBIAYMTH ITPO HENpPO-
nopuiiiHe BijioOpakeHHs JaHOTO aCHEKTY.

PeneBantHicTh 03Hauae, Mo GOPMYIIIOBaHHS HETaTH-
BHHUX aCIEKTiB IMOBUHHI BiAIIOBIAATH PIBHIO MiATOTOBKH Ta
iHpopManiiHIM noTpebaM KopHcTyBadiB. ToOTO ckiaHi
ACIIEKTH PillIEHHs MalOTh OYTH HPE/ICTABJIEH] y CIIPOIIEHIH
¢dopMi U1 KiHIIEBOTO KOpHCTyBada, abo JETAIbHO JUIs
eKcIepTa y IpeaMETHiH ramysi.

[IpomnopIiiHICTh i peTIeBaHTHICTD OLIHIOIOTHCS 32 EKC-
MIEPTHIMH IIKaJlaM¥ a00 Ha OCHOBI TaKUX KPUTEPIiB, AK:

— BIJICOTOK TEKCTY MMOSICHEHHSI, IPUCBSYCHUIT HeraTu-
BHHUM aCIeKTaM;

— BIJICOTOK TEKCTy IOSICHEHHS JJIsI KOPHUCTYBauiB 3
BiJINIOBiJTHMM PiBHEM 3HAHB;

— BUKOPUCTaHHS/BIACYTHICTh BIJIOBIHOI TEpMiHO-
JI0Tii.

PesynmbTatm momepenHix eTamiB 00’ €OHYIOTBCA Y
IHTerpaNbHy OWIHKY 30aTaHCOBAHOCTI TOSICHEHHS IIOJ0
HETaTUBHUX acCIeKTiB. Taka OmiHKa MOo)ke OyTH TpeIcTaB-
JIeHa 3TOPTKOI0 KoeQillieHTa CTPYKTYPHOTO Ta BaroBOTO
MOKPHTTS, @ TAKOX MPOTOPIIHHOCTI 1 pesieBaHTHOCTI, abo
K BU3HAUCHHSM [TOPOTOBHUX 3HAUEHb LIMX ITOKA3HHUKIB.

Meton Bepudikamii 30amaHCOBAHOCTI MEHTAIbHHX
MoJIeJIell pillIeHHS IHTEJIEKTYalIbHOT CUCTEMH.

Meroj npu3HAUYEHUH AT NIEPEBIPKU Y3TOIKEHOCTI
MEHTAJIbHUX MOJENEH 3 €TAJIOHHOI0 MHOYKHHOIO HEraTHB-
HUX aCIIEKTiB PillICHHS.

Mertox MICTHTB Taki €Tarm.

Etam 1. ®opmyBaHHS €TalIOHHOT MHOXXIUHH HETATHB-

HUX aCIIEeKTiB PillICHHS.

|
Pesynbryroua MHOKHHA L

Lo = {(1,w(l)) i =11}, ©)

Eramn 2. BumineHss HeraTHBHOI KOMIIOHEHTH 3 MEHTA -
JHHAUX MOJIEJICH PillICHHS.
[HTENneKTYyanpHa cHCTEMa MOYKE MaTH KiIbKa MEHTa-

Ma€ BUTJIAO:

meaux Mogeneii MM s oxHoro pimenss, B 3anexHO-
CTi BiA pIBHS 3HAaHb KOPUCTyBa4ya Ta PI3HUX BapiaHTIiB
NPaKTUYHOTO BUKOPHCTAHHS.

JI71st KOXKHOT MEHTaJIbHOT MOJIENTi TPOBOIUTHCS:

— CTPYKTYpHHIA aHaJIi3 3 METOIO iIeHTH(]iKyBaTH eje-
MEHTH, [0 BiIIOBINaIOTh HETaTUBHUM BJIACTUBOCTSM pi-
IICHHS;

— 3icTaBlIEHHS OTpHUMaHUuX €JIEMEHTIB 3 HEraTUBHUMU

etalon
acrekramu 3 L .

VY pesynbraTi Al KOXHOI Mojeni Mm(™ bopmy-

LMm(") o |etalon

€ThCS MiIMHOXKHHA , IKa MICTHMTbH Ti Hera-

THBHi acrextn 3 LA , 10 TIPUCYTHI y BIAMOBIIHINA MEH-
TaJIbHIM MO pillleHHs

Etan 3. O0unciieHHsS NOKa3HHUKIB MOKPUTTS HETaTHB-
HHX aCIeKTiB MEHTaJbHUMHU MOJCIISIMH.

Ha tperbomy erami 1i1st KO)KHOI MEHTaJIbHOT MOJIeNi
OOYHCITIOIOTECA KOSQIIIEHT CTPYKTYPHOTO TOKPHUTTS Ta
KOE(IIi€HT BaroBOTO IMOKPHUTTSL.

Etam 4. OmiHka MpONOpPIIHHOCTI IMOJAHHS HETaTHB-
HHX aCMEKTiB Y MEHTAJIbHUX MOJCIISX.

Hagitp 32 BHCOKHMX 3Ha4€Hb CTPYKTYPHOT'O Ta Baro-
BOTO TIOKPUTTSI MEHTaJIbHA MOJIeTIhb MOXe OyTH He30asaH-
COBaHOI0 y BHIAJKY HEraTHBHI acleKTH MpeJCTaBiIeH] y
MiHIMaJbHOMY BHTJISAI Ha (OHI JETANbHOI MO3UTHBHOI
YaCTHHH MOJIETI.

Tomy a1 KOKHOI MEHTAIBLHOT MOJIETI PillIEeHHS BU-
3HAYAETHCS:

— BIJICOTOK CTPYKTYPHHX €JIEMEHTIB, MOB’SI3aHUX i3
HEraTUBHUMHU aclleKTaMHu,

— CHIBBIIHOIIEHHS MK J€Tajli3ali€l0 HEraTUBHUX Ta
MO3UTHBHUX ACIIEKTIB, 30KpeMa BPAXOBYETHCS UM MAlOTh
HeraTHUBHI aCIIeKTH OJHAKOBUH piBeHb (opMaizaii y 1mo-
PIBHSHHI 3 TIO3UTHBHUMU acleKTaMH (YMOBH Ta cueHapii
BHUKOPHUCTAHHS TOIIIO);

— HasBHICTb OOMEEHb I0J0 HEraTHUBHUX aCICKTIB,
HAaIpHKIIa[, 3aXUCHHX IiH, MOIEePEIKEHb TOILO.

Etan 5. Ominka peneBaHTHOCTI HETATUBHHUX ACTICKTIiB
JI0 podiJIt0 KOPUCTYBAIB.

Bicnux Hayionanvrnozo mexuiunoeo yHisepcumemy «XI1ly. Cepia: Cucmemnuii
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MeHTanbHa MOJCNIb HA JTAHOMY €Talli OIIHIOETHCS 3
MO3MIIi], HACKIIBKY 11 HEraTHMBHA KOMIIOHEHTA BiAIIOBimae
PO UTI0 MITBOBUX KOPHUCTYBAUiB, U SKUX HpPHU3HAYCHI
MOSICHEHHL.

Jnst KO)KHOTO piBHA MEHTalbHOT Mojeni (piBHS Mmif-
TOTOBKH KOPUCTYBa4a) aHaNli3y€eThCS:

—IIOJJaHO HETaTHBHI aCNeKTH Yy 3po3yMulTid s
BIZMOBITHOT ayauTOpii popMi, un HaBImaKu Gopma He Bif-
TIOBifIa€ PIBHIO 3HAaHb KOPHCTYBAya;

— NIPEJCTaBICHO CKJIaJHI a00 KPUTHYHI PH3UKH 3a-
CTOCYBaHHS PILICHHS, YU HABIIAKM JaHI PU3UKH 3aKaMy-
(1pOBaHI JOBTUMH TEXHIYHIMH OMHCAMHU.

PesynbraTom eramy € OLiHKA PEJIEBAHTHOCTI Mpen-
CTaBJICHHS HETATHBHHUX AaCMEKTiB y KOXHIM MEHTalbHIN
MOJZIeNi BiNMOBiZHO MO Mpo¢imro KopucTyBada. Husbke
3HAYCHHS PEJICBAHTHOCTI MOXE CBIIYMTH MPO BaXKIIMBICTH
ajianTailii MeHTaJIbHOT MOJIEIT, 30KpeMa 11 CIPOIICHHS JIJIs
KOPHCTYBaYiB 3 HU3bKUM PiBHEM ITiITOTOBKH.

Etan 6. ®opmyBaHHs iHTerpajbHOI OLIHKU 30aJiaH-
COBaHOCTI MEHTAJILHUX MOJIEJICH.

BukoHyeTbCsl 3ropTKa pe3ysbTariB MONepenHiX eTa-
B Y €AMHUH IHTETpaIbHUI TTOKa3HHUK.

JonatkoBo MO)ke BUKOHYBATHCS iHTErpawis MoKas-

HUKIB U1 Beix Mentanshux mogeneii Mm™ 3 meroro
OIIHKM 3arajibHOi 30aJaHCOBAHOCTI MEHTAJIBHOI'O IPE-
CTaBJICHHS KOPUCTYBAYIB I[OJ0 PILlIEHHS iHTEJICKTYaIbHOT
CUCTEMHU.

ExcnepumenTansna
METO1y.

[lepeBipka BHKOHaHA 3 BHKOPHCTaHHSIM MHOKHHHU
TEKCTOBHX BIJTyKiB IIPO PEKOMEH/I0BaHY B CHCTEMI €JIeKT-
POHHOI KOMepIIii Mozeb cMapTdoHa. Binryku posmimieHi
MOKYIIIMA Ha CalTi CHCTEMH EJIEKTPOHHOI KoMepmii i
MICTATH SIK TIO3UTHBHI XapaKTEPUCTHKH, TaK 1 OIHC THUIIO-
BUX MpoOJeM Ta HETaTUBHHUX BpPakeHb. Taka MHOXXHHA
Moxe OyTH IHTepHpeTOoBaHa SIK CYKYNHICTh ()parMeHTiB
IHAMBIyaTbHAX MEHTAJbHUX MOJENCH KOPHCTYBAYiB, SKi
BiZIOOpaxatoTh iXHE Cy0’ €KTUBHE CIIPUHHSATTS BIACTUBOC-
Teil MPOJYKTY Ta SKOCTI MOB’SI3aHOTO 3 UM IPOAYKTOM
cepBicy.

Ha nepuiomy eramni excrepuMeHTy Habip BiITyKiB
OyJ10 IpOaHaTi30BaHO 3 METOIO BUAIJICHHS €TAJOHHOI MHO-
KHMHH KIFOYOBHX HETaTUBHMX ACIEKTIiB MPOJYKTY Ta cep-
Bicy. Ha OCHOBI y3araipHEHHS KPUTHYHUX BIOTYKiB OyII0
c(hOpPMOBaHO €TATOHHY MHOKHHY HETaTHBHHX aCHEKTIB 3
JIECSITH €JIEMEHTIB (KOpIopaTHBHE OJIOKYBaHHS, (pakTHIHA
€MHICTh Oartapei, MBUAKUNA PO3psia, MpobieMHu 3 TrapaH-
Ti€lo, meperpis, nuckoMpopt Bix expana/llIIM, raokun/mo-
BiIbHA po0OTa, POOIEMHU 3 aBTOPH3AII€I0, KOHOIASHITiH-
HICTh, HesKiCHI akcecyapm). Koxnomy acmekty Oymno
MIpU3HAYEeHO Bary y Aiama3oHi Bix 0,5 mo 0,99. Bara Bino-
Opakae BITHOCHY BaXKJIMBICTh HEOJIIKA JJIsl KOPHCTyBaya.
Hanpuknan, kopriopaTuBHe 0JIOKYBaHHS Ta KpUTUYHI ITpoO-
Onemu 3 0aTapeero OIHIOBANKCS K OUTBIN 3HAYYI, HiXkK
HEIOJIKH IIIIBKH.

Ha npyromy erani 0yiio 3Mo/1e150BaHO TPH BapiaHTH
MEHTAJbHOI MOJENi PIlICHHS CUCTEMH, SKi IMO-pi3HOMY
BiZIOOpaXal0Th €TAJIOHHY MHOXHHY HETaTUBHUX acIeKTiB:

— mozens M1, 30amancoBaHa MEHTaIbHA MOJIEIb, 1110
BKIrouae Bci 10 HETaTMBHHX €JIEMEHTIB IOTEHIIHHO
3[aTHa BPAaxOBYBaTH BECh CIIEKTP HETaTHBHUX AaCIIEKTiB,
BiIOOpaKEHUX Y KOPHCTYBAIIbKUX BiATYKaX;

nepesipka po3po0JieHOro

— Mozaenb M2, 4acTKOBO 30ajlaHCOBaHa MOJENb, SIKa
OXOIUTIOE TIPUOJIN3HO MOJOBHHY €TaJOHHUX HETaTHBHUX
ACTIEKTIB i BKIIFOYA€ HAMKPUTHYHIIII BIACTHBOCTI (KOpIO-
paTtuBHE OJOKYBaHHS, IPOOIIEMH 3 EMHICTIO OaTapei Ta aB-
TOHOMHICTIO, TUTaHHS TapaHTii, meperpis);

—Mozens M3, He3z0anaHcOBaHa MOJIENb, KA BPaxo-
BYE JIMIIIE OJIVH i3 €TAJIOHHUX HEraTUBHUX aCTIEKTiB (IIBHI-
Kuil po3psin Garapei) Ta irHOpYe iHIII CYTTEBI MpoOIeMHu,
OIMCaHi KOPUCTYBaYaMu.

Ha Tpetbomy erari it TphOX MEHTAIBHUX MOZAEIEH
M1, M2, M3 Gy70 po3paxoBaHO MOKa3HUKH CTPYKTYPHOTO
MOKPUTTA Ta BaroBoi BimmoimHocTi. PesymbraT eramy
HaBegeHo B TaoOiu. 1. Sk BugHo 3 Tabn. 1, momens Ml
MTOKpUBA€E BCl HETATHBHI aCIEeKTH 3 BIATYKIB SK 3a KiJlb-
KiCTIO, TaK i 3a CyMapHOI0 Baroio. Mozaens M2 neMoHCTpye
moKpuTTa Onm3bko 50 % acmekTiB 3a KIBKICTIO Ta
npubIIN3HO 56 % 3a CyMapHOIO Baroko IUX acleKTiB, TOOTO
BpPaxoOBY€ TOJIOBHI 1 ITHOpYE APYTOpPsAHI HEIOJIKH.
Mopenbs M3 mae HU3bKI MOKa3HUKH SIK 332 CTPYKTYPHHUM,
TaKk 1 3a BaroBUM MOKpHUTTAM (O6mm3bko 11-13 %), mio
BiZloOpaxkae CyTTEBHH PO3PUB MK MEHTAJIBHOIO MOJIEILTIO
PIIICHHS CHCTEMH Ta CIIPUHHATTSIM IIbOTO PIllIEHHS KOPHC-
TyBa4yaMH.

Po3pobrneni miaxix Ta MeTo] 3a0e3MedyIoTh MOKIIH-
BiCTh aBTOMAaTH3alii Iporecy Bepu(ikamii MEHTaIbHIX
MoJieriel pillleHb PEKOMEHIAIIHHIX CHCTEM Ha OCHOBI 3BO-
POTHOTO 3B’SI3KY BiJl KOPHCTYBayiB.

SIK1o MeHTanbHa MOJENIb HE MICTHTh YaCTHHY Hera-
TUBHHX ACIIEKTIB, sIKi PErYJSIpHO (DIKCYIOTBCS y BiATryKax
CIOXKMBAYiB, TO 1€ O3HAYA€ TOJANbIIE 3HIKECHHS JJOBIpH
KOPHCTYBadiB, OCKIJIbKM BOHH HE OTPUMYIOTh OTPUMYBAaTH
MOBHY 1H(OPMAILIi0 PO PU3UKH BUKOPUCTAHHS PillICHHS.

Tabmuus 1 — IToka3HUKKM MEHTAIBHAX MOJEICH

Mogens C”[K‘p(;eK(?i“lyI]I)lIiI(-)IITO Koeginicir
BaroBOTO TIOKPHUTTSI
HOKPUTTS
M1 — 36anancoBana 1,00 1,00
M2 — gacTkoBO 0,51 0,56
30amaHcoBaHa
M3 — He3bamaHcoBaHa 0,11 0,13

[lepcrieKTHBHUMHY HANpsIMaMd TOAAJIBINUX JOCIi-
JUKEHB € PO3IINPEHHS eKCIePUMEHTY Ha KiJIbKa pi3HOpin-
HUX HPOXYKTIB 1 JJOMEHIB, MOE€AHAHHSI aBTOMAaTH30BAHOTO
CEMAHTHYHOTO aHANi3y BIATYKiB i3 (hopMaTbHIUM BHUIIICH-
HSIM MEHTIBHUX MOJIeNIe KOPUCTYBAiB.

BucHOBKH. 3alporOHOBAHO MiAXid 70 OIiHIOBaHHS 30a-
JIAaHCOBAHOCTI MOSICHEHB PillIeHb IHTEJIEKTYaIbHUX CUCTEM 3 ypa-
XYBaHHSM HEraTHBHHX aCIIEKTiB, sSIKUii ependadae GopMyBaHHS
€TAJIOHHOT 3Ba)KEHOT MHOKUHHU CYTTEBUX HETaTHBHUX ACIHEKTIB
pillleHHS, BWIYYCHHS HETaTHBHUX €JEMEHTIB IIOSICHEHHS Ta
PO3paxyHOK MOKa3HHKIB CTPYKTYpPHOTO i BaroBOrO MOKPHTTS, &
TaKOK OIIHKY MPOMOPLIHHOCTI TOJaHHS HETaTUBHOT iH(popMaIlii.
Taxwii MiaXig J03BOJSE OTPUMATH KUJIBKICHY OILIHKY, HACKUTBKU
MOSICHEHHS BiOoOpakae OOMEKEHHS Ta MOXIIMBI HEraTHBHI
HACIIJIKM 3aCTOCYBaHHs DillICHHS y CHIiBBIJHOIICHHI 1O NO3H-
TUBHHUX HOTO BIACTUBOCTEH.

3anponoHoBaHO MeTo.T BepHudikailii 30a71aHCOBAHOCTI MEH-
TAJIILBHAX MOJENICH pIIIeHHS IHTENeKTyalbHOI cHCTeMH. MeTox
BKJIIOYA€ erany (OPMYBaHHS €TaJOHHOI MHOXKHHU HETaTHBHUX
ACTIeKTIiB PILIEHHS Ha OCHOBI aHaJi3y KOPHCTYBAIBKHX BiJTyKiB,
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METHOD FOR VERIFYING THE BALANCE OF MENTAL MODELS OF AN INTELLIGENT SYSTEM’S
DECISION

The subject of the study is the process of verifying mental models of an intelligent system’s decision. The aim of the work is to develop an approach for
assessing the balance of explanations of intelligent systems’ decisions with respect to their negative and positive aspects. In accordance with this aim,
the following main tasks are addressed: to develop an approach to assessing the balance of explanations of intelligent systems’ decisions based on the
proportional representation of negative and positive characteristics in an explanation; to develop a general method for verifying the balance of mental
models of an intelligent system’s decision that takes into account the structural and weighted coverage of the set of negative aspects by the decision’s
mental models; to carry out an experimental evaluation of the proposed method using a set of user reviews of the operation of a recommender system
that contain information about mental models of the proposed decisions. An approach to assessing the balance of explanations of intelligent systems’
decisions that accounts for negative aspects is proposed. The approach involves constructing a reference weighted set of essential negative aspects of a
decision, extracting negative elements of the explanation, computing indicators of structural and weighted coverage, and assessing the proportionality
of the presentation of negative information. This approach provides a quantitative estimate of the extent to which an explanation reflects the limitations
and potential negative consequences of applying a decision in relation to its positive properties. A method for verifying the balance of mental models of
an intelligent system’s decision is proposed. The method includes the stages of constructing a reference set of negative aspects of a decision based on
the analysis of user reviews, extracting the negative component of the decision’s mental models, computing indicators of structural and weighted
coverage, assessing the proportionality and relevance of the presentation of negative aspects, and forming an integral measure of the balance of mental
models. The method enables refinement of a mental model taking into account shortcomings of the practical application of a decision by the user that
arise due to incompleteness of the models. Experimental evaluation of the method based on a set of user reviews has shown that using reviews as a
source of information about users’ mental models makes it possible to construct a reference set of negative aspects of an intelligent system’s decision
that reflects usage problems and risks important to users.
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COMPARATIVE STUDY OF TRANSFORMER-BASED AND INTELLIGENT DOCUMENT ANALYSIS
METHODS FOR AUTOMATED EXTRACTION OF MEDICAL DATA FROM PDF DOCUMENTS

This paper presents a study on automated processing of medical laboratory reports in PDF format, with a focus on text recognition and structured
information extraction. The research investigates the effectiveness of different approaches to optical character recognition (OCR), including classical
methods and transformer-based models, as well as techniques for extracting key medical data from unstructured and semi-structured text. A comparative
experimental analysis was conducted using medical documents with different structural characteristics, including tabular and text-based formats. The
study evaluates the performance of OCR methods and extraction pipelines using a set of quantitative metrics, including Character Error Rate (CER),
Word Error Rate (WER), Exact Match (EM), Precision, Recall, and F1-score. The obtained results demonstrate that OCR accuracy alone does not
guarantee high-quality structured data extraction, as recognition errors significantly affect downstream processing and reduce the reliability of extracted
information. Special attention is given to layout-aware approaches that utilize the structural properties of PDF documents. The proposed method based
on direct text extraction using pdfplumber shows superior performance by preserving spatial relationships between document elements and eliminating
the need for OCR in documents with an embedded text layer. This approach ensures higher stability and accuracy when processing structured medical
data. The findings highlight that the main challenge in processing medical documents lies in the extraction stage rather than in text recognition. The
study demonstrates the importance of integrating layout-aware and intelligent extraction methods for improving the reliability, robustness, and scalability
of automated data processing systems. The proposed approach can be used as a foundation for developing medical information systems and decision

support tools aimed at efficient and accurate clinical data management.

Keywords: optical character recognition, information extraction, medical documents, medical data processing, layout-aware methods, data
extraction, document analysis, decision support systems, artificial intelligence tools.

Introduction. In the context of the rapid digitalization
of healthcare systems, the efficient processing of medical
documentation has become a critical task for modern
medical institutions. Laboratory test results represent an
essential component of clinical information and are widely
used for diagnosis, treatment planning, and monitoring of
patient conditions. In practice, such results are often
distributed in the form of PDF documents, which are
convenient for human reading but difficult to process
automatically due to their unstructured or semi-structured
nature.

The increasing volume of medical data and the need
for its integration into clinical information systems and
decision support tools significantly intensify the demand
for automated document analysis methods. Manual data
entry remains a common practice; however, it is time-
consuming, error-prone, and does not scale efficiently in
real-world healthcare environments. Additionally, the
absence of standardized formats for laboratory reports leads
to substantial variability in document structure, layout, and
content representation, which further complicates automa-
ted processing.

Recent advances in the field of intelligent document
processing, including optical character recognition (OCR)
and machine learning-based information extraction
methods, have opened new opportunities for addressing
these challenges. In particular, transformer-based models
have demonstrated high performance in text recognition
tasks, while layout-aware approaches enable the incorpo-
ration of spatial information into document understanding.
At the same time, traditional rule-based extraction methods

remain widely used due to their simplicity and inter-
pretability, despite their limited ability to generalize across
heterogeneous document formats.

In this context, the problem of automated extraction
of structured data from medical PDF documents requires a
comprehensive analysis of different methodological
approaches. It is important to evaluate not only the quality
of text recognition but also the impact of OCR output on
subsequent information extraction stages. Therefore, the
present study focuses on the comparative analysis of
transformer-based OCR methods, classical recognition
approaches, and layout-aware document analysis techni-
ques for the automated processing of medical laboratory
documents.

Analysis of research and publications. Recent studies
indicate that automated processing of medical docu-
mentation is increasingly approached as an integration of
natural language processing, optical character recognition,
and intelligent information extraction methods. In the
review by Patil and Golbhavi [1], healthcare NLP is
described as a rapidly evolving field that has moved from
symbolic and statistical methods toward deep learning and
transformer-based architectures. Similar conclusions are
presented in [14], where transformer-based NLP techni-
ques are shown to improve the extraction of clinically
relevant entities and the analysis of unstructured medical
text. The strategic role of NLP in medical documentation is
also emphasized in [19].

A substantial body of research focuses on Named
Entity Recognition as a core mechanism for transforming
unstructured medical text into structured data. In [4], the
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authors show that transformer-based NER models consis-
tently outperform traditional rule-based and statistical
approaches in healthcare text processing. In [5], a BERT-
based end-to-end framework for NER and relation extrac-
tion in electronic medical records is proposed, while [6]
presents a hybrid BiLSTM-BERT-RAG architecture for
medical NER and classification. Additional evidence of the
effectiveness of transformer-based models for hetero-
geneous medical records is reported in [25]. Together, these
studies confirm the strong potential of neural approaches
for extracting semantically meaningful entities from medi-
cal documentation.

Another important research direction concerns
multilingual and low-resource clinical information
extraction. In [3], prompt-based large language models are
applied to multilingual biomedical NER and entity linking,
demonstrating strong performance even with limited
annotated resources. This issue is particularly relevant for
non-English medical documentation, including Ukrainian-
language healthcare texts. At the same time, studies such as
[2] indicate that even open large language models with
limited computational requirements can provide practically
usable medical text generation and documentation support.

Significant attention is also given to direct extraction
of information from medical reports containing complex
layouts, tables, numerical values, units, and reference
ranges. In [7], an end-to-end OCR and information
extraction pipeline is proposed for laboratory reports,
combining line normalization, NER, and multicolumn
analysis. In [8], OCR-induced noise in medical records is
analyzed in detail, and hybrid approaches combining
deterministic rules with contextual neural models are
presented as a more robust alternative to purely rule-based
systems. Similar applied solutions that combine OCR with
image preprocessing and structured extraction are reported
in [18] and [20], confirming the practical importance of
OCR-based digitization in healthcare workflows.

Recent research trends demonstrate a shift toward
integrated and multimodal document analysis systems. In
[9], a multi-engine OCR framework is proposed for
heterogeneous medical documents, while [11] presents a
multimodal architecture integrating OCR, formatting, and
Al-based interpretation. The study in [12] investigates
multimodal large language models for digitizing and
interpreting handwritten and printed medical reports, and
[16] explores hybrid vision-language models for surgical
documentation. Related developments in automatic
summarization and document generation for healthcare
applications are described in [17] and [21]. These works
suggest that medical document processing is increasingly
moving beyond isolated OCR toward end-to-end intelligent
documentation systems.

Another growing line of research concerns the use of
large language models for extracting, validating, and
structuring clinical information. In [23], LLMs are applied
to extract key parameters and detect inconsistencies in
clinical trial documentation, including Ukrainian-language
data. In [24], a scalable LLM-based framework is proposed
for validated extraction of structured data from electronic
health records, combining preprocessing, parsing,
embedding-based retrieval, entity extraction, and mapping

to healthcare interoperability standards. These results
demonstrate the practical potential of LLM-based pipelines
for structured medical data generation and validation.

In parallel, studies on OCR post-correction and
robustness provide further insight into the limitations of
purely text-based pipelines. In [15], the authors
demonstrate that neural models for OCR error correction
can significantly improve digitized text quality when
trained on domain-relevant patterns and error distributions.
Although the study is not focused on medical docu-
mentation, it highlights an important methodological point
that is also relevant in healthcare document processing:
OCR quality alone does not guarantee reliable structured
data extraction, especially when downstream methods are
sensitive to formatting variations and token-level distor-
tions

Overall, the analysis of existing studies shows that
automated medical document processing is a
multidimensional problem requiring the integration of
OCR, information extraction, semantic modeling, and
document layout analysis. Existing research demonstrates
significant progress in transformer-based NLP and NER
[1], [4]-[6], multilingual biomedical processing [3], [23],
OCR-based and hybrid extraction approaches [7], [8], [18],
[20], multimodal document analysis [9], [11], [12], [16],
and large language model-based methods for structured
data extraction and validation [2], [13], [17], [21], [24],
[25]. Additional studies highlight the importance of NLP in
healthcare documentation and the impact of deep learning
on medical data processing [14], [19], [22]. At the same
time, there remains a practical and methodological gap in
comparative studies focused specifically on medical
laboratory PDF documents, particularly in evaluating
OCR-based pipelines against layout-aware approaches for
extracting structured numerical results, units, and reference
ranges. This gap determines the relevance of the present
study.

Aim and tasks of the study. The aim of this study is
to develop and evaluate an approach for improving the
automated extraction of structured information from
medical PDF documents by applying transformer-based
OCR models and intelligent document analysis methods
under conditions of heterogeneous document formats. In
the authors previous work, a conceptual and functional
model of medical center business processes was developed,
focusing on the digitalization of laboratory test results and
the formalization of service delivery processes for the
design of an intelligent data analysis information system
[26]. This prior research provided a methodological
foundation for identifying key processes requiring automa-
tion and highlighted the importance of structured data
extraction as a critical component of the overall system.

To achieve this aim, the following tasks are defined:

e to analyze the characteristics of medical
laboratory PDF documents and identify key challenges in
their automated processing;

e to implement and compare different text
recognition approaches, including classical OCR and
transformer-based models;

o to develop and apply baseline rule-based methods
for structured data extraction;
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e to implement a layout-aware extraction approach
using positional information from PDF documents;

e toevaluate the quality of the proposed approaches
using a set of metrics for both text recognition and
information extraction;

e to analyze the impact of OCR output on the
accuracy of structured data extraction and determine the
most effective approach for practical application.

Materials and model. Document Processing
Pipeline. The processing of medical laboratory reports is
implemented as a multi-stage pipeline that reflects the
sequential transformation of unstructured document data
into structured, machine-readable information. The general
workflow of the proposed pipeline is illustrated in Fig. 1.

