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Abstract. The paper discusses the problems of modern distance learning, such as
individualization of the learning process. The need to improve the methods of
supporting remote learning to enhance the quality of education is substantiated. The
study aims to improve the quality of education and the organization of the
educational process in distance learning. A set of interrelated tasks is proposed, the
solution of which is to organize effective interaction between the teacher and the
learning management system (LMS) using an agent-based approach. The main result
that defines the novelty of the work is the formalization and integration of the
following processes: (i) generating real-time suggestions to the teacher to control
the performance of tasks during exams or electronic testing; (ii) monitoring students’
learning during the semester with the possibility of changing the learning trajectory;
(iif) monitoring parents' presence in online classes; (iv) generating
recommendations for management and other stakeholders to improve online
learning. Also presented are verification of the formal specification of an agent-
based support system decision-making for distance learning using the SPIN tool and
and the Promela modeling language. Verification is carried out using the formulas
of linear temporal logic (LTL), which allows you to check the correctness of the
interaction between agents and the fulfillment of key system properties, such as
timely data processing, response to violations of students' compliance with testing
rules and teachers' recommendations. The modelling of the prototype of the
proposed system confirms the effectiveness of its use as a means of studying the
organization of the educational process. It shows how agents can help collect and
analyze data on how effectively electronic resources are used for learning by
students and teachers.

Keywords: Learning management system, monitoring, learning process, agents,
cloud computing, distributed system temporal logic specifications, alternating-time
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1. An overview of the accomplishments of multi-agent systems in
education

Decision-making is a crucial step in the educational process, as it affects the
quality of learning and student success. Some issues can arise when making
decisions in the educational process: Insufficient processing or the absence of
necessary data can lead to the decision-making process being insufficiently informed
and reducing its effectiveness; limited resources, such as budget, staff, and time, can
force decisions that are not the best for the quality of education and student success;
the lack of education staff's qualifications can result in misunderstanding and data
analysis, which can result in incorrect decisions; the variety of students in a
classroom can complicate decision-making, as their needs and interests may differ;
students who lack motivation can decrease the effectiveness of learning and result in
lower-quality solutions; the quality of education and student success can be
negatively impacted by social issues, such as poverty, violence, and discrimination,
which can complicate decision-making. These problems can reduce the efficiency of
decision-making in the educational process. The primary strengths of utilizing agents
for decision making lie in their ability to: process automation - agents can help
automate complex decision-making processes, which can increase productivity and
reduce time spent on decisions; data collection and analysis - agents can help collect
and analyze large amounts of data, which allows you to identify trends and patterns
that can be used to make better decisions; intelligent decisions - agents can be trained
to make decisions based on previous experiences and training using machine
learning and other technologies, allowing them to make better decisions based on the
analysis of many factors; individualized approach - agents can help to develop
customized solutions for participants in the queuing process, which allows for a
more personalized approach and meet the needs of different groups.

Consequently, applying agents in the educational process is both relevant and
capable of enhancing decision-making quality.

2. Related works

Recently, research related to agent-based decision-making in education has taken
a big step forward. The book [1] focuses on Intelligent Tutoring Systems, which are
one of the most common uses of agents in education for decision-making. The
discussion chapters in this book look at topics through the lens of the Generalized
Intelligent Framework for Tutoring (GIFT). Tutoring techniques, strategies, and
tactics play a central role in the development of GIFT. The techniques within GIFT
are expected to be implemented as software agents, where the agent monitors the
learner's progress and the learning context to determine whether best practices (agent
policies) have been followed or violated. Over time, the agent will learn to apply the
agent policies in a way that optimizes learning and performance.

