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Abstract

Cognitive agent models and technologies integrated with artificial intelligence are key in modern research
that contributes to developing adaptive decision support systems. Cognitive agents capable of self-learning
use neural networks and deep learning algorithms to effectively process large amounts of information and
predict and analyze complex, multi-criteria situations. Such agents adapt to changing conditions thanks to
built-in self-learning mechanisms and natural language processing. They can interact with users at a level
that is as close as possible to human communication. In addition, using cognitive maps and other thinking
models allows us to create systems that visualize cause-and-effect relationships and integrate subjective
factors, such as experience and intuition, into the decision-making process. This makes it possible to ensure
high accuracy, flexibility, and efficiency of decisions in complex scenarios that require dynamic adaptation
and real-time data processing. Integrating artificial intelligence into cognitive systems opens up new
opportunities for creating intelligent decision-support tools capable of detecting patterns in user behavior
and recommending optimal actions based on predictions, which increases the efficiency of decision-making
in complex multi-criteria situations.
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1. Introduction

The integration of cognitive agents into Decision-Making Processes (DMPs) using Artificial
Intelligence (AI) allows for the creation of adaptive systems that are capable of analyzing a large
amount of heterogeneous information and supporting decision-makers [1, 2]. A key feature of such
agents is the ability to consider the intuition and experience of the decision-maker, which ensures
the objectivity of decisions [3, 4]. For this, deep learning technologies, neural networks, and natural
language processing are used to improve user interaction [5, 6]. Cognitive agents use symbolic and
imaginative thinking through semantic networks and mental maps, allowing them to visualize cause-
and-effect relationships and adapt to changes in real time [7]. Machine learning algorithms help
detect patterns in user behavior and recommend optimal actions based on context [8].

The integration of Al allows the creation of new decision-making support tools that contribute to
detecting and predicting critical situations in real-time [9]. The reliability of decisions made using
cognitive agents depends on the quality of data and the ethical aspects. It is essential to develop
regulatory frameworks to ensure the transparency of algorithms and risk assessment [2, 10]. These
systems adapt to changes and increase the accuracy of decisions by combining neural and symbolic
approaches [7]. Modern cognitive maps and neural networks implement decision-making
mechanisms that, considering the individual cognitive characteristics of the Mental Status
Assessment (MSA), ensure effective adaptation to changing conditions. This approach allows the
creation of systems with high accuracy, flexibility, and adaptability, which is vital in complex multi-
criteria scenarios [5, 11, 12]. Therefore, modern models of cognitive agents for decision support with
the integration of Al are based on the synergy of neural methods and language processing [2, 13].
This allows us to create systems that adapt to changing conditions and improve the accuracy and
efficiency of decisions in complex situations that require intelligent processing and adaptation.

MoDaST 2025: Modern Data Science Technologies Doctoral Consortium, June, 15, 2025, Lviv, Ukraine

* Corresponding author.

T These authors contributed equally.

& y.kostiuk@kubg.edu.ua (Y. Kostiuk); p.skladannyi@kubg.edu.ua (P. Skladannyi); v.sokolov@kubg.edu.ua (V. Sokolov);
m.vorokhob@kubg.edu.ua (M. Vorokhob)

{i0] 0000-0001-5423-0985 (Y. Kostiuk); 0000-0002-7775-6039 (P. Skladannyi); 0000-0002-9349-7946 (V. Sokolov); 0000-0001-

5160-7134 (M. Vorokhob)
@ ® © 2025 Copyright for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).




2. Analysis of literary sources

The development of models and technologies that combine cognitive agents’ capabilities with AT’s
achievements allows for the creation of adaptive, intelligent systems for effective decision-making in
complex multi-criteria conditions. Research, in particular, the work of H. Han, Z. Li, B. Sahoh, B.
Igoche, M. Usman, and T. Hovorushchenko, focuses on the integration of cognitive maps and neural
networks [1, 2, 6, 12, 14], which allows achieving new levels of adaptability and accuracy in real-time.
H. Han and M. Usman investigated the use of deep learning to improve the self-learning of cognitive
agents [1, 12], B. Sahoh and L. Yu worked on the creation of models that integrate cause-and-effect
relationships [2, 19], and the work of B. Igoche and T. Hovorushchenko focuses on natural language
processing to improve the interaction of agents with users [6, 14].