[ Download PDF report ]

v

[ Convert PDF pages to images ]

v

[ Image pre-processing (denoising, binarisation)

v

[Run OCR (Tesseract or TTOCR)/Layout-awa re]

Get recognized text

[ Extract fields (analysis name, value, unit, reference range) ]

v

[ Normalise data (decimal separator, units, ranges) ]

)

[ Verify extracted values for comrectness (fype and range validation) ]

v

[ Save structured record to database l

Fig. 1. General workflow of medical document processing
pipeline

The proposed approach is based on the decomposition
of the overall task into independent functional stages,
which allows for flexible modification, replacement, and
optimization of individual components without affecting
the entire system. At the initial stage, PDF documents
containing laboratory test results are converted into raster
images to ensure compatibility with image-based text
recognition methods. Given the variability in document
quality, including noise, compression artifacts, and
differences in scanning resolution, an image preprocessing
step is applied. This stage includes noise reduction and
adaptive binarization, which improve the contrast between
text and background and enhance the performance of
subsequent recognition algorithms.

Following  preprocessing,  optical  character
recognition is performed using selected OCR models. In

this study, both classical and transformer-based approaches
are considered, enabling a comparative analysis of their
effectiveness in processing medical documents. The output
of this stage is unstructured textual data, which may contain
recognition errors, formatting inconsistencies, and disrup-
ted logical relationships between document elements.

The next stage focuses on the extraction of structured
information from the recognized text. This involves
identifying key fields such as the test name, measured
value, measurement units, and reference ranges. The
extraction process is particularly challenging due to the
tabular nature of laboratory reports and the close spatial
relationship between textual and numerical data.

To ensure consistency and correctness, the extracted
data undergo normalization, including standardization of
decimal separators, measurement units, and value ranges.
Additionally, validation procedures are applied to verify
the correctness of extracted values based on expected data
types and medically plausible ranges.

The final stage of the pipeline involves storing the
validated structured data in a database, making it available
for further analysis and integration into clinical information
systems.

It is important to emphasize that optical character
recognition represents only an intermediate stage of the
overall process and does not guarantee the correctness of
the final structured output. The experimental results
demonstrate that the quality of extracted information
depends not only on the accuracy of text recognition but
also, to a greater extent, on the effectiveness of the
extraction method and the ability to account for the
structural characteristics of medical documents.

Evaluation Metrics. To evaluate the performance of
the proposed approaches, a set of metrics was used to assess
both the quality of text recognition and the accuracy of
structured data extraction. The evaluation process consi-
ders errors at different levels, including character-level
discrepancies, word-level distortions, and the correctness
of extracted structured fields.

The quality of optical character recognition is
measured using the Character Error Rate (CER), which
reflects the proportion of incorrectly recognized characters
relative to the reference text. This metric is defined as the
normalized Levenshtein distance between the predicted and
reference strings:

CER = D(pred, ref) / |ref], (D)

where D(pred, ref) denotes the Levenshtein distance, and
ref| is the length of the reference text.

In addition to CER, the Word Error Rate (WER) is
used to evaluate recognition quality at the word level. This
metric captures structural distortions in the text and is
particularly sensitive to word order and segmentation
errors:

WER=(S+D+1)/N, @)

where S represents substitutions, D denotes deletions, |
corresponds to insertions, and N is the total number of
words in the reference text.

To assess the correctness of structured data extraction,
the Exact Match (EM) metric is applied. This metric
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evaluates whether all required fields are extracted without
any errors and is defined as a binary indicator:

EM = [if all fields are correctly extracted], 3)

Furthermore, the evaluation includes standard
classification metrics such as Precision and Recall, which
measure the correctness and completeness of extracted
fields. Precision reflects the proportion of correctly extrac-
ted fields among all predicted fields:

Precision =TP / (TP + FP), 4)

where TP denotes true positives and FP represents false
positives.

Recall, in turn, measures the proportion of correctly
identified fields relative to all relevant fields in the
reference data:

Recall = TP / (TP + FN), (5)

where FN corresponds to false negatives.

To provide a balanced assessment of extraction
performance, the F-score is used as a harmonic mean of
Precision and Recall:

F1 =2 - Precision - Recall / (Precision + Recall). (6)

Finally, for numerical fields such as measured values
and reference ranges, the relative error is calculated to
quantify the deviation between predicted and true values:

Error = |Xpred — Xtrue| / [Xtrue|. (7

This metric is particularly important in the medical
domain, where even small numerical inaccuracies may
significantly affect the interpretation of laboratory results.

The combination of these metrics enables a
comprehensive evaluation of both recognition quality and
extraction accuracy, providing a detailed understanding of
the strengths and limitations of the analyzed approaches.

Experimental Setup. The experimental study was
designed to evaluate the effectiveness of different
approaches to text recognition and structured information
extraction from medical laboratory PDF documents. The
experimental workflow includes the preparation of input
data, application of alternative OCR methods, extraction of
structured fields, and evaluation of results using a set of
predefined metrics.

The experimental study was conducted to evaluate the
effectiveness of different approaches to text recognition
and structured data extraction from medical laboratory PDF
documents. A set of documents was selected, and reference
data were manually created to serve as ground truth for
objective comparison.

Two pipelines were implemented using classical
(Tesseract) and transformer-based (TrOCR) OCR methods.
The recognized text was processed with a rule-based
extraction module to identify key fields, including test
names, values, units, and reference ranges.

The performance was evaluated using CER and WER
for text recognition, and Exact Match, Precision, Recall,
F1-score, and relative error for structured data extraction.
The results were aggregated into a comparative table to
enable systematic analysis of the approaches.

The interaction between system components during
document processing is represented using a sequence
diagram, shown in Fig. 2.
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Fig. 2. Sequence diagram of document processing and evaluation
pipeline

This diagram provides a detailed view of the data flow
between the processing module, OCR module, extraction
module, evaluation module, and database. It demonstrates
how the input document is sequentially transformed into
structured data and how evaluation results are generated
and stored.

Such a representation allows for a clearer under-
standing of the system architecture and emphasizes the
modular nature of the proposed approach. In particular, it
illustrates that each component of the pipeline operates as
an independent functional unit, which facilitates scalability,
maintainability, and the integration of alternative methods
for text recognition or information extraction.

Results and discussion. The results of the
comparative evaluation are presented in Table 1, which
summarizes the performance of three different pipelines
combining text recognition and structured data extraction
approaches.

Table 1 — The results of the comparative evaluation

o Metrics
Pipeline —
CER | WER | EM | Precision |Recall| F1

TrOCR + ~0.99 | 1.00 0 0.0 0.0 | 0.00
Rules
Tesseract + | 0.69 | 0.81 0 0.8 1.0 | 0.89
Rules

pdfplumber | 0.00 | 0.00 1 1.0 1.0 | 1.00
+ Layout-
aware

The obtained results demonstrate a clear difference in
performance between the evaluated pipelines, particularly
when comparing OCR-based approaches with layout-
aware extraction. The transformer-based TrOCR model
showed significantly lower performance, with high CER
and WER values indicating substantial distortions in the
recognized text. As a result, the extraction stage failed
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completely, since rule-based methods rely on correctly
recognized patterns.

The Tesseract-based pipeline achieved better text
recognition quality, which enabled partial extraction of
structured data. The results indicate that all relevant fields
were detected, as reflected by high Recall, while lower
Precision values reveal the presence of incorrectly
extracted elements caused by OCR errors. This confirms
that, although classical OCR methods provide more stable
results, recognition errors still propagate to the extraction
stage and reduce overall reliability.

In contrast, the layout-aware approach based on
pdfplumber demonstrated the best performance across all
evaluation metrics. By directly utilizing the textual layer of
the PDF and preserving spatial relationships between
document elements, this method eliminates recognition
errors and ensures accurate extraction of structured data.

Overall, the results indicate that the effectiveness of
medical document processing is determined primarily by
the extraction stage and the ability to account for document
structure, rather than by OCR accuracy alone.

Conclusion and future work. The conducted study
addressed the problem of automated processing of medical
laboratory reports with a focus on comparing different
approaches to text recognition and structured data
extraction. The experimental evaluation demonstrated that
the overall effectiveness of document processing pipelines
depends not only on OCR quality but, to a greater extent,
on the methods used for extracting structured information.

The results of the comparative analysis showed that
transformer-based OCR models, such as TrOCR, may
produce unsatisfactory results without domain-specific
adaptation, leading to a complete failure of the extraction
stage. Classical OCR methods, represented by Tesseract,
provide more stable recognition quality and enable partial
extraction of relevant fields; however, recognition errors
still negatively affect the final structured output. In
contrast, the layout-aware approach based on pdfplumber
achieved perfect performance across all evaluation metrics
by leveraging the inherent structure of PDF documents and
bypassing OCR altogether.

These findings confirm that the key challenge in
processing medical documents lies in the correct interpre-
tation of document structure and the reliable extraction of
semantically meaningful data. The study highlights the
importance of integrating layout-aware techniques into
document processing pipelines and demonstrates that
combining different approaches may be necessary to
achieve robust performance across various document types.

Future work will focus on extending the experimental
study to a larger and more diverse dataset of medical
documents, including cases without an embedded text layer
where OCR remains unavoidable. Additionally, it is
planned to investigate advanced extraction methods, such
as Named Entity Recognition (NER) models and layout-
aware deep learning approaches (e.g., LayoutLM), which
can better capture the relationship between textual content
and document structure. Further research will also consider
the development of hybrid pipelines that dynamically select
the optimal processing strategy depending on document
characteristics, as well as the integration of the proposed

system into real-world medical information systems for
practical validation and decision support.

Declaration on the use of generative Al. During the
preparation of this work, the authors used ChatGPT and
Grammarly for grammar and spell checking, as well as for
rephrasing and reformulating the text. After using these
tools, the authors reviewed and edited the content as
necessary and take full responsibility for the content of this
publication.
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MOPIBHAJIbHUI AHAJI3 TPAHC®OPMEPHUX TA IHTEJIEKTY AJIBHUX METO/IB OBPOBKH
JOKYMEHTIB JJIs1 ABTOMATU30BAHOI'O BUJYUYEHHS MEJNYHUX JAHUX 3 PDF

V crarTi po3rIfHYTO 3a[a4y aBTOMaTH30BaHOI 0OPOOKM MEIMYHHUX J1abopaTOpHMX 3BiTiB y (opmari PDF 3 akueHTOM Ha po3mi3HaBaHHS TEKCTY Ta
BIWJIyYCHHS CTpYKTypoBaHoi iH(opmartii. JlocmimkeHo eQeKTHBHICTh PI3HUX MiAXOAIB IO ONTHYHOrO posmizHaBaHHsA cuMBoidiB (OCR), 30kpema
KJIACHYHUX METOJIB i TpPaHCPOPMEPHUX MOJENeH, a TAaKOK METOMNIB BHJIYYCHHS KIIOUOBMX MEAMYHUX [AHUX 13 HECTPYKTYpPOBaHOTO Ta
HaMiBCTPYKTYpOBAaHOTO TeKcTy. IIpoBeeHO MOpIBHAIBHUI eKCHEpUMEHTAJbHHI aHali3 i3 BUKOPHCTAHHSAM MEAWYHHX JOKYMEHTIB Pi3HOIO THITY,
30KpeMa TaKHX, 10 MAOTh TAOJIMYHY Ta TEKCTOBY CTPYKTYpY. OLIHIOBaHHS SKOCTI 3/1iHCHIOBAJIOCS 32 JOIIOMOTOI0 HA0OpY KiIbKICHUX METPHUK, Cepes
sikux Character Error Rate (CER), Word Error Rate (WER), Exact Match (EM), Precision, Recall ta F1-score. OTpuMaHni pe3ynbTaT MOKa3aiH, 110
BHcoka TouHicTh OCR He rapaHTye SKiCHOTO BIITyYEHHS CTPYKTYPOBAaHUX JaHHX, OCKIIBKM OMHJIKH PO3ITi3HABAHHS CYTTEBO BILIMBAIOTH HA MOAAIBIII
erany 00poOku. OcoOnMBY yBary NpuaICHO MiJX0AaM, IO BPaXOBYIOTh CTPYKTYPY AOKyMeHTa. MeTo/ Ha OCHOBI IIPSIMOTO BUITy4eHHs TeKcTy 3 PDF
i3 BUKopucTaHusaM pdfplumber mponeMOHCTpYBaB HalKpalli pe3yabTaTh 3aBIsAKH 30€pEKEHHIO IPOCTOPOBHX 3B SI3KIB MiXK €IEMEHTAMH JOKYMEHTa Ta
BiicyTHOCTI HeoOXimHoCTi 3acTocyBanHss OCR 3a HasBHOCTI TeKCTOBOTO mIapy. Pe3ynbraTn HOCIHIKEHHS MiATBEPKYIOTh, III0 OCHOBHA CKJIaJHICTh
MoJISIrae y BUIYYEHHI JIAaHWX, a HE JIMIIE y pO3Ii3HaBaHHI TeKCTy. [loka3aHo MOIUIBHICTD iHTErpamil CTPYKTYPHO-OPIEHTOBAaHUX Ta IHTENEKTYalIbHUX
METOJIB ISl MiJBUIICHHS €(DEKTUBHOCTI aBTOMaTH30BaHUX CHCTEM OOPOOKM MEMYHHX JAHUX.
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JOCJIJKEHHA METO/IB OIITHKHA AKOCTI ®OHOBOTI'O O®OPMJIEHHS CAUTIB JIJIs
KOPUCTYBAYIB I3 MOPYIIEHHAMHU KOJbOPOCITPUHHATTS

MeTtoro poOOTH € JOCHiIKEHHS METOJIB OLIHKH SKOCTI (JOHOBOTO O(OPMIICHHS CaHTIB JUIl KOPHUCTYBAdiB i3 MOPYIICHHSIMH KOJBOPOCTIPUHHSTTS.
Hageneno indopmariro mpo BHIM AAbTOHI3MY, IPOAHAII30BAHO HAsIBHI METO/IM OL[HIOBAHHS SIKOCTI KOJbOPIB tsl BeOau3aitny. HaBeneHo mpuxiaau
HasBHHX CaifTiB, sIKi MalOTh (QYHKIIT A OLiHKH SKOCTi BeOpecypciB. Bu3HaueHO HasBHI METOMM OLIHKHM SIKOCTiI CalTIB Ta MPOAHAII30BAHO HAsIBHI
BeOpecypeu. [IpencraieHo po3polIieHy KOMILUIEKCHY MOJIEIb OLIIHKU SKOCTI ()OHOBOTO O()OPMIICHHS CaiTiB, 10 0a3yrOTHCS Ha CTBOPEHHI aJlTOPUTMIB
JUISL 3HAXODKECHHS KOJNBOPIB HA 300paKeHHAX Ta caiTax, OLIHII iX SKOCTI Ta MOOYZOBH aJrOpUTMIB IJIsS CHMYJLSILIl BHIIB anbTOHI3My. OmucaHo
NIPUKIaIA poOOTH pealti3oBaHOl CHCTEMH OLIHKH SIKOCTI (JOHOBOTO O(GOPMIICHHS CAHTIB IJIsI KOPHCTYBAUiB i3 MOPYLICHHSIMHI KOJIbOPOCIPHIHATT, ii
MOXIUBOCTI Ta CTPYKTypy. OO’€KTOM NOCIIDKEHHS € IpoLec BH3HAYEHHS e(peKTHBHOCTI (oHOBOrO ohopMIIEeHHS BeOCAHTIB IIOJO CHPHUHATTS
KOHTEHTY KOPUCTYBa4aMH 3 IIOPYLICHHSIMHU KOJIbOPOCIPUHHATTA. [Ipenqmer HociiKeHHs] — METOIM OLiHKH SKOCTi (oHOBOro oopMiieHHSs BeGCaiiTiB,
BKJIFOYArOYM Mi0Ip KOJILOPOBHX CXEM, KOHTPACTHICTH TEKCTY Ta (OHY, a TaKOXK aJanTalio BimoOpakeHHs iH(opmarii st KopucTyBauiB i3
JanbToHI3MOM. HOBH3HOIO POOOTH € CTBOPEHHS MOJIE, 10 IOEAHYE B o0l OLIHKY SKOCTI 0OpMIICHHS CaiiTiB, BU3HAYaHHS iX KOJIBOPIB Ta HaTaHHSI
PEeKOMEHAIIN AJIs MOKPALCHHS KOJIbOPOBOI cXxeMu cailTy. [IpakTH4YHA LIHHICTH MOJSrae B TOMY, L0 PO3pOOIICHO iHPOpMAIIHY CHCTEMY — CaiiT, sIKHit
HaJa€e pEeKOMEHJaNii IOJO0 ONTHMAIFHOIO Mig0Opy KOJIBOPOBHX CXeM Ta O(GOpMIEHHS BeOCaiTiB Ul KOPUCTYBadiB i3 MOPYIIEHHSIMH

KOJIbOPOCIIPHHHSATTSL, 10 JO3BOJISE MiABUIINTH JOCTYIIHICTD Ta 3pYYHICTH CHPHHHATTS iH(opMarii.
Ki104o0Bi cjioBa: KOIbOpH, JATBTOHI3M, BUAH TAIbTOHI3MY, MH3aiiH, CallTH, BiZOOpakeHHs OaueHHs HanbTOHI3MY, javascript, iHpopmaiiina

cuctema, Bebpecypcu, uml giarpamu.

Beryn. Y cydacHOMY ITU(POBOMY CEpeIOBHII O1Tb-
ricTh iHQOpMaIii epenaeThes Yepe3 BeOpecypcH, 1o po-
OUTH 11 JOCTYMHICTh KPUTUYHO BAXKIMBOIO JUIS IIMPOKOTO
KoJla KOpUCTYBauiB. 3a0e3MeYeHHs 3pYYHOr0 COPUIHATTS
OHJIAHH-KOHTEHTY € HEeBIJJIIIFHOI0 YacTUHOK CYYacHHUX
iHpopMaliHHUX TEXHOJOTIH 1 KIIOYOBHM AacCHEeKTOM
IHKJTFO3UBHOTO Am3aiiHy. OcoONHBY yBary CIiJ IPUAIISTH
KOpHUCTyBa4aM 3 IIOPYIICHHSIMH KOJIbOPOBOTO CIIPHHHATTS,
30KpeMa 3 JaJbTOHI3MOM, OCKIIBKHA HETPaBIIBLHIHA BUOIp
KOJIbOPIB TEKCTy, QOHY Ta rpadidHMX EIeMEHTIB MOXKe
3HAYHO YCKJIAIHUTH CHPUHHATTA iHpopMamii abo B3araii
YHEMOXJIUBUTHU HOTO.

IIpobnema HegocTaTHROI amamnTaiii BeOCAWTIB 110
NMoTped TaKuX KOPUCTYBAYiB 3aJUIIAETHCS aKTYalbHOIO,
OCKLJIbKH OUJIBLIICTh PECYPCiB CTBOPIOETHCS O€3 ypaxyBaH-
HSl 0COOJIMBOCTEH CHPHUHUHATTS KOJILOPIB 1 HE MPOXOIUTH
CIeIiaai30BaHy MepeBipKy AOCTYMHOCTI. Lle mpu3BoaUThH
JI0 TOTO, III0 KOPUCTYBayi 3 BaJlaMH 30py 4acToO IOCTAI0Th
nepesl TPyAHOIIAMH TIPM HAaBiraiii, YWTaHHI TEKCTy Ta
CHpuiHATTI BaximBoi rpadiuHoi iHdopmanii. Tomy
JOCITIKEHHSI METO/IB OLIHKH SIKOCTI ()OHY BEOCTOPIHOK €
Ba)XKJIMBUM KPOKOM Y CTBOPEHHI JJOCTYITHOTO BEOKOHTEHTY,
OCKIJIBKH JTO3BOJISIE BH3HAYMTH ONTHUMAaJIbHI MiAXOAM JIO
BHOOpPY KOJIPHUX CXeM, II0 3a0e3MeuyioTh HaJIeKHUIH
KOHTpPAcCT, YUTA0CIBHICTh Ta 3arajibHy 3pY4HICTh KOPHUCTY-
BaHHS BeOCTOPIHKOIO.

OkpiM  TPAaKTHYHOTO  3HAYEHHS, JIOCTYIHICTh
BeOpecypciB I JFOJEH 3 MOPYIICHHSIMH KOJIBOPOBOTO
CIPUHHSATTS Ma€ TaKOXX COILiaTbHO-eTHYHUH acnekT. Bona
crpusie piBHOMY JIOCTYITy 0 OCBITHIX pecypciB, OHJIalH-
TIOCITYT, JE€PKABHUX 1 KOMEPIIWHUX IMOCIYT, a TAKOX 10
BakaMBoi iHQopManii, 10 MOMMPIOETECS B IHTEpHETI.

HenocrarHst yBara o 11bOr0 MUTAHHS MOXE TPU3BECTH JI0
0OMEeXeHHsI IIpaB KOPUCTYBaviB i CTBOPUTH MEPEIIKOIU B
JIOCTYyMI J10 iH(opMallii, 110 HEraTUBHO BILIMBAE Ha edek-
TUBHICTh KOMYHIKALiT MiXK JDKEPEJIOM 1 HOTO ayIUTOPIETO.

Byro nocTaBieHO METY — AOCITIPKEHHSI METOIiB OIliH-
KH sikocTi (hOHOBOTO O(GOPMIICHHS CalTIB JJIsl KOPUCTYBA-
YiB 13 MOPYIICHHAMH KOJLOPOCTIPUHAHATTS. {711 HOCSTHEH-
HS i€l METH CTBOPEHO CIICI[iaJIbHUI BeOCaT, Ha SIKOMY
3aCTOCOBaHI METOJH BiIOOpakeHHs KOIBOPIB, alaNTOBaHI
JUISl KOPHACTYBAYiB i3 HOPYIIEHHSIMH KOJIbOPOBOTO CIIPHIA-
HATTSA. Takok BHKOPHUCTaHI METOIM OLIHKH ITO€IHAHHS
TeKCTy Ta (OHY /15 3a0e3MeUeHHs ONITHMAIIbHOT KOHTpacT-
HOCTI Ta 3pY4HOCTI CHPUHHATTS iH(OopMaLii.

Orusin giteparypu. J[anbTOHI3M — 1€ NOPYIICHHS
KOJIbOPOBOT'O 30Dy, SIKC BUHHUKAE BHACIIIOK HECTIPABHOCTI
a00 BiICYyTHOCTI MEBHUX KOJIPHHUX PELENnTOPiB (KOIOOUOK)
y citkiBui oka [1]. B pe3ynbrarti itou 3 JajJbTOHI3MOM He
MOXYTb TPAaBWIBHO CHPUHMATH JIesIKi KOJIbOpU abo po3-
pi3HATH iX MiX coOoro. Lle 3aXBOpIOBaHHS € CIaIKOBUM 1
HalWOUIBI TMOIIMPEHE cepell YOJOBIKiB, NMPUYOMY NpH-
6mm3HO 8 % wosoBIKIB 1 MeHme HiX 1% JXIHOK cTpax-
JIafoTh BiJ pi3HUX (opM nanbToHizMy [2]. Llel po3nan Oys
nociimkennit Jpxkonom [lanbToHOM, SIKHI IpoaHalizyBaB
jioro Ha OpPWKIAgi BIACHOTO opraHismy. Moro po6otn
3100y BU3HAHHS B MDXKHAPOIHIA MEIMYHII CHIBHOTI, 1
CTaH Ha3BaHO HA YeCTh yueHoro [3].

JanbToHI3M MPOSABISETECS y Pi3HUX (opMax, KOKHA
3 IKUX Ma€ CBOi crienndivuni o3Haku [4]:

1. Monoxpomasis (aXpomaTorcis).

2. Jluxpoma3sis (4acTKOBa KOJipHA CIIIOTA).

3. AHoMmaibpHa TpHxpomasis (mociabieHe KoJbopo-
CHPUHHSATTS).
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MoHoxpomasis — I HalpifKicHIIa Ta HaiBakua
(opMa KONIpPHOI CIIMOTH, 32 AKOI JIOANHA 0AYUTh HABKO-
JUIIHIHM CBIT BUKIIOYHO B CipyX TOHAX. Takuii cTaH BUHH-
Kae depe3 MOBHY BiICYTHICTH a00 HeYHKIIOHATBHICTH
yCiX TphOX THMIB K0J0040K (poTopenentopis) y CiTKiBLi
oKa.

Juxpomaszisi XapakTepH3yeThCsl BIJCYTHICTIO a0o
MOPYIIEHHSAM POOOTH OJHOTO 3 TPHbOX THUIIB KOJIPHUX
peuenTtopiB. 3aJeXHO BiJ TOrO, SIKMH caMe pPEeLenTop
ypaxXeHHH, pO3PI3HAIOTH TpH BUAH [5]:

e IIPOTAHOMIs — Ypa)KEHHA YEPBOHOUYTIMBUX pe-
LETNTOPIB, 10 YCKIIAJHIOE PO3Mi3HABAHHS Y€PBOHIX TOHIB,

e jneifiTepaHomis — ne(eKT 3eJICHOUYTINBHUX PEIeT-
TOpIB, KON 3€JCHUI KOJIp HE CIIPHUAMAETHCS HAICKHUM
YHHOM;

® TPUTAHOIIIS — BKpail pifIKicCHE MOPYIIEHHS CHHBO-
YYTJIMBHUX PELENTOpiB, IO NPHU3BOIUTH JO IpolieM 3
PO3pI3HEHHSIM CHHIX Ta )KOBTUX KOJLOPIB.

[Tpn aHOManbHI#M TpUXpoMasii BCi TPU THUIH KOJI0O-
YOK IPUCYTHI, ajle ONUH 3 HHUX MpALO€ 3 OHWKEHOIO
e(exTuBHICTIO. PO3pI3HAIOTH TPH BapiaHTH:

e IpoTaHOMaJisl — ociabieHe CIPHHHSATTS 4epBO-
HOTO CHEKTpPa; YePBOHI BIATIHKY BUTIISIAI0Th MEHII iHTEH-
CHUBHHMH Ta ThMSAHIIINMH;

e efiTepaHOMallii — HaWNOMHMpEHima Qopma
MOCIAa0JICHOTO KOJILOPOCTIPHIHATTS, 32 SKOI 3€JeHI TOHH
CIpUAMAFOTHCS SIK 3HEOAPBIICH] Ta HEBUPAa3Hi;

e TpUTaHOMAIis — PIOKICHUH BapiaHT 3 mociaod-
JICHUM CIIPUHHATTSM CHHBOTO Jialla3oHy, KOJIM CHHI Ta
YKOBTI KOJILOPH 3/1aI0ThCSI HEHACUYEHHMHU.

JansToHI3M y JIrOfEH MOXKE BHHHKATH BHACHIIOK
PI3HOMAHITHUX NPHUYUH, T[OB’S3aHUX 13 MOPYIICHHIM
(YHKIIOHYBAaHHS CBITJIOYYTJIUBUX KIITHH CITKIBKH —
K0J1004oK. OCHOBHOIO T2 HAMIONIIMPEHIIIO0 PUIMHOIO €
reHeTHuHi Qaktopu [6]. OKpiM T'eHETHYHUX MPUYHH,
JTATbTOHI3M MOJKE PO3BHMBATHCSI BHACHIZOK MAaTOJOTTYHUX
3MiH CITKIBKH OKa, TaKUX SK TPaBMH, 3alajibHi IPOLECH YU
JleTeHepaTHBHI 3aXBOPIOBaHHSA [7].

OTtpuMaBiy iHGOPMALIO PO JATBTOHI3M, MOKEMO
3pO3YMITH, 10 KOJBOPH, AKi OAUHUTH JIFOIUHA, TYIKE CHIBHO
BIUIMBAIOTh Ha 11 PO3yMiHHS CBiTY, TOMY /Uil BeOIu-
3aifHEepiB MOTPIOHO YITKO PO3YMITH, SIKI CaMe KOJIbOPH
BUKOPHCTOBYBaTH Ha CaWTi Ta SK IX HOEIHYBaTH MiX
coboro. s 1mporo (axiBii BHKOPHUCTOBYIOTH IpaBHIIA
UA/UX nu3aiiHy Ta KOJIbOPOBI CITKH.

Ju3zaitn kopuctyBansHuIbKOro iHTepdeiicy (Ul) Bia-
NOBifIa€ 3a BizyasbHe oopMIIeHHS iHTepeiicy, BKItouato-
YM KOJIPHY NMaNiTPy, KHOIKH, MIPU(T, IKOHKMA T2 KOHTPACT
[8]. Ans xopucryBadiB i3 KOJIPHOIO CIINOTOIO HeETpa-
BHJIBHO MiJiOpaHi KOJBOPH MOXXYTb 3HAYHO YCKJIQTHHUTH
CHpUHHATTA iHTEepdeiicy abo MpaKkTHYHO 3pOOHTH HOTO
HeunTabenbHUM. Hanpuknaza, moeqHaHHS YEpBOHOTO Ta
3€JIEHOTO KOJIbOPIB, SIKE 4YaCTO BHUKOPHCTOBYETHCS JUIsI
MO3HAYEHHS yCiXy a00 OMHJIKH, MO BUTJISIIaTH Maiike
OJIHAKOBO JIJISI JIFOJICH 3 MTPOTAHOITIEI0 a00 JeHTepaHOITielo.
Tomy anzaiiHepy NMOBMHHI 3a0€3MEUNTH AOCTATHIH KOHT-
pacT, BUKOPUCTOBYBAaTH aJbTEPHATHBHI CHOCOOM IO3HA-
YCHHS CTaHIB (HANPHUKIIAL, 32 JOIMOMOT0 (OpMH, TEKCTY
a0o miKkTorpam, a He TUIbKHM KOJILOPIB) i BUKOPUCTOBYBATH
aJIalTUBHI KOJIPHI CXCMHU.

UX (User Experience) amzaiin (GOKyCyeThCs Ha
3araJbHOMY [IOCBilli KOPHCTyBada IIiJl 4ac B3aEMOJIi 3
BeOcalitoM abo momaTkoM. Jls momed 3 MOPYIICHHSMH
CHPUHHSTTS KOJIBOPIB BXIINBO, 00 yci PYHKIIT 3aIHIIIa-
JMcsl IHTYITUBHO 3pO3YMUIMMH HaBiTh 0€3 MOJKIJIHBOCTI
po3pizusaTa konbopu [9]. lle o3Hauae, mo KIFOYOBI efe-
MEHTH MOBUHHI BIJIPI3HATHCS HE TUNBKU KOJIBOPOM, ayie i
¢dopmoro, cTpyKTyporo abo KoHTpacToM. Kpim Toro,
nuzaiiHepy UX 4acTO BHUKOPUCTOBYIOTH TECTYBaHH
moctymHOCcTi  (accessibility testing), mo6 3abe3meuyntn
3pO3YMLIICTh Ta 3pyYHICTB iHTEpdEHCY A BCiX KaTeropii
KOPHCTYBadiB.