Many researchers interested in education and learning around the world have
realized the potential of data analytics and artificial intelligence and have intensified
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research around them. This interest has led to the emergence of the fast-growing and
multidisciplinary field of learning analytics and increased research into how artificial
intelligence can support learning and teaching methods [2]. Artificial intelligence in
education (AIEd) opens up new opportunities, potential, and challenges in education.
Throughout its history, AIEd has undergone several paradigm shifts, which are
characterized in [3] by three paradigms: Al-driven, learner as recipient, Al-
supported, learner as collaborator and Al-empowered, and learner as leader. In the
three paradigms, artificial intelligence methods are used to solve education and
learning problems in different ways. One of the potential roles of artificial
intelligence in education is to provide opportunities to augment human intelligence,
with Al supporting us in decision-making processes rather than replacing us through
automation. The authors of the study [4] present a case study in the context of debate
tutoring, in which they use prediction and classification models to increase the
transparency of intuitive decision-making processes by expert tutors for extended
reflection and feedback. The trend of AIEd is evolving to empower learners and
personalize their learning, enable learners to reflect on their learning and inform
artificial intelligence systems to adapt accordingly, and lead to the iterative
development of learner-centered, data-driven personalized learning [5]. Study [6]
proposes agent-based virtual and intelligent recommendations that require
information about users' profiles and preferences to recommend the right content.
They applied natural language processing (NLP) techniques and semantic analysis
approaches to recommend course selection for e-learners and teachers. The content-
based recommendation method provides content suggestions related to students'
requests and preferences. The use of social media from an educational perspective
makes it possible to provide a user-friendly interface for recommending the highest
level of interaction in terms of collaboration between users and contacts. E-learning
is the threshold of social network-based learning (SN-Learning). SN-Learning
consists of a new term introduced in [7] and includes e-learning systems with social
networking characteristics or learning through social networking platforms. The
authors provide guidelines for designing and implementing SN-Learning platforms
using artificial intelligence and modeling techniques. Article [8] explores the
possibility of disaggregating query information in online lectures of an e-learning
system or course recommendations. Information organization includes reading,
parsing, and classifying question messages. Data extraction is a type of surface
content processing. It finds a set of predefined applicable content in the feature
language archives and performs general language processing using artificial
intelligence strategies. Learners often have difficulty finding and retrieving relevant
materials to support their learning goals because they lack the subject matter
knowledge to create effective queries that convey what they want to learn. In
addition, the unfamiliar vocabulary often used by subject matter experts makes it
difficult to match a learner's query with relevant learning material. The authors of [9]
solve these problems by introducing an innovative method that automatically creates
basic knowledge for a learning domain. The effectiveness of the proposed method is
evaluated using a collection of machine learning and data analysis documents. The
article [10] identifies the features of human and artificial intelligence decision-
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making along five key contingency factors: specificity of the decision space, ability
to interpret the decision-making process and results, size of the alternative set, speed
of decision-making, and repeatability. Based on a comparison of human and artificial
intelligence decision-making along these dimensions, the article creates a new
framework that describes how both decision-making methods can be combined to
optimally improve the quality of organizational decision-making. The authors of [11]
propose future research directions in a triple perspective: key methodologies for
Large Scale Decision Making (LSDM), Al, and data fusion for LSDM. In [12], the
authors describe a meta-reasoning policy that can be implemented by a team of
agents to make effective control decisions at the meta-level based on the availability
of communication in the environment. The authors synthesize the meta-reasoning
policy as a solution to the reactive synthesis problem involving the level of
communication in the environment and the choice of the agent's algorithm. The
authors of [13] argue that in a multi-agent environment, it is appropriate to ask what
behavior the system will exhibit under the assumption that agents act rationally,
following their preferences. They promote a paradigm of rational verification for
multi-agent systems, as an analog of classical verification. The authors tried to
automatically determine whether the given properties of a system, expressed in the
form of temporal logic formulas, will be preserved in this system under the
assumption that the system components (agent) behave rationally by choosing (for
example) strategies that form a game-theoretic equilibrium. The article [14] aims to
provide a comprehensive view of the relationship between agents and multi-agent
systems (MAS) on the one hand, and logic-based technologies on the other, by
making them the subject of a systematic literature review. The resulting technologies
are discussed and evaluated from two different perspectives: MAS and logic-based.
The paper lists the most common logic-based technologies (47 in total) for MAS, but
only a relatively small number of them conform to major technology standards.
Temporal logics have been widely used in model checking as a formalism for
reasoning about the execution of computer systems. They are powerful enough to
define most of the properties that can be verified by reactive systems, while also
providing very efficient verification algorithms [15]. Temporal logic and model
checking have had a major impact on computer science and have been applied in
many industrial cases. Several attempts have been made to extend temporal logic to
multi-agent systems where multiple components interact, for example, Computation-
Tree Logic (CTL) can only express the existence (or not) of an execution of a global
system with certain properties, where the goal is to quantify the possible behavior of
individual components interacting in the system. In 1997, CTL was extended to
Alternating-time Temporal Logic (ATL) with the introduction of strategy quantifiers.
In ATL, strategy quantifiers express the existence (or not) of a behavior of one of the
agents (or a coalition), so that any final execution in the global system satisfies this
property. Study [16] is related to multi-agent logic and its application in computer
science. The authors work with multi-agent logic based on relational models. They
determine that time availability relations can have gaps or places of forgotten time.
The authors of [17] study the problem of learning to satisfy temporal logic
specifications with a group of agents in an unknown environment that can exhibit
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probabilistic behavior. From a learning perspective, these specifications provide a
rich formal language with which to capture tasks or goals, while from a logic and
automated verification perspective, the implementation of learning capabilities
allows for practical applications in large, stochastic, unknown environments. The
temporal logic of actions (TLA) — is a logic for specifying and reasoning about
parallel systems. The systems and their properties are represented in the same logic,
so the statement that a system conforms to its specification and the statement that
one system implements another are expressed by logical consequence. TLA is very
simple; its syntax and full formal semantics are summarized in about a page. Report
[18] introduces TLA and describes how it is used to define and verify parallel
algorithms. Education systems include a variety of components such as learning
management, progress tracking systems, e-textbooks, etc. The challenge is to interact
and integrate intelligent agents with these systems to ensure that they work together
effectively. For a system to be successful, agents need to be able to quickly adapt to
new requirements and change their behavior accordingly. Thus, the fundamental role
of logic-based technologies in MAS today is to meet the need for intelligence that
characterizes agent abstractions, i.e., the cognitive abilities required by components
of a distributed intelligent system. However, logic-based technologies can rarely be
considered mature enough to meet the requirements of industrial and real-world
domains. Research on the use of intelligent agents in decision support systems in the
educational process reveals new opportunities and approaches that help improve
learning and provide an individual approach to students. But despite the significant
progress in the use of an agent-based approach to support decision-making in the
educational process, there are some problems that remain to be fully resolved.
Although intelligent agents show the potential to improve the educational process,
their widespread adoption and accessibility to all educational institutions can be a
challenge. This is due to high development and implementation costs, the need for
specialized skills and infrastructure. Education systems include a variety of
components such as learning management, progress tracking systems, e-textbooks,
etc. The challenge is to interact and integrate intelligent agents with these systems to
ensure that they work together effectively. Some intelligent agents may be limited in
their flexibility and adaptability to the changing needs of students and teachers. For a
system to be successful, agents need to be able to quickly adapt to new requirements
and change their behavior accordingly. The use of intelligent agents in the education
system raises ethical and privacy issues. The collection and processing of students'
personal data may raise privacy concerns and the use of this data without
authorization or in countries other than its intended destination. It is also important to
ensure active interaction and involvement of students in the process of using
intelligent agents. Uncontrolled use of agents can lead to student passivity and loss
of motivation to learn. Given these problems, further research and development of
intelligent agents in the educational process is aimed at solving these issues, ensuring
accessibility, flexibility, ethical use and involvement of all participants in the
educational process. The objective of this work is to elevate the standard of decision-
making in distance learning by examining video data on student behavior.
To achieve this aim, the following tasks are completed:
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* design a model of an agent-based decision support system for distance learning,
including its elements and their interaction;

* determine user requirements using collected data and emerging trends in
education;

* formalize the recommendation process for supporting teacher decision-making;

« verify that the system works correctly in all possible scenarios, including
detecting violations, blocking access to tests in case of using prohibited tools,
sending warnings, and processing appeals correctly.

3. The design of an agent-driven decision support system for online
learning

This work introduces a system that combines multiple components: a video
surveillance subsystem designed to detect actions or circumstances that may suggest
potential violations during e-testing [19]; a multi-agent system where agents engage
with the video surveillance system in real time [20], analyze gathered data, and offer
recommendations; temporal logic for defining the system’s real-time responses to
different events and states; a decision-making system that autonomously reacts to
identified violations; and automated mechanisms to address violations, such as
sending alerts to administrators or instructors. We propose a model for an agent-
oriented decision support system (AoDSS) for distance learning, offering a
conceptual view of the system’s architecture and its core principles. This model
leverages the agent-based paradigm to enhance and optimize remote learning, with
agents serving as key contributors to the organization and refinement of the learning
environment. The proposed model of a decision support system for distance learning
is based on set theory and temporal logic:

AoDSS = <5 A T.L.R = )

where S={s1,%,...,sm} — a set of students, where each student si€S (i= 1-“],

"J‘:{al,az,...,aN} — is a set of agents, where each agent ajeA performs certain
functions in the system, such as providing recommendations, monitoring progress,

analyzing results, etc. = 1-*“"?]; r_ a set of learning materials or tasks, where

each element k€T presents a separate learning task or material (k=1LK) L aset
of knowledge or competence levels, ne lu€L determines the level of success of each

student (4= LU}, B _ s a set of recommendations or actions proposed by the

system, where r,€R meets specific agent recommendations for students (p =1L¥)

Key elements of the model include. Defining the roles and functions of agents
within the system, such as conducting requirements analysis, managing the training
process, monitoring progress, facilitating interactions, and more. Mechanisms for
agent interaction and information exchange to support decision-making. Adaptation
mechanisms that enable agents to tailor the learning experience and offer
recommendations based on the unique characteristics of each student. Identification
of the technologies and platforms utilized for the implementation and coordination of
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agents within the system. Mechanisms for evaluating and tracking student progress
through the use of agents and their functionalities. The agent-based decision support
system model for distance learning is designed to optimize the educational process,
enhance communication, and assist students in achieving superior outcomes. The
goal of the system is to ensure that students' results improve through optimization of
the learning process and personalized recommendations.
G(F (s:) 1), 2)

that is, at each moment of time, the level of students' knowledge increases or remains

the same, which means the effectiveness of agents in the system. Here G —temporal
operator “Globally” (or “Always”). It means that a certain condition must be fulfilled
at every moment of time in the future, i.e. what is happening now must continue at
all subsequent moments of time; Fi(si) — is a function that maps a student sss to his
or her current level of knowledge or competencies. In other words, FL(si) means the
level of knowledge of the student si at a certain point in time; 1 means “increase” or
“improvement”, in this context, this symbol means that the student's knowledge level
is increasing. Thus, expression (2) means that at all times (at any given time), the
student's knowledge level si is either increasing or at least not decreasing. In other
words, the system must ensure that the student's knowledge is constantly improving
or remains at the same level, without deterioration. Expression (2) formalizes the
requirement for the system: to ensure continuous improvement or stability of
students' knowledge at all stages of learning. Each action or function has its own
mapping between sets, and the dynamics of the system is described by temporal
logic to determine the interaction between agents and students and optimize the
learning process. Functions and mappings between sets in this model describe the
relationships between elements of different sets (students, agents, learning materials,
etc.) and reflect how each element of one set interacts or is related to elements of
another set. This allows you to formalize the processes taking place in an agent-

based decision support system for distance learning. Function. Fa:d — A
BiZoOpakac KOXKHOTO CTyJIeHTa SiES Ha MEBHOTO areHTa a€EA, kWil BiImoBinae 3a
HOro HaBualnbHHH mporec. [HITUMH CIIOBAMH, KOXEH CTYACHT OTPUMYE IMiATPHMKY
BiJI KOHKPETHOTO areHra, sSKWi BUKOHYe (YHKIi, MOB'I3aHI 3 aHAII30M BHMOT
CTYAEHTa, OpraHi3aIli€lo HOro HaBYaHHs, MOHITOPHHTOM HOTO Tporpecy i HalaHHAM
pexoMeHalii. SIKIo CTyaeHTy Si NPU3HAYAETHCS areHT aj, AKUi Oyae MOHITOPUTH
fforo ycmimHicTb i HagaBaTH HEOOXiAHY MIATPUMKY, TOMY Fals, ) = a;.

Function. Fr:5 = T displays each student sieS for certain training materials or
assignments tkeT, that he or she has to perform or learn. These materials can be
selected according to the student's level of knowledge or needs. That is, the student s;

a task is assigned t, which corresponds to his level of training: Fris;) =t

Function. F1:5 = L connects every student sieS with his level of knowledge
lueL, which reflects his or her success or progress in learning. The level of
knowledge changes depending on the learning outcomes and the effectiveness of the
tasks. which reflects his or her success or progress in learning. The level of

52



ADVANCES
IN INFORMATION-CONTROL SYSTEMS AND TECHNOLOGIES

knowledge changes depending on the learning outcomes and the effectiveness of the
tasks si  has a level of knowledge lu, To Fils; )= Lo As a student improves their
performance, this feature can be updated, for example, FL{.S: } = lut1 . Function.

Fp:5—R maps students to specific recommendations provided by agents to
improve their learning. The recommendations can be individualized and take into
account the student's progress, needs, and characteristics. The agent provides the
student with si recommendation re, which involves reviewing certain training

material or performing additional exercises Fz {-Sf } =Ty,

These functions describe how the system manages learning processes,
assignment selection, progress monitoring, and recommendation. They formalize the
relationship between students and the system, allowing the system to provide
personalized learning paths and improve the learning experience based on student
data. Through these functions, the model determines how each student will receive
personalized support to improve their performance in distance learning.

3.1  Multi-agent system

In formula (3), a multi-agent system is represented as a set of three components:
MAS =[A Act. E}, 3)
which consists

e a set of program agents A = {As, AL, Ap, Av, Ag}, that operate in the
environment Env, where As — student agent monitors the activity and academic
progress of students, collects data on completed assignments, tests, and other
information for further analysis; AL — the teaching agent monitors courses,
assignments, and student feedback, generates recommendations for improving
materials and teaching methods to enhance teaching and decision-making in the
educational environment; Ap — the data analytics agent is responsible for processing
and analyzing data collected from students and teachers, identifying patterns, trends,
and important connections to support decision-making; Am — the system agent
manages the interaction between other agents, distributes tasks, ensures the
continuity of the system and coordination of processes; Aq — the survey agent sends
questionnaires to users, collects responses and stores them in the database;

* aset of actions of agents Act(Ai)={a1,a>,...ahn}; i=S,L,D,M,Q; for the student
As:Act(As)={complete_task, pass_test, review_material}; for the learning agent
AcL:Act(AL)={generate_recommendation, analyze_reviews}, for the data analysis
agent Ap:Act(Ap)={ process_data, detect_patterns}; for the system agent
Am:Act(Am)={ distribute_tasks, ensure_synchronization}; for the survey agent
Aq:Act(Aq)={ send_survey, collect_responses}; actions for each agent are defined
ag: Act{A; ) € Act.¥A; € A;

* aset of possible states of the environment, which changes depending on the
actions of agents and events occurring in the system E= {Erf:r.' Epa. EUr.} —aset of
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states of the environment of Student behavior monitoring subsystem ':Et-{u), the
environment of LMS Moodle IiEMﬂ) and the environment of University Web portal

(Eum), (Ei N {gjl' A 'E-'#"“-}'J = (Mn, Md, Un]). For example, the set of states
E_Md may include the following elements: e1 — all tasks are completed, e> — the
student needs help, es — all reviews are collected, es — the analytical report is ready.
The transition between states of the environment depends on the actions of
agents. Let's introduce the function of transition between states:
G:E % Act = E

This function determines how the agent's action affects the state of the
environment. For example:
(e 12 1= Eivl
This means that after performing an action aj (for example, completion of a task),
the state of the environment changes from ei (all tasks completed) on eix (student
needs help).