Research from overseas scholars in [16], such as Y.X. Zhong, J. Pearl, G. Hinton, G. Klein, W. Tang,
D. Nallaperuma, also significantly contribute to the development of this field [3-5, 7, 8, 10, 11, 16].
J. Pearl explores the ethical aspects of Al in decision-making, and D. Mackenzie focuses on causal
models that allow agents to detect connections between actions and their consequences [7, 11]. G.
Klein and D. Nallaperuma emphasize the integration of intuition and people’s experience into Al
systems [3, 4], which makes the DMP more accurate and adaptive to real conditions. One of the
important achievements is the creation of models that combine neural networks and natural language
processing, which allows cognitive agents to adapt to changing conditions and provide a high level
of prediction and visualization [5, 6, 10, 12, 14, 17], which is key to effective management of complex
situations.

Thus, the development of cognitive agents with the integration of Al is based on the synthesis of
modern technologies, which allows the creation of systems capable of processing large amounts of
data, predicting critical situations, and making informed decisions, taking into account both objective
and subjective aspects of the activity.

3. Research methods

The development of models of cognitive agents for decision-making with the integration of Al
involves using algorithmic approaches and conceptual models that consider the human factor. The
key is using decision support systems (DSS), which integrate machine learning methods, particularly
neural networks, for real-time data analysis. Neural network training algorithms improve the
accuracy and speed of decision-making by detecting patterns in large amounts of data [5, 6, 15]. Such
agents can adapt to new situations through self-learning.

Integrating Al into cognitive systems also includes natural language processing (NLP) to improve
user interaction [6, 14]. Hybrid models of cognitive agents that combine Mamdani-Zadeh fuzzy logic
and neural networks allow efficient work with fuzzy data and optimize DMPs. This provides
flexibility and adaptability when solving complex multi-criteria problems in changing conditions.

4. Presentation of the primary material

Cognitive agent models with Al integration evolve through agent-oriented approaches combining
neuro-fuzzy technologies for flexible data processing. Model synthesis tools integrating knowledge
in images improve learning and DMPs [16]. The subject-oriented approach allows systems to be
adapted to the needs of the decision-making object, integrating cognitive models that can respond to
changing conditions [7]. Using mental maps and fuzzy schemes improves assessing the impact of
events and interaction with AI [2]. This allows for increased accuracy of forecasting and adaptation
to new situations.

Integrating cognitive properties in Al creates mechanisms for accelerated thinking and adaptive
models that contribute to the optimization of processes and increase the efficiency of decision-making
in complex situations [12]. Methods for synthesizing neuro-fuzzy models of cognitive agents with
mental and intentional characteristics use hybrid models such as “cognitive processing module,
neural network, the genetic algorithm,” as well as a modification of the Mamdani-Zadeh fuzzy
system [5] (Fig. 1).
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Figure 1: Hybrid model of a cognitive agent using Mamdani-Zadeh fuzzy logic

To ensure the high efficiency of such models in complex and changing conditions, it is vital to apply
a hybrid approach that combines Mamdani-Zadeh fuzzy logic with other optimization methods, in
particular neural networks and genetic algorithms [1]. A hybrid model of a cognitive agent using
fuzzy logic allows it to adapt to conditions where information is incomplete or fuzzy and make
decisions that consider various possible scenarios. A critical component of this model is the cognitive
processing module, which performs the task of fuzzification, transforming precise input data into
fuzzy sets, which are then processed using fuzzy logic [5]. Next, the results are defuzzified, which
allows us to transform the obtained fuzzy data into specific solutions that can be used for decision-
making in real conditions. The interaction between neural networks, genetic algorithms, and fuzzy
logic allows us to create an adaptive system that quickly responds to changes in external conditions
and makes optimal decisions even under uncertainty. Using such a hybrid model enables cognitive
agents to improve the efficiency of processing complex and variable data and to ensure a high level
of adaptation and prediction in constantly changing environments [11].

The aggregation of fuzzy sets for decision-making in cognitive agents is the process by which
different fuzzy sets representing different aspects or decision options are combined to obtain a final
result [15]. In cognitive agents using fuzzy logic, this process is an essential step in decision-making,
as it helps to consider all possible options and incomplete or fuzzy data coming from different sources.
The process of fuzzy set aggregation involves combining multiple fuzzy rules and values derived from
different input parameters into a single solution. This is done by applying a logical sum, which allows
us to consider each parameter’s influence, regardless of whether it is clear or fuzzy. The logical sum
will enable us to summarize all possible values, considering their significance, which makes the
process more flexible and adaptive to changing conditions [3, 6].