Jus Toro, mo0 am3aiiH OyB OJHOYACHO €CTETUIHO
NpUBaOIMBUM 1 3pyYHHM Yy BHKOPHCTAaHHI, 3aCTOCO-
BYIOTBCA Pi3HI KONBbOpPOBi cxeMu. KompopoBi cxemMu He €
BUIIAJIKOBUM TIOETHAHHSIM KOJBOPIB, BOHH IOBHHHI
B3aEMOJIISATH MK €000, (opMyrouM TrapMOHIHHUI 1
LUTICHUN Bi3yasJbHUI 00pa3. Y BeOau3aiiHi HaluacTirie
BUKOPHCTOBYIOTbCS TaKi THUIH KOJILOPOBHX KOMOIHAIH:
MOHOXPOMHI CXeMH (BUKOPHCTOBYIOTb pi3HI BIITIHKH
OJIHOTO KOJIbOPY, CTBOPIOETHCS TAPMOHIIHA Ta CIOKilHA
aTMocdepa, ane moTpedye yBa)XHOTO BUOOPY BIATIHKIB IS
3a0e3MeueH s JOCTaTHBOTO KOHTPACTY); KOMIUIEMEHTApHI
(ot moeHAHHS KOJBOPIB, SKi 3HAXOIATHCS HA MPOTH-
JISKHHAX CTOPOHAX KOJIBOPOBOTO KOJIA — TAKHX SIK YEPBOHMH
1 3emeHnit a0 CHHIN 1 OpaH)KEeBUH, IIe CTBOPIOE SICKPABHH,
TUHAMIYHUNA BUTISA, ane MOTPiOHO 00epeXHO BUKOPHC-
TOBYBAaTH KOHTPACTHI KOJBbOPH, 100 HE INEepPEeBaHTAKUTH
Bi3yaJlbHE CHPUHHATTSA); aHaJIOTi4HI (KOJNBOPH, SIKi
3HAXOJATHCS TOPSA Ha KOJILOPOBOMY KOJIi — HAIpUKIa],
JKOBTHUH, JKOBTO-3CJCHHUI 1 3€JCHUN, CTBOPIOIOTH rapMo-
HIAHWIA 1 CIOKIHHUNA BHIIIA, 110 J0OpE MiIXOMUTh IS
CaiiTiB, OPIEHTOBAaHMX Ha HATYPAIBHICTS 1 CIIOKIi1); TpiaaHi
(CKITamaroThCs 3 TPHOX KOJBOPIB, MIO PIBHO BiACTAHB MiX
HUMH Ha KOJbOPOBOMY KOJI, II€ JO3BOJISIE CTBOPUTH
OanaHcy MiXK KOJIbOpaMH, i IBUIIYIOYH Bi3yalbHY IPUBa0-
JIMBICTh 1 AMHAMI3M ju3aiiny) [10].

[ocTranoBka 3agayi. OniHka YUTa0CITBFHOCTI TEKCTY
Ta JOCTYITHOCTI €JIeMeHTIB iHTepdeiicy y BeOam3aiini 6a3y-
€THCS1 HA BU3HAUEHHI KOHTPACTY MIXK KOJIbOPOM TEKCTY Ta
KOJIbopoM (oHy. HalinormmpeHinim i cTanaapTH30BaHUM
METOJIOM € TEeXHiKa, BcTaHOBJIeHa Y KepiBHUX MpHHIMIIAX
nocrynHocti BeOkontenty (WCAG 2.1) [11]. Bona 6a3y-
€ThCSl Ha OOYMCIICHHI CIiBBiJHOUIEHHS BiIIHOCHOI sICKpa-
BOCTI J1BOX KoubopiB y mpoctopi sRGB 3 ypaxyBaHHAM
HEJIHIHHOTO CHPUIHATTS SICKPABOCTI JIIOJJICBKHM OKOM.

Meron WCAG 1103BOjISIE  KUIBKICHO — OI[IHHTH,
HACKIJIbKHM TEKCT ab0 rpadiuHuii eJeMEeHT BUAUISEThCS Ha
T, 3a0e3neuyoun KOMQOpTHE CHPUHHATTA iHpOpMAIii
JUISl IIUPOKOTO KOJIa KOPHCTYBAUiB, BKIIOYAIOUH JIFO/EH 3
MOPYIIEHHSIMH 30DY.

B ocHOBI METOAMKH JIEKUTH OOYMCIECHHS BIAHOCHOT
SCKpaBOCTI KoIbOpy L, sika XapakTepusye cCHpuiiMaHy
SICKPaBICTh 3 ypaxyBaHHSM XapaKTEPUCTHK JIIOACHKOTO
30py. Po3paxyHOK BUKOHYETHCS Y KiJIbKa €TaIiB.

Komip y ¢popmarti RGB crouatky HOpMai3zyeTses 10
nianasony [0,1], dopmyna (1):

)
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OCKUTbKM OKO CHpHMa€e CBITHICTh HENiHIWHO,
BHKOPHCTOBYETHCS KOpeKIis 3rigHo 3i cranmaptom [EC
61966-2-1 (sRGB), popmyma (2):

< ,C, <0.04045
[+j ,C. >0.04045

1.055

[Ticns nmepexony B miHiitanit RGB BigHOCHA sickpa-
BiCTh BH3Ha4Ya€eTHCs 3a popmyroro (3) [12]:

L=0.2126R +0.7152G +0.0722B . (3)

KoediieHTH BiAMOBINAaIOTH CHEKTPAIBHII Yy TIMBOC-
Ti JIFOJCHKOIO OKa: HAOIbIIE M0 3€JE€HOr0, MEHIIE — 10
YEPBOHOTO 1 3HAYHO MEHIIIE 10 CHHBOTO.

WCAG BH3Ha4a€e KOHTpPAcT SK CIIiBBIAHOUICHHS
OUTBINOT SICKPABOCTI J0 MCHIIOI 3 OJaBaHHAM IOCTIHHOT
0.05, ska KOMIIEHCye BIUIMB [y>K€ TEMHHUX 3HA4€Hb,

¢dopmyma (4) [13]:

. L1+ 0.05
ContrastRatio = ——, 4)
L2+0.05

ae:

L1 — GinpIra BigHOCHA SICKPABICTB,

L2 — MeHmIa BiTHOCHA SICKPABICTb.

3Ha4YCHHST KOHTPACTHOCTI 3HAXOAWTHCS B JiarmazoHi
1:1 (moBHa BiACYTHICTH KOHTpacty) mo 21 :1 (Makcu-
MaJbHUH KOHTPACT — OUTHI Ha YOPHOMY).

Jus 3abe3medenHs poctymHOcTi KoHTeHTY WCAG
BCTAaHOBJIFO€ MiHIMaJIbHI HOPOTH KOHTPACTHOCTI:

Tabmuns 1 — [Toporn KOHTPACTHOCTI

Tun enemenra MiHiManbHU KOHTPACT
3BuyaifHuiA TekcT (10 18 pt) 451
Benmkuii Teker (> 18 pt abo 3:1
> 14 pt bold)
Ixonkwu, kouTypu, Ul- 3:1
CJIIEMCHTH
PiBen» AAA (migBuiieHi 7:1
BUMOTH)

L1i 3HaueHHs 3abe3neuyroTh KOM(OpPTHE CIIPUHHATTS
TEKCTy KOPHCTYBauaMH 3 THIIOBHM 30pOM, OCIAaOJICHUM
CHPUMHATTAM KOHTPACTy Ta YaCTKOBHUMHU HOPYIICHHSIMH
30py.

IlopyiieHHsST KONBOPOCHPUMHATTA CHPUYUHSIOTHCS
nedexkraMmy abo BIJICYTHICTIO OJHOTO 3 TPHOX THUIIIB KOJ-
6040k citkiBru: L, M abo S, siki BIAMOBIAAIOTH 3a CIPHIA-
HSTTSl JIOBrO-, CEPEelHbO- I KOPOTKOXBHJIBOBOI YaCTHHH
creKTpa (YepBOHUM, 3eJIeHUH, CHHIH).

Cumyrnsiiist JajbTOHI3MY Yy LU(POBOMY BHIIISAL
6azyeTbcs Ha MOJETIOBAHHI TOTO, SIK 3MIHIOETBCS CIIEKT-
palbHa YYyTJIMBICTH KOJIOOYOK, a TaKOX Ha JiHITHOMY
NIepEeTBOPEHHI KOJIbOPY 3a IONIOMOT0I0 MaTpHIlb, 1110 Bi00-
paKaroTh i 3MiHH.

Meroro CUMyJAIii € TEPEeTBOPEHHS KOJhOPiB
300paKeHHSI TAKUM YHWHOM, 11100 JIIOJWHA 3 HOPMaJIbHUM

30pOM MMoOadnIIa MPUOJIM3HO TE caMe, 0 0aYUTh JFOINHA
3 IIGBHHUM THIIOM JAJIbTOHI3MY.

Ji BUKOHAHHS CHUMYJALIi BiIOYBa€ThCS HEPETBO-
peHHs KombopiB B miHiMHHN RGB. g mporo BHKOpHC-
ToBYeThes (popmyna (5) [14]:

RGB'= Matrix - RGB . (5)

Jns MozentoBaHHS NMOPYIIEHb KOJIbOPOCHPUUHATTS,
a caMe MPOTaHOIIIi, 3aCTOCOBY€EThCs MaTpullst (6):

0.567 0.433 0.000
0.558 0.442 0.000 |. (6)
0.000 0.242 0.758

Matrixt =

it netitepanomii 3acTocOBYeThCS MaTpuIi (7):

0.625 0.375 0.000
Matrix2 =| 0.700 0.300 0.000 |. @)
0.000 0.300 0.700
s Tputasomii (8):
0.950 0.050 0.000
Matrix3=| 0.000 0.434 0.567 |. (8)
0.000 0.475 0.525

TakuM 4YHMHOM, 3HAIOYM IIOYATKOBI KOJBOPH, MH
Ma€eMO MOJKJIMBICTB 3T€HEPYBATH CUMYJIALIIO KOJIBOPIB JUIs
Oyab-KOTO BHIY NallbTOHI3MY.

[lig wac aHami3y HASBHUX MPOTPAMHUX PIlICHb IS
MOPIBHAHHS KOJILOPIB, CUMYJIAMI{ JabTOHI3MY Ta OILIHIO-
BaHHS iHKITFO3UBHOCTI BeOiHTep(eliciB OyI0 BCTaHOBICHO,
mo nomiOHi cucTeMu MpakTHIHO BiacyTHi. Cepen 3Hai-
JICHUX 1HCTPYMEHTIB MOXKHA BUAUIMTH JIMIIE TP MIPOEKTH,
(GYHKIIOHAJBHICTh SIKMX YacTKOBO BIJNOBIA€ MOCTaB-
neHuM Bumoram. Llumu cucremamu e:

— Colblindor [15];

— Aspos.app [16];

— ImageColorPicker.com [17].

Pe3yabTaTn po3paxysnkiB. Cucrtema cailTy Matume
OJIHY CTOPIHKY SIKa CKJIaJaTUMEThCS 3 YOTUPHOX BKIAJOK
[18-201:

— aHayi3 caiTy;

— aHaJIi3 CKpUHLIOTY;

— KaJbKYJIATOP KOJIBOPIB;

— 3BiTt WCAG.

CtpykTypa mpoektoBaHoi cucremu y Burisigi UML
Jiarpam, noka3zaHa Ha pucyHkax Humxkd4e [21]: miarpama Ba-
pianTiB BUKOpHcTaHHS (puc. 1), miarpama kiaciB (puc. 2),
JiarpaMa KOMIOHEHTIB (puc. 3).

Jnst cTBOpeHHs aHOi cucTeMH OYJI0O BHKOPHCTaHO
HACTYITHI MOBH Ta JIOTTIOBHEHHS JI0 HUX:

— MoBa nporpamyBanHs JavaScript [24];

— kpocmutardopmua marpopma Node.js [25];

— MoBa rineprekcroBoi po3mitkn HTML [26];

— kackamni Tabmumi ctumis CCS [27].

CTpyKTypa caiiTy ckiamaeThes 3 Tpbox Tek: CSS, JS,
node_modules Ta 30BHIIIHIX (aiinis.
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Ilepma Bkiagka Mae Ha3By «AHaNi3 CalTy» Ta MpH-
3Ha4YeHA I KOMIUIEKCHOTO aHaJli3y JHOCTYITHOCTI BeOcaii-
1iB 32 ix URL-agpecoro. DyHKITIOHANT BKJIAAKN BKIIOYAE
aHaJli3 JOCTYIHOCTI TSI KOPUCTYBadiB 3 IMOPYHICHHIMH
KOJILOPOBOT'O 30py, aBTOMATHYHE BH3HAYCHHS HAMOLIBII
BXXMBaHHUX KOJILOPIB HAa BEOCTOPIHIII Ta aHaIi3 IX IMO€AHAHb
Y KOHTEKCTI B3a€MO/Iii TEKCTY Ta (QOHY.

CucTema 3/1iHCHIOE CUMYJIAIIIIO BiTOOPaXKCHHS KOJMip-
HOI TaMH CaWTy IHs JIOJeH 3 Pi3HUMH THIAMHU JAlbTO-
Hi3MY, 30KpeMa JeTePaHoIIi€l0, TPOTAHOMIEI0 Ta TPUTAHO-
€0, IO O3BOJISIE PO3POOHMKAM MOOAYUTH, K IXHIH
BeOpecypc cCrpuilMaeTbess KOPUCTYBadaMH 3 IOPYLICH-
HSIMH KOJBOPOBOTO 30py. Ha 0CHOBI mpoBeeHOro aHamizy
BKJIa/IKa HA/Ia€ eTaIbHI PEKOMEH/IAIIT 010 MTOKPAIICHHS
JIOCTYTIHOCTI Ta MPUBEICHHS BeOCAUTy y BiMOBITHICTD O
MbKHapogHuX crangapTis goctynHocti WCAG. Pesynpra-
TH aHali3y BKIIOYAIOTh 1H(OPMALIIO NP0 BiANOBIIHICTH
craggaptam WCAGPIBHIB AA ta AAA, 1mo a03BOJsiE
OLIIHUTH MOTOYHUI CTaH JOCTYyIHOCTI BeOpecypcy. Ilpu-
KJaau po0oTH «AHalli3 caiiTy» HaBe/ieH1 Ha puc. 4 — puc. 9.

% AHaAi3aTOP ASCTYNIHOCTI AR AaNLTOHIKIB

Puc. 4. [ose BBeneHHS calTy

PRI AeTTG T @iy

44%

e SnzRRa amI TR WO CTFT

Puc. 5. PeliTHHT 1OCTYIHOCTI Ta 3Hal/IeHI KOJIbOPH

3 Al pouy

[Tt

Puc. 7. Kombinauii Texcry Ta pony

8 Devmtanlr aanstontiiey

U L b e

Puc. 8. Cumysis nanbToHI3MY

Jpyra Bkimaaka «AHali3 CKPHHIIOTY» NpU3HAueHa
JUISl KOMIUIEKCHOTO aHaji3y JOCTYITHOCTI 3aBaHTKEHHX
300paxeHp BeOCTOpiHOK. DYHKIIIOHAT BKIAJKU BKIOYAE
MOJKJIMBOCTiI 3aBaHTAXKEHHA CKPHHIIOTIB y ¢(opmaTax
PNG, JPG ta WEBP 3 nogaipmmiM aBTOMaTHYHUM BH3HA-
YEHHSAM KOJILOPiB MAIITPH.

Puc. 9. Pexomennartii ta mopamu

Ha ocHOBI ekcTparoBaHux KOJBOpIB CHCTEMa
3IIMCHIOE aHaNi3 iX MO€IHaHb, BU3HAYA€ MapH TEKCT-(PoH
Ta BUKOHY€ CUMYJIAIIIO BiZOOpaXKeHHs ISl KOPUCTYBaviB
3 IeWTepaHoIIi€I0, TPOTOHOIIIEIO Ta TPUTOHOMIEI0. Britaika
AaBTOMAaTHYHO PO3PaxoBye KOE(ili€HT KOHTPACTHOCTI JUIS
BUSIBJICHAX KOJIPHHMX TIap, TepeBipse iX BiANOBiAHICTH
cranmapram WCAG piBHiB AA Ta AAA, BUABISIE
npoOsieMHI KOMOiHalii KOJbOPIB Ta Halae peKoMeHmalii
MIOZ0 TIOKPAICHHS JOCTYNHOCTI. Pe3ynbraTé aHamizy
NPE/ICTaBJICH] Y BUTJISII IETANBHOTO 3BITY 3 Bi3yalizalieto
BUSIBJICHOT MAJIITPH Ta CUMYJISLIEI0 CIIPUHHATTS KOJIBbOPIB
Jr0Jiel 3 HOPYIICHHAMHU KOJILOPOBOTO 30pY.

[Mpuknagn poboTn «AHami3 CKpUHIIOTY» HaBeJIeHI Ha
puc. 10 — puc. 12.
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Puc. 10. Anani3 caiiTy 4epe3 CKpHHILIOT Ta CUMYJISILIST BUIB
JATbTOHI3MY
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Puc. 11. Tabnuus nopiBHAHHS Iap KOJIBOPIB

Puc. 12. Pexomenmamii

Tpersoro BkIaako € «KaabKyssITop KONbOpiB». 3a
JIOTIOMOTOI0 Hei MOYKHA OOMpaTH KOJIBOPH TEKCTY Ta (GoHY
i TIOpiBHIOBAaTH iX MiX co0or0. A came sSiK BOHU OyAyTh
BUTIIAATH TpH cUMYIEALii. OKpiM IIbOTO MOXKHA POOHTH
koHBepraiiio Gopmaty RGB B HEX Ta HaBnaku. Obupatu
KOJILOPM MO’KHAa BBOASYM KoM Bpy4Hy. OOuparoum 3
nayiTpH, nepeTsryodn no3yHkn RGB, abo Bubuparu 3
NaiTpy  HaWIOIIMpEeHImKuX KoubopiB. [licis BuOOpy
MOTPIOHNX KOJILOPIB CHUCTEMa IOKaXE PEHTHHI JIOCTYI-
HOCTI Ta pEeKOMEHIAIlil.

[puknagu pobotyu HaBeneHi Ha puc. 13 — puc. 15.
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Puc. 15. TTanitpa Koap0OpiB Ta AeTalli aHATIZY

Ocranns BKiagka Mae Ha3By «3Bit WCAG», BoHa
MOKa3ye KOPOTKY iH(pOPMAIio 3 BKIAIOK «AHATI3 CAlTy»
Ta «AHaJI3 CKPUHIIOTY» 1 Ja€ MOKJIMBICTh 3aBaHTAXKHUTU
oTpuMaHi pesynbratu B popmari IIJID (puc. 16).
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Puc. 16. I'otoBuii 3BiT B dpopmari [11D

BucnoBku. CTBopeHa MOJIeNb MTOEHYE B COO1 OLIIHKY
SIKOCTI O(OPMIICHHSI CaiTiB, BU3HAYAHHS X KOJBOPIB Ta
HaJaHHS PEKOMEHAAIINd IS TOKPAIIeHHS KOJbOPOBOI
cxemu caiity. Po3po0iieno indopmariiiiny cuctemy — cair,
SKAH HaJae PeKOMEeHAall 11010 ONTUMAIBHOTO Mibopy
KOJIbOPOBHX CXEM Ta O(QOPMJICHHS BEOCANTIB IJIsI KOpHC-
TyBayiB i3 IOPYIEHHIMU KOJIbOPOCIPUIHATTS, 110 103BO-
Jsl€ TABUIIUTH JOCTYIHICTh Ta 3pYYHICTH CIPUHHATTS
iHpopMarii.

Jekjapaniss 1po BUKOPHCTAHHS T'eHEPATHBHOIO
mTy4yHoro iHteaekry. Ilix yac miaroToBku wiei podoTn
aBTopu BukopucroByBasu ChatGPT s nmomyky sitepa-
TYpPHHX JDKepel, IepeBipku Trpamartuku Ta opdorpadii,
Deepl st mepexmazy. ITicis BUKOPHCTAHHS IIUX 1HCTPY-
MEHTIB/CEpBICIB aBTOPW MEPEBIpWIM Ta BiJpenaryBajiu
BMICT 32 HEOOXiTHOCTi Ta HECYTh IOBHY BiJIOBINATBHICTh
3a 3MicCT myOJiKaii.
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RESEARCH ON METHODS FOR ASSESSING THE QUALITY OF WEBSITE BACKGROUND DESIGN
FOR USERS WITH COLOR VISION IMPAIRMENTS

The purpose of the work is to study methods for assessing the quality of background design of websites for users with color blindness. Information about
types of color blindness is provided, existing methods for assessing the quality of colors for web design are analyzed. Examples of existing sites that
have functions for assessing the quality of web resources are provided. Existing methods for assessing the quality of sites are identified and existing web
resources are analyzed. A developed comprehensive model for assessing the quality of background design of websites is presented, based on the creation
of algorithms for finding colors on images and sites, assessing their quality, and building algorithms for simulating types of color blindness. Examples
of the work of the implemented system for assessing the quality of background design of websites for users with color blindness, its capabilities, and
structure are described. The object of the study is the process of determining the effectiveness of background design of websites in terms of the perception
of content by users with color blindness. The subject of the study is methods for assessing the quality of website background design, including the
selection of color schemes, contrast of text and background, and adaptation of information display for users with color blindness. The novelty of the
work is the creation of a model that combines the assessment of the quality of website design, determining their colors and providing recommendations
for improving the color scheme of the site. The practical value lies in the fact that an information system has been developed - a site that provides
recommendations for the optimal selection of color schemes and website design for users with color vision impairments, which allows to increase the
accessibility and convenience of information perception.

Keywords: colors, color blindness, types of color blindness, design, websites, display of color blindness vision, javascript, information system,
web resources, uml diagrams.
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ONIHIOBAHHS 3JATHOCTI MOJIEJIE BUSIBJIEHHA Al-3TEHEPOBAHUX TEKCTIB JI0
Y3ATAJIBHEHHSA B YMOBAX HEBIJIOMOI'O TEHEPATOPA

Bararo merextopiB Al-3reHepoBaHUX TEKCTiB JEMOHCTPYIOTH BHCOKI IOKA3HUKH SKOCTi Ha BHOipKaxX, COPMOBAHHUX y MeXkaX THUIIOBUX IPOTOKOINIB
OLIIHIOBaHHSA. 30KpeMa, KITAaCHYHI MOJIEi, 0 BUKOPHCTOBYIOTH CTUJIOMETPHUYHI O3HAKH, TaKi SIK JOBXKHHA TEKCTY, TyHKTyalliiiHi TaTepHHU Ta y3araJbHEeH]
MOKa3HUKH (HOPMAIIBHOCTI, 31aTHI e)eKTUBHO BHSIBILITH CTATUCTHYHI 3aKOHOMIpPHOCTI TeHepawii. IIpote iXHs epeKTUBHICTb CYTTEBO 3HIKYETHCS Y
BUIIA/IKaX, KOJNU 3’SIBISIIOTHCS TEKCTH, CTBOPEHI HEBIIOMHUMHU TeHepaTopaMH. Y TaKHX yMOBAaX PO3IOALNT O3HAK 3MIHIOETHCS, IO NMPU3BOAUTH MO
TIOTipIIEHHS SKOCTI KiIacu(ikarii, Hacammepen dyepe3 3pOCTaHHs KUIBKOCTI XHOHO HETaTHBHUX IIOMHIJIOK. Y poOOTi JOCTIIKEHO 34aTHICTh MOZienel 1o
y3arajJbHEHHs B yMOBaX IOSBH HEBioMoro reHeparopa. IIOpiBHSHHS IPOBOAMTBCA MDK KIACHYHHMMM CTHJIOMETPHYHMMH MOJCISAMHU Ta
TpaHC(OPMEPHUMH IIIXOJaMH 3 BHKOPHCTAHHSAM eKcIepuMeHTanpsHoro mporokory LOGO (Leave-One-Generator-Out). Posmismaersest 3amaua
6inapHoi kinacudikarmii TexctiB y aBox nomenax (Reddit, Wikipedia) i3 Bukopucranasam Tpeox reneparopis: ChatGPT, Davinci ta Dolly. /lo knacnaanx
mopeneit BinHeceno Random Forest i Gradient Boosting, Toai sik TpanchopmepHi miaxoau npeacrasieni mopemsimu DistilBERT i RoBERTa. Skictsh
Mogzenelt omiHIoBanacsi 3a MeTpukamu Accuracy, Precision, Recall, F1 ta Macro-F1 3 mopanemmMm ycepeqHEHHSM pe3ylbTaTiB 3a KiUIbKOMA
iHimiamizamismu. OTpuUMaHi pe3ysNbTaTH CBif4aTh, IO TpaHCHOPMEpHI MoJeNi JEeMOHCTPYIOTh BHIIY 3[aTHICTH [0 Yy3araJlbHEHHS Ha JIaHHX,
3reHepoBaHMX HEBIJOMUMHU MOZCISIME. BoHOYAC CTHIIOMETPHYHI ITiIXOAN AEMOHCTPYIOTh iCTOTHE MOTiPLICHHS IKOCTI, 30KpeMa 3aJIeKHO BiJl JOMEHY
Ta JOBXHHHU TEKCTy. AHalli3 IOMIIOK IIOKa3ye, IO KIIOYOBHM (PAKTOPOM 3HIDKEHHS e(eKTHBHOCTI € 3pPOCTaHHS KiTBbKOCTI XHOHO HETaTHBHHX
kiacu¢ikamiid. JlonaTkoBHil aHaIIi3 BaXKIMBOCTI O3HAK ITiATBEPKYE, IO KIACHYHI MOJIENI 3HAYHOIO MIpOIO 3aJIeXKaTh BiJl IOBEPXHEBUX XapaKTePUCTHK
TEKCTY, 5Ki He 3a0e3mevyioTh CTablIbHOI y3aralbHIOBaIbHOI 34aTHOCTI. OTKe, pe3yabTaTH AOCHTIIKEHHS MiIKPECIIOI0Th HEOOXIJHICTh OLIHIOBAHHSI
JIETeKTOpiB y Mexkax nportokory LOGO uist nocsrHeHHs HaJiiHOI CTifIKOCTi X0 ITOSBM HOBHX T€HEPATOPIB.

KniouoBi cioBa: BHSBIEHHS 3TCHEPOBAHHX TEKCTIB, 3JAaTHICT MO Yy3arajlbHEHHs, HEBIJOMHUII TeHepaTop, CTHJIOMETPHYHI O3HAaKH,
TpaHchopMepHi Moaei, kKiacubikaris TEKCTIB.

Beryn. Binburicts cydacHux nerektopiB Al-3rene-
POBaHMX TEKCTIB JIEMOHCTPYIOTh BUCOKI MOKa3HUKH TOY-
HOCTI IIiJ 9ac OWiHIOBaHHS Ha OeHumapkax [1]. Kimacwuni
MOJIeJIi MAaIlMHHOTO HaBYaHHS, IO 0a3yIOTHCS Ha CTHIIO-
METPUYHHX O3HAKaX, 30KpeMa JOBXHHI pedeHb, 4acCTOT-
HOCTI n-Trpam, MyHKTYaI[IfHUX MaTepHax Ta y3araJlbHEeHUX
MMOKa3HUKaX (HOPMANBHOCTI, 3/1aTHI ¢(EKTUBHO BUSBIIATH
CTAaTHCTHYHI 3aKOHOMIPHOCTI MAIIMHHOI TeHepamii 3a
YMOBH POOOTH B MEKax BisjoMoro posnoainy ganux [2]. Ie
MOSICHIOETLCSL THUM, IO BEJMKI MOBHI MOJENi I dac
reHepaiii (OpPMYIOTh BIJHOCHO CTa0UIbHI CTPYKTYpHI
HaTepHH.

BopaHouac Ha npakTHili ehEeKTUBHICTh TAKUX ITiIXO/IiB
CYTTEBO 3HMKYEThCS Y pa3i MOSBU HOBOTO, HEBIJIOMOTO
QITOPUTMY TeHepamii. Y TakMX yMOBax IIOBEpPXHEBI
CUTHAJM, Ha SIKI CHHMPAIOTHCS CTHIOMETPUYHI METOnH,
3MIHIOIOTBECS, OCKUTBKH Pi3HI MOJeNi (OPMYIOTh TEKCTH 3
BIZIMIHHIMH XapaKTEPUCTUKAMHM JIOBKHHH, TyHKTYyalii Ta
CIIOBHUKOBOTO ckyany. Lle mpu3BoguTh 10 moriprieHHs
AKOCTI JETeKIii, 30KpeMa depe3 3pOCTaHHA KiJIbKOCTI
XMOHO HETaTHBHHUX MOMHIIOK, KOJH 3reHEPOBAaHHMH TEKCT
kimacu(ikyeTbcs K JIOACBKHMA. 3a3HaueHa mpoliema
OB’sI3aHa 3 SBUILEM '€HEPATOPHOTO 3CYBY, SIKE y HINPIIO-
My KOHTEKCTI BiITIOBi/Ia€ 3a/1a4i y3araqbHEHHS MOelel 3a
Me)XaMH HaBYAJIBHOTO PO3MOAUTY maHuX. g i Kopekt-
HOT'O JIOCJIJDKEHHS HEOOX1THI MMiX0/H, 1110 3a0e3Meuy0Th
130JIs111i10 JKepesia TeHepaii iJ] yac OLiHIOBAHHS.

Y umifi poOOTi pO3rIsAaeThcs 3amadya OLIHIOBAHHS
3aTHOCTI MoJeNel 10 y3araJlbHEHHS B YMOBax IIOSIBH
HEBIJIOMOI'0 TE€HEepaTopa 3 BHKOPHUCTAaHHSAM IPOTOKOITY
LOGO (Leave-One-Generator-Out) [3].