Recording changes in environment states over time & (8(#: @ 1 = €i41) means

that always after performing an action nf, the state will change from i on #i+1,
For example, an agent As performs an action @1 (completes the task), which

changes the state of the environment from €1 on #1: 6ley.ay ) =e;. Learning
agent Ac performs an action az (generates a recommendation) after analyzing student
feedback, which changes the state of the environment to es (all reviews are
collected): Gler.mp ) = ey

This model describes a multiagent system through sets of agents, actions, and
environment states. The transition function allows you to track how the actions of
agents affect the environment, and temporal logic allows you to control the change

of states over time. The function of the learning agent £ : € % B — Act(A4; )
generates recommendations based on student feedback, where C — courses, R —
reviews. The behavior specification of a polling agent is described by the expression

F'?: v— Q, where U — system users, and Q — Questionnaires. The agent sends
questionnaires to users and collects responses:
G{FQ (W) =ql.uel.ge Q
For the system as a whole, optimization of the learning process corresponds to
G(vs € 5o € Act(A; )1 0(ena;) = &1y

which means that the student's actions always lead to changes in the environment
that contribute to better results.

The survey agent always helps to improve communication by collecting
responses:

G(Va € Act(Ag ):6(en. o) = &i41)
Assistance in achieving results looks like this:
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Fiva e Act({A; ):60(e.0;) = g"“-],
i.e., the recommendations of the learning agent ultimately lead to better results for
students. These formulas formally describe a multi-agent decision support system,
defining its structure, agent behavior, actions, and interactions with the environment
through sets and logic.

3.2 Application of temporal logic

Temporal logic is important for analyzing and managing temporal aspects in
systems where various events and processes occur over time. Therefore, we will
create a formal specification of agents using temporal logic for decision making in
distance learning. This approach allows us to create accurate and systematic models
of agents and their behavior in a virtual learning environment. The formalization of
agents and their behavior allows you to ensure the quality of learning and optimize
the process, which is especially important in distance learning. Formulas in temporal
logic express relationships between events, states, or properties of objects at different
points in time. To create formulas, we use:

» Logical operators. Temporal logic uses logical operators such as AND, OR,
NOT, IMPLIES, EQUIV to build complex expressions from basic temporal or
logical statements.

e Temporal operators. Temporal logic has its own temporal operators, such as
"Next" (X(r) — in the next step: agents automatically adapt the curriculum for the
student at the next stage based on the analysis results), "Until" (U(p, q) — “until":
students complete current learning tasks until an improvement in their knowledge
level is achieved), "Future " (F(q) or <>— in the future: for each student there is a
point in time when the system will offer optimized recommendations to improve
academic performance. ), " Globally" (G(p) or [ ] — globally (always): if p is true in
all future states of the system, then each student receives educational materials
according to his/her level of knowledge), which are used to express relationships
between events at different points in time, operator "Release" (R) indicates that the
event it wraps will be true until the second event occurs.

» Parameterization. Formulas can contain parameters that depend on a specific
context or system conditions. This allows you to generalize formulas and ensure
their use in different scenarios.

» Quantifiers. Temporal logic can use quantifiers such as "For All" (V) and
"Exists" (3) to express general or existing relationships between events.

« Event and state identifiers. Formulas can contain identifiers of events, states,
or object properties that are used to describe temporal aspects and their relationships
with system states.

» Actions and events. Formulas can include a description of actions, events, or
observations that occur in the system and their impact on the states and properties of
the system over time.
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o Relationships to other logical and mathematical systems. Formulas in
temporal logic can use constructs and concepts from other logical and mathematical
systems to further express temporal properties.

Temporal logic allows you to describe the evolution of the system state in time.

Let t — moment in time. Then formalizing the situation when the learning

process for a student 1 at any given time must comply with:
e specific learning material or task tx, that he is working on,
e and a fixed level of knowledge Eu, that this student has at the moment

G(Fr(s) = tAF(s) = 1), @
F(Fr(S1)="#)), 5)

X(Fr(s) =t AFa(s) =1p") ©)
(Fr(s) = 5)UR(s) = 1), @

where £’ — new training materials, a "' _ new recommendations, Lers by,
Expression (4) means that always (at each stage or at each moment in time):

e student =1 a specific task or learning material is assigned t,
e and at the same time the level of knowledge of this student *: is equal to Ly,

This formalizes the situation when the educational process for a student %1 at any
given time must comply with:

e specific learning material or task tx, that he is working on,

o and a fixed level of knowledge {u, that this student has at the moment.
This logical formula can be used to check the correctness of the learning process
in the system: the student should always know his or her current level of knowledge
and the material he or she is studying. Expression (5) means that in the future (at

some point) the student <1 achieve the result "#. In other words, in the future, the
condition must be met that the student's result ¥ will be equal to "2 1f it is a student

5: will be evaluated "#=85, the expression F(Fr(*1)= 9‘5)], means that in the future

the student i will achieve a score of 85 points. This condition does not require
immediate or constant fulfillment, but it must occur at some point in the future. That
is, the temporal operator F sets the condition for achieving a certain result in the

future, and the expression Fr(%1)= "% determines what kind of result the student <:
should achieve. The entry (6) means that at the next moment in time, the student *: a
new task will be assigned £&’, at the same time the student's result 5t will be equal to

r
g, Function. FT(5:) = & reflects the student 5: to a learning task or material £&’
in the system. That is, a student ¥: at the next time a new task will be assigned tyr

56



ADVANCES
IN INFORMATION-CONTROL SYSTEMS AND TECHNOLOGIES

Fals;

— [
Function. ) =g determines the student's result %: y cucremi. YV nactynuwuit

I I
MOMEHT "acy pesynbTat cryaenta =1 will be equal to ik , ie " _ acertain level of
performance or score. For example, if a student =i is currently performing the

following tasks te, and its result is currently equal to e, Recording
X(Fr(si) = ta' AFg(s:) = 85) means that at the next point in time, the student
i a new task will be assigned t-‘:r, and at the same time its result will be 85 points.
Expression (7) means that either the student ¥: a task has been assigned tk, or the
student's level of knowledge *i is equal to {u', or both conditions can be met

simultaneously. For example, if a student i a task has been assigned tz (e.g., the
third assignment in the course), and its level of knowledge may be equal to Is (level

five). Expression. ((Fr(si) = ta)UF (5] = Is") means that either the student is
assigned a task ts, or his level of knowledge is I5 (or both statements are true at the
same time). One approach is to use a formal language such as LTL to define
temporal logic rules. LTL expressions include time operators that allow you to
express conditions and state changes over time. A rule for detecting misbehavior
over time, i.e., if there is a moment in time when misbehavior is detected, then the
agent should respond:

LTL expression: <> (Unlawful_Behavior).