To increase the efficiency of aggregation, membership function weighting is used. This allows
each parameter to receive a certain weight depending on its importance, which allows for a more
accurate determination of the result. Additionally, using singletons or Gaussian functions simplifies
the calculations: instead of complex integration, the values of the sets can be summed. Thus, fuzzy
set aggregation is an essential tool in decision-making, as it allows cognitive agents to make informed
decisions by combining various fuzzy data, taking into account their significance, and ensuring
adaptability and accuracy of the result in conditions of uncertainty or complex situations (Fig. 2) [23].
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Figure 2: Aggregation of fuzzy sets for determining the result in cognitive agents

Cognitive agent models for decision-making with the integration of Al process fuzzy information
using linguistic “If P, then C” rules that contain conditions, actions, and weights W;. The decision-
making module analyzes the contribution of fuzzy values using fuzzy logic algorithms. The



membership function up;(x)can take values from 0 to 1, where 1 means complete compliance of the
parameter, and 0 means complete non-compliance. At the fuzzification stage, the input data P; is
converted into fuzzy values using the function up;(x):

P; = up;(x). (1)

For cognitive agents that use the integration of fuzzy logic and AI methods for decision-making,
each rule in the system has a weight coefficient that determines its importance. Logical conditions
are formulated as “If P;and P;, then C;”, where the parameters P are fuzzified [15]:

R; = W; - up;i(x). (@)

Weights W; determines the importance of each rule for the input parameters. The results are
calculated through defuzzification, which converts the membership function into the value of the
output parameter C;, W;. The defuzzification process is optimized by weighting the membership
functions and using singletons or Gaussians, simplifying the initial solution’s calculation. For this,
the center of gravity is used, which allows calculating the resulting value [2, 3]:
2= Wi pupi(x) )

W

where P; is fuzzy parameters at the input, C is the output fuzzy parameter, up;(x) is membership
function for the input fuzzy parameter P;, which determines the degree of fulfillment of the rule
condition, which determines the degree of rule fulfillment for a certain value x, W; is the weight
coefficient that determines the importance of the i rule. Thus, cognitive agents integrate fuzzy logic
methods, weighting coefficients, and optimization algorithms, ensuring high data analysis efficiency
and adaptability in complex information environments. To optimize the defuzzification process in
cognitive agents, the pre-weighting of membership functions is used through fuzzy set intersection
operations and singleton or Gaussian-type functions. This allows simplifying the calculations by
replacing integration with simple summation [5]:

C~Xisa Ry, (4)
where R; = W; - up; (x),R; is the contribution of the i rule to the overall score, W; is the weight
coefficient of the i™ rule, indicating its significance, ip; (x) is membership function for the input fuzzy
parameter P;, which determines the degree to which this rule is fulfilled for a certain value x. Thus,
cognitive agents make decisions by integrating fuzzy logic methods, weight coefficients, and
optimization algorithms, ensuring high data analysis efficiency and adaptability in complex
information environments [3, 12].

At the design stage of the decision-making module, the expert sets the initial parameter values,
after which the optimal range is searched for each adjustable parameter to increase the efficiency of
the cognitive processing module (Fig. 3). This leads to the need to optimize the internal parameters
of the fuzzy network by searching for the optimal set of values. Features of tuning the fuzzy network
include the integration of machine learning algorithms for automatic adjustment of parameters,
which allows for achieving higher accuracy in the DMP and increasing the system’s overall efficiency.
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Figure 3: The process of configuring a fuzzy network for decision making