Metoau mociimkeHHss. MeToIOJIOTIS JOCHTIHKSHHS
OasyeTbcs Ha (HOPMyBaHHI KOHTPOJILOBAHUX YMOB TECTY-
BaHHJ, 3a SIKMX T€HEPaTop TEKCTY, IO BUKOPUCTOBYETHCS
Ha eTarli OIiHIOBAaHHS, MTOBHICTIO BiJICYTHIA Yy HaBYAIIBHIH
BHOIpIIl Ta € HEBIIOMHM I MOJeNi AeTekropa. Takuit
AX1 1a€ 3MOTY KOPEKTHO OI[IHUTH 3[JaTHICTh MOJEIIEH 10
y3arajibHEHHss B yMOBax 3MiHHM JDKepena reHeparii. Y
MeKax JOCHIPKEHHS PO3B’A3YEThCS 3aaua OiHApHOT Kiia-
cudikamii TEKCTiB, y sIKiii TEKCTH JIIOJCHKOTO aBTOPCTBA
no3HayaroThest MiTkoro Human (0), a Tekctu, 3reHepoBaHi
MOBHHUMH MoJiesisiMH, MiTkoro Machine (1).

ExcriepuMeHT BUKOHAHO Ha IMiJJMHOXHHI PO3MIYeHUX
JMAHUX MYJbTHIOMEHHOTro OeHumapky M4 [1]. s anamizy
o0paHO [Ba JOMEHH, IO CYTTEBO BIAPI3HAIOTHCS 3a
crunem: Reddit (mepopmanphi amckycii) ta Wikipedia
(bopmanpHHiA, cTpYKTypoBaHUi TekcT). KinmbKicHI xapak-
TEPUCTUKHU TECTOBUX HAOOPIB JaHUX HaBeleHO B TaOII. 1.

Tabmuus 1 — KinbKicHI XapaKTepUCTHKK TECTOBUX BHOIpOK

Cuenapiii | O6esr | Reddit | Wiki | Jroxceki | Mammuni
logo_chatgpt| 3600 | 1842 | 1758 1800 1800
logo_davinci| 3600 | 1842 | 1758 1800 1800
logo_dolly | 3514 | 1842 | 1672 | 1800 1714

Sk BumHO 3 TaOm. 1, oOcsAr TecTOBOI BUOIPKH IS
KOX)KHOTO 31 CIeHApiiB OLIHIOBaHHS CKJaJaB OJU3bKO
3500-3600 yHikanmpHUX TekcTiB. Posmonmin maHuxX 3a
JIOMEHaMH OyB BIJJHOCHO DIBHOMIPHHM, i3 HE3HAYHOIO
nepeBaroro TekcTiB i3 miargopmu Reddit. s 3abe3me-
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YeHHSI YHCTOTH EKCIEPUMEHTY KiJIbKICTh TEKCTiB Hera-
tuBHOrO Kiacy (Human) Oyma cyBopo 3adikcoBana Ha
piBai 1800 ex3eMIIIApiB I KOXKHOTO CIICHAPII0 TECTy-
BaHHS, a BiAXWIEHHS B 00cs3i kimacy Machine mrst mozeni
Dolly BimoOpakae TOpUPOAHUI PO3MOIIT NAHWX IMICIs
eTaIry OYMIIEeHHS.

3araipHa apXiTEKTypa CKCICPUMEHTY Ta OCHOBHI
eTanu J0CHIKeHHS mpecTaBieHi Ha puc. 1. [Iporec pea-
Ji3aIii BKIIFOYa€ YOTHPH B3a€MOIIOB’I3aHi JIOTIYHI OJIOKH,
a camMe MIArOTOBKY BXiAHUX JaHHMX, (OPMyBaHHI Ta
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s kmacudikamii Oynmo MOPIBHSAHO MBI Tpynu
anmroput™miB. Ilepma rpyna oxommoe TpaHCHOPMEPHi
mozeni DistilBERT 1 RoBERTa [7, 8], 1110 BUKOPHCTOBY-
IOTh KOHTEKCTHE JIOHABYAHHSI 3 OOMEXEHHSIM JOBXHUHHU
BXI1/THOT OCiTOBHOCTI 10 512 TokeHiB. [Jo apyroi rpymu
BiJIHECEHO KJIAaCHuHi cTHiIoMeTpuyHi ancam6mi Random
Forest (RF) Ta Gradient Boosting (GB) [9, 10]. Ha Biaminy
Bil TpaHCHOPMEPHHX MOJECICH, KIACHYHI IiJXOIU
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Puc. 1. ApXiTekTypa eKCIIEpUMEHTY Ta eTaIH JOCiPKSHHS

OanmaHcyBaHHs BHOIPOK, HAaBYaHHS MOJECJCH, a TaKOXK
KOMIUIEKCHE OIIHIOBaHHS iXHBOI CTIMKOCTI Ta y3arajibHIO-
BaJILHOI 3/1aTHOCTI.

VY mocmimKeHHI BUKOPHUCTAHO TEKCTH, 3TCHEpPOBaHI
TPbOMa MOBHHMH MOJEISIMH 3 BIIMIHHUMH apXiTEKTyp-
HuME xapakTepuctukamu: ChatGPT, Davinci Ta Dolly [4].
Jlist ycyHeHHs yOJIIoBaHb 3aCTOCOBYBAJIOCS XEIIyBaHHS,
a Juisl 3amo0iraHHs BUTOKY J@HUX PpO3MOJUI BHOIPOK
BukoHyBaBcs MetoioM GroupShuffleSplit i3 rpynyBanHsIM
3a imenTudikaropom group id, mO MOETHYE IOMEH 1
Joxeperno [5].

KiIro40BUM  €IEMEHTOM OILIIHIOBaHHSI € TPOTOKOJ
LOGO. Y mexax eKCNepuMEHTY peai30BaHO TPU He3a-
nexHi crienapii (logo_dolly, logo chatgpt, logo davinci),
Yy KOKHOMY 3 SIKMX OJMH T'€HEPaTop IOBHICTIO BHUKJIIO-
4aeThCs 3 HABYAJBHOI Ta BalijamiiiHoi BHOIpOK 1 3’sB-
JSIEThCS JIMIIE Ha eTami TecTyBaHHS. [y 3a0e3nedeHHs
KOPEKTHOCTI HaBYaHHS TPEHyBaJIbHI BUOIpKH (train) Oymnn
30ajaHCcOBaHI 3a KjlacaMH 3a JIOIIOMOIOI0 METO/IB
undersampling [6], Toxi s TecToBi BHOipKH (test) 30epi-
raym npupoaHuii posmoxain. Illo6 rapantyBatm cTabinmb-
HICTh pE3yJbTaTiB 1 BIJOKPEMHUTH BIUIUB BHITQIKOBOTO
po30WTTA BiA BIUIMBY iHIiMiamizamii Mojeni, pPO3MOALI
nmanux (split) dixcyBaBcs eguanM mapamerpoM split seed
(42), a HaBuaHHS MojeNell MPOBOAKMIOCS OaraTopasoBo 3
pi3HMMH napaMeTpamy iHimiamizamii train seed (42, 123,
2024). Yci kiHIEBI METPUKHM arperyBajics y Qopmari
CepeHbOT0 3HAUYEHHS Ta CTAaHJAPTHOTO BiAXHMIICHHS.

engineering), skuii MicTUTh 14 CTHJIOMETPUYHUX XapaKTe-
puctuk [11]. Ili o3HaKM OMUCYIOTH 0a30Bi MOBEPXHEBI
JIIHTBICTUYHI BJIACTUBOCTI TEKCTIB 1 HaBeAEH] B Ta0. 2.

Tabmunst 2 — CTUIOMETPUYHI O3HAKH

Has3Ba o3Hakn Kopotke nosicHeHHst

simpsons_d Jlekcnune pizHomaniTTs (iHAEeKc CiMricoHa)

yules_k Jlexcuune GaratctBo (ingexc IOna)

type_token_ratio BigHOIIEHHS TUITIB 10 TOKECHIB

word_count

3aranbpHa KUTBKICTh CIIB Y TEKCTi

sentence_count

3aranbHa KiIbKICTh PEYEHb Y TEKCTi

avg_word_length

CepenHs JOBXHHA CJIOBAa y CUMBOJIAX

avg_sentence_length

CepenHst KUTBKICTB CIiB y peUeHHI

punctuation_ratio

YacTka myHKTyaIii

function_word_ratio

Yacrka ciiy00BHUX CITiB

noun_ratio

BinHocHa yacTka IMEHHUKIB Y TEKCTI

verb_ratio

BigHOocHa YacTKa Ji€CITiB Y TEKCT1

pronoun_ratio

BigHocHa yacTka 3aiiIMEHHHKIB Y TEKCT1

flesch_reading_ease

Inpexc unrabensHoCTI Drema

gunning_fog_index

Inzexc cknagaocti (Gunning Fog)

Pesyabratn pocaimkennsi. OTpuMaHi pe3ynbraTu
MOKa3yITh, MO TPaHCHOPMEPHI MOJIENi JAEMOHCTPYIOTh
BUIILlY 3/IaTHICTH JI0 y3araJbHEHHs B yMOBaX HEBiZIOMOTO
reHepaTopa NOPiBHSIHO 31 CTHIIOMETPUYHUMH aHCAaMOJISIMU.
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Ha puc. 2 npencraBieHo arperoBaHi MOKa3HUKA METPHKH
Macro-F1 mns Bcix Momemelt y KOXHOMY 31 cIieHapiiB
LOGO.

Generalization Performance on Unseen Generators
miodsl_label
DistiBERT
<]
0.8 HE
AoBERTS

Macro-F1

CHIMKIIONICANYHNX  TEKCTaX IS  CTHJIOMETPUYHOTO
ancamOmo Gradient Boosting y cmenapii logo dolly
CIIOCTEPIraeThCs CYTTEBE 3HIDKEHHS SKOCTI JETEKIIil, 110
3YMOBJICHO TMOTipHOICHHSAM 3JaTHOCTI MOJENi BUSBIISATH
3reHEepPOBaHi TEKCTH.

Tabmuis 3 — [TokasHUKU SKOCTI MOJIENEN 3a JOMEHAMU

ChatGPT Dawincl Dally
Unseen Generatar

Puc. 2. 3aranpna 31aTHICTS MOJIeNeH 10 y3araJbHEHHS y TPHOX
CIICHAPIAX

V cueHapisx, e TECTOBIMH I'eHepaTopaMy BHCTYIIA-
s Mozeni Bix OpenAl (ChatGPT Ta Davinci), DistilBERT
ta ROBERTa BrieBHeHO nonatoTh nopir merpuku Macro-F1
y 0.85-0.95. BonHouac knacu4Hi MOJENi JAEMOHCTPYIOTh
BiUyTHY nerpazgauito. HailOinpiumii po3pus crocrepira-
eTbesi 'y cuenapii logo_dolly, ge TtecroBoro Momemto
BUCTYIIA€E BIIKPUTA apXiTeKTypa. 3ITKHYBIINCH i3 TPUHIU-
MOBO HOBUM MaTEPHOM I'eHepaii, CTHIOMETPHYHI MO
BTpayalOTh 3HATHICTE 1O e(EKTUBHOIO PO3Pi3HEHHS
xnaciB: Macro-F1 g Random Forest nagae 1o 3HaueHb
6mu3pko (.65, MO CBIAYUTH MPO IXHIO HECTIPOMOXKHICTH
NEPEHOCHTH 3HAHHS 38 MEXi HABYAIBHOI'O PO3HO/LTY.

[opiBHAHHS CTaOLIBHOCTI JETEKTOPIB Y PO3pi3i mo-
MeHiB (Hedopmanprauii Reddit Ta crpykrypoBana Wikipe-
dia) migkpeciroe pi3Hy YyTJIMBICTH apXiTeKTyp A0 iH(pop-
MauiiHoro mymy Ta ¢popmansHocti. Ha puc. 3 Bisyaunizo-
BaHO moka3uuku F1 mis kmacy Machine, a B Tabi1. 3 HaBe-
JICHO JIeTallbHi 3HaueHHs Accuracy, Precision Ta Recall.

DstiBERT [0} 3 L

(hatGeT Davincl Doliy

o | —— —_— .=

madi wlkoeda i whipecia midt wigeda
[ Damaii (P

Puc. 3. IlopiBusinas MeTpuku F1 3a tomeHaMu it pi3HUX
reHepaTopiB

Pe3ynbTaTH eKCIIEpPUMEHTY CBiquaTh, IO B YMOBax
TeHEePAaTOPHOTO 3CYBY MOJENI B OIIBIIOCTI BUMAIKIB Je-
MOHCTPYIOTh BWII IMOKa3HMKH Ha JoMeHi Reddit mopis-
HsHO 3 nomeHoM Wikipedia. TpancdopmepHi nerekropu
(DistilBERT, RoBERTa) xapakTepu3ylOTbCsi BHCOKOIO
pOOACTHICTIO, IIO MPOSBISETHCS y CTaOLIBHO BHCOKHX
3HaueHHsAX Metpuku F1 y nomeni Reddit. Haromicts Ha

Cuenapiii [ [Tomer | Mogens | Accuracy | Precision | Recall
ChatGPT |Reddit | DistiiIBERT | 0.9660 | 0.9408 |0.9946
ChatGPT |Wiki |DistilBERT| 0.9276 | 0.9052 |0.9556
ChatGPT |Reddit | GB 0.8775 | 0.8763 |0.8791
ChatGPT |Wiki |GB 0.8707 | 0.8419 [0.9128
ChatGPT |Reddit | RF 0.8634 | 0.8689 |0.8560
ChatGPT |Wiki |RF 0.8699 | 0.8456 |0.9052
ChatGPT |Reddit | RoBERTa | 0.9533 | 0.9157 |1.0000
ChatGPT |Wiki |RoBERTa | 0.9132 | 0.8589 |0.9909
Davinci |Reddit | DistilBERT | 0.9580 | 0.9263 |0.9957
Davinci |Wiki |DistilBERT| 0.9154 | 0.8706 |0.9776
Davinci |Reddit |GB 0.8990 | 0.8788 |0.9258
Davinci |Wiki |GB 0.7935 | 0.8331 [0.7342
Davinci |Reddit | RF 0.8961 | 0.8750 |0.9244
Davinci |Wiki |RF 0.7958 | 0.8317 |0.7418
Davinci |Reddit |[RoBERTa | 0.9390 | 0.8927 |0.9986
Davinci |Wiki |RoBERTa | 0.8982 | 0.8382 |0.9882
Dolly Reddit | DistilBERT | 0.8929 | 0.9333 |0.8469
Dolly Wiki | DistilBERT | 0.7297 | 0.8230 |0.5477
Dolly Reddit | GB 0.6820 | 0.8204 |0.4662
Dolly Wiki |GB 0.6760 | 0.7579 |0.4657
Dolly Reddit | RF 0.6529 | 0.8017 |0.4061
Dolly Wiki | RF 0.6657 | 0.7549 |0.4367
Dolly Reddit | RoBERTa | 0.9258 | 0.9254 |0.9269
Dolly Wiki |RoBERTa | 0.7356 | 0.7925 |0.6024

IlepeBipka 3a7€KHOCTI SKOCTI JAEeTEKIii Bix 00csAry
KOHTEKCTY BMSIBWJIa BIJIMIHHOCTI B TIOBEIIHII MoJenen
3aJIe)KHO BiJl IOBXKWHH TeKCTY. JIJisl IbOTO TECTOBY BUOIPKY
Oyno mojiNeHO Ha KOWMKH 3a jaoBxuHOK (B2: 101-200
cimiB, B3: 201400 cniB, B4: monax 400 cnuiB). 3aranpcHy
MUHAMIKY METPUK JJs BCIX JOCITIKYBaHHX MoOJeiel
BimoOpakeHO Ha puc. 4, Tomi K y TaOn. 4 HaBeICHO
JIETaTi30BaHI YHCIOBI pe3ympTaTd U1 JBOX pempe-
3eHTaTUBHUX Mojenei, a came, DistiBERT i Random
Forest, sixi mpeacTaBIsAIOTh BiAIOBIIHO TpaHC(HOPMEPHUH i
KJIACUYHHUNA CTHIIOMETPUIHUH ITiTXOTH.

Length Robustness on Unseen Generators

H? B3 B4

Puc. 4. 3mina metpuxu Macro-F1 3anexHo BiJ JOBXHHU TEKCTY
(Bin Analysis)
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Tabnuws 4 — Pe3ynpraty OLiHIOBaHHS MoJeseil y po3pisi
JOBKHHH TEKCTY

I'pyma| Monens Precision Recall F1
DistilBERT |0.870+0.017|0.993+0.006 |0.927+0.012
B2 RF 0.667+0.007 | 0.603+0.016 [0.633+0.012
DistilBERT |0.964+0.008 | 0.978+0.006 |0.971+0.003
B3 RF 0.892+0.001 | 0.899+0.003 |0.895+0.002
DistilBERT |0.294+0.031|0.829+0.029 | 0.433+0.03
B4 RF 0.325+0.008 | 0.743+0.000 |0.452+0.008

Ha xopotkux Ttekcrax (B2) wxmacuuni mozpeni (RF)
JIEMOHCTPYIOTh HU3bKI 3HaueHHs MeTpuku Recall (0.603).
I3 30inbIIeHHAM 00csTy Tekery (B3) sxicte knacudikamii
MOKPAIIYETHCS, IO MOB’SA3aHO 3 HAKONMYEHHAM CTaTHCT-
WYHAX XapaKTepPUCTUK, HEOOXINHMX i OIiHIOBAHHS
JIEKCHYHOTO PI3HOMaHITTS. BogHOUAC U1 JOBIUX TEKCTIB
(B4) cmocrepiraeTbCsi CyTT€BE 3HIDKCHHS MCETPHKH
Precision sK i KJIaCHIHHX, Tak 1 V1A TpaHCHOPMEPHHIX
moaeneit (o 0.294 msa DistilBERT Ta 0.325 ansa RF). Ile
CBITUUTH MPO 3POCTaHHS KIUIBKOCTI XMOHO TO3UTHBHHX
knacuikariif, KOJIM TEKCTH, HAITUCAHI JIFOHMHOI0, TIOMHII-
KOBO BH3HAYalOThCA sK 3reHepoBani. [ms Tpancdop-
MEpHHX MOJIeNIeil Taka MOoBe/liHKa MOXKe OyTH MOB’si3aHa 3
O0OMEKEeHHSIM MaKCUMAaJbHOI JIOBKMHM KOHTEKCTy (512
TOKEHIB), III0 MPU3BOUTH IO BTPATH YaCTHHH PEJICBAaHTHOT
iH(pOopMaii mig 9ac 0OpOOKH TOBTUX TEKCTIB. Y pe3ynbTaTi
JIETEKTOPH MOXYTh HEKOPEKTHO IHTEpPIPETYBAaTH CTPYK-
TypHI XapaKTEPUCTUKH JIOBTHX TEKCTIB, IO HEraTHBHO
BIIMBAE HA AKICTh KJIaCHU]iKaIlii.

OxpeMHM BaXXJIMBUM aclleKTOM € aHalli3 XMOHO He-
TaTUBHUX MMOMIJIOK. AHai3 a0COFOTHOI KUTBKOCTI XHUOHO
HeratuBHux nommiok (False Negatives), koiau 3reHepo-
BaHMH TEKCT IPOIYCKAaeThCsl KiacudikatopoMm i mMo3Ha-
Ya€eThCs K JIIOJICBKUH, € KIIFOUOBUM JUISl PO3YMIiHHSI Jierpa-
Al CTUIOMETPUYHUX MmiaxomaiB. Ha puc. 5 HaBemeHO
O30T TAKUX TOMHUJIOK.

False Negatives on Unseen Generators
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Puc. 5. AGcomtoTHa KiNbKiCTh XHOHOHETaTHBHHUX IIOMHIIOK Y
PI3HHX MOJIEISIX

I'padix HAOUHO MIATBEP/IKYE, IO FOJIOBHOIO IIPHUH-
HOIO JIerpajariii KIaCHIHUX aJTOPUTMIB € CYTTEBE 3pOC-
TaHHS KUTBKOCTI IPOITYCKiB MAIIMHHOTO TEKCTy. Y CIleHa-
pii 3 mogemmto Dolly ctunomerpuuni ancam6imi (GB, RF)
reHepyioTh Big 500 mo maibke 1000 XxuOHOHETaTUBHUX
BignoBine#, Ttomi sk Tpanchopmepu (DistilBERT,
RoBERTa) MiHIMi3yloTh Iel MOKa3HHWK. 3iTKHYBIINCH 3
HOBOIO LLM, kacuuHuil 1€TEKTOp He 3HAXOUTh 3BUYHHUX
CTaTUCTUYHHUX BIAXWICHb 1 KiIAcH(piKye TEKCT 5K
JIFOACHKHH.

Jns mosicHeHHST MeXaHiKu TmepeHaBuaHHs (overfi-
tting) CTHJIOMETPUYHUX aHCAMOJIB MU IpoaHai3yBald
3cyB BaxkimBocTi o3Hak (Feature Importance Shift) mix
cierapissmu LOGO. Bisyamizarist mporo mporecy Impen-
CTaBJIeHa Ha puc. 6 Ta B TabI. 5.

Feature Impartanca Shift Acress LOGD Scenanas
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Puc. 6. TerutoBa kapTa 3cyBYy BayKIMBOCTI CTUIIOMETPHUIHUX
03HAK MK CLIEHapisIMH

Tabmuns 5 — Ton-3 HaBaXKIMBILIMX 03HAK IS aJITOPUTMY
Gradient Boosting 3a cueHapismMu

Cuenapiii Tomn-1 Tom-2 Tom-3
simpsons_d word_count type_token_ratio
ChatGPT (50.237)_ (0.141) P "0.141)
Davinci simpsons_d | type_token_ratio word_count
(0.271) (0.140) (0.129)
Dolly word_count | type_token_ratio | sentence_count
(0.218) (0.140) (0.117)

V creHapisix, ie anrOpUTMHA HABYAIHCS 1 TECTYBAJIHACS
B Mexax ekocuctemu OpenAl (ChatGPT, Davinci),
JIOMIHYFOUOK0 O3HAKOI0 JUIS MPUHHATTS pilieHHS OyB iH-
JIEKC JIeKCHUHOro pisHoMmaHnitTTs Cimrmcona (simpsons_d),
BaroBe 3HaueHHs sikoro csraino 0.271. Lle cBiquuTsk mpo Te,
o Mozeli BinoOpaxaroTh crenudiuHi 3aKOHOMIPHOCTI
CIIOBHUKOBOTO pO3MOJUTY, XapakTepHi JUIs TEKCTIB,
srenepoBanux Moaeismu Tuny GPT. BonHouac y cueHapii,
Jie HeBIJOMHUM reHepatopom Bucrynae Dolly, 3HauyricTb
i€l 03HAKM CYTTEBO 3HIKYeETHCS (10 0.097), mo Bka3ye Ha
BTpATy ii AUCKPUMiHAIIITHOT 3aTHOCTI.

3a BiACYTHOCTI CcTaOiTbHUX IHIUKATOPIB JETEKTOPHU
MIEPEOPIEHTOBYIOTHCS Ha OUIBIN 3arajbHi TOBEPXHEBI Xa-
PaKTepUCTHKH, 30KpeMa KUTbKicTh ciiB (word count =
0.218) ta peueHb. OCKUTLKH TaKi O3HAKH HE € HATIMHUMH
MapKepaMy IITYYHOTO TOXOJKEHHSI TEKCTY, 1€ MPHU3BO-
JIUTH 10 3HWKESHHS SIKOCTI Kilacugikarii.

BucHoBKH. Y po0OTi peanizoBaHO BiATBOPIOBaHUI eKCIIe-
PHUMEHT JUTs OLIIHFOBAaHHS 3MiH SIKOCTI IETEKTOPIB B YMOBaX MOSIBU
HeBimoMoro reneparopa. JlocmimkeHHs 0a3yeTbcs Ha 3acTOCy-
BaHHI npotokoiy LOGO Ta oXoIutoe Bi MOZENIbHI NapaJirMy,
a caMe KJIAaCHYHI CTHJIOMETPUYHI MiAXOOW 1 TpaHchOpPMEpHi
encoder-merexTopu.

Pe3ynbTaTu JOCIIHKEHHS MTiATBEPUKYIOTh BHUIIY 3aTHICTh
TpaHchOpPMEPHHUX MOJENel 10 y3arajJbHEHHs B yMOBax IOSIBU
HEBiZIoMOro TreHeparopa. BogHouac CcTHIOMETpHYHI MOJeEi
JIEMOHCTPYIOTh CYTTEBE 3HIKEHHS €()EKTHBHOCTI, 110 OB’ A3aHO
3 IXHBOIO 3aJICKHICTIO Bil[ TIOBEPXHEBUX XAPAKTECPUCTUK TCKCTY,
sIK1 He 320€e31eUyI0Th CTablIFHOCTI IPH 3MiHI TeHepaTopa.

KirogoBuM dakTopom amerpamarii KIacCHYHUX MIAXOMIB €
3pOCTaHHA KUIBKOCTI XHOHO HEraTUBHHX IIOMHUJIOK, KOJIN 3I'CHC-
poBaHuii TEKCT KnacuiKyeThes K OAChKUi. Takuii THI momMu-
JIOK Oe3mocepeIHbO 3HIKYE NPAKTUYHY [IPUAATHICTh IETEKTOPIB

Bicnux Hayionanvrnozo mexuiunoeo yHisepcumemy «XI1ly. Cepia: Cucmemnuii
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y pealbHHX yMOBax 3aCTOCyBaHHs. Pu3uku ix nerpazauii ae- 5. scikit—learn_ developers. _GroupShuferSpIit — scikit—lga_rn
TEKTOPIB 1 3HAYYIIICTh IOMUJIOK 000X THITIB TAKOXK BiJ3HAYAFOTh- documentation. Available at https://scikit-
Csl Y TOCHIDKEHHSIX, TPUCBSYCHUX MPOTHIIT Heitpo-¢eitkam [12] learn.org/stable/modules/generated/sklearn.model_selection.GroupS
- ’ ) . huffleSplit.htm (accessed 05.03.2026)
JocmipkeHHsT Mae HU3KY OOMEKEHb, OB’ I3aHUX 13 BHOO-

. . . 6 6. imbalanced-learn developers. Under-sampling — imbalanced-learn
pOM TCHEPATOPIB 1 IOMCHIB, a TaKOXK 13 BUKOPHCTAHHAM OOME- user guide (v0.14.1). Awvailable at: https://imbalanced-

JKCHHS JIOBJKMHH KOHTEKCTY I TPaHC(OPMEPHHX MOZeIei. learn.org/stable/under_sampling.html (accessed 05.03.2026).

Kpim Toro, He posrisiianucs cueHapii yactkooro abo smima- 7, Sanh V., Debut L., Chaumond J., Wolf T. DistilBERT, a distilled

HOT'0 aBTOPCTBA B MEKax OJHOI0 JOKYMEHTA. version of BERT: smaller, faster, cheaper and lighter. arXiv,
Tloganbmmi gociKEHHS TOLULUIBHO CIIPSIMYBATH Ha PO3IIN- Computer  Science. 2019. DOI: 10.48550/arXiv.1910.01108.

PCHHS MHOXHHH T€HEPaTOpiB, 3aIydeHHS 0araTOMOBHHX JAaHHX Auvailable at: https://arxiv.org/abs/1910.01108 (accessed 05.03.2026).

8. Liu Y., Ott M., Goyal N., et al. ROBERTa: A Robustly Optimized

Ta aHaNi3 TIOPUIHHUX MiIXOJIB IO NETEKIil. SIK mepcrneKTHBHUN vis A -
BERT Pretraining Approach. arXiv, Computer Science. 2019. DOI:

HanpsaM MOXKHa po3rjiaaTu HiﬂXOI[I/I, 1o HE HOTpe6y}OTB Ha-

. .. .. 10.48550/arXiv.1907.11692. Auvailable at:
BYaHHA 3 yYHTENeM i 6asyloTbCA Ha aHalisi BIaCTHBOCTEH HMo- https://arxiv.org/abs/1907.11692 (accessed 05.03.2026).
BipHICHOTO POCTOPY MOBHMX MoJieneH, 30kpema DetectGPT[13]. 9. Breiman L. Random Forests. Machine Learning. 2001, vol. 45, pp. 5—
Jexiapauiss 1mpo  BHKOPHCTAHHS  IeHEPATHBHOIO 32. DOl: 10.1023/A:1010933404324. Auvailable at:
IITY4YHOro iHTeseKkTy. I1ig yac miAroToBKY 1i€i poOOTH aBTOPH https:/link.springer.com/article/10.1023/A:1010933404324
BukopucroByBamu ChatGPT Tta Gemini mms mepesipku rpa- (accessed 05.03.2026).

maTuku Ta opdorpadii, mepedpasysanns ta nepedopmymopanns 10 Friedman J. H. Greedy fun_ction approximation: A gradient boosting
TekcTy. [liciis BUKOPHCTaHHS IIMX IHCTPYMEHTIB/CEPBICIB aBTOPH machine. Annals of Statistics. 2001, vol. 29, no. 5, pp. 1189-1232.

f . . . . DOI: 10.1214/a0s/1013203451. Auvailable at:
TCPCBIPIIM Ta BUPCAATYBAIH BMICT 32 HeQ..6XmHOCTl a Heeyre https://www.cse.cuhk.edu.hk/irwin.king/_media/presentations/2001_
MOBHY BiJITIOBIIaTBHICTB 3a 3MICT MyOJiKaIrii.

greedy_function_approximation_a_gradient_boosting_machine.pdf
(accessed 05.03.2026).
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EVALUATING THE GENERALIZATION ABILITY OF AI-GENERATED TEXT DETECTORS TO UNSEEN
GENERATORS

Many Al-generated text detectors demonstrate high performance on datasets constructed within typical evaluation protocols. In particular, classical
models based on stylometric features, such as text length, punctuation patterns, and aggregated formality indicators, can effectively capture statistical
regularities of machine generation. However, their performance decreases substantially when texts produced by previously unseen generators are
encountered. Under such conditions, feature distributions shift, which leads to a decline in classification quality, primarily due to an increase in false
negative errors. This paper investigates the generalization ability of detection models under conditions involving an unseen generator. The study
compares classical stylometric models and transformer-based approaches using the LOGO (Leave-One-Generator-Out) evaluation protocol. The task is
formulated as binary text classification across two domains, Reddit and Wikipedia, and involves three generators, namely ChatGPT, Davinci, and Dolly.
The classical models include Random Forest and Gradient Boosting, whereas the transformer-based approaches are represented by DistilBERT and
RoBERTa. Model performance is evaluated using Accuracy, Precision, Recall, F1, and Macro-F1, with the final results averaged across multiple random
initializations. The results show that transformer-based models demonstrate a higher ability to generalize to texts produced by unseen generators. In
contrast, stylometric approaches exhibit a substantial degradation in performance, particularly depending on the domain and text length. Error analysis
indicates that the main factor behind this decline is the increase in false negative errors. An additional analysis of feature importance shows that classical
models rely heavily on surface-level textual characteristics, which do not ensure stable generalization across different generators. Therefore, the findings
highlight the importance of evaluating Al-generated text detectors under the LOGO protocol to ensure robust performance in the presence of new
language models.