A rule to check for misbehavior at a certain frequency, i.e., if misbehavior is
detected during each "Period" of steps, then the agent should react:

LTL expression: <> (Unlawful_Behavior) U (every_n_steps(Period)).

The rule for the appeal period, i.e.: "There is a point in time when the breach
notification was sent, and this event is true until the appeal response is received."

LTL expression: <> (Sent_Notification_of_Violation) R <>
(Received_Appeal_Response).

A rule to prohibit the use of aids, i.e. if a student has used aids, the agent must
block the test:

LTL expression: <> (Used_Auxiliary Tools) — <> (Block Test).

The rule for applying warnings, i.e. if a violation is detected, the agent must send
awarning:

LTL expression: <> (Violation Detected) — <> (Send_Warning).

For the formal specification of agent-based decision making in distance learning,
we use the formal description language TLA+ (Temporal Logic of Actions). TLA+
allows modeling and formalizing systems with temporal aspects, and helps to
express and verify the properties of specific systems, including distributed systems
and algorithms. This specification language allows you to formally define systems,
taking into account their logic and dynamics. This helps to avoid misunderstandings
and allows you to accurately define the expected behavior of the system.

The formal specification of an agent-oriented decision support system for
distance learning is given by the following formulas:
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Specification 1:

<> (Unlawful_Behavior)

<> (Unlawful_Behavior) U (every_n_steps(Period))

<> (Sent_Notification_of Violation) R <> (Received_Appeal_Response)

<> (Used_Auxiliary Tools) — <> (Block_Test)

<> (Violation_Detected) — <> (Send_Warning)

G (time = 0 — (testQuestions = <<ql, q2, q3>> A studentAnswers = <<>> A
teacherRecommendations = <<>> A violations = <<>> A appeals = <<>>))

G (time < MaxTime — (3 student € DOMAIN(studentAnswers): X
(studentAnswers[student][time'] = CHOOSE answer € testQuestions)))

G (time = MaxTime — X GenerateTeacherRecommendations)

G (GenerateTeacherRecommendations — (CheckForViolations A
CheckForAppeals A CheckForWarning))

G (CheckForViolations — (violations' = ...))

G (CheckForAppeals — (appeals' = ...))

G (CheckForWarning — (IF violations' > WarningThreshold THEN
teacherRecommendations’ = AppendWarning(teacherRecommendations) ELSE
teacherRecommendations' = teacherRecommendations ENDIF))

G (AppendWarning(recommendations) —  (teacherRecommendations' =
Append(recommendations, "Warning")))

G (AppealDecision — (3 appeal € appeals: (IsValidAppeal(appeal) A
ProcessAppeal(appeal))))

G (WarningDecision — (IF violations > WarningThreshold THEN
teacherRecommendations' = AppendWarning(teacherRecommendations) ELSE
teacherRecommendations' = teacherRecommendations ENDIF))

3.3. Verification of multi-agent systems in education

To verify the correctness of concurrent software models, a generic tool called
SPIN is used, which is aimed at efficiently verifying multithreaded software. Spin
has been used to track down logical errors in the design of distributed systems such
as operating systems, data communication protocols, switching systems, parallel
algorithms, railroad signaling protocols, spacecraft control software, nuclear power
plants, and more. The tool checks the logical sequence of the specification and
interlock reports, competition conditions, different types of incompleteness, and
unreasonable assumptions about the relative speed of processes. The properties to be
checked are expressed as linear time logic (LTL) formulas. That is, you can formally
specify the expected behavior of the system and check its fulfillment. To verify the
proposed model using SPIN, we define the main components of the system,
including agents, their actions, possible states, and state transition functions in
Promela:

Each agent is presented as a separate procedure proctype

» Agent actions are represented as conditional blocks if/else or do/od, where
the agent changes its state depending on the conditions.
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» Agent states are defined through variables of type mtype.
» Transitions between states are realized with the help of conditional
structures.
Then the model of a multiagent system will be presented in the following form:
mtype = {idle, active, analyzing, communicating, done};// The set of agent states
mtype = {complete_task, pass_test, view_material, generate_recommendation,
analyze_feedback, send_survey, collect_responses, process_data, detect_patterns}; //
A set of agent actions
chan communication = [1] of {mtype}; // A channel for exchanging messages
between agents
I/ Procedure for a student agent
proctype AgentStudent() {
mtype state = idle; //Initial state of the student agent
do
. (state == idle) -> state = complete_task;
. (state == complete_task) -> state = pass_test;
. (state == pass_test) -> state = view_material;
:: (state == view_material) -> communication!done
.. (state == done) -> break;
od;

/I Procedure for a training agent
proctype AgentLearning() {
mtype state = idle; // The initial state of the training agent
do
. (state == idle) -> state = analyze_feedback;
. (state == analyze_feedback) -> state = generate_recommendation;
. (state == generate_recommendation) -> communication?done -> state =
done;
od;
}
/I Procedure for a data analysis agent
proctype AgentDataAnalysis() {
mtype state = idle; // The initial state of the data analysis agent
do
. (state == idle) -> state = process_data;
. (state == process_data) -> state = detect_patterns;
i (state == detect_patterns) -> communication!done;
i (state == done) -> break;
od;

/I Procedure for a survey agent

proctype AgentSurvey() {
mtype state = idle; // The initial state of a survey agent
do
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. (state == idle) -> state = send_survey;
:: (state == send_survey) -> state = collect_responses;
. (state == collect_responses) -> communication'!done;
. (state == done) -> break;
od;
}
/I Procedure for system agent
proctype AgentSystem() {
mtype state = idle; // The initial state of the system agent
do
. (state == idle) -> state = active; // System activation
. (state == active) -> state = done; // Termination of interactions with other
agents
od;
}
/I Initialization of all agents
init {
atomic {
run AgentStudent();
run AgentLearning();
run AgentSurvey();
run AgentDataAnalysis();
run AgentSystem();

}

States idle, active, analyzing, communicating, done represent different stages in
the work of agents: waiting, active work, analysis, communication, and completion.
Each agent performs its actions depending on its current state. The transitions
between agent states are defined in conditional statements do/od, where each agent
changes its state in accordance with the specified conditions. After reviewing the
materials, the agent AgentStudent sends messages via the communication channel.
Agent AgentLearning receives notifications from the channel after the agent
completes tasks AgentStudent and exits the survey. When the collection of responses
is complete, AgentSurvey sends a message through the channel. To simplify the
system, we assume that AgentSystem remains unchanged, only activates the system
and exits. Channel. communication is used to exchange states between agents. Agent
AgentStudent and agent AgentSurvey send messages to the channel, and the agent
AgentLearning receives them and reacts accordingly. We use this model to test the
interaction of agents in SPIN to make sure that they perform their actions correctly
and communicate with each other through the communication channel.