This considers the interaction of linguistic rules and fuzzy parameters, allowing for more accurate
modeling of real processes. Defuzzification is reduced to calculating the result at the output of the
cognitive processing module, considering the weight of the rules and the significance of the
parameters that determine the final impact on the system. The formula for calculating the result is:
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where Y is effective influence, C; jisa formative parameter that determines the center of the singleton,
i.e., the fuzzy concept of a linguistic rule, W; is the weight of the linguistic rule, Wj; is the significance
of the indicators of the group of fuzzy concepts of one rule. In the modification of the architecture of
the fuzzy system, the use of neural networks for parameter adaptation is proposed, which allows
more effectively taking into account the significance of various indicators, increasing the accuracy of
decision-making and ensuring more flexible adaptation to changing conditions. Modifying the
architecture of the fuzzy cognitive processing module involves the integration of additional
technologies, such as neural networks, to adapt parameters and increase the efficiency of the
cognitive processing module in conditions of uncertainty and variability of input data. In particular,
the implementation of neural networks allows us to consider the significance of various indicators of
fuzzy concepts, increasing the model’s accuracy and adaptability. This provides more efficient
information processing, reducing computational costs and ensuring better processing of complex and
multidimensional input parameters. This approach allows us to improve the quality of decisions made
within the framework of cognitive agents integrated into systems where it is necessary to process
fuzzy information and consider expert knowledge (Fig. 4).
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Figure 4: Modification of the architecture of the fuzzy cognitive processing module for cognitive
agents with the integration of artificial intelligence in decision-making systems

The cognitive agent model for decision-making integrates fuzzy systems and neural networks,
effectively using linguistic rules to incorporate expert knowledge, which increases agents’ accuracy
and adaptability. This combination forms neuro-fuzzy systems with increased efficiency and
functional equivalence since the advantages of both approaches are combined - the flexibility of fuzzy
systems and the ability of neural networks to self-learn. The training of neural networks in such a
system is implemented through evolutionary algorithms that optimize the parameters of neurons in
the hidden layer, which reduces computational costs, increasing the speed of learning and accuracy
of the model [1]. The process includes optimizing clusters of input features and tuning the output
layer, which can be carried out through gradient methods or singular scheduling. Cooperative
learning distributes tasks between neurons, preventing duplication of functions and significantly
accelerating the system’s convergence [16]. Evaluating the efficiency of network elements using the
defuzzification function allows us to improve the parameters without the need to train the original
elements, increasing the model’s overall efficiency and stability [7].

You can use the membership function and fuzzy inference operators to integrate linguistic rules
into a fuzzy system, which translates uncertain and fuzzy data into a formalized model. If u(x) is a
function of the membership of the element in the fuzzy set, then the linguistic rule can be expressed
through fuzzy logic operators as follows:

R:1F x; ISA; AND x, ISA, THEN y IS B, (6)
where A;,A, and B are linguistic terms describing fuzzy sets, u(x;),u(x,) and u(y) are a
membership function for input and output variables. In this context, fuzzy logic allows us to consider
values that do not have clear boundaries or are incomplete, which significantly improves the system’s
ability to work with real, complex conditions and provides more flexible decision-making in cognitive
agents with the integration of Al

The mathematical equivalence can be expressed through the combination of a Mandami fuzzy
system and a neural network, where the Mandami fuzzy system provides a formalization of
knowledge in the form of linguistic rules that define the relationships between input and output
variables. In contrast, the neural network is used for adaptive learning and parameter optimization,
which allows complex, nonlinear dependencies to be modeled. This combination enables the



integration of symbolic knowledge from fuzzy logic, which characterizes the fuzziness and
uncertainty in data, with the capabilities of neural networks to adapt to changing conditions, which,
in turn, increases the system’s effectiveness in the DMP in complex, dynamic environments. The
combination of these two approaches allows for significantly improving the accuracy and stability of
predictions, which are critical for applications in cognitive agents and the integration of Al in complex
information and control systems

fneuro—fuzzy(x) = ffuzzy(x) + fneuro (%), (7)
where ff,,,y(x) are linguistic terms, fheuro(x) are membership functions for input and output
variables.

The search for optimal parameters of neurons in the hidden layer of a neural network can be
effectively expressed by minimizing the loss function, using evolutionary algorithms that allow, based
on the principles of natural selection, to improve the network parameters gradually. In particular,
evolutionary algorithms, such as genetic or optimization algorithms that use differential
combinations of parameters, can use the population search mechanism, where each set of parameters
represents a separate “solution” that is evaluated using the loss function. As part of this process, the
most effective parameters are selected, which are then combined and modified using data mixing
operations and random parameter changes, contributing to generating new, potentially better options
for settings. Thus, evolutionary algorithms make it possible to find global optimal parameters for
hidden layers, which significantly improves the efficiency of training a neural network in complex
and multidimensional optimization problems where traditional methods may be ineffective

N
minL () = ) 0~ f(x.0))% ®

where 0is the neural network parameters, x; is input data, y; is target values, f (x; 8) is an activation
function.