Keywords: Al-generated text detection, generalization ability, unseen generator, stylometric features, transformer-based models, text
classification.
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MOJEJII TA METO/JU IHTEJIEKTYAJIBHOI'O YIIPABJIIHHSI IEPCOHAJII3OBAHUMH
HABYAJIbBHUMU TPAEKTOPISIMUA HA OCHOBI IHTETPOBAHOT O IRT-FORGETTING IIIAXOAY

He3Baxaro4u Ha IHPOKE BIPOBA/DKEHHS Cy4aCHUX CHCTEM YIPaBIIiHH HABYAHHSM, OLIBLIICTh TAKUX CHCTEM CIPSIMOBAHO Ha OPraHi3alliio JOCTYILy 10
KOHTEHTY # OL[HIOBAaHHS Pe3yNbTaTiB, NPOTE 11033 YBArolo 3aJMIIAETHCS (HOpManizoBaHe MOJEIIOBAHHS IHIMBIIyanbHUX HABYAIBHUX IMIIXOIIB i
JUHaMIKK 3a0yBaHHS 3HaHb. Y pOOOTI MPEACTaBICHO KOMILIEKC MOJENell i MeTOIB A aJanTHBHOTO HaBYaHHs, pO3po0IeHUH y Mexax miaThopMu
FAHRAI (Framework for Adaptive Hierarchical Review and Instruction). 3anpornoHoBaHO Taki OCHOBHI KOMHOHEHTH: (1) iHTerpoBaHa MOJEINb, IO
MYJIBTUILTIKATUBHO IOEJHYE JBOINApaMETpUYHy Mozesb Teopil Binryky Ha 3aBmanus (IRT 2PL) i3 ¢yHkiiero yrpumanHsa B mam’sti i 3abesmnedye
MOKpalieHy Kaniopauito nopisHsHO 3 kiacu4How IRT; (2) nuHamiyHa MOzeNs CTaOUIBHOCTI MaM’siTi 3 KOMIIO3UTHUM MOKa3HUKOM SIKOCTI BIZTMOBIJ i
KOHTEKCTHO-3QJIEXHIM MHOXKHUKOM; (3) METOZ iepapXiuyHOro BinOoOpy HaBYANBHHX 3aBIAHb i3 0araTOpiBHEBOIO CHCTEMOIO CTpATerili i KOHTEKCTHO-
3aIeKHUMH BaraMi KOMITO3UTHOro Oana mpiopurtH3auii; (4) MeTOJ 3acTOCYBaHHS JOBipYOro iHtepBaiy BincoHa Ijisi CTaTHCTHYHO HagiiHOrO
OLIIHIOBAHHS PiBHS 3aCBOEHHS 3HAHb, 1110 CYTTEBO 3HIDKYE YaCTKy XMOHOMO3UTUBHUX PillIEHb MOPIBHSHO 3 HAIBHOIO TOYHICTIO; (5) KOMIIO3UTHA METPUKA
TOTOBHOCTI, 1[0 iHTerpye napamerpu IRT, yrpumanHs B mam’sITi 3HaHb 1 CTATHCTUYHY HAIiHHICTh OMIHKH. [ KOKHOT MOZieli HaBeIeHO (popMalIbHIH
OIIMC, TEOPETUYHE OOTPYHTYBaHHS W YMCIIOBI MpHKNaau. 3arpornOHOBAaHHH KOMILIEKC MOJEINeil i MeToxiB (hopMye LUIICHY TEOPETHYHY OCHOBY JUIS
00yI0BY aaNTHBHAX CUCTEM HAaBYAHHS, IO Ja€ 3MOTY MiJBUIIUTH TOYHICTh MIPOrHO3YBaHHS HABYAIBLHUX PE3y/IbTaTiB, €PEKTHBHICTh MIAHYBAHHS

MIOBTOPEHb 1 Ha/[IHHICTH OI[IHIOBAHHS 1HANBIyaJIbHOTO IIPOrpecy YUHiB.

Karo4oBi ciioBa: nepcoHanizoBaHi HaBYalbHI TPAEKTOPIi, aJaNTUBHE HABUYAHHS, TEOPIs BIAryKy Ha 3aBIaHHs, IHTEPBAIbHE IOBTOPEHHS, 30HA
HaWONMMKIOr0 PO3BUTKY, AOBipUHMii iHTepBan Bincona, mepconanizaris HABUaHHS.

1. Beryn. Pesynbratu nociimkenus PISA-2022 cin-
4aTh 1po Te, mo 31 % yuniB y kpainax OECP e nocsra-
10Th 0a30BOr0 piBHA MareMaTH4yHOi rpamoTHocti [1]. Ls
TEH/ICHIIIS BKa3ye Ha CHCTEMHY Hee()eKTUBHICTD TPaIHIIiii-
HUX MIAXOJIB 0 HABYAHHS ¥ MIAKPECIIIOE HEOOXITHICTh
aganTUBHUX TexHoJorii. Meraananis K. BanJlena [2] mpo-
JIEMOHCTPYBaB e(eKTHBHICTh IHTEJEKTyalbHUX CHCTEM
HaBYaHHS, 3aCBIAYMBIIN IIPY [IbOMY II€peBary HaJl iHIUBI-
nyansHuM perieruropetBoM (d =0.76) i TpamuriiHME
texHosorisiMu. CydacHi CUCTEMH YNpaBIIiHHS HaBYaHHSIM
(Learning Management System, LMS) mepeBaxHo opieH-
ToBaHi Ha mimxix «one-Size-fits-ally [2], 3abe3neuyroun
yHi(iKOBaHY MOJjaqy HABYAIHHOTO KOHTEHTY 03 TITHOO0KO1
ajanTauii 10 iHAMBITyalbHUX XapaKTEPUCTUK 3100yBayiB
OCBITH Ta ITHOPYIOUH TIPH LbOMY TPU TOJIOBHI BUCHOBKH
KOTHITUBHOI HaykH. [lo-niepiie, He GepeThCst 10 yBaru KOH-
Hemniiss 30HU Haiibnmx4yoro possutky ZPD (Zone of
Proximal Development) JI. Burorcekoro [3], 3rigHo 3
SIKOO OCBITHIH Tporiec € HaHOUTBII e()eKTUBHIM, KOIH Pi-
BeHb CKJIQJIHOCTI HaBYAJILHHUX 3aBJaHb MOMIPHO IEPEeBU-
IIye piBeHb MOTOYHOI KOMIIETEHTHOCTI y4Hs. [lo-npyre,
11032 yBarorw 3aJIMIIAIOTECS (QyHIAaMEHTAIbHI 3aKOHOMIp-
HOCTI KOTHITHBHOI IICUXOJIOTii, 30KpeMa KpHBa 3a0yBaHHs
I'. E6Ginrayza [4, 5], rpadik sxoi miaTBepIKye, MO iH-
(dopmariist i3 4acoM BTpAva€ThCs 3 MaM sITi, MEepeayciM 3a
BiJICYTHOCTi MOBTOPEHb 1 MPAKTUYHOTO 3HAYCHHS 3700Yy-
TUX 3HaHb. Llefl NpUHIUI MiATBEP)KEHO MeTaaHaTi30M
H. Yenenm # cmiBaBTOpiB [6], siKi Ha OCHOBI 317 excme-
PHMEHTIB JI0BeH ePEeKTUBHICTH PO3IO/IICHUX IOBTOPEHb
(d =0.46) na 3akpiruienns 3uanb. [lo-Tpere, He BPaxoBy-
€THCSl TOTpeda B CTATUCTUYHO JIOCTOBIPHOMY OIIHIOBaHHI
piBHS 3HaHb B yMOBaX HEIOCTaTHHOI KIJIBKOCTI CIIOCTEpe-
XKeHb [7, 8].

HasiBHi amanTuBHI miatdopMu peanizyloTh JIHIIE
oKkpeMi acniekTu nepconamizanii: IRT-umaTdopmu He Bpa-
XOBYIOTh 3a0yBaHHs, CHUCTEMH IHTEPBAJILHOTO IIOBTO-
peHHs, AK-0T SM-2 [9], He MOJENOI0TE PiBEHb 3HAHD YYHS,
a CTaTMCTHYHI METO/HU OL[IHIOBaHHs HE IHTEIPOBaHi 3 KOT-
HITHUBHHMHU MojesiMA. Taka ¢parMeHTOBaHICTE OOMEKye
e(eKTHBHICTh KOXKHOTO MiIX0y OKPEMO.

2. Orusig TiTepaTypu Ta MOCTAHOBKA MPOOJIeMH.

®opmadaizauis ZPD 3a nonomoror IRT. Konuern-
I[is1 30HA HAWOJIMKIOTO PO3BUTKY [3] BU3HAYAE ONITHMAIIb-
HUH Jiamma3oH CKJIAJIHOCTI 3aBAaHb 11 HaBuaHuda. C. Yaii-
k" [10] moBiB, IO omepamioHaTi3aIlis IBOTO ITiIXOMY
notpedye KuIbKiCHOTO amapata (3okpema, Takuii sk IRT),
1110 JIa€ 3MOTY OJJHOYACHO MOJIEJIOBATH PiBEHb 3HAHb Y4HS
i cknaaHicTh 3aBaanns. [lnatdopma IRT [11, 12] 3a6e3me-
4ye BiAMOBIMHUI (hopManbHUI anapar: y ABOmapaMeTpHy-
Hiit Mozeni (2PL) 30Ha Haiibnmxk4doro po3sutky ZPD 3ana-
€TBCS Uepe3 napamerp CKIaAHOCTI, a1aNTOBaHUil 10 MOTO-
YHOTO piBHSA 3410HOCTEH, TOOTO, IO BiMOBIA€ TPUHITUITY
6axanux tpyaHoiis (desirable difficulties) [13]. CyuacHi
JIOCJIIJPKEHHST JTOBOJATh, IO MOJENI TNIMOOKOro BijcTe-
»keHHs 3HaHb (Deep Knowledge Tracing) MoxkHa po3ris-
JIATH SIK HESIBHY peai3allifo AMHAMIYHO 0araToBHUMIipHOT
mozeni IRT [22], 1110 101aTKOBO OOIPYHTOBYE MOIIIBHICTH
BukopuctanHs IRT sik OCHOBM aJi1 aJanTUBHUX CUCTEM
HaBuaHH:. [Ipote knacnuna IRT € ctaTHYHOIO, OCKITBKH HE
BpaxoBye AMHAMIiKy 3a0yBaHHS iH(popMamii MK HaBYAIIb-
HUMH CECIsIMH.

MopeJti 3a0yBaHHS Ta iHTepBaJIbHe NOBTOPEHHS.
Kpusa 3a0yBanns I'. EO6Ginraysa [4], nani sikoi Oyino mia-
TBEpKEHO perutikaiiero Mioppe i Jpoca [5], omcye exc-
MOHEHIaIbHAN XapakTep 3HIKEHHsS PIBHSA YTPUMaHHS
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3Hanp y mam’sTi: . Poenirep i JI. Kapmike [14] BcTano-
BWJIM, 1[0 TeCTyBaHHs (e(eKT TeCTyBaHH:) € OLIbII edek-
TUBHUM, HDXX TIOBTOpHE YuTaHHSA. Monens SM-2 [9] ocHo-
BaHO HAa JUCKPETHIM mIKami W JHIHHOMY OHOBIICHHI
¢dakropa ckmagHocti, a amroputM FSRS (Free Spaced
Repetition Scheduler) [15] — wa 6e3mnepepsniii DSR-Mo-
nemi, ¢gopMaibHe OOIPYHTYBAaHHS il ONTHMI3aliiO0 SKOi
yepe3 CTOXaCTHUYHUI aJIrOpUTM HAHKOPOTIIOIO LUIAXY
HaBeZieHo B poboti [[k. € Ta cmiBaBTOpiB [21]. CyuacHi
po3mupeHHs Iporo Hampsmy, 3okpema LECTOR [20], in-
TErpyIOTh METOJH BEJIMKMX MOBHUX MOJENEH Uil ceMaH-
TUYHOTO aHaJi3y MOHATE. [IpoTe jko/Ha i3 X MoeIel He
inTerpoBana 3 IRT.

CraTucTHYHe OUiHIOBaHHA mnporpecy. [loipunii
inTepBan Bincona [7] 3abe3neuye MOCTOBIPHICTH OIIHIO-
BaHHS OiHOMianbHOI YacTKW 3a Manux BuOipok. Jlocmi-
moxerHs A. Arpecri i B. Koymna [8], JI. Bpayna Ta in.[15]
iATBEPANIN TIEPEBary {bO0ro METOY AJISI HPaKTHIHUX 3a-
CTOCYBaHb HaJ iHTepBasioM Bajbna i iHIIMMH T1IX0AaMu.

IIpodnema ¢pparmentoBanocti. CIiIBHAM HEIOIi-
KOM HasIBHUX MiAX0AiB € ¢pparMeHroBanicts: IRT-mnatdo-
PMH HE BpaxoBYIOTh 3a0yBaHHS, CHCTEMH IHTEPBAJIHLHOTO
MIOBTOPEHHSI HE MOJICNIOIOTh PIBEHb y4Hsl, @ CTAaTHCTHYHI
METOJIH OLIHIOBAaHHS HE iHTETPOBaHi 3 KOTHITHBHAMH MO-
nensmu. Harmra mnardgopma Framework for Adaptive
Hierarchical Review and Instruction (FAHRAI) npomonye
IHTErpoBaHMH MiAXil, 1110 00’ €AHYE 1li KOMIIOHEHTH B KOM-
ek popMambHIX MOZETIEH.

3. Mera Ta 3aBIaHHS T0CTiKeHHA. MeTOoro 1i€l po-
00TH € BUpIIICHHS Ipo0iIeMn pparMeHTOBAHOCTI HasIBHUX
HiAXoiB NUIIXOM PO3pPOOJICHHSI IHTETPOBAHOI'O KOMILIE-
Kcy dopManbHUX Mojened i METOAIB aJalnTHBHOTO Ha-
BYaHHs. J[ns nocsrHeHHs wiel MeTH chopMyNbOBaHO Taki
3aBIAHHS:

® pPO3pOOUTH IHTErPOBaHY MOJCIb OI[iHFOBAHHS
HMOBIPHOCTI IpaBUJIBHOT BIAMIOBII, 1110 TIOEHYE JIBOTIApA-
METpUYHY MOeNb Teopii Biaryky Ha 3ananns (IRT 2PL)
i3 (yHKLi€0 yTprUMaHHs iHGopMalil B maM’aTi B Mexax
KOMIUIEKCY (hOpPMabHUX MOJIENEH;

® pPO3pOOUTH JUHAMIYHY MOJENb CTaOUIBHOCTI
mam’siTi, IO aJalTHBHO OHOBIIIOE NApaMETPU HOBTOPEHHS
Ha OCHOBI KOMITO3UTHOTO IHAMKATOpa SKOCTI BIAIIOBII 3
OISy HAa KOHTEKCTYallbHi (hakTopy;

e 0oOrpyHTYBaTH U (hopMaIizyBaTH METOH OaraTopi-
BHEBOTO i€papXidYHOTO BiAOOpPY HABYANHHHUX 3aBAAHB, IO
BUKOPHCTOBYE KOHTEKCTHO-3JIE)KHI Baru KOMIIO3UTHOTO
THAEKCY MPiOpUTH3AILiT;

e OOrpyHTYBaTH 3acTOCYBaHHSA JOBIpYOro iHTEp-
Bany BincoHa Ay CTaTUCTMYHO HAMIHHOTO OIIHIOBAHHS
3aCBOEHHSI HABYAJBHOI'O Marepially B aJlallTUBHUX CHUCTe-
Max HaBYaHHS;

® pPO3pOOHUTH IHTETPOBaHY METPHKY T'OTOBHOCTI /10
IiICYMKOBOTO OI[IHIOBAHHS, IO MOEJIHYE OLHIOBAHHS
piBHA 3HaHb Ha ocHOBI IRT, muHamiky yrpumanHs iHdop-
MaIlii B mam’sTi ¥ CTaTHCTUYHY HATIHHICTh OI[IHFOBAHHSI.

Marepianm Ta MeToOH AOCTIIKeHHHA. Y poOOTI
JOCITIKYIOTBCSI TIPOLIECH aJIalITUBHOTO YIIPABJIiHHS Hep-
COHaJII30BaHNMH HaBYAIBHHMH TPAEKTOPISIMU Ta PO3pP00-
JSAOTHCA METOIM 1 MOAEN iX IHTEIEKTYaJIbHOTO YIIpaB-
JiHHS, peanizoBaHi B matdpopmi FAHRAL

I'imoTe3a mocmiHKEHHS MOJIATAE B TOMY, IO iHTErpa-
uist ncuxomerpuynux moneneit (IRT 2PL), xornituBHHX
Mozenelt 3a0yBaHHsI (€KCTIOHEHITiabHa KpUBa 3a0yBaHHSI)

W CTaTHCTUYHHMX METOJIB OIIHIOBaHHS Tporpecy (mAoBip-
4yui iHTepBan BincoHa) y eanHuii KoMIieke GopMaibHUX
Mozenel 3a0e3eYnTh I ABUIIEHHS TOYHOCTI Ta HaIINHO-
CTI OIIHIOBaHHS 1 IPOrHO3YBaHHA B aJaNTHBHOMY Ha-
BYaHHI TOPIBHSHO 3 TX parMeHTapHUM 3aCTOCYBAHHSIM.

VY mocnimKkeHHi Oyl BUKOPHUCTaHI Taki METOIH i Te-
OpETHYHI 3acajiu:

Teopisn Biaryky na 3aBmanns (IRT, mopens
2PL) [11, 12] - anst ¢opmamizamii 30HH HaHOIMKIOTO
PO3BUTKY i OIIHIOBAaHHS JATEHTHOTO Mapamerpa 3ai0Hoc-
Teil 6. JIBomapamerpuiHa MoAenb BUOpaHa 3aBIsSKU Oa-
JIAHCY MI’K OIIMCOBOIO MOTYXHICTIO Ta 1JeHTH(])IKOBaHICTIO
mapamMeTpiB.

ExcnoHeHumianbHa kpuBa 3a0yBanHs [4, 5] — s
MOJICTIOBAHHS JHHAMIKN YTPUMAaHHS iH(popMaii B mam’ siTi

R(t)=R, e neR(t) € [0; 1] — wactka paHiliie 3aCBOEHOT
iH(popMarii, mo 30epiraeTbcs B MaM'sTi B MOMEHT dacy t
(y »#mHsAX) BII OCTaHHBOTO YCIIIIHOIO MOBTOPEHHS;

Rg =R(0) =1 — mouarkoBe 3Ha4eHHs yTPUMAHHs 0APa3y

micist moBTopeHHs; t — yac (y AHSX), 110 MUHYB BiJ] OCTaH-
HBOTO MOBTOPEHHS, S — MmapaMeTp CTaGiIbHOCTI maM sTi
(y nHAX), SIKUA TUHAMIYHO OHOBIIFOETBHCS IICHS KOXKHOT
B3a€MOJIiT Ta BU3HAYAE MIBUAKICTH 3a0yBaHHS.

Josipunii inTepsan Biicona [7, 8] — s cratuctu-
YHO HAAIHHOTO OIIIHIOBAHHS PIiBHS 3aCBOEHHS 332 MaJIMX
BUOIPOK, 110 3a0e3rmeyye KOPEKTHE MOKPUTTS TOBIPUOTO
IHTepBaIy Ha BIAMiHY BiJl K)IACHYHOTO MeTOAy Bampma.

Iepapxiuna OaraTtoxkpurTepianbHa onTuMisamia —
U popmalizaliii 3agadi BigOOpy 3aBIaHb K yIIOPSIKOBa-
HOT 32 IPIOPUTETOM IOCIIIOBHOCTI IEPEBIPOK CTpaTeriii i3
KOMIIO3UTHHUM 1HAEKCOM MPIOPHUTHU3AIIII.

YucjioBe MOJETIOBAHHSA — I BepU]ikallii Teope-
TUYHHUX BJIACTHBOCTEH 3alpONOHOBAaHMX MOAENEH depes
004YHMCITIOBAIbHI TIPUKIANU 3 KOHKPETHUMH 3HAYCHHSIMHU
mapaMeTpiB.

Anpo0arito 3armpornoHoBaHuX Mojeneil 0yno npose-
JIeHO B Mepexi aBromkin, ne miargopma FAHRAI Buko-
pHCTOBYBaAacs sl MATOTOBKH JI0 TEOPETHYHOTO iCIIUTY 3
MpaBHJI IOPOXKHBOTO pyxXy. Taki acrekTH, sIK CTPYKTypo-
BaHa 0a3a 3HaHb (MIpaBWIIa JOPOXKHBOTO PYXY), HAsBHICThH
CTaHJAPTU30BAHOTO OIiHIOBaHHS (O(iMiHHUI iCIIHT) 1 CTY-
JICHTCbKa ay/InTOPisi 3 pi3HUM piBHEM 0a30BOT IiATOTOBKH,
TEMIIaMM HaBYaHHS i KOTHITUBHMMH OCOOJIMBOCTSIMH,
Jlali 3MOTy BUOpATH L0 MpeIMETHY 00JIacTh JUIsL OCHi-
JOKEHHSI.

4. Pe3yabTaTH.

4.1 Konuenuig agantuBaoro Hapyanuga FAHRAIL

3amkHennii muka aganramii. [Inarhpopma FAHRAI
peaiizye 3aMKHEHUI LUKJ aJIalTHBHOTO HaBYaHHS i3 4O-
tupmMa dazamu: Pa3a oninoBanHs. [lorounnii cran 3HaHb
CTyJIEHTa BU3HAYAETHCS INUISIXOM IHTETPOBAHOTO aHaTi3y
TPHOX BUMIpiB: nmapamerpa 3aibHocTel 6 3 momeni IRT,
piBHS yTpUMaHHs 3HaHb R i3 KpuBO1 3a0yBaHHS i cTaTHC-
TUYHO HAJiHHOI OIIHKM 3aCBOEHHS P~ 3a MeTojoM Bin-

COHa.

®a3a Bindopy. Ha ocHOBI pe3yipTaTiB OLIHIOBAaHHS
BUOUPAETHCS ONTUMAJIbHE HAaBYAJbHE 3aBJIaHHS Yepe3 ie-
papxiro MpiopUTETIB.

®a3za B3aemoxii. BuOpane 3aBmaHHS HamgaeThCs
CTYJIEHTY, BIINOBiMI 30MpArOThCS pa3oM i3 MeTaIaHUMU:
NPaBHIbHICTb, Yac BIJIOBII i Cy0’ €KTUBHHI PiBEHb yIIEB-
HEHOCTI.

Xonoousik O. O., Ilpoxopos O. B. Moodeni ma memoou inmenekmyanbHo20 ynpasiinHs
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®a3a oHoBJeHHsl. OHOBIIOIOTHCS BCi IMapameTpu
Mozemni crynerTa: 6 gepes IRT, crabinpHicTs S depe3 mMo-

JIeJIb IMHAMIYHOT CTa0LIBHOCTI T P~ IUISAXOM JOJaBaHHS

HOBOTO CIOCTEPEXEHHs. 3arajbHUI LUKII ONMUCYETHCS K
Hepexiji CTaHiB:

State,,,=f (State,, Task;, Response,),

e State, — BexTop cTaHy MoJeNi CTyJeHTa Ha kpoui 1
Task, —Bubpane 3aBnanHs; Response, — pesynbTaT Bimo-
BiJi. AfanTariisi BiiOYBa€eThCs MICIsA KOXKHOI B3aEMOJIIT.

MonayabHa apxitektypa. Apxitekrypa FAHRAI
noOysoBaHa Ha MpUHIMIT MoaynbHOCTI. [TnaTdopma ckia-
JTAETHCS 13 IIECTH KOHIICTITYaTbHUX MOTYJIIB.

Mopayas 1: anamizatop crany (State Analyzer).
[ligTpuMye akTyalbHy MOJCIb 3HaHb CTyAeHTa. [licis
KO>KHOI BiZITIOBi i OHOBITIOE MTapaMeTp 3ai0HocTel & i3 Mo-
neni IRT, piBenp yrpumanus R i HmkHIO Mexy Bincona

p~ . BuxinHuii BeKTOp CTaHy:

State(s, J) = (951 R] (t)l p]_y n] ’ k] ) SJ ,t}aSt),

Ae 6 — napametp 3aibuocTeli cryaenta §; R;(t) — pisenb

yTPUMaHHS JUI1 TEMH | Y MOMEHT yacy t; P~ — HKHA
Mexa Bincona; Nj— KiIbKicTh cipob; k; — KUIBKIiCTh 1pa-

. c . : o last
BHJIbHUX BIANOBIACH; S; — CTabUIBHICTD TIaM ’SITi, tj -

4ac ocTaHHbOI B3aemonil. Llei Momyip Ciyrye CHiJIbBHUM
iHTEepQeiicoM T BCIX 1HIINX MOTYJIIB.

Moayab 2: cejekrop 3aBaanb (Task Selector).
Peauizye iepapxiuyHuii MeTo]1 BiJOOPY, NOCIIZOBHO MepeBi-
pSIFOUM CTpaTerii Ta BUKOHYIOUM PaH)KyBaHHs KaH/IWIATIB
3a KOMIIO3UTHHUM Oajom:

Priority =w, -C+Wy -G+w, - T +w -K+w,-P.

Moayas 3: miianyBajibHUK NOBTOpPeHb (Repetition
Scheduler). Onositoe cTabinbHICTE S Yepe3 MOeNb -
HaMi4HOI CTabIJIbHOCTI, OOYHUCIIFOE ONTUMAJIBHUIT IHTEpBaI

I ==S-IN(Ryyget) 1 MiATPHUMYE YEPTY NPIOPUTETIB MOBTO-

pEHb.

Monyas 4: ouniHoBay (Progress

nporpecy
Evaluator). O6uuciroe p~ 3a merojaoM Bincona i Bu3Ha-

4yae 3aCBO€HHS 3a MOABIHHUM kputepiem: p~ >0.70 Ta
n>5. O6uncioe mBKHAKICTh HaBYaHHs LV =Ap~ /At Ta

inTerpanbuumii 6an ynesnenocti CS .

Monyab 5: MeXaHi3M nepcoHaJizanii
(Personalization Engine). Axanrtye mapameTpH 10 iHIHUBI-
JlyaJlbHUX XapaKTEPUCTHUK CTyAeHTa: mupuHy ZPD Aspp,

UibOBE yTPUMAHHS Riyger 1 TEMIT HABYAHHS.

Monyas 6: mpeauxktop roroBHocTi (Readiness
Predictor). OGuuciroe iHTErpOBaHy OIIHKY TOTOBHOCTI J10
MiJICYMKOBOT'O OI[IHFOBAHHSI.

Cunepris moayJaiB. ®yHaaMeHTanbHa IepeBara
apxitektypu FAHRAI nonsirae B y3roukeHiit B3aemoii i
MOJTyJIiB!

State Analyzer mamae Task Selector 6araToBumipHy
KapTHHY, IOI0 OXOIUIIOE piBeHb 3HaHb O, CTyMmiHb 3a0y-

BaHHS R 1 HamiifHICTh OIIHKU P~ .

Repetition Scheduler BukopucroBye napamerp 6 mis
BH3HAYEHHs IMOYATKOBOI CTAOIIBHOCTI HOBHX TEM, BiZO-
OpakalouW BIUIUB TIOMCPEIHIX 3HAHb HA IIBHIKICTh
3a0yBanns [16].

Progress Evaluator ¢opMye KOHCEpBaTHBHY OIIHKY

napameTpa p7 , JdKa 3anobirae nepea4acHuM mnepexongam

Ha OCHOBI CTATHCTHYHO HEOCTATHIX JaHHX.

Personalization Engine apganTye mapamerpu Bcix
IHIMX MoayiB: mupuHY ZPD, iTh0Be YTPUMAaHHS 1 TEMIT
HaBYaHHSI.

Readiness Predictor inTerpye BUX0Au BCiX MOIYIIB Y
€IMHY TIPOTHOCTUYHY METPHKY.

Teopernunuii aHani3 yka3ye Ha CynepajauTHBHUIM
e(eKT iHTerparlii: cyma BHECKIB OKPEMHX KOMIIOHCHTIB €
MEHIIOIO 32 BHECOK IHTETPOBAHOI CHCTEMH, 1110 3yMOBJICHO
Y3rOJDKEHHM BUKOPHUCTAHHSM BUXITHUX IaHUX KOXKHOTO
MOIyJIsl IHIIMMU MOJYJISIMH.

4.2 InterpoBana mozaesas IRT-yrpumanns.

JABonapamerpuuna mogeab IRT i ¢popmanizauis
ZPD. Y nBonapamerpuuniii mozeni IRT (2PL) imoBipHicTh
MPaBUJIBHOT BiMOBI Il BU3HAYAETHCS SIK

1
PIRT(glb:a):W:
ne 6 — JaTeHTHHH mapaMmeTp 3II0OHOCTEH CTyHIeHTa,

6 €[-3,3]; b — ckmammicTs 3aBmanns; a >0 — qUCKpUMI-
HaTHBHICTh. Koy € =D, iMoBipHicTh IpaBHIILHOT BijIO-
Bizi gopiBHioe 0.5.