In the simulation mode, we can see how agents change their states and transmit
messages through channels. For example, an agent AgentStudent completes its task
and sends a message through the channel, and the agent AgentLearning receives this
message and continues its work. After executing the simulation command: spin -p -g
-1 model.pml, we get the following result:
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1: proc 0 (init) line 26 "model.pml" (state 1) [atomic {run AgentStudent();run
AgentLearning();}]

2: proc 1 (AgentStudent) line 6 "model.pml" (state 1) [state == idle]

2: proc 1 (AgentStudent) line 6 "model.pml" (state 2) [state = active]

3: proc 1 (AgentStudent) line 7 "model.pml" (state 2) [communication!done]

3: proc 1 (AgentStudent) line 8 "model.pml" (state 3) [state == done]

4: proc 2 (AgentLearning) line 12 "model.pml" (state 1) [state == idle]

4: proc 2 (AgentLearning) line 12 "model.pml" (state 2) [state = analyzing]

5: proc 2 (AgentLearning) line 13 "model.pml" (state 2) [communication?done]

5 proc 2 (AgentLearning) line 14 "model.pml" (state 3) [state =
communicating]

6: proc 2 (AgentLearning) line 15 "model.pml" (state 4) [state == done]

Thus, the process of proc 1 (AgentStudent) means that the AgentStudent agent
starts in the idle state (line 2), moves to the active state (line 2); the AgentStudent
agent sends a done message through the communication channel (line 3); the
AgentStudent agent completes its work by moving to the done state (line 3). The
process proc 2 (AgentLearning) means that the AgentLearning agent starts in the idle
state (line 4), enters the analyzing state (line 4); the AgentLearning agent waits for a
message through the channel. As soon as it receives a done message, it enters the
communicating state (line 5). After that, the AgentLearning agent completes its work
by switching to the done state (line 6). The analysis shows that the transmission of a
message through the communication!done channel from the AgentStudent agent is
successful, and the AgentLearning agent receives this message through
communication?done. Both agents correctly change their states and complete their
work, which is evident at the end of the simulation for both processes in the done
state. This simulation result demonstrates the correctness of the interaction of agents
through the communication channel and the execution of their actions.

LTL formulas make it possible to formally describe the behavioral properties of
multi-agent systems and check their correctness using SPIN. For this purpose, the
following operators are used [], <>, X, U and others, which are translated into
Promela through the corresponding expressions Itl. (Table 1).

Table 1
Designation of specific LTL operators in keywords in Promela
Operators LTL Promela keywords
[1(p) It always_p { [1(p) }
<>(q) Itl eventually q { <>(q) }
X(r) Ith next_r { X(r) }
pUq Ithuntil_p_q { (p) U (a) }
p->q Itl implication_p_ q{ (p->q) }
[(p -> <>q) Itl always p_eventually g { [1(p -><>q) }

To verify the formal specification of an agent-based decision support system for
distance learning using SPIN and the Promela language, we translate logical
formulas based on linear temporal logic (LTL) (Specification 1) into the Promela
code:
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Step 1. Translate LTL formulas into Promela to check system properties:

Itl p1 { <> (Unlawful_Behavior) }

Itl p2 { <> (Unlawful_Behavior U every_n_steps(Period)) }

Itl p3 { <> (Sent_Notification_of_Violation) R <> (Received_Appeal_Response)

Itl p4 { <> (Used_Auxiliary_Tools) -> <> (Block_Test) }
Itl p5 { <> (Violation_Detected) -> <> (Send_Warning) }

Step 2. Creating a system model in Promela based on the specification of agents,
their actions, states, and possible events (e.g., violations, test blocking, etc.).
mtype = {idle, active, analyzing, violation_detected, send_warning, block_test};
proctype AgentStudent() {
mtype state = idle;
do
. (state == idle) -> state = active;
. (state == active) -> // Actions like completing tasks, answering questions
od;
}
proctype AgentLearning() {
mtype state = idle;
do
:: (state == idle) -> state = analyzing;
:: (state == analyzing) -> // Generate recommendations
od;

/I Define LTL formula for detecting violations and warnings
Itl p1 { <> (violation_detected) }
Itl p2 { violation_detected -> <> (send_warning) }
/I Initialize system
init {
atomic {
run AgentStudent();
run AgentLearning();
}
}

Step 3. Generate a model for verification

Step 4. Compile the generated code

Step 5. Run the verification of each formula.

Step 6. Analyze the results.

For example, we check the property that guarantees that “sooner or later a
violation will occur in the system,” i.e. Unlawful_Behavior: Itl pl1 { <>
(Unlawful_Behavior) }

This means that on any system execution path, the Unlawful_Behavior event
must occur at least once in the future.

When checking this property, SPIN can return several different results:
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» Successful verification, if the system always has at least one execution path
on which the Unlawful_Behavior event occurs at least once, SPIN will confirm that
the system meets the specified formula (Fig. 1):

Valid: The formula holds in all executions of the system.

Figure 1. Successful verification

*  Verification error, if SPIN finds an execution path where the
Unlawful_Behavior event never occurs (for example, the system can run indefinitely
without a violation occurring), SPIN will return an error message and we will get an
execution trace showing exactly how this situation occurred (Fig. 2).

Error: The formula does ot hold in all executions.