To find optimal weights and thresholds in a neural network within the framework of cognitive
agent models integrated with Al a strategic approach with cooperative search can be applied, which
assumes that each neuron calculates its parameters independently of the others, which allows for the
reduction of the interdependence between network elements and reduce the complexity of
optimization processes. This approach allows each neuron to perform local optimizations based on
its information, which will enable it to effectively adjust the parameters without simultaneously
needing global processing of all network parameters. This reduces the computation time and
increases the system’s scalability, especially in conditions of a large number of parameters, and can
also help adapt the neural network to changing external conditions or new data. Accordingly, the
strategic approach allows for parallel optimization, which speeds up the learning process and
improves the efficiency of the network in real applications [5]

N
Wope = argmin { > (v = f(x,W))? ), ©)
i=1

where W is the weight of neurons optimized for each element.

The assessment of the effectiveness of the elements of the neuro-fuzzy network within the
framework of cognitive agents for decision-making is carried out through the use of the
defuzzification function, which allows us to convert fuzzy values obtained as a result of the analysis
of complex systems into specific numerical outputs that can be used for further calculations or
classification, which, in turn, allows us to reduce the level of uncertainty and increase the accuracy
of decisions made in conditions of complex dynamic changes. Defuzzification in data analysis and
classification allows cognitive agents to adapt to a constantly changing environment, improving the
efficiency and reliability of decisions made by integrating fuzzy models that would enable you to
process and adjust the information in real-time, even if it is incomplete or inaccurate.

.uoutput(y) = max (ﬂclass 1(}’) + Uclass Z(y) + - ); (10)
where U¢,ss 1(V) is the membership function for class 1, and y is the value to be classified.

The learning strategy within the framework of cognitive agent models for decision-making
integrated with Al is to maximize the efficiency of the hidden elements of the neural network without
the need to learn the output parameters, which allows for a reduction in the amount of computational
costs and increase the speed of adaptation of the network to new conditions. Such a strategy ensures
the preservation of high performance with limited resources. Also, it allows optimization of the



learning process, reducing the need for additional data or complex calculations to adjust the output
parameters, which is essential for the effective operation of systems in real-time. The corresponding
mathematical expression of this strategy can be written as the maximization of the efficiency function
for the hidden elements max L(8):

N
m}?XL ) = z fhidden (Xi, R), (11)
=1

where h is the parameters of the hidden elements, fyjqden (X;, h) is the activation function for
the hidden elements of the network, L(8) is the loss function for these parameters.

Introducing the functional equivalence principle allows us to create an adaptive neuro-fuzzy
network model that transforms the neural network learning algorithm into a fuzzy system. This
allows us to apply optimization algorithms traditionally used for neural networks to fuzzy systems.
Such integration will enable us to combine the advantages of neural networks, in particular their
ability to adapt and learn from large amounts of data, with the flexibility and fuzzy parameters
characteristic of fuzzy systems, which is important for building cognitive agents for decision-making
in complex conditions (Fig. 5) [5]. It also provides more accurate modeling of DMPs, which considers
both numerical and fuzzy data, allowing us to achieve optimal results in conditions of uncertainty
and a changing environment. Combining these two approaches opens up new opportunities for
creating adaptive systems capable of self-improvement and effective integration with other intelligent
technologies.
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Figure 5: Architecture of an adaptive neuro-fuzzy network

The model optimizes the NNM through a genetic algorithm, combining expert knowledge and
objective data to automate the learning process and parameter tuning [15]. Within the framework of
this model, linguistic rules are formed, and fuzzy parameters are determined, which are subject to
refinement based on the data obtained. NN M acts as an adaptive network with a fixed structure and
variable parameters that are optimized through the use of a genetic algorithm, which allows the
system to be effectively adapted to changing conditions and provides more accurate results in the
context of cognitive decision-making with the integration of Al The Euclidean distance between the
predicted estimates is used to determine the effectiveness of the NNM. yp,r¢q and real estimates yyej-
This approach allows us to measure the degree of approximation of the predicted results to the real
ones, which is vital for assessing the model’s accuracy and further improving its parameters within
the framework of a cognitive decision-making system with the integration of Al Euclidean distance
allows us to measure the discrepancy between the model results and the actual data, which is the
basis for optimizing the parameters of the NMM using appropriate algorithms

n
D= Z(}Ipred,i - Yreal,i)z; (12)
i=1



where n is the number of estimation parameters, Y, eq, is the predicted value, yrea); is the real
value [12].