30Ha HAHOIMKYIOTO PO3BUTKY (DOPMATI3YETHCS Yepe3
IIBOBY CKJIHICTh:

b =0+Aspp,

ne Azpp €[0.05,0.10] oritiB Bianosizae HMOBipHOCTI
paBUIbHOI BinmoBizi 48—49 %, 1m0 y3roIKyeThCs 3 IPHH-
oM Oaxxanux TpyaHouis (desirable difficulties) [13].
[TapameTp Azpp € aJanTHBHUM 1 PETYNIOETHCS MOJIYJIEM
MepCOHaTI3aIi].

Ha puc. 1 noka3ano xapakTepHCTHYHI KPHBi 3aBJaHb!
3aBIaHHS 3 BUIIMM IIapaMeTpoM & MaloTh OLIbII CTPIMKi
KpHBi (BOHH Kpale po3pi3HSAIOTh CTYACHTIB MMOOIHN3Y MO-
poroBoro 3HaueHHst D), Toi sk 3aBIaHHS 3 BHILUM Iapa-
MeTpoM D 3mimieni Bipaso.

[HpopMaTHBHICTD 3aBIaHHS I BUMIPIOBaHHS Mapa-
Merpa @ Bu3HayaeThes QyHKII€IO iHOpMALIT:

1(0) =a%-P(8)-(1—P(0)).

MaxkcumanpHa iHQOpPMAIlST  JOCSTAETHCS,  SIKIIO
6 =D, ne HEBU3HAYEHICTH 100 PE3YIIBTATY € HANBHUIIOKO.
InterpoBana mopeab. lleHTpanbHa TeopeTHYHA
inHoBanis FAHRAI — me imterpoBana momens IRT-
forgetting, sika noequye IRT i3 nuHamikoro 3a0yBaHHS B
€IMHOMY TIPEJMKTOPi HMOBIPHOCTI ITPaBUIILHOT BIIIOBII:

P(correct|6,b,a,R) =R-Pgr (6,b,a) +(1—R) - Fyyess.
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1e R=R, xel/s — piBeHb yTpHMaHHS 3TiTHO 3 KPHUBOIO
3a0yBaHHs; PFyyees — IMOBIPHICTb yrajyBaHHs (3aJIEKUTh

BiJl TUITY 3aBJJaHHS).

1O o e -2.0 (Easy)

== ///lr/77f
08 — o-os /

o

@

5 = b= 1.0 (Hard)

=%

706 o /

=

3 / a@ 1
8 )
& 04

S

o

(-1

0.0 | 1 T T T 1
Student ability @

Puc. 1. XapaktepucTH4HI KpUBI 3aBIaHb
y mozeni IRT 2PL (a=1.5)

[HTepmperattis Mozeni € Mpo30poro: 3 iIMOBipHICTIO R
CTYZIEHT YTpUMY€ iH(OpPMAIIiIO B ITam’sITi — 11 03HAYAE, 1110
IIaHC MPAaBUJIBHOI BiAMOBII BU3HAYaeThes moaesuto IRT;
3 imoBipHicTio (1-R) indopmarito crymeHt 3abyae — i3
OO BUXOJUTB, 110 HIOMY JOBEIETHCS JIHIIIC BraIyBaTH.

Mopenb BioOpaxkae KOTHITHBHY pEallbHICTh: CTY-
JICHT 13 BUCOKHM TapaMeTpoM 6 MOKe MOMUIUTHUCS Yepe3
3abyBanns (R — 0), BogHOYAC CTYNEHT i3 HU3BKHUM Tapa-

MeTpoM @ MOKe BrajiaT NMpaBUIILHO, HABITh SIKIIO 3a0yB
iHpOpMaito.

UYucnaoBuii npukiaaa. PosrnsHemMo cTyneHTa 3
Takumu napamerpamu: € =15 Ta 3aBgamma 3 b=12,
a=1.0. ImoBipnicts 3a IRT:

b _ 1 1
FT 7 14e100512 o

o7 = 0.574.

Hosuii marepian (R =0.95, tect i3 MHOXXHHHUM

BHOOPOM, F’guess =0.25):
P =0.95%0.574+0.05%0.25 = 0.558.
[Ticns Tpusamnoi mepepsu (R =0.061):
P =0.061x0.574+0.939x0.25 = 0.270.

Craruuna IRT npornosysana 6 P =0.574 B 060x Bu-
naJikax, 3Ha4HO 3aBHIIYIOYM HMOBIPHICTB ITiCIIsl TPUBAJIO]
mepepBu. [HTerpoBaHa MOJENb KOPEKTHO BifoOpaxkae
3MeHIIeHHs iMoBipHOCTI 3 0.558 10 0.270.

Ha puc. 2 nokazano kpuBi 3a0yBaHHs: skmo S =1
JIeHb, TO PIBEHb YTPUMaHHs iH(pOpMAIi 3HIKYETHCS IO
0.37 npotsrom nepioi 1o6wu, a skimo S =10 aHIB — uiIe
10 0.90.

TeopernuHni nepesaru inTerpoBanoi mogeJi. [nre-
rpoBaHa MOJIENIb TEOPETHYHO MEpEeBEpIIyE 5K CTaTHYHY
IRT, Tak i nminiHy xKombinamiro miaxoniB IRT Ta moneni
3abysanns (IRT-forgetting). MynpTumiikaTuBHa CTPyK-
typa R-Pgr +(1-R)-Ryess Mae cyrreBy nepesary man

AmUTHBHOIO: BOHA KOPEKTHO MOJCTIOE  MEXaHi3M
3a0yBaHHS SIK «QLUIBTP», Yepe3 KUl IPOXOANTD 3410HICTb.
Komu R =1, monens 3Boauthes 10 knacuunoi IRT, a ko

R=0 - no Gasomoi iimosipHocTi Brajgysanus. Ilopis-
HSJIBHUM aHaNi3 13 4OTHpMa aJbTePHATHBHUMH MOJICTAMH
(cratmuna IRT, nmumre moxens 3a0yBaHHS, JNiHilfHA KOMOI-
HaIlisl Ta IHTETpOBaHa MOJENB) MIATBEPIDKYE MepeBary
3allPpONOHOBAHOTO IMAXOMY MIOAO JUCKPUMiHATHBHOI
3[aTHOCTI i KaiOpyBaHHSI.

1.0 — 8=

L8 ~ e ™

0.6

Hyeshold & ~S “"‘t._‘_

Retention R(1)

0.0 T T T T T 1
] 10 20 30 40 S0 (]

Time (days)
Puc. 2. KpuBi 3a0yBaHHS I pi3HUX 3HaYeHb CTaOUIBHOCTI S

Ha puc. 3 Bi3yanizoBaHO TEOpETHYHY pPO30IKHICTH
MiX MOJEJISIMH: HaiOiblla BIAMIHHICT CIIOCTEPIraeThCs
3a TPUBAJIUX IHTEPBAIIB i3 MOMEHTY OCTaHHBOI'O MOBTO-
peHHs, e crarngHa Mozenb IRT cucremaTnyHO 3aBulllye
HMOBIpHICTB.

1.0 =
0,08 rone
Ideal (y = x)
- IRT (Bricr: 0.22)
08 o ~®@ IRTtForgetting (Brier: 0.15)
-
o
o
B
S /
o ’
o 06—
) | /’
- s
= ) '
; /o=
O 04 - ." )
| Il
Bl J
2 p
8 o
R /‘ /
029 A &
o A
/.
@
0.0 1 T T T .
0,0 02 0.4 0.6 0.8 1.0
Predicted P

Puc. 3. ITopiBHsIHHS NPOTHO3iB iHTerpoBanoi Mozaeni IRT-
forgetting Ta craruunoi IRT

OnoBiieHHs1 mapamMeTpa 3aioHocreii. [lapamerp 6
OHOBJIFOETHCS MMICHSI KOXKHOT BIAMIOBiZII Yepe3 aJanTUBHUMN
MeXaHi3M: MICJIs MPaBUIBHOT BIMIOBiAl & 3pOCTae mpomop-
LiITHO /10 HECIIOAiBAaHOCTI ycIiXy (IpaBMiIbHA BiNOBIAL HA
CKJIaJIHE 3aBJaHHs Jae OUTbIINiT IpUpicT), a micis Hempa-
BWJIBHOT — criasiae. L1IBUIKICTh OHOBJIEHHS 3MEHITYEThCS 31
3POCTaHHSAM KUIBKOCTI CIIOCTEPEKEHB, 3a0€3IeyI0UuH cTa-
Oimizanito @ 3a yMOBHM JOCTaTHHOTO OOCSTY JAaHHX.

4.3 Moaeap AnHaMivHOI cTabinbHOCTI mam’ATi.

Motusanis. Kiiacnuna kpuBa 3a0yBaHHA 3 (ikcoBa-
HOIO cTaOumpHICTIO S He BpaxoBye TOro, mo S
3MIHIOETHCS 3 KOKHUM TIOBTOPEHHSIM: YCITIIITHE TIOBTOPEH -
HS TTOKPAIILy€e aM STh, TOA1 K HEYCIIITHE — ITOCIA0IIoE ii.
Mopens SM-2 [9] BHKOPUCTOBYE IHMCKPETHY KAy i
JiHiHI OoHOBIIeHHs. Y amroputmi FSRS [21] 3amporo-
HOBaHO HemnepepBHy Monenb DSR, ane 6e3 iHTerpauii 3
IRT. Mogaens nuaamivnol cradbuibHocTi nam’sti FAHRAI

Xonoousik O. O., Ilpoxopos O. B. Moodeni ma memoou inmenekmyanbHo20 ynpasiinHs
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MOETHYE TIepeBaru 000X MiX0IiB, IHTETPYIOYH OHOBIICHHS
crabinpHOCTI 3 mapamerpamu IRT.

OunogJeHHs cradinbHocTi. [Ticas ycnimHoro moBTo-
PEeHHA CTa0TBHICTH OHOBIIOETHCS:

Snew = Soig - (L+77-q-multiplier (t, Sqi4)),
ne n>0 — 6a3oBa mBHAKICTH HaBuaHHs; ( € [0,1] — mo-

Ka3HUK AKOCTI Biamosii; multiplier — konTekcTHO-3aMEK-

HUM MHOKHUK.
IMokasnuk akocri Bigmosigi. SkicTe Biamosigi 00-
YHCIIOETHCS SIK 3BAYKEHA CyMa TPhOX KOMIIOHCHTIB:

q =W, -C+W, - tom +Weons -CONF,

e ce{0,1} —

toorm = Max(0,1-treqy /tray) — HOpManizoBanmii wac Biz-

MPaBUIBHICTh BIZIOBIII;

nosifi; conf €[0,1] — camoorrinka BreBaeHOCTI. [TpaBmiib-

HICTB BIATIOBIJIi ¢ Ma€ HaWBHUIIY Bary sik HalOLIbLI iHpOP-
MaTUBHHUU MOKa3HUK CTaHy 3HaHb. Yac BigmoBinmi BinoO-
pakae CTymiHb aBTOMaTH3aMii HaBu4ky [14]. Camoorrinka
BIICBHCHOCTI MoJa€ iH(OpPMAIliI0 PO METaKOTHITHBHHN
crau crynenta [17].

KontekcTHnii MHOKHHK. MHOXXHUK BH3HaYae ede-
KTUBHICTh TIOBTOPEHHS 3aJ€XKHO BiX PIBHA YTPUMaHHSA
3HaHb HA MOMEHT ITOBTOPCHHSI:

if R(t) >

> Ryign (early repetition),
1.0, |f R(t) S [R|0W’ Rhlgh]’
(optimal window) o, if R(t) <
< Ry, (late repetition),

aearly!

multiplier (t,S,) =

ne 0 <y < Qlearly < 1.

Tpu 30HM MalOTh KOTHITHUBHY iHTeprperarito. Komu
R> Ryjghn (paune mnoBTOpeHHs), edekT 3miuHeHHsT 00-

Mmexxenuit  edekrom crem  (ceiling effect). Komu
Re[Riow,Rhign] (ommnmansue  BikHO), mnpuragyBaHHs

morpedye 3ycuib, aje Bce IIE€ € MOXJIMBUM, IO
MakcuMmisye edext TectyBanus (testing effect) [14]. Komu
R < Ryow » iH(MOpMaIis 3HaUHOIO Miporo 3a0yTa i moTpedye

MOBTOPHOTO BUBYEHHSI.
Heycnimni Bigmosini. /{ns HeycminmHUX BiAmoBiaeh
(c=0) crabinbHICTH 3MEHIITYETHCS:

Snew = maX(Sminl Sold 1-4-2-9)),

ne A€ (0,1) —koedirieHT 3MeHIIEHHs CTabiIBHOCTI B pasi
HOMMIIKY; S, — MiHIMalIbHE 3HAYEHHS, SIKe 3a100irae Ko-

JIATICY JI0 HYJIbOBUX 1HTEPBAIB.

IMouaTkoBa cTadinbHicTh. JIJI1 HOBUX TeM IMOYAT-
KOBa CTa0UIBbHICTD YPaXxOBY€ 3aTralbHUI PiBEHB MiATOTOBKH
CTyJCHTA!

So = Shase -Max(0.5, min(2.0,6/b,q)),

ne Spue — 0a30Ba cTaOUIBHICTB JUISL CTYAEHTA CEPEIHBOTO

piBHS; ba\,g — cepeHsI CKIIAHICTh 3aBAaHb i TeMu. CTy-

JIEHTH 3 BUIIAM IapamMeTpoM 6 OTPUMYIOTH OLIBITY TO-
YaTKOBY CTaOUIBHICTB, O Bi0Opa)kae BIIMB MOTEPEIHIX
3HAaHb Ha MIBUJIKICTh 3a0yBanHs [16].

Merton inTepBajJbHOro MOBTOpPeHHs. ONTHMaIEHUN
IHTEpBaJI 10 HACTYITHOT'O IIOBTOPEHHS BU3HAYAETHCS aHATi-
THUYHO!

I=-S- In(Rtarget)-
LinboBe yTpuManHs Riyger € ananTnermm:

Rtarget (9) = Ryae +9-(q-0.5),

ne Rp.e — 0asoBe HimboBe yTpuMaHHsS; & — KoedillieHT
azanrarii. [Ticis BUCOKOAKICHOT BiNoBifi Ryyger 3pocTae

1 MOBTOPEHHS BIAKIATA€THCS TaJi, a MicIs HU3bKOSAKICHOT —
CIIa/Ia€ i MOBTOPCHHS HAOIIKAETHCSL.

Ha puc. 4 moxkaszano, sk cTabimBHICTE S 3pocTae 3
KO>KHUM YCIIITHAM TIOBTOPEHHSIM, TOMI SIK PiBEHb YTpPHU-
MaHHA R KomMBaeThcs MiXK OBTOPCHHSAMH.

ility S and R D

a0
187
wi i =T

stability S (days)
—_
g
=3

Retention R{t)
e

Y
Time (days)

Puc. 4. Jlunamika crabinsHocti S Ta yrpumannsa R mig uac
MOCITiJOBHUX TIOBTOPEHB

Teopernune NOPIBHSHHSA 3 HAasSBHUMHM ITiAXOAAMH
BKa3ye Ha Te, M0 MOJENb IUHAMIYHOI CTaOUIBHOCTI
nam’siti FAHRAI mae ctpykTypHi mepeBaru Hag SM-2 (He-
nepepBHa MOJIeNb 3aMiCTh IUCKpeTHOI, iHTerpanis 3 IRT)
Tta Hax FSRS (KOHTEKCTHO-3aJEKHUNA MHOMXHHUK, KOMIIO-
3UTHUN TTOKa3HUK SKOCTI).

4.4 Iepapxiunuii Binoip 3aBaans.

MoTtuBauis iepapxiudoro miaxxoay. Bin6ip ontima-
JIBHOTO HaBYAJIBHOTO 3aBJIaHHS € LEHTPaJbHOIO Npolire-
MOIO aganTHUBHOI cucreMu. HaiBHMHA mmiaXxing — 3aBXKod
BuOupaTu 3aBnanHs B ZPD — He BpaxoBye HeoOXiTHOCTI
MOBTOPEHHS, peMetianii, JOTpUMaHHs NPepeKBi3UTIB 1 mif-
TpUMaHHS MOTHUBAILi.

Merton BinOopy 3aBnans FAHRAI po3s’s3ye mro 3a-
Jady OaraTOKpUTEpiaibHOI ONTHMI3aIlii udepe3 iepapxito
NPIOPHUTETIB: MepIl HiX pyxatucs Buepen (ZPD), Heob-
XiJTHO 3a0€3MeUnTH MIIHICTh (PyHAAMEHTY (IPepeKBi3NUTH,
yrpuMaHHs). PopManbHO BU3HAYAETHCS TTOCITIIOBHICTH I1€-
pesipok C;,C,,...,Cy , ne xoxna C; BHU3HaYae, 4n HasBHI

3aBJaHHS, 10 33JJ0OBOJILHSIOTH YMOBH BiJIITOBIAHOT CTpaTe-
rii. AKTUBYETBCS Iiepiua cTpaTeris (3 HaHBHUIIUM MpPiopH-
TETOM), JJIs1 SIKOT 3HAHICHO KaHIUIAaTiB.

Crparerii BinOopy. Crparerin 1: mnepeBipka
npepekBi3uTiB. [IpioputeT: HaiiBummiA. YMoBa: icHye
TeMa j , 1110 € IPEPEKBI3UTOM JIsl TIOTOYHOTO HABYAIILHOT'O
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60Ky, i Pj <7p, a60 R;(t) <R, . Hesacsoeni npepek-

BI3UTHU CYTTEBO 3HIDKYIOTH IMOBIPHICTH YCITIIITHOTO 3aCBO-
€HHsI 3anexHuX TeM [18].
Crpareria 2: kpuruyHe yrpumanus. [Ipiopurer:

ucokuit. Ymosa: Rj(t) €[Rigy, Rhign] T2 pj = 7 . Leit

Jiara3oH yTPUMAaHHS € ONTHMAJIBHUM IUISI MOBTOPEHHS:
NIPUTaayBaHHs NOTpeOye 3yCHIlb, ajle BCE € € MOXKIIMBUM,
10 MakcuMi3ye eekT TecTyBaHHS [14].

Crpareris 3: pemenianisi ciadkux micub. [Ipiopu-

TET: CePeAHBO-BUCOKHIL. YMOBA: Pj < 7y, Ta yTPUMAHH

€ BUIMM 3a MOporose 3HaueHHs. [IpoGiiema mossirae B
ITOBEPXHEBOMY MTOYAaTKOBOMY PO3YMiHHI, a HE B 3a0yBaHHI.
Crpareria 4: nociilzkeHHsI HOBOIO Marepiaiy.
[piopuret: cepenniii. YactuHy cecii npuiieHo Temam i3
HEBEJIMKOIO KITBKICTIO B3a€MOJii A KamiOpyBaHHS MO-
aeni IRT Ta minTpuMaHHs MOTHBALIT Yepe3 HOBU3HY.
Crparerisa 5: kanguaatu ZPD. IIpiopuret: cepen-
HbO-HU3bKHI. YMoBa: bj €[0+Azpp —&, 0+ Azpp +£].

3apnanHs B ZPD 3a0e3medyroTs ONTHMAalbHE 3aCBOECHHS
HOBOTO Matepiany [3]. [lopiBHIHO HU3BKHIA MIPiOPUTET TO-
SICHIOETBCSI THM, 1110 IPOYKTHBHE BUBUCHHS HOBOTO MaTe-
piary MOKIIMBE JIMIIIE 32 YMOBH 3a0e3medeHHs chopMoBa-
HOi CHCTeMH 0a30BUX 3HAHB.

Crpareris 6: BunaakoBuii pezeps. [Ipiopurer: Haii-
HIOKYHUA. AKTUBYETHCS 33 BIIICYTHOCTI KaHAUIATIB IS iH-
LIUX CTpaTeriu.

Ha puc. 5 nmokaszano ctpykTypy i€papxii Ta mociigoB-
HICTB TIEPEBIPOK.

-

“ Unmastered YES T
prereqs? B P1: Prerequisites

Critical R?
[0.45, 0.65)

Weak arcas?
p <060

and < 18%7

NO l
Tasks In
ZP0?

|

P6: Fallback
-

B 2 critical review
s zro

ves @ .
~ P

Pa: Exploration

YES
P mm—— PS: ZPD tasks

Priorities:
W 1 Procequsites 3. Weak areas

W 4. Exploration (18%) B, Fafback

Kommno3utHuii 6a1 npiopurusanii. Y Mexax akTuB-
HOI cTpaterii BUKOHYETbCS PaH)KyBaHHS KaHAUIATIB 3a
KOMIIO3UTHHUM 0ajioM:

Priority =w, -C+ Wy -G+w - T+w -K+w,-P,

JIe T’ ITh KOMIIOHEHTIB BiTOOPaXKaroTh Pi3Hi aCMEKTH MpPio-
pUTeTY:
C =1-R(t) — KpUTHYHICTH yTPUMAHHS;

(b—0—Azep)*
20500

SITPO, IO OLIIHIOE BIAIOBIAHICTh CKJIaTHOCTI 3aBJJaHHS 30H1
HAMOIMKIOTO PO3BUTKY;
T =max(0,1-R(t) / Riyget) — TacoBa TepmiHOBicTS;

G =exp| — — 0an ZPD: rayccose

K =1-p~ — nedimur 3HaHb;

P {0, 1} — npiopureT npepeKBi3UTIB.

KonrtekcTrHo-3ae:xHi Baru. Barn xoMnoHeHTiB 3a-
nexarh Bim akTUBHOI crpaterii (tadbn. 1). Jlns crparerii
NIPEPEKBI3UTIB JOMiHY€e W ; JUIs KDUTHYHOTO YTPUMaHHS
— W, 1 W, ; ot pemeniamii — W, ; U1t fociipkeHHs Ta ZPD
— W . Crparerisi BMNaIKOBOTO PE3€PBY BHKOPHCTOBYE

PIBHOMIpHI Baru.
Yucaouii mpuxaaa. Crymzenr 13 6=10,

Azpp =0.08, o5pp =0.35. 3apmanns: b=11, R=0.72,
p~ =0.65. Crpareris — ZPD (5).

<>

Losdstate: O, R, S, |

Unmastared
prensgs?

YES

—| Score, =wxurgency | argmax(s)

argmax(s,)

Score, = (R, p) >

Score, = fip, recency) | argmax(s,)

Random unknown task

Score = f(b,0) | argmax(S)

Random from bank

Puc. 5. bararopiBueBa iepapxist cTpateriii Ta jorika Bigbopy 3aBraHb
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O6uucnenns  kommonentiB: C=1-0.72=0.28,
G =exp(-(1.1-1.0-0.08)? / (2-0.35%)) = 0.998
T =max(0,1-0.72/0.85) =0.153 , K=1-0.65=0.35,
P =0. KomnosuTamii 6a:
Priority =0.10-0.28+0.50-0.998 +0.10-0.153+0.20-0.35+
+0.10-0=0.612.

JIns nopiBHaHHA: 3aBaanHs 3 0D=15 (mokasuux
3HauHo BuMmmMi 3a ZPD) mae G=0487, mo nae
Priority =0.380 — ue mokasHuk € cyTTeBO Hik4IuM. Lle

JIEMOHCTPY€ e(heKTUBHICTh TayCCOBOTO spa It (GOKYCY-
BaHHS BiOOPY Ha 3aBJAHHAX ONTHMAIBHOI CKIIaTHOCTI.

Tabmuns 1 — Baru komMo3nTHOTO Gaiy Ul pi3HUX CTpaTeriid

Crpareris W, Wy W, W, Wy,
[pepexBizuTH 0.10 | 0.05 | 0.10 | 0.25 | 0.50
Kputuuse yrpuMaHHs 0.40 | 0.10 | 0.30 | 0.15 | 0.05
Pememiamis 0.10 | 0.15 | 0.10 | 055 | 0.10
JlociimkeHHs 0.05 | 0.50 | 0.05 | 0.10 | 0.30
ZPD 0.10 | 0.50 | 0.10 | 0.20 | 0.10
Bunaaxosuii 0.20 | 0.20 | 0.20 | 0.20 | 0.20

4.5 CtaTucTH4YHO HaJiliHe OLiHIOBAHHSA MpOTpecy
(Wilson ClI).
IIpo6ema naiBnoi TounocTi. [Toxasauk P=C/N 3a

YMOBH MauX N MPHU3BOAUTH IO CUCTEMATHYHUX XUOHOMO-
3UTHBHUX pilieHb. CTYJEHT i3 TpbOMa NPaBUILHUMU BiJl-
nosigamu (C =3) i3 gotmprox (N =4) orpumye Pp=0.75,
X04a JOBIpYMH IHTEpBaN, IO CTAaHOBUTH 95 %, Mae
mmpuHy, O0imbiry 3a 0.50. B aganTuBHEX cucTeMax XHOH-
OTIO3UTHBHE pIIICHHS IPO 3aCBOEHHS MPU3BOJIUTH [0
Mepe4acHOr0 Mepexody 10 HACTYMHHX TeM 1 HaKOIu-
YEeHHsI IPOTAJINH y 3HAHHSX.

Josipunii inTepan Biscona (Wilson confidence
interval). FAHRAI BHKOPHCTOBYE HIDKHIO MEXY IOBIp-
yoro inrepsany Bincona [7]:

_ 1 Lz
=T, | Pt 2
1+2z°/n 2n

ne z=1.96 nua 95 % piBus nosipu. Ha Binminy Bix iHTep-
Bany Banpna (Wald), meton Bincona 3a6e3nedye KopekTHE
HOKPHUTTS HaBiTh 33 yMOBH €KCTPEMAJBHUX [ 1 Maiux N
[8]. 3HauenHss P~ BiANOBiNa€E HA 3aMUTAHHS: sSKE Haii-

HIDKYEC 3HAYCHHS CIPaBXXHBOI WMOBIPHOCTI IPaBHIBHOT
BIIMOBII Y3TOJKY€ETHCS 3 TAHUMHU?

Iongiiinuii kpurtepiii 3acBoenHs. KommoneHT
3HaHb (K3) BBaxaeTbcs 3aCBOEHMM, KOJIM OJHOYACHO BH-

KOHYIOTBCS Bl YMOBH: P 2 Trpagierys T& N2 Ny
MinimaneHa BUMoOra N = N, 3ano0irae yxBaJeHHIO
pimmeHs Ha OCHOBI 0OMexeHnX naHux. [loporose 3HaUeHHS
P 2 Tiastery O3HAYAE, IO HABITH y HAWIIPLIOMY CTATHC-

TUYHO OOIPYHTOBAaHOMY BHUIMAAKY HMOBIpHICTH IPaBUIIBHOT
BIZINOBI/Il MIEPEBUIIYE 3aJaHE 3HAYCHHSI.

JuHamika 3acBo€eHHs1. [[i1s1 yHAOUHEHHS PO3TIISTHEMO
THUTIOBY TPAEKTOPIiIO 3aCBOEHHS (Tabm. 2). Skmo n=6, To

maiBaa Toumicte P =0.67 Moxke cTBOpHUTH BpakeHHS

nporpecy, aine P~ =0.35 — cTBepKYBaTH PO 3aCBOEHHS

3apaHo. Jlume 3a J0CTaTHBHOIL KIIBKOCTI CIIOCTCPECIKCHDb
HIDKHS Mexka Bincona Jocsdrae nmoporoBoro 3Ha4c€HHs 3a-

cBoenns. Ha puc. 6 mokasano, 1o pisuuusg Mixxk p i P~ €
MaKCHUMAaJIbHOIO 32 YMOBH MaIHX N 1 3MEHIIYETHCS B Mipy
HAaKOMUYEHHS JaHUX.

Ta6uuis 2 — lunamika 3acBoennst K3: HaiBHA TOYHICTE P

NPOTH HUKHLOT Mexi Bisicona p

n c p p~ Status

2 1 0.50 0.16 He 3acBoeHo
4 2 0.50 0.21 He 3acBoeno
6 4 0.67 0.35 He 3acBoeno
12 8 0.67 0.43 He 3acBoeHo
20 15 0.75 0.56 He 3acBoeHo
24 20 0.83 0.70 3acBo€HO

IBuakicte HaBuanus (Learning Velocity). Jus
OIIIHIOBAHHS JMHAMIKH 3aCBOEHHSA BHKOPHCTOBYETHCS Ha-

xun P yuaci: LV =Ap~ /At.

51 s3 55 s7 £ 511

0.8

Accuracy
o
@

o
=

[ ]
—8~ Raw accurscy git)
- Wilson beund ()
~=- Mastery g~ = 0.70

0.24

0.0
o 5 w0 15 20 25 30 35

Time (days)
Puc. 6. [lopiBHAHHS Ha{BHOT TOYHOCTI Ta HIKHBOI Mexi BincoHa

InTerpanbuuii nmokasuuk yneBHeHocTi (Integral
Confidence Score). [lis midicHOTO OIiHIOBAHHS CTaHY 3a-
CBO€EHHS KOXHOTO K3 BUKOPHCTOBYETHCS:

[Toxa3HuK MBUAKOCTI HABYaHHS LV [ae 3Mory Kia-
cudikyBaTH TEeMI 3aCBOEHHS CTyJIEHTa # aJanTyBaTH
HaBYaJIbHE HABAHTAXCHHS: CTYACHTH 3 HIDKYMM LV T0-
TpeOyIoTh OiNbIlle MOBTOPEHHb 1 MOBUIBHINIOTO BBEIACHHS
HOBOTO Marepiainy.

CS =100-(W, - P~ + W, - Sorm + Wy - Coverage +
Wy - Rcurrent)1

ne Spom =Min(S/S;,,1) — HOpMmanizoBaHa cTabiib-
HicTh; Coverage — yactka BuBueHHX K3 y TeMi; Ryyent —
MOTOYHE yTpUMaHHS B 1am’siTi. CTaTHCTHYHO 00IpYHTOBA-
HUA P~ Mae HaWOipLIy Bary, OCKUIbKHM 3abe3redye

KOHCEPBATHBHY OIIIHKY 3aCBO€HHs. baraToOKOMIIOHEHTHA
CTPYKTYpa TEOPETHUYHO IMepeBeplIye Oy/b-IKUH OIHOBH-
MipHHUH IMOKa3HHK 3a TIPOTHOCTHYHOIO 3JaTHICTIO.
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4.6 KoMmo3uTHa MeTPUKA rOTOBHOCTI.