Figure 2. Verification error
If the system loops, if the system enters an infinite loop and Unlawful_Behavior
is never called, SPIN can determine this as an LTL formula violation. That is, in an
infinite loop, the system never reaches a state where Unlawful_Behavior can occur.
If the verification fails, SPIN provides an execution trace that shows the
sequence of states the system went through and the events that did or did not occur.
The execution trace is presented as a sequence of events and states of the system,
which allows us to recreate how the system moved between states and where the
verified property (LTL formula) was violated.
The execution trace contains information about the values of variables,
communication channels, process states, and events that occurred at each step:
Trace for assertion violation
proc 0 (AgentStudent) line 10 "model.pml" (state 3)
proc 1 (AgentLearning) line 15 "model.pml" (state 2)
proc 2 (AgentDataAnalysis) line 20 "model.pml" (state 1)
proc 3 (AgentSystem) line 25 "model.pml" (state 4)
proc 4 (AgentSurvey) line 30 “model.pml* (state 2)
step 0: proc O (AgentStudent)
state change: state -> active
step 1: proc 1 (AgentLearning)
state change: state -> analyzing
step 2: proc 0 (AgentStudent)
state change: state -> done
step 3: proc 2 (AgentDataAnalysis)
state change: state -> done
step 4: proc 3 (AgentSystem)
state change: state -> done
step 5: proc 1 (AgentLearning)
state change: state -> communicating
step 6: proc 4 (AgentSurvey)
state change: state -> analyzing_survey
step 7: assertion violated in line 20 of "model.pml"”
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Each “step” represents one step of system execution. Steps include information
about which process (agent) was active and what state changes occurred. For
example, in step 0, the AgentStudent process went to the active state, and in step 2,
the same agent changed its state to done.

Processes represent system agents or other independent parts of the program.
Each process has its own number and name (for example, AgentStudent), as well as
a line of code and the state of the process at the time of the trace. If the trace leads to
a specification violation, SPIN indicates the line of code where the violation
occurred (Figure 3):

assertion violated in line "model . pml

Figure 3. Property violation on line 20 of the code
Thus, specification verification using SPIN and Promela ensures high reliability
and accuracy of agent-based system development, helps minimize risks, and
improves the overall quality of the system, especially in the context of distance
learning, where the requirements for process correctness are particularly high.

3.4. Recommendation subsystem

To solve the urgent problems of each of the participants in the educational
process, a subsystem for assessing student and teacher satisfaction has been
developed. This approach allows for effective management of internal learning
processes in an educational institution. The implementation of the subsystem for
assessing student satisfaction using the online platform consists of the following
stages.

Stage 1: Set the goal of increasing student and faculty satisfaction to a certain
level. To measure satisfaction, we define key performance indicators (KPIs).

We develop questionnaires with questions that cover all aspects of using the
platform. This questionnaire includes both closed and open-ended questions, which
allows us to obtain both quantitative and qualitative data on student satisfaction with
the online platform.

Stage 2. The online platform Google Forms was chosen for the surveys.

Questionnaire processing consists of collecting responses, processing data,
analyzing results, and preparing a report.

Questionnaire processing algorithm:

Step 1. Placement of the questionnaire: Publish the questionnaire on an online
platform or send it out by email. Set a deadline for submitting responses.

Step 2. Data collection: Saving all answers in a single database or spreadsheet.

Step3. Data preparation: Exporting the collected responses to a format
convenient for processing (CSV or Excel). Checking the data for completeness and
correctness.

Step 4. Categorization of answers: Dividing data into categories according to the
questionnaire questions.
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Step 5. Calculation of quantitative indicators: For closed-ended questions
(scoring on a scale from 1 to 5), calculate mean, median, mode, and other statistics.
Build graphs and charts to visualize the results.

Step 6. Calculation of quantitative indicators: For closed-ended questions
(scoring on a scale from 1 to 5), calculate mean, median, mode, and other statistics.
Build graphs and charts to visualize the results.

Step 7. Analysis of open responses: Analyzing open-ended responses to identify
key themes and trends. Build word clouds or other visual representations to help
interpret the results.

Step 9. Interpretation of quantitative data: Identify key trends and problem areas
based on the calculated statistical indicators. Comparison of results between different
groups (e.g., among students by age, course, etc.).

Step 9. Interpretation of qualitative data: Identification of the main topics and
problems mentioned by participants in open-ended responses. Assessment of the
general mood and tone of the answers.

Step 10. Preparation of the report: Prepare a report that includes key findings
from the data analysis. Include graphs, charts and other visuals to illustrate the
results.

Step 11. Recommendations: Developing recommendations based on the results
to improve the online platform. Identification of priority areas for implementation of
changes.

Step 12. Communication of results: Presentation of the report to the stakeholders
(school administration, teachers, technical support). Publishing a summary of the
main results for participants.
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Figure 4. a) The "liked_elements"” cloud shows the most popular or frequently
mentioned elements or features that user liked about the product. b) The
"improvement_suggestions™ cloud shows user recommendations for improvements in
the product. ¢) The "support comments" cloud displays user comments about the
quality of support. d) The "general_feedback" cloud shows the general feedback
users have given to the product.

Create the file survey_responses.csv, which will contain the survey data,
containing columns that correspond to the survey questions. This file contains data
from the survey, where each row represents the response of one survey participant to
different questions. Each column corresponds to a specific question or aspect that
was rated by the participants on a scale from 1 to 5, where 1 is very bad and 5 is very
good. These graphs help to understand how users perceive a product or service and
identify possible areas for improvement. In this case, qualitative data processing

d Needs
d Overall
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graphs are word clouds that visualize the most common words or phrases found in
user comments. Each of these graphs corresponds to a specific question in the
questionnaire (Fig. 4). This data will be used to analyze user satisfaction and identify
areas for product or service improvement (Fig. 5).
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Figure 5. a) The interface_usability graph shows the distribution of user ratings on
the interface usability scale. b) The material_accessibility graph shows the
distribution of material accessibility scores. ¢) The support_quality graph shows the
distribution of support quality scores. d) The overall_satisfaction graph shows the
distribution of overall user satisfaction with the product or service

Based on the data analysis, the following recommendations were made for
teachers:

e Improve support for technical and methodological issues — if the average
value for this criterion is less than 4, technical and methodological support for
teachers should be improved.

® Enhance opportunities for interactive interaction with students - if the
average value for this criterion is less than 4, you need to increase opportunities for
interactive interaction with students.

e Provide more options for professional development — if the average value for
this criterion is less than 4, more opportunities for professional development of
teachers should be provided.
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Based on the analysis of the results of the survey of teachers on their satisfaction
with the use of the online platform, several main areas for improvement can be
identified:

1. Increase the efficiency of using electronic resources for teaching.

According to the survey, teachers evaluate the effectiveness of the use of
electronic resources for teaching with an average of 4 out of 5 points. This shows
overall satisfaction, but also indicates that there is room for improvement.

Recommendations: Simplify navigation and access to materials. Add the ability
to create interactive learning materials (e.g., interactive presentations, video tutorials
with interactive elements). Introduce new test formats and automatic tools for
assessing students' knowledge.