Ananranis Temny HaB4aHHs. [Inardopma perymoe
KimpKicTh HOBUX K3 3a ceciro BiMOBITHO 10 iHANBITyaIb-
HOI IIBUIKOCTI HaBUaHHA LV : cTyneHTH 3 HIKYHM LV
OTPUMYIOTH OiNbIIE TIOBTOPEHH (HIKYE CITiBBITHOIICHHS
HOBHX TEM JI0 TIOBTOPEHB), 1[0 J0TIOMara€ yHUKHYTH KOT-
HITHBHOTO TI€PEBAHTa)XEHHS, a CTYACHTH 3 BUIIMM LV —
IHTEHCHBHIIlIC HABaHTA)XEHHS, L0 MIATPUMYE IXHIO 3aiy-
YCHICTb.

IMoka3nuk roroBHocti (Readiness Score). [nrerpa-
Iisl BCIiX MOKAa3HHUKIB — METPUKA TOTOBHOCTI /IO TiACYMKO-
BOTO OIiHFOBAHHS:

RS =100 x (w,,, x Coverage + W, x Mastery +

+ Wy, x Stability + wyo, x Probability),

roi

ne Coverage —4vactka K33 P 2 7,y Cepen yeix K3

Kypcy; Mastery — cepenne 3HaueHHs P~ 3a Bcima K3;
Stability — cepenns HopmasizoBana cTabUIBHICTE TAM SITI;
Probability — cepenns iiMOBipHiCTh yTpUMaHHS B IaM’sITi

Ha JICHb CKJIaJIaHHS 1CITUTY.

Baru BimoOpakaroTh MPIOPUTETH: MOKPUTTS W,

cov €
HAWBaXIMBIIIMM — CTYJCHT MOBHHEH MPOJEMOHCTPYBATH
3aCBOECHHS BCIX TEM, a He INIMOOKI 3HAHHS JIMIIE KIJIBKOX.

3acBO€HHA W, BimoOpaskae cepeqHIO0 INIMOMHY 3acBO-

eHHs. CTaOimbHICTD Wy, YpPaxoBye, 9H 30€peKyThCs

3HAHHA JI0 JIHS icnuTy. IMOBIpHICTH yTpUMaHHS Wpp

Bii00Opaxkae MOTOYHUM cTaH mam’saTi. MeTpuka 3abe3mneuye
IHTerpoBaHe OLIHIOBAHHS, IO MOEIHYE YOTHPH TEope-
THUYHO OOTPYHTOBAHI BUMipH HABYAIEHOTO ITPOTPECY.

4.7 IMnieMeHTalmis aganTHBHOI CHCTEMH Ha-
BUYAHHS JUIS1 Mepe:ki aBTomkij. s Bepudikarii 3ampo-
ITOHOBaHHUX (POPMATBHUX MOAeNed Oyno po3poOieHo i
BIIPOBA/KEHO afanTuBHY miatdgopmy HaBdanHs FAHRAI
B Mepexi aBTOLIKIN /IS MiATOTOBKU JI0 TEOPETHYHOTO
ICIUTY 3 TPaBHJI TOPOXKHBOro pyxy. Cucrema peanizye
MOBHUH 3aMKHEHUI IMKJI aJaliTUBHOTO HaBYaHHS 1 Jae€

; B : -

Question Traffic Signals  Ditficulty &

1107143 Catogory
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What does a flashing green traffic light signal mean?
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3MOTY OIIIHUTH MOBEIAIHKY MOJIeNIel y peallbHUX YMOBaX i3
PI3HUMH KaTETOPisSMHU CTYIICHTIB.

InTepdeiic HaByaabHoi cecii. Ha puc. 7 moka3ano
3araJbHUNA BUTILA iHTEepdeiicy HaB9aimbHOI cecii. Po3ris-
HEMO CIIEMCHTH 1HTepdeHCy.

Inankarop akTuBHOI cTparerii Bu6opy. Ha expani
BiZOOpa)a€eThCsl MaHeINb 13 1€papXiYHUMU CTPATETISIMH, 1€
MOTOYHY aKTUBHY CTpaTerilo Bi3yasbHO BUUIEHO. Lle nae
3MOTY CTYAEHTY U IHCTPYKTOPY 3pO3yMITH JIOTIKY CUCTEMH
— YoMy caMe Ii¢ 3aBJaHHs 0yJI0 BUOpaHO B IIe MOMEHT.

Meranani 3aBaaHHsi. JIJ1g KOXKHOTO 3aBJaHHS BiJO-
OpakeHO: KaTeropito MpaBWII JIOPOKHBOTO PyXy (HAIpH-
wian, «[Ipoi3n mepexpectb»), piBeHb CKIATHOCTI b,
BiNOBITHICTE 30HI HAHOMIKIOTO PO3BUTKY (ZPD) it T
CTparTerii, 3a AK0I0 OyII0 BHOpaHO 3aBIaHHS.

IncTpymenTn HaByaabHOi miaTpuMku. Cucrema
HaJla€ CTYJEHTY KUIbKa IHCTpYMEHTIB miaTpumku: «Ilin-
Kaska» — CKopoueHa iHopMallis, M0 CIPIMOBYE IO
npaBwiIbHOT BianoBifl; «IloscHeHHs» — eTajlbHUI aHai3
npaBujia JOPOXKHBOT'O PYXY, IOB’SI3aHOTO i3 3aBIAaHHSIM;
«[Ipasumo TIJIP» — mocuiaHHS Ha BIAMOBIAHUN IYHKT
npaBmi; «[Ipuknan i3 peanbHOrO JKUTTS» — YHAaOYHEHHS
3aCTOCYBaHHS IpaBWJa B pealbHIN IOPOXKHIA CHTYyaii;
«3anutati Al» — MOXIUBICTD OTPUMATH JETaJbHE MOSIC-
HEeHHs Bix iHTerpoBaHoro Al-acucreHta. BuxopucrtaHHA
IHCTPYMEHTIB TIJTPHUMKH BPAXOBYETHCS B MOKA3HHUKY
SIKOCTI BIATIOBiNI (] : BHKOPHUCTaHHS MiAKAa3KA 3MEHIIYE

Bary KOMIIOHEHTa BIIEBHEHOCTI, II0 KOPUT'YE OHOBJICHHS
CTabUILHOCTI.

Bizyauaizauisi azanTUBHIUX MeTPHUK Ta iX BIUIMB HA
HaBYAJIBHY TpaekTopilo cryaeHta. Ha puc. 8 neranpHo
MOKa3aHO MaHelb aIAlITUBHUX METPUK 13 MOSICHEHHSIMH 1X
BIUIMBY Ha HaBYaJbHY TpaekTopito. KoxHa MeTpuka mae
KOHKpETHE 3HAUCHHS /Il CTY/ACHTA.

PiBensn 3aioHo0cTei (0 =0.72) Bu3HAYAE CKIAIHICTE
HaCTYIHHX 3aBaHb. CrcTeMa BUOMpAE 3aBIaHHsI 31 CKIIa]l-
mictio b = 0.79, mo morparmise B 30Hy HAKGIIHKIOTO PO3-
BUTKY ¥ 3a0e3rneuye onTHMaJIbHUN OanaHc MiX CKJIaHi-
CTIO Ta JOCSKHICTIO.

78% 71% 74%

Knowladge Statuiity

Overall Statistics

{ The signal wams that you must stop, 52 the yellow and then red signal will be activated shorfly

The signal permits movement and indicates that the red signal will be activated soon

The signal prohibits further movemant and requires an immeadiate stop

158 68
224 70%
Study Tima
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Yrpumanuss B nam’siti (R(t) =58% ) curnanmisye,
110 3HAHHS 3 TEMU OYMHAIOThH CMIAJATH W MOTPAIUISIOTH B
ontuMaiibHe BikHO moBTopenHs [0.45,0.65] . Cucrema aB-

TOMATHYHO TIEPEMHUKAETHCS HA CTPATETII0 KPUTHYHOTO
YTpUMaHHs, IEPEPUBAIOYU BUBYCHHS HOBOTO Marepiany.
Cra6inpnicty (S =12.4 qHiB) moKasye, HACKUIbKH
MIITHO 3aKpiruieHi 3HaHHA. [Ticlis KOKHOrO YCHIlTHOTO TO-
BTOpPCHHS S 3pOCTa€, a IHTEPBAIU MiXK TIOBTOPCHHSMH IO-
JTOBXKYIOTBCSI, 110 3MEHILYE HABAHTAKCHHS Ha CTYJICHTA.

Huxust mexka Bimcona (p~ =0.65) mokasye, mo

TEMy L€ HE 3aCBOEHO H, BIAMOBITHO, HE 3apax0BaHo, SKIIO
MOporoBe 3HaueHHs 3acBoeHHs cTaHoBUTh 0.70. HaiBHa
TouHicTb 70.5 % cTBOpMIIA O 103110 3aCBOEHHS, ajie KOH-
cepBaTUBHA OlliHKa BincoHa 3amnodirae nepeguacHoMy Iie-
pPEXOMy J0 CKIAIHIMINX TEM.

TIoroBuicts (RS =78%) — inrerpoBanuii 6an, 110
MOEIHYE MOKPUTTS TEM, TTTHOMHY 3aCBOEHHSI, CTaOIIBHICTh
nam’sITi i IPOTHO3 yTPUMaHHs Ha naty icnuty. Jlo nopo-
FOBOTO 3HAYEHHS F'OTOBHOCTI, IO CTAaHOBUTEL 85 %, 3aiu-
maeTbesi 7 % — 1e 1a€ 3MOTy CTY/CHTY OIIIHWTH CBIiif cTaH
1 CIUTaHYBaTH IiITOTOBKY.

ApanTuBHa Moaudikalisa HABYAJbLHOI TPAEKTOPII.
Ha puc. 8 Takox moxa3zaHo, Sk cucreMa Moau(ikye HaB4a-
JMBHY TPAEKTOPIIO 3aJISKHO BiJ] CTaHYy METPHK CTYyICHTA.
PosrnsHEMO KITFOYOBI CIIeHapii agarnTarii.

Iepexin Bin ZPD 10 KpPUTHYHOIO YTPUMAHHS.
Komu yrpumaHHs B maM’SITi paHille BUBYCHOT TEMH 3HIKY-
€ThCS IO TOPOTOBOTO 3HAUECHHA 65 %, cucTeMa epepuBac
BUBYEHHS HOBOI'O Marepiajly i BCTAHOBIIIOE ITOBTOPEHHS.
Ile MakcuMizye e(eKkT TeCTyBaHHS, OCKUIbKH IpHUrajy-
BaHHS B ONTUMAJILHOMY BiKHI MMOTpeOye 3yCHIIb, ajie BCE
111 € MOXIIMBHM.

AxTHuBamia pemexniamii. SIkmo Oyne BUABICHO CHC-

TeMaTHYHi TOMUITKH 3 KoHKpeTHOT Temu ( P~ < 0.60 3a mo-

cratHporo R(t) ), To cucrema Cripolye 3aBaaHHs, aKTHBYE

Student Adaptive Metrics and Their Impact on Learning Trajectory

Ablbity Lavel Mamory Retention

0.72 58%
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IHCTPYMEHTH IiATPUMKH i TIOBEPTAE CTYIECHTA 10 0a30BUX
MOHSTH TEMH.

BiokyBaHHsI HAa He3aCBOEHHX NepeayMoBax. ko
mepexiz 10 HOBOI TeMHU MOTpedye 3aCBOEHHS MOMEPEaHBOT
(nmanpuknan, «CurHamm cBitinogpopa» mnepex «Perysro-
BaHHs [IEPEXPECTh»), TO cUcTeMa OJIOKYE Mepexi 10 BUKO-
HaHHS MOJIBITHOTO KPUTEPIIO 3aCBOEHHS.

Ilepexin y pe:xxum ninrpumkn. Konu rema 1eMoHCT-

pye crabinbhe 3acBoenns ( P~ 2 0.70, n>10), Bona nepe-

XOJUTD y PEXKHUM JTUIIIE TIOBTOPEHB 32 aIallTUBHUM PO3KJIa-
TTOM, 3BUTBHSIFOYH Yac Ul HOBOTO MaTepiaiy.

Ananrauisi 18 pi3HUX KaTeropiii cryaenTiB. Cuc-
TeMa iHJMBITyadbHO aJanTy€e TapaMeTpH JJIs Pi3HUX KaTe-
ropiit crynmentie (tabmuis 3). Ilin «IlosichenHs + Al»
PO3YMIETHCSI BUKOPUCTAHHS METO/IIB IITYYHOTO 1HTEIEKTY
JUIS TeHepallil MepCOHANTI30BaHUX TOSCHEHb 1 MiATPUMKH
HABYAHHS ajie NCTAJbHUIA OMUC BiAMOBIIHOTO MOIYJIS BU-
XOJHTB 32 MEXI i€l poOOTH.

[lepeBaru amanTHBHOTO HaBYAHHS JJIST MEPEXki aBTO-
IIKUT: CKOPOYCHHS Yacy IMiArOTOBKH 3aBISKH YCYHCHHIO
Hee(eKTHBHUX TOBTOPEHb YK€ 3aCBOEHOTO MaTepiaiy;
T ABUIICHHS BiZICOTKA CKJIaJaHHA ICIUTY 3 TepInoi cupodu
3aBIIKHA HAOITHOMY OIIHIOBAaHHIO TOTOBHOCTI, MOYJIH-
BICTb IHAMBIAYaJIbHOTO TEMITy JUIsl KOKHOTO CTyJeHTa 0e3
301/IbILICHHS] HABaHTAXXEHHsI HA 1HCTPYKTOPIB; MPO30PICTh
PIlIEHb CHCTEMH, IO JJA€ 3MOTY IHCTPYKTOpaM KOHTPOJIIO-
BaTH HaBYAJILHUM MpoOLEC.

5. O6rosopenHs pesyabratiB. [IpencrasieHi ¢op-
MaJlbHI MOJIeJi YTBOPIOIOTh IIUTICHY CUCTEMY, Y SIKIH KOX-
HUM KOMIOHEHT mifcwiioe nito iHmmx. IRT 3abe3neuye
TOYHE TOOMPAHH 3aBJaHb BiJIMIOBITHO J0 PIBHS CTYICHTA,
MoJIeNb 3a0yBaHHS 3armo0irae BTpaTi 3aCBOEHUX 3HAHb, JI0-
Bipumii iHTepBat BijicoHa JomoMarae YHUKHYTH TIeperdac-
HUX TIePEXO[IiB, a MEepPCOHAII3aIlisA MITPUMYE ONTHMAIb-
HUM TemIl 1 3aimydeHicThb. Ll cHHepris y3roIKyeTbes 3
Teopiero OaxxaHuX TpyAHOUIIB [13] 1 TeOpi€lo KOTHITHBHOTO
HaBaHTaxeHHs [19].

Adaptiva Learning Trajectory Change Scenarios
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Tabnuus 3 — Ananranis mapamMeTpiB 0 KaTeropiii CTyACHTIB

Tapamerp IBuakuii |[oBineHuit | TpynHOMIII FOTOBHfI
y4eHb Y4eHb 3 TeMolo | mo icnuty

AKXTHBHA ZPD (5) |ZPD(5) |Remediation|Retention
cTparterist 3) (2)
Cxnamnicts | §+0.075 |0+0.075 |6-0.10 6+0.05
Hoge / 60 % / 30%/ |10%/90% |5% /95 %
IloBTOpEeHHs 40 % 70 %
LlinboBe R" 0.90 0.80 0.85 0.90
Incrpymentu |Bumkaeno |Ilinkaszku |IlosicnenHs |BumkHeHO
M ATPUMKH + Al

InterpoBana monens IRT i3 3a0yBannsim (IRT-
forgetting) ymepiie 06’ennye piBeHsb 3ai0HOCTEH 1 quUHA-
MIKy [am’siTi B MeXax €AMHOTO (POPMAIBHOTO IPEIUKTOPA.
HaseHi migxoau abo MOAEIOIOTH 3A10HOCTI 0e3 ypaxy-
BaHHA 3a0yBanHs (knacuyHa IRT), a6o 3a0yBanHs 6e3 ypa-
xyBaHHs 31i0HOCcTel (SM-2, FSRS). MynbTHIurikaTuBHA
ctpyktypa P = R-Pgr +(1-R)- Pyess Mae mposopy korsi-

TUBHY IHTEpIIpeTalilo: 3a0yBaHHs Ji€ K «PiIbTp», Yyepe3
SIKHI TIPOXOIATH 3M10HOCTI. TeopeTHuHuit aHai3 CBITIUTh
Ipo TMOKpalleHy KajiOpaliiro Mozeni, oco0ianBo B Jiamna-
30HI HU3bKHX IMOBipHOCTEH, e cratnuHa IRT cucremaru-
YHO 3aBUIILY€ [IAHCH NPABUILHOI BiJIIOBII.

Mopeas auHamMiuHOi cTadinbHOCTI po3BHBae imel
FSRS [21], noxatouu jBa HOBi €IEMEHTH: IHTErpaimiio 3
IRT (movarkoBa cTabiLNBHICTB 3aNISKUTH Bi 6 ) 1 KOHTEKC-
THO-3JIC)KHUA MHOXHUK  (€()eKTHBHICTh MOBTOPEHHS
3aJIeXKHTh BiJl PIBHS YTPUMaHHS 3HaHb). KommosuTHwuii no-
Ka3HUK SKOCTI (|, sSIKMH MOEHY€E MPAaBUIILHICTB, Yac i BIie-

BHEHICTB, 3a0e3medye sKicHie iHpopMalliiiHe mojie s
OHOBJICHHS CTAaOUTFHOCTI, HIXK JUCKpETHA mKana SM-2.

Iepapxiunmii MmeTon BHOOpPY 3aBOaHb (Qopmaiizye
MeIaroTiYHUN TPUHIMI TpiopuTeTy (yHIameHty. KoH-
TEKCTHO-3aJIeKHI Baru 3a0e3nedyroTh (OKYyCyBaHHS Ha
HaKOUIBII penieBaHTHOMY (akTopi B Mexax KOXKHOI cTpa-
terii. lepapxiuHa CTpyKTypa TEOPETHYHO NEpEeBEpIIyE
JIHIAHY KOMOIHAIIO CTpaTeriii 3aBAsSKU MOXKJIIMBOCTI MOB-
HOTO TIEpEMHUKAHHA MIXK peKUMaMH HABYaHHS 3aJI€XKHO BiJl
MIOTOYHOTO CTaHYy CTYIEHTA.

JoBipuuii inTepBan Bijicona Bnepiue cucremaru-
YHO OOIPYHTOBAHO JIJIsl KOHTEKCTY aalTHBHOTO HABYAHHS.

KoHcepBaTusm OIIHKKA P~ 3a MaIKX N JOMOMAara€ yHUK-

HYTHU NepEAYaCHUX PIICHb, 0 MAa€ 3HAYHI TCOPSTUYHI Ta
MPAKTAYHI HACHIAKH JUIS 3MEHIICHHS XUOHOIIO3UTHBHHX
OLIIHOK 3aCBOEHHS.

Mopeni MalOTh OOMEXEHHS, sSKi OKpECTIOITh Ha-
OpsIMA OAANBIIKNX AocuimkeHb. [Tlapamerpu (Azpp, Baru

CTpaTerii, MOpOroBi 3HAYCHHS) MOTPEOYIOTh KaliOpyBaH-
HS T KOHKPETHUX IPeAMETHHX 00acTeil 1 BIKOBHUX TPYII.
EdextuBHICTD ISl TUCIUILTIH i3 MEHIIT (HOPMaTiZ0BaHOIO
CTPYKTYPOIO 3HaHb 3aJMIIAETHCS MUTAHHSIM JUIS I10.AJIb-
IIOTO JOCTiKEeHHs. 3aCTOCYBaHHS IIi€l MOJeNi B 1HIINX
IIPEAAMETHUX 00JIacTsIX MOXKE IMOTpedyBaTn pexkaioparii.
BucnHoBkn. Y poOOTi 3amporoOHOBAHO KOMILIEKC
(opManbHIX MoJieNeld 1 MeTO/IiB aJanTHBHOTO HaBYAHHS,
po3pobnenux y mexax rargopmu FAHRAL:
InTerpoBana monens IRT-forgetting. MynpTumi-
KaTuBHa KoMOiHamis WmoBipHOcTi IRT 2PL i3 ¢dyHnkuieto

YTpUMaHHS TIaM’SITi CTBOPIOE €MHHIA TIPETUKTOP 13 Teope-
TUYHO TIOKPAIICHOIO KaJiOpaIli€ro Ta TUCKPUMIHATHBHOIO
3IATHICTIO TIOPIBHAHO 3 Ki1aciuHO0 Monentio IRT Ta ann-
TUBHUMH KOMOIHAITISIMH.

Mopess guHAMiYHOI cTadiibHOCTI mam’ATi. Kom-
MO3UTHUH TTOKa3HMK SKOCTI BIANOBII I KOHTEKCTHO-3aJIe-
JKHUH MHOXKHUK 3a0€3Me4yloTh CTPYKTYpHI IlepeBaru Haj
SM-2 (memepepBHa Mmojenb, interpamis 3 IRT) i FSRS
(KOHTEKCTHO-3aJIe)KHE OHOBJICHHS).

Iepapxiunmii Meron BuGopy 3aBnanb. bararopis-
HEBa i€papXis CTpaTeriil i3 KOHTEKCTHO-3aJIC)KHUMH Bara-
MH 3a0€e3Medye MeNaroriqyao oOIpyHTOBaHHAN OallaHC MiX
MTOBTOPEHHSIM, KOPEKIIi€l0, JOCIIKEHHIM 1 PO3BUTKOM,
TEOPETHYHO IEPEBEPIIyIOUH JIiHiiHI KOMOiHAIil cTpare-
Tii.

CratucTnyHo HafgiliHe ouinoBaHHs. J{oBipunii iH-
TepBall BilicoHa CyTTEBO 3MEHILIYE YAaCTKy XMOHOIO3UTHB-
HUX OIIIHOK 33aCBOEHHS MOPIBHSHO 3 HAIBHOIO TOYHICTIO.
Inrerpanbhuii nokasHuk CS moeaHye 4OTUPU BUMIpH Ha-
BYAJBHOTO TIPOTPECY.

Kommno3urHa MeTpMKa TOTOBHOCTI iHTETpye IIO-
KPHUTTs, 3aCBOEHHS, CTAOIIBHICT aM’sATi Ta HMOBIPHICTh
YTPUMaHHs B €IMHY IPOTHOCTHYHY METPHKY.

LinicHa iHTerpalis 3arnpornoHOBaHUX MOJIENeH y Me-
xax margopmu FAHRAI dopmye kommiekcHy ¢opma-
JbHY OCHOBY JUISl a/IalITUBHOTO YNPAaBJIiHHS HaBYaJIbHUM
npouecoM. L{e yMOXITHBITIOE 0OIHOYACHE BpaxyBaHHs PiBHS
3HaHb CTYAEHTA, AWHAMIKM 3a0yBaHHS, II€AAroTiYHHX
MPIOPUTETIB 1 CTATUCTHYHOI HAMIHHOCTI OIIHIOBAHHS,
3a0e3neuyroun OiTbII OOTPYHTOBAaHE YXBaJCHHS DIllleHb
10710 BHOOPY HaBYAJILHMX 3aB/aHb, IJIAHYBAHHS ITOBTO-
PEHB 1 BH3HAYCHHS TOTOBHOCTI JIO MiJCYMKOBOTO OIIIHIO-
BaHHs. [IopiBHSHO 3 pparMeHTOBAaHUMH IiIX0/IaMH 3aI1pO-
MOHOBaHHUH KOMILIEKC MOJIeJIel CTBOPIOE TIEPEyMOBH ISl
MiABUIICHHS e()EKTUBHOCTI MEPCOHATI30BAHOTO HABYAHHS
Ta BIIPOBAKEHHS aJ]alITHBHUX CHCTEM HOBOT'O HOKOJIIHHSI.

[epcrniekTBY NOAANBIIMX AOCIIKEHb OXOILIIOIOThH
MYJIBTHIUCHMILTIHAPHY Bajijamito, iHTerpauito rpadis
3HaHb 13 MOJCIIOBaHHSIM €(EKTiB IEPCHECCHHS MIiX Te-
MaMH, JIOHTITIOJHI JOCTiIKEHHS e€(peKTHBHOCTI MOJeIei
Ta aJarnTalliio mapaMeTpiB 1T pi3HUX BiKOBHX TpyIl. Okpe-
MHUM HAIPsIMOM € iHTeTpallis METO(iB IITYIHOTO IHTEIEKTY
JUIsl TIepcoHalli3amii HaBYAHHSA, a TaKOX IPOBEICHHS Ta
aHaJIi3 paH/I0Mi30BaHOTO KOHTPOJIbOBAHOTO EKCIIEPUMEHTY
3 METOI0 EMIIIPUYHOI MEepeBipKH 3arpONOHOBAHOTO Tij-
xoxy. i acmextm peamizoBani y mmatdopmi FAHRAI,
MPOTE BUXOATH 32 MEXi JaHOI poOOTH 1 MIAHYIOTHCS JI0
BHCBITJICHHS B OKPEMUX TyOTiKaIisx.

Jeknapanisi Ipo BUKOPUCTAHHS TeHEPATHUBHOIO
IITY4YHOro iHTesekty. Ilix yac miAroToBKH 1€l poOOTH
aBTOPU HE BUKOPHCTOBYBAJIN )KOJHHUX 1HCTPYMEHTIB r'eHe-
PaTUBHOTO MITYYHOTO iHTEJICKTY.
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MODELS AND METHODS FOR INTELLIGENT MANAGEMENT OF PERSONALIZED LEARNING
TRAJECTORIES BASED ON AN INTEGRATED IRT-FORGETTING FRAMEWORK

Despite the widespread adoption of modern learning management systems, most of them primarily focus on providing access to content and assessing
outcomes, while overlooking the formalized modeling of individual learning trajectories and the dynamics of knowledge forgetting. This paper presents
a comprehensive set of models and methods for adaptive learning, developed within the FAHRAI platform (Framework for Adaptive Hierarchical
Review and Instruction). The following key components are proposed: (1) an integrated model that multiplicatively combines the two-parameter Item
Response Theory model (IRT 2PL) with a memory retention function, enabling improved calibration compared to classical IRT; (2) a dynamic memory
stability model incorporating a composite response quality indicator and a context-dependent multiplier; (3) a hierarchical task selection method based
on a multi-level system of strategies and context-dependent weights of a composite prioritization score; (4) an approach based on the Wilson confidence
interval for statistically reliable estimation of mastery level, significantly reducing the rate of false-positive decisions compared to naive accuracy; (5) a
composite readiness metric integrating IRT parameters, memory retention, and the statistical reliability of the estimation. For each model, a formal
description, theoretical justification, and numerical examples are provided. The proposed set of models and methods constitutes a unified theoretical
framework for the development of adaptive learning systems, enabling improved accuracy in predicting learning outcomes, greater efficiency in
repetition scheduling, and enhanced reliability in assessing individual learner progress.

Keywords: personalized learning trajectories, adaptive learning, item response theory, spaced repetition, zone of proximal development, Wilson
confidence interval, learning personalization.
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DOMAIN-SPECIFIC LANGUAGE FOR INTELLIGENT TESTING OF MICROSERVICE SOFTWARE
SYSTEMS BASED ON MOCK-OBJECT TECHNOLOGY

Testing service-oriented and microservice-based systems is challenging due to strong dependencies on external services and distributed environments.
Mock-based testing is widely used to address this issue; however, existing solutions rely on low-level configuration mechanisms that increase complexity
and reduce maintainability. This paper proposes a domain-specific language (DSL) for intelligent specification and generation of mock services. The
approach enables high-level, domain-oriented description of mock behavior and supports transformation into executable configurations for existing
mocking platforms. The proposed solution aims to improve readability, reduce configuration effort, and enhance testing efficiency in distributed software
systems. The paper reviews existing tools for mock-based testing of service-oriented applications and provides a comparative analysis based on ease of
use, configuration flexibility, and the complexity of supported test scenarios. The analysis shows that existing solutions consistently trade off between
expressiveness and accessibility, a limitation that the proposed DSL aims to address. To evaluate the proposed approach, a comparative experiment was
conducted across four test scenarios of varying complexity. DSL-based configurations were compared against equivalent configurations defined without
the DSL, using three metrics: specification size (SLOC), maximum nested block depth, and maintainability index. The results show that the DSL reduces
cyclomatic complexity. The composite quality score of DSL-based configurations exceeds the baseline by 38 % on average. These findings confirm that
the proposed DSL simplifies the creation of mock services and makes distributed system testing more accessible to a wider range of project participants.

Keywords: domain-specific language, intelligent approach, software, service-oriented architecture, microservice, testing, mock-object,

distributed system, metric, quality.

Introduction. Service-oriented architecture (SOA)
and microservice-based systems have become widely
adopted due to their scalability, flexibility, and support for
modular development. However, these architectural styles
also increase testing complexity, since individual services
often depend on external APIs, third-party platforms, and
independently evolving infrastructure. Such dependencies
may be unavailable during development, unstable in test
environments, or costly to invoke repeatedly, which redu-
ces the controllability and reproducibility of testing.

To address this issue, software teams widely employ
mock services [1] that simulate the behavior of external
systems and enable isolated, repeatable, and controlled
validation of service interactions. Mocking approaches
have been widely known since the early development of
unit testing practices in the 1990s, particularly within the
xUnit family of frameworks introduced by Kent Beck [2].
In this context, mock objects were initially used to isolate
units of code by replacing their dependencies with control-
lable test doubles. In modern distributed environments, this
idea has evolved from unit-level isolation to service-level
simulation. Mocking is especially valuable in distributed
environments because it supports parallel development,
facilitates the simulation of both normal and exceptional
scenarios, and reduces the impact of unavailable depen-
dencies on the testing process.

Despite the availability of mature mocking platforms,
the practical configuration of mock behavior remains
difficult. In many cases, mock scenarios are specified
through low-level mappings, programmatic APIs, or tool-

Research Article: This article was published by the publishing house of NTU ""KhPI" in the journal
Bulletin of the National Technical University “KhPI". Series: System Analysis, Control and Information
Technologies. This article is distributed under the Creative Common Attribution (CC BY 4.0)

specific configuration formats, which increases the entry
barrier and limits the accessibility of such solutions for non-
programmer stakeholders. As a result, there is a need for
higher-level mechanisms that preserve the expressive
power of existing platforms while simplifying the specifi-
cation of service behavior.

A promising direction is the use of domain-specific
languages (DSLs), which enable users to describe solutions
within a particular application domain at a higher level of
abstraction than general-purpose programming languages
[2,3]. In software engineering, DSLs are valued for their
expressiveness, readability, and reduced technical overhe-
ad. These properties make them a suitable candidate for
describing mock-service behavior in a concise and domain-
oriented form.

This paper proposes a domain-specific language for
an intelligent testing of service-oriented software systems
based on mock-object technology. The proposed approach
allows users to define mock scenarios through high-level
constructs, edit them in a dedicated web interface, parse
them on the server side, and transform them into executable
configurations for a mock server. Such an approach is
expected to improve readability, reduce configuration
effort, and support automation in modern CI/CD work-
flows.

Brief overview of related work. Research on testing
of service-oriented and distributed systems includes a
variety of approaches aimed at improving test isolation,
automation, and maintainability. One of the most widely
adopted techniques is the use of mock objects, which
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simulate the behavior of external dependencies and enable
controlled validation of system interactions. An empirical
study of open-source projects demonstrates that mocking is
extensively used in practice, primarily to isolate compo-
nents, emulate external services, and verify interactions
between system elements [4]. At the same time, the study
highlights that the configuration of mock behavior is often
manual and tool-specific, which increases complexity and
reduces accessibility.

In service-oriented settings, mock-based testing is
supported by specialized platforms such as WireMock,
MockServer, Hoverfly, Beeceptor, and Mocky. These tools
enable request matching, response generation, proxying,
and interaction verification [5]. However, they differ
significantly in usability and capability, as illustrated in
Table 1. Tools with high configuration flexibility
(WireMock, MockServer) expose complex, low-level
interfaces — JSON mappings, programmatic APls, CLI-
driven setup — that require substantial developer expertise.
Conversely, simpler tools (Mocky, Beeceptor) offer
accessible web-based interfaces but support only basic
scenarios and lack the expressive power needed for
complex service interactions. This trade-off between
usability and expressiveness remains a consistent limitation
across existing solutions.

In addition to traditional mocking approaches, several
studies explore automated and specification-based
techniques for testing service-oriented systems. In
particular,  specification-driven  approaches  enable
automatic generation of test cases for REST APIs based on
formal service descriptions, improving coverage and
reducing manual effort [6]. These approaches demonstrate
the benefits of higher-level abstractions in testing but are
primarily focused on test generation rather than behavior
simulation.

Another important research direction is the use of
domain-specific abstractions and formal models for
defining expected system behavior. For example, advanced
approaches to test oracle generation allow modeling
uncertainty and multi-level validation in complex systems
such as cyber-physical environments [7]. These techniques
improve the reliability of test validation but often introduce
additional complexity in the specification.

In parallel, artificial intelligence techniques are
increasingly applied to software testing. Al-based methods
enable automation of test analysis, pattern recognition, and
optimization of test suites [8]. However, these approaches
are typically focused on test generation and analysis rather
than on modeling external service behavior through
mocks.

More recently, industrial solutions have started to
explore Al-driven mocking and service virtualization.
These approaches automatically generate mock services
from recorded traffic and dynamically adapt system
behavior for testing purposes [9]. While they significantly
reduce manual configuration effort and increase realism,
they often rely on complex infrastructure and provide limi-
ted transparency and control over mock behavior speci-
fication.

Overall, existing research highlights the importance
of abstraction, automation, and simulation in testing
distributed systems. However, there remains a gap between
expressive power and usability, particularly in defining
mock behavior in a simple and domain-oriented way. This
motivates the need for higher-level approaches, such as the
domain-specific language proposed in this work.

Problem statement. The analysis of existing tools and
research presented above reveals several challenges in
mock-based testing of service-oriented systems. Although
prior studies emphasize the importance of abstraction,
automation, and simulation, current solutions still show a
clear gap between usability and expressive power.

In particular, tools that provide sufficient flexibility
for modeling complex interaction scenarios (such as
WireMock or MockServer) rely on low-level and techni-
cally complex configuration mechanisms. At the same
time, tools that are accessible to a wider audience (such as
Mocky or Beeceptor) support only simple scenarios and
lack the expressive power required to model realistic
service interactions.

This trade-off is not limited to issues of user interface
or ease of use. It reflects the absence of an appropriate level
of abstraction between the tester’s intent and the
configuration mechanisms underlying existing solutions —
a gap that remains insufficiently addressed in both research
and industrial practice.

To better illustrate this limitation, consider the typical
interaction model described earlier (see fig. 1). In pro-
duction environments, a service-oriented system communi-
cates directly with external services. In testing environ-
ments, these dependencies are replaced by a mock server
whose behavior is controlled through a configuration
mechanism. However, regardless of the complexity of the
test scenario, such configuration is currently defined using
low-level technical artifacts, such as configuration files,
code written in a general-purpose programming language
that interacts with the mock server API, or CLI commands.
As a result, the specification of test scenarios becomes
tightly coupled with implementation details, which reduces
clarity and increases effort.

Table 1 — Overview of existing approaches

Criterion Mocky WireMock MockServer Beeceptor Hoverfly
Ease of use High Medium Medium High Low
User interface Web UI CLI, Java, Web | | | java, Ul | Web UI CLI, Web Ul
Configuration flexibility Low High High Low Medium
Compl_exny of testing Simple Complex Complex Medium Medium
scenarios
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Fig. 1. Mock server-based testing architecture

This situation leads to several specific problems:

1. Low-level specification of mock behavior. Mock
scenarios are described in implementation-oriented terms
rather than domain concepts. Testers are forced to work
with request matching rules and response structures instead
of directly expressing test intent.

2. High configuration and maintenance effort. As the
number of mock services and endpoints grows, the amount
of configuration artifacts increases significantly. The lack
of concise and reusable constructs leads to duplication,
reduced readability, and higher maintenance effort.

3. Limited participation of stakeholders. The need
for programming skills or deep knowledge of specific tools
limits the involvement of QA engineers, test analysts, and
domain experts. This creates bottlenecks and increases
dependency on developers.

4. Limited support for automation and integration.
Existing configuration approaches are not well suited for
structured, version-controlled, and CI/CD-integrated work-
flows, which makes it difficult to incorporate mock-based
testing into modern DevOps practices.

To address these problems, this work proposes the
design and implementation of a domain-specific language
(DSL) for specifying mock service behavior. The proposed
approach introduces a higher level of abstraction for
describing service behavior, enables intent-oriented scena-
rio definition, reduces configuration complexity through
concise and expressive syntax, lowers the entry barrier for
non-developer stakeholders, and supports automatic trans-
formation of DSL specifications into executable configu-
rations (e.g., for WireMock).

Main materials and methods. We defined the lexical
rules that break the text stream into individual tokens.
These rules serve as the foundation for subsequent syntactic
analysis and the construction of the logical structure of the
code. Thanks to them, each element a string, a number, or
a comment will have an unambiguous definition, which is
key to the stability and accuracy of the system's operation.
The core lexical components of the DSL include tokens for

strings, numbers, boolean values, and others that form the
basic elements of the syntax. Base lexical components of
our DSL presented at Table 2.

Table 2 — Lexical components our DSL

Token Value Description
STRING "W MW A quoted string
~["1)*" with escape
sequence
support
TRIPLE_STRING | "™ G\ A triple-quoted
)x2 string that can
contain any
content
NUMBER -2 [0-9]+("." [0- | Integer or
9]+)? decimal number
BOOLEAN 'true’ | 'false’ | Boolean values
"TRUE' |
'FALSE'
LINE_COMMENT ' ~[\r\n]* -> Inline comment
skip
BLOCK_COMMENT | '/*" .*?"*['-> Block comment
skip
WS [ \t\r\n]+ -> skip | Whitespace,
tabs, and
newlines
Token Value Description

Development of this specialized language, each test
endpoint is described as a single block beginning with the
“DEFINE ENDPOINT” keyword construct, followed by a
block enclosed in curly braces that contains the endpoint
description.

Formally, an endpoint definition can be represented as
a tuple:

E=(R,P,D), M)

where R is the request definition (method, path, matching
conditions);

P is the response definition (direct, fault, or proxy
response type, along with optional delays and webhooks);

D is an optional textual description.

Each component given in (1) is specified through a
dedicated DSL block: DEFINE REQUEST, DEFINE
RESPONSE, and SET DESCRIPTION TO, respect-
tively.The request is described inside a block beginning
with DEFINE REQUEST. It contains a number of
mandatory commands, such as setHttpMethodCommand,
setUrlMatchTypeCommand and  setPathCommand.
Additional settings can also be specified, namely: priority
definition, query parameters, headers, cookies, form
parameters, and various rules for the incoming request
body.

The response is defined inside the DEFINE
RESPONSE block. Within this block, one of three response
types can be specified: a direct response, a fault response,
or a proxy response. For a direct response, the ADD
DIRECT RESPONSE block is used, containing commands
for setting the status code, the response body type, and the
corresponding content. To simulate an error condition,
ADD FAULT RESPONSE is used, along with the fault

Gamzayev R. O., Tkachuk M. V., Legenkyi G. S. Domain-specific language for
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type set via setFaultTypeCommand. In the case of a proxy
response, the definition is formed through ADD PROXY
RESPONSE, which contains a command for specifying the
remote service URL, along with additional parameters for
host rewriting and template usage.

Optionally, a description can be defined via the
setEndpointDescriptionCommand. Individual blocks in the
grammar extend the capabilities for describing service
response behavior. If necessary, negation is possible
through the keyword "NOT".

The grammar provides a strictly formalized descript-
tion of conditions for request validation. Commands for
them are written using special constructs. There are simple
and composite conditions. All of them follow the same
format, where the condition type and its value are specified.
They allow the description to be broken down into struc-
tural blocks, each responsible for a specific part of the test
endpoint definition.

The simplest validation method only checks for the
presence of a request body. It does not pay attention to its
content. This is convenient when you need to ensure that
the request is not empty, and specific data is not expected.

The next validation method focuses on the structure
of the request body, such as XML. It compares the content
with an expected document of this format. The comparison
is performed character by character, and XMLUnit can be
activated. This allows you to ignore minor differences, for
example, in formatting.

JSON structure validation compares the request body
with an expected object of this format. It is possible to
customize the validation to disregard the order in arrays.
You can also ignore extra elements that are not present in
the expected value.

Endpoint definition is a key element described using
the DEFINE ENDPOINT construct. It brings together both
the request and the response, serving as the wrapper that
formalizes how a client is expected to interact with the
system under development. In addition to its core comp-
onents, an endpoint definition can be supplemented with an
optional description using the SET DESCRIPTION TO
command, which allows an explanatory note to be added
that clarifies the purpose or specific characteristics of the
endpoint.

The constituent parts of a request definition include
the QUERY_PARAMS, FORM_PARAMS, HEADERS,
and COOKIES constructs. All of them are optional, and
each is responsible for a distinct type of input data. They
contain dedicated blocks that describe conditions for spe-
cific fields, with each block consisting of one or more rules.
Each rule specifies a field name and defines the criteria it
must satisfy. This provides a highly flexible way of
describing under which conditions a request should trigger
an endpoint's response (see fig. 2).

This example declares an endpoint for handling user
login via a POST request at the path "/api/login”. In
response, the server returns a status code of 200 with a
JSON body containing the message "Login successful”.
The "DEFINE REQUEST" construct allows specifying
which HTTP request should trigger the endpoint response.
First, the request method is defined — for example, GET,

POST, PUT, DELETE, PATCH, OPTIONS, TRACE, or
ANY. Then the path is set according to the specified type.

DEFINE ENDPOINT {
SET DESCRIPTION TO "Login APl endpoint”
DEFINE REQUEST {
SET METHOD TO POST
SET URL_MATCH_TYPE TO PATH
SET REQUEST_PATH TO "/apiflogin”
QUERY_PARAMS {
ADD QUERY_PARAM_RULE{.. }
}
HEADERS {...}
COOKIES { ADD COOKIE_RULE {... }
}
FORM_PARAMS {ADD FORM_PARAM_RULE {...}
+
DEFINE RESPONSE {
ADD DIRECT RESPONSE {
SET STATUS_CODE TO 200
SET BODY_TYPE TO JSON
SET VALUE TO "{\"message\": \"Login successful\"}" }

Fig. 2. Definition of ENDPOINT

It can be simple, include parameters, or even use
regular expressions. The path is defined using the following
types: PATH, PATH_AND_QUERY, ANY_URL,
PATH_AND_QUERY_REGEX, PATH_TEMPLATE,
and PATH_REGEX.

Conditions can be simple or composite. A simple
condition checks a single value. The most basic of them is
EQUALS, which verifies whether the value matches
exactly. Next is CONTAINS, which checks whether the
value includes a substring. MATCHES_REGEX is applied
for regular expressions, while types such as
MATCHES_JSON_PATH or MATCHES_XPATH are
used to validate against a specific path within a JSON or
XML structure respectively. There are also conditions for

validating more complex formats. For example,
MATCHES_JSON_SCHEMA checks whether the
incoming JSON conforms to a given schema.

EQUALS JSON or EQUALS XML compare the
corresponding request bodies for identity. For dates,
EQUALS_DATE_TIME, BEFORE, or AFTER can be
used to verify time boundaries or exact matches. Composite
conditions combine multiple simple ones. Logical
operations can be used depending on the type. There is also
VALUES_INCLUDE, which checks whether values from
a set of conditions are included in the input data, and
VALUES_ARE_EXACTLY, which requires an exact
match of the set of values.

Furthermore, any simple or composite condition can
be negated to indicate that it must not be satisfied (see
fig.3).

Response to a request is defined through the
responseDefinition block, which can be direct, fault-based,
or a proxy. It is possible to add delays and webhooks to
create realistic testing scenarios.

A direct response is defined within the "ADD
DIRECT RESPONSE" block and allows specifying a
custom response. It can include a status code, body type,
and content.

Headers can also be added optionally. Dynamic
templating can be enabled for greater flexibility. The status
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code is set using the straightforward command "SET
STATUS_CODE TO".

QUERY_PARAMS {
ADD QUERY_PARAM_RULE {
SET NAME TQ "filter"
ADD CONDITION {
SET REQUEST_CONDITION_TYPE TO OR
ADD CONDITION {
SET REQUEST_CONDITION_TYPE TO EQUALS
SET VALUE TO "active"

}
ADD CONDITION {
NOT (
SET REQUEST_CONDITION_TYPE TO EQUALS
SET VALUE TO "inactive"

Fig. 3. Usage of condition

Body type is defined via "SET BODY_TYPE TO",
with supported formats including JSON, XML, HTML,
TEXT, and BASE64. The response content is specified
using the "SET VALUE TO" command. Headers are added
optionally through "HEADERS".

Templating can be activated via
setDynamicResponseTemplatingCommand, which allows
generating dynamic content in the response. An example of
this construct is shown in the Fig. 4.

DEFINE RESPONSE {
ADD DIRECT RESPONSE {

SET STATUS_CODE TO 200
SET DYNAMIC_RESPONSE_TEMPLATING TO TRUE
HEADERS {
ADD HEADER {
SET NAME TO "headerName"
SET VALUE TO "headerValue"

}
ADD HEADER {
SET NAME TO "headerName"
SET VALUE TO "headerValue"
}
}

SET BODY_TYPE TO TEXT
SET VALUE TO "response body query"

Fig. 4. Dynamic Response

A fault response is defined through "ADD FAULT
RESPONSE" and is used to simulate various types of
errors. It allows modeling situations where a connection is
closed without a response, or when malformed data is sent.
The fault type is set via setFaultTypeCommand. The list of
possible values is provided in Table 3.

A proxy response is defined in the "ADD PROXY
RESPONSE" block and allows redirecting a request to
another URL. In this type of response, the target address
can be set using the setUrlCommand.

Delays for a response are defined in the "DELAY"
block and allow simulating processing time or network
latency. If no delay is needed, the type corresponding to the
value NO_DELAY is used. For a fixed delay, FIXED is

used. To simulate a random delay, RANDOM_UNIFORM
can be applied. All types support configuring time units via
timeUnits, which can be milliseconds, seconds, minutes, or
hours.

Table 3 — Falt response values

Fault Type Description

NO_FAULT No fault.

CLOSE_SOCKET_
WITH_NO_RESPONSE

Closes the connection
without a response.

Sends malformed data
and then closes the
socket.

SEND_BAD_HTTP_DATA_
THEN_CLOSE_SOCKET

PEER_CONNECTION_RESET Simulates a situation
where the connection is
reset at the network

level.

SEND_200_RESPONSE_THEN_
BAD_HTTP_DATA

First sends a valid
response, then sends
malformed data.

Webhooks are placed in the "WEB_HOOKS" block
and allow additional HTTP requests to be sentautomatically
when an endpoint is called. Each one is defined via
webHookDefinition. Within it, the request method is
defined using setHttpMethodCommand, the URL is
specified via setUrlCommand, and headers can also be
added. The body type is defined through
setResponseBodyTypeCommand. The actual content is set
via setValueCommand. Additionally, a delay before sen-
ding the webhook can be configured using responseDelay.
This structure provides great flexibility and allows not only
generating standard, error, or proxy responses, but also
extending functionality through integrations with other
services.

Results and discussion. Developed for creating and
managing mock services in SOA, this system uses a DSL
to simplify the process. Its modular architecture allows for
adding new features or adapting to changing requirements.
It consists of four main components: a web interface, Java-
based middleware, a MongoDB database, and WireMock.
The component diagram of the system is presented in fig 5.

Create Decision N

ereMucj Interface Java DsEFnLerfar:e

MongoDB

{

e
WireMock] Interface

y v
! WireMock Z]

Stored Data g

Fig. 5. Component diagram
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The middleware is implemented in Java using the
Spring Boot framework. It is responsible for processing the
DSL code received from the web interface. For parsing, it
uses ANTLR to analyze the syntax and create an AST.
Based on this tree, the tool generates mock service
configurations in a format compatible with WireMock. The
service also interacts with MongoDB to store DSL scripts,
processing statuses, and drafts.

MongoDB serves as the primary storage for DSL
scripts, parsing results, and temporary saves. The system
uses two main collections: definition_attempts and
quick_saves. The first contains all code interpretation
attempts, including success status and error logs, allowing
for history tracking and diagnostics. The second stores the
latest version of the code without creating a full configu-
ration, which is useful for intermediate saves during edi-
ting. All storage logic is built using Spring Data MongoDB.

The web interface is the primary point of user
interaction. Built with React, TypeScript, and Vite, it
provides a fast and responsive user experience. It features
the Monaco Editor for writing and editing DSL code,
offering syntax highlighting, autocompletion, and real-time
validation (see fig.6). The code entered by the user is sent
to the backend via an HTTP/REST API for processing.

Fig. 6. Web interface view

WireMock is the core engine for setting up mock
services. It is deployed in a Docker container to ensure an
isolated environment and simplify deployment. WireMock
functions as a standalone service that receives HTTP
requests containing configurations from the Java middle-
ware, based on which it creates simulated endpoints.

To evaluate the proposed approach, three metrics
were selected. Configuration size is measured as the
number of non-empty source lines (SLOC) [10], which
reflects the effort required to author and maintain
specifications. Structural complexity is captured by
Maximum Nested Block Depth - the deepest level of block
nesting along any path through the specification, which
correlates with comprehendsion difficulty [11]. Finally,
overall maintainability is assessed using the Maintaina-
bility Index (MI), a composite score on a 0-100 scale that
combines Halstead VVolume, Cyclomatic Complexity, and
lines of code [12].

We focused on how well the solution supports
realistic testing needs: how quickly and unambiguously an

endpoint can be described in the DSL, how accurately
request-matching rules are applied, how flexible the res-
ponse configuration is, and whether the resulting behavior
remains predictable across multiple scenarios.

First, we created a simple baseline endpoint to
confirm that the system can register a stub and return a
fixed response without any additional request constraints.
This case represents the “happy path” where a client sends
a request and receives a predefined JSON payload. It
allowed us to validate the basic flow end-to-end: parsing
the DSL, creating the stub, and serving the response.

Next, we introduced a header-dependent scenario to
test conditional behavior based on request metadata. In this
experiment, the response depends on the presence and
value of a specific HTTP header. This verifies that the
proposed approach supports matching rules beyond the
URL and method and can model real-world cases where
different users or roles produce different outcomes. For
example, we created an endpoint whose returned payload
changes according to the value of an X-Role (or similar)
request header.

After that, we tested more complex behavior where
the response depends on the request body. We created
POST endpoints that accept a JSON payload (e.g.,
containing fields such as amount, currency, and status) and
return different responses depending on the provided
values. This step demonstrates that the DSL can express
request-body conditions and that the stubbed behavior can
simulate multiple branches such as
approved/declined/pending, which is typical for payment-
like or workflow-like integrations.

In addition, we verified dynamic response templating.
Specifically, we created an endpoint that reads the value of
a request header and injects it into the JSON response using
WireMock templating.

Finally, we executed a series of curl requests to
validate the created stubs in practice, including POST
requests with JSON bodies, form-like bodies, and different
HTTP methods against the same path (e.g., GET /info vs
POST /info). This confirmed that the mock service cor-
rectly differentiates requests by method, header constraints,
and body conditions, and that it can provide predictable
responses suitable for integration testing and local
development with no request body and no matching rules.

To aggregate the three metrics into a single quality
indicator, each metric was normalized to the [0, 1] range
using min-max scaling. For SLOC and Depth (lower is
better), the normalization was inverted. For Ml (higher is
better), standard normalization was applied. The composite
score was computed as the unweighted mean of the three
normalized values:

norm_inv(SLOC) + norm_inv(Depth) + norm(MI) @)
3 .

Score =

On average, the DSL approach achieves a composite
score of 0.58 compared to 0.42 for the baseline confi-
guration approach, representing an improvement of appro-
ximately 38 %.

Conclusions and future work. Conclusions and
future work. The paper presented the domain-specific
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language for intelligent specification and generation of
mock-objects in service-oriented and microservice
architectures. The proposed DSL provides a higher level of
abstraction over existing mocking platforms, enabling
concise, intent-oriented description of mock behavior
without requiring some deep knowledge of tool-specific
configuration mechanisms. The elaborated software
solution was implemented as a modular platform compri-
sing a React-based web editor with the Monaco Editor, a
Spring Boot middleware using ANTL [13] for DSL parsing
and AST construction, a MongoDB persistence layer, and
a WireMock execution engine deployed in Docker
container. The effectiveness of the proposed approach was
evaluated through a comparative experiment across the four
test scenarios with increasing complexity. The DSL-based
configurations were assessed against equivalent low-level
configurations using three selected metrics: a specification
size (SLOC), a maximum nested block depth, and a
maintainability index. The composite quality score of DSL-
based configurations, presented in formula (2), exceeded
the baseline by 38 % on average, demonstrating measurable
improvements in code quality and specification clarity,
presented in Table 4. The proposed DSL consistently
reduced the nesting depth and produced more maintainable
specifications, particularly, in appropriate scenarios invol-
ving conditional logic, dynamic response templating, and
multi-branch request matching. Taking these points into
account, the several directions could be identified for future
development of the proposed approach. First, a perfor-
mance optimization for large-scale software projects with
numerous mock services would reduce latency in DSL
parsing and configuration generation, making the platform
suitable for enterprise-grade test environments. Second, an
extending protocol support beyond HTTP/HTTPS to
include WebSocket and gRPC would broaden applicability
to real-time systems and loT architectures. Third, a security
hardening with an encryption of stored DSL scripts in
DBMS MongoDB for stronger authentication between the
middleware, and with usage of WireMock tool for pro-
duction deployments where especially a data confiden-
tiality is critically important. Additionally, a hybrid text-
and-visual editing model could be explored to support both
technically experienced users and non-developer stakehol-
ders such as QA analysts and domain experts. Although the
usage of graphical interfaces causes some additional imple-
mentation complexity, they may significantly lower the
entry barrier and increase adoption in heterogeneous
project teams. Besides that, an empirical validation to be
done previously in CI/CD pipelines and large-scale multi-

service projects, would also help to identify some per-
formance bottlenecks, and to refine the already imple-
mented DSL constructs based on suitable real-world usage
patterns.

Summarized, the proposed solution represents a
meaningful contribution to the field of SOA and
microservice - based applications testing. By reducing of
manual configuration effort, lowering the risk of
specification errors, and improving team-wide accessibility
of mock-based testing, it addresses a gap that remains
insufficiently resolved in both research and industrial
practice. The elaborated approach can also serve as a
foundation for further research in some related areas, e.g.,
for an automated test generation from available DSL
specifications, and for an Al-assisted mock scenarios
building based on recorded system traffic.

Declaration on the use of generative Al. The
authors used generative Al tools for English language
checking and paraphrasing. All content was reviewed and
approved by the authors.
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MHPOBJIEMHO-OPIEHTOBAHA MOBA JIUISAA IHTEJEKTYAJIBHOT'O TECTYBAHHA
MIKPOCEPBICHUX ITPOT'PAMHUX CUCTEM HA OCHOBI TEXHOJIOT'TI MOCK-OB’EKTIB

TecTyBaHHSA CEpBICHO-OPIEHTOBAaHMX Ta MiKPOCEPBICHHX CHCTEM € CKJIQJHUM 3aBJAHHAM depe3 iX CHIbHY 3aJleXKHICTh BiJ 30BHINIHIX CepBiciB Ta
PO3IOIiIEHNX cepeoBHIL. TecTyBaHHS Ha OCHOBI MakeTiB 00’ €KTiB (mock-00’€KTiB) MNPOKO BUKOPHCTOBYETHCS ISl BUPILIEHHS Li€l po0OIeMu; OxHaK
iCHYIOUI pIllIEHHS BUKOPHUCTOBYIOTh HHU3BKOPIBHEBI MpPOrpaMHi MeXaHi3MH KOH(ITypyBaHHS TaKMX CHCTEM, IO 30UIbIIYE CKJIAAHICTh MPOLECIB iX
cynpoBoxy. Y Iiif CTaTTi IMPOIOHYETHCS IpeAMETHO-opieHTOBaHa MoBa (domain-specific language - DSL) st iHTeNneKTyalbHOI IMiATPUMKH [POLECIB
criennikanii Ta rerepanii mock-06’extiB. Ileit miaxix mo3Bonse 3abesnedye MOXKIMBICTh BHCOKOPIBHEBOTO OIICY IMOBEIIHKH TaKHX 00 €KTIiB Ta
MiATPUMY€E aBTOMATHU3aLlil0 NOOYI0BH iX KOH(]Irypauiil iCHyI0YMX TEXHOJIOTIYHUX MIaT(opM. 3allpONOHOBAHE PIillIEHHS CIPSIMOBAHE HA MOKPAIIEHHS
qnTabeNbHOCTI, 3MEHIIIEHHS 3yCHIb Ha KOHQIrypalito Ta ITiBUIIEHHs e(eKTHBHOCTI TECTyBaHHS B PO3IMOJIICHNX MPOTPAMHHX CHCTeMax. Y CTaTTi
PO3TIIANAIOTECS ICHYFOUI IHCTPYMEHTH JUISl TECTYBAaHHS CEPBICHO-OPIEHTOBAHMX IPOTpaM Ha OCHOBI mock-00’€KTiB Ta IPOBOANTHCS iX MOPiBHAIBHUI
aHaJl3, 3aCHOBAaHMH Ha KPUTEPIsX MPOCTOTH BUKOPHCTAHHS, THYYKOCTI KOH(Irypamii Ta CKIagHOCTI MiATPUMYBaHMX TECTOBHX CIEHapiiB. AHami3
TIOKa3ye, 1[0 ICHYFOUi PillleHHs] MArOTh MEBHI HEIOMIKHM Ta 0OMEXEHH MO0 1X peasti3alii, ycyHeHHs SKHX YMOKIIHBIIIOE 3acTocyBaHHs MoBn DSL. [l
OIIiIHKH 3aIIPOITOHOBAHOTO ITi/[X0 Ly OyIJI0 MPOBE/IEHO MOPIiBHAIBHII EKCIIEPIMEHT 33 YOTHPMA TECTOBHMH CIIEHapisMH pizHOi ckiagHocTi. Kondirypamii
Ha ocHOBI DSL nopiBHIOBaJIMCS 3 €KBiBaJIEHTHUMU KOH(DIrypanisiMu, BU3Ha4eHUMHU Oe3 BUKOpUcTaHHa DSL, 3a 10moMororo Tpbox KiJIbKiCHUX METPHK:
po3mip crremucikanii (SLOC), MakcumanbHa TIMOWHA BKJIAJAEHUX ONOKIB Ta iHJIEKC CympoBo/pKyBaHOCTI. CyKyNHHI MOKa3HMK SIKOCTI TE€CTOBHX
KOH(irypamiif, HoOyoBaHINX Ha OCHOBI BUKOpHCTaHHS DSL, mepeBumtye ix mokasHux st 6a30BOro creHapito y cepexuboMy Ha 38 %. Lli BUCHOBKH
MiATBEPAXKYIOTS, 1110 3arpornoHoBaHa MoBa DSL crnipolirye cTBOPEHHSI MAKETHHUX CEPBICIB 1 pOOUTH TECTYBaHHS PO3MOIUICHUX CUCTEM JAOCTYITHILINM JJIst
MIPIIOTO KOJIa YYaCHHKIB TPOEKTY.

KoarodoBi coBa: mpenMeTHo-opieHTOBaHAa MOBA, IHTENEKTYalbHHH IiJIXiJ, TpOTrpaMHe 3a0e3NedYeHHs, CepBICHO-OPiEHTOBAHA apXiTEKTypa,
MIKpOCEpBIC, TECTYBaHHS, MOck-00'€KT, pO3MOJIiIEeHa CUCTEMA, METPUKA, SKICTb.
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