2. Support for teachers in the use of e-learning systems.

Technical and methodological support received an average score of 4 out of 5,
which indicates a sufficient level of satisfaction, but also points to the need for
improvement.

Recommendations: Provide round-the-clock technical support through various
channels (chat, phone, email). Regularly conduct trainings on how to use the
platform, including new features and best practices. Provide an opportunity to order
individual consultations to solve specific problems.

3. Expanding opportunities for interactive interaction with students.

Opportunities for interactive interaction with students are rated 4 out of 5, which
shows the need for additional features to improve interaction.

Recommendations: Introduce additional tools for video conferencing, interactive
forums and chats. Expand feedback opportunities, for example, by adding the ability
to conduct surveys and questionnaires in real time. Introduce gamification elements
to increase student motivation.

4. Assessment of opportunities for professional development of teachers.

Opportunities for professional development through the use of e-learning
systems received an average score of 4 out of 5, which indicates the need to expand
such opportunities.

Recommendations: Introduce professional development programs that include
courses, webinars, and the possibility of obtaining certificates. Create a platform for
the exchange of experience and best practices among teachers. Introduce a system of
incentives for participation in professional development programs. The results of the
survey show the overall satisfaction of teachers with various aspects of e-learning, as
the average scores are at the level of 4 or higher.

4. Conclusion
The article proposes an agent-based method for improving the efficiency of e-
learning, which consists of the following stages:

Stage 1: Analysis and preparation. The main goals of the system are identified:
improving learning efficiency, automating processes, increasing student and teacher
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satisfaction. Existing systems and limitations were analyzed, and suitable
technologies for agent-based systems were explored.

Stage 2. System design. The main components of the system were identified: a
video surveillance subsystem, a multi-agent system, and a decision-making system.
The architecture of interaction between the components was designed. Agents' roles
and functions (data collection, analysis, recommendations) were established, and
their interaction algorithms were formalized.

Stage 3. Verification. Formal confirmation of the correctness of the specification
of the agent-based decision support system for distance learning was conducted
using SPIN and the Promela language, which provides confidence that the system
will work as expected, especially for critical properties such as preventing violations,
providing timely feedback, and guaranteeing the accuracy of recommendations.
Using SPIN allowed us to test different scenarios of agents' operation and their
interaction at the design stage, which helps to avoid mistakes during the
development phase or during system operation. The correctness of agent interactions
was checked.

Stage 4. Development and implementation. Program modules for agents were
developed, a video surveillance subsystem implemented, and both functional and
integration testing were performed.

This method automates monitoring, analysis, and decision-making, improving
education quality and satisfaction. Verification ensures system reliability and
security. Simulation results show agents interact correctly and fulfill their tasks.
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Anomauia. Y pobomi posenadaiomvca  maki  npodiemu  Cy4acHo2o
OUCMAHYIIHO20 ~ HABYAHHA,  AK  [HOUBIOYani3ayisi — HABUAILHO2O — NPOYecy.
O0rpyHmMosaro HeoOXIOHICMb 800CKOHANEHHA Memo0i8 NIOMPUMKYU OUCAHYITIHOZ0
HABYaHHA OnA NiosuwjeHHs axocmi oceimu. JlocniOdceHHa CnpsaMogane Ha
NIOBUWEHHS AKOCME OCEIMU Ma OP2aHI3ayii HAGUAILHO20 NPOYeCy 3a OUCMAHYIIHOT
@opmu  HaguanHA.  3anponoHOBAHO  KOMNIEKC — 63AEMONO6 A3AHUX — 3A60AMHD,
PO36’A3aHHS SKUX NOISi2A€ 8 opeaHizayii egexmusHoi 63aemo0ii sukiadaua ma
cucmemu ynpaeninus Hasuanusm (LMS) 3a 0onomocoi azenmnoco nioxooy.
OcHoBHUM pe3yTbmamom, AKUll BUSHAYAE HOBU3HY pobomu, € ¢popmanizayis ma
iHmezpayia maxux npoyecis: (i) 2eHepy8anHs 8 pedcumi peaibHO20 4acy nPono3uyii
BUKNIA0AYe8] w000 KOHMPONO 34 BUKOHAHHAM 3A60aMb NI uYac icnumie yu
eeKMPOHHO20 mecmy8ants, (ii) MOHIMOPUHE HABUAHHA CMYOeHmMi8 NPOMALOM
cemecmpy 3 MOJICIUBICMIO 3MIHU mpackmopii uasuanmus, (iii)) MoOHImopuHe
npucymuocmi 6amvKié Ha OHAAUH-KAAcAx, (Iv) cmeopenHs pekomeHOayii OJis
KepieHUYmea ma iHuux 3ayikasieHux Cmopin w000 NOKPAWEHH S OHLAUH-HAGUAHHSL.
Taxooc npedcmasneno nepesipky Gopmanvhoi cneyugikayii cucmemu nPULHAMMI
piuleHb Ha OCHOGI azenmis O OUCMAHYIIHOZ0 HABYAHHA 3 BUKOPUCTAHHAM
incmpymenmy SPIN ma moeu mooenroseanns Promela. Bepugixayia 30iticnioemuvcs
3a opmyramu niniiHoi uacoeoi nociku (JITJI), wo o0o36onae nepesipumu
KOPEeKMHICMb 83A€MOOIT MIdIC azeHmMamu ma GUKOHAHHA KIIOYOBUX 61aCMUgocmel
cucmemu, Makux SIK CBOECHACHA O00pOOKA OaHux, peazyéanhs HA NOPYUWEHHS
BUKOHAMHA CMYOEHMAMU MeCMY8ants. Npasuia ma peKoMeHOayii euumenis.
Mooenosanns npomomuny 3anponono8anol cucmemu niomeepodicye egpekmusHicmo
it euxopucmanns Ak 3acoby OocniodcenHs opeauizayii HasyanbHo20 npoyecy. Bin
NOKA3YE, AK A2eHMU MONCYMb 00NOMO2MU 30upamu i aHanizysamu OaHi npo me,
HACKINbKU  eheKmUBHO BUKOPUCHOBYIOMbCS €NIeKMPOHHI pecypcu 08 HAGYAHHS
cmyOoeHmig i UK1a0ayis.

Knrwwuoei cnosa: cucmema ynpagninus HAGYAHHAM, MOHIMOPUHZ, HABUATLHULL
npoyec, azeHmu, Xmapui obuucnenwHs, cneyugikayii yacoeoi n02iku po3noodireHoi
cucmemu, 4acosa J02iKka sMIHHO20 4acy, 6epuqikayis
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