A genetic algorithm is used to optimize the parameters of the neural network 8, trying to minimize
the loss function L(8), which determines the model’s efficiency. The optimization process consists of
finding such parameter values that minimize this loss function, which improves the accuracy and
overall efficiency of the neural network in the context of cognitive decision-making [15]

0" = argmin L(6), (13)
6

where 8" are the optimal parameters that minimize the loss function, which the difference between
the predicted and actual values can determine. The loss function can be expressed as the difference
between the model’s predictions and the actual results, which allows us to assess the effectiveness of
the cognitive agent in the DMP. Minimizing this function is a key step in training cognitive agents,
as it will enable us to tune the model in such a way as to achieve the most accurate predictions and
ensure correct decision-making under different conditions. Therefore, the optimal parameters 0"
provide the best match between theoretical predictions and real data, which increases the
effectiveness of integrated Al systems

n
L(H) = Z(ypred,i - yreal,i)z- (14)
i=1

The optimization process using a genetic algorithm is implemented through several stages, each
contributing to achieving an effective result. First, the population is initialized, during which a set of
random solutions is created, representing chromosomes for the initial evaluation of the system
parameters [2]. Initial options are formed at this stage, which will be evaluated in further
optimization. The next step is the selection, during which each of the solutions is assessed using the
objective function L(6), which allows us to weed out less effective options and choose the best
solutions for further optimization. After that, the operations of the data mixing process and random
parameter changes are applied, which consist of combining and modifying the characteristics of the
best solutions to generate new options with improved properties. The data mixing process allows
combining the properties of several solutions, and random changes add an element of stochasticity
to avoid local minima and find new optimal options. The evaluation of new solutions allows us to
check the effectiveness of the updated parameters and select the best ones for further optimization.
This process is repeated through several iterations, including evaluating the current solution,
generating new options, and choosing the best solutions for the next stage. Thanks to this approach,
the genetic algorithm allows us to adjust the parameters of neural networks effectively, ensuring
optimal results when solving the optimization problem, including adaptation to changing conditions
and increasing productivity in DMPs [5, 12].

Modifying the architecture of neural-fuzzy systems of the cognitive processing module is carried
out by introducing additional adaptive parameters, such as cognitive images, which allows their
significance at the level of cognitive perception to be taken into account [14]. Fuzzy models,
represented through images, provide formalization and manipulation of symbols without the need to
refer to their content, which allows us to work with abstract concepts effectively. At the same time,
neural networks, built as graphs, can serve as the basis for interpreting these symbols through the
prism of a cognitive image, thus providing flexibility and ambiguity in information processing. Such
an approach, which integrates expert knowledge in the form of cognitive images, allows us to
implement learning through images, which significantly increases the system’s adaptability to
changes in the external environment and internal parameters of the technical system. Due to such an
integration approach, the cognitive neuro-fuzzy cognitive processing module can respond more
accurately to complex and dynamic conditions, ensuring effective management of technical processes
in real-time [6, 8, 9].

The processes of adaptation of cognitive systems to changes in external conditions and variations
in parameters are implemented through the use of genetic mechanisms that optimize populations of
objects and solutions at the level of symbolic and figurative thinking. This approach ensures the
dynamic flexibility of systems that respond to changes in the environment, integrating both classical
neural network models that reflect the “input-output” relationship and semantic networks that detail
the relationships between objects, which allows the modeling of complex objects in the context of
management systems. The development of the M-automata and networks concept involves
integrating the figurative thinking of MSA into the “control object—control system” circuit, which is



implemented through semantic M-networks. These networks are static models that reflect the
relationships between objects, which allows the creation of more accurate and adaptive models for
management in changing parameters and the environment (Fig. 6) [4, 10, 15, 18]. Such integration
allows us to maintain the integrity of the model while simultaneously adapting to changes and
ensures more effective decision-making in complex management systems.
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Figure 6: Semantic M-network based on adaptive resonance theories for modeling cognitive
processes

Such a model, built in the form of a semantic graph, reflects a neural network’s cognitive learning
process, which is significantly different from traditional learning using training samples. The key
stages of cognitive learning are two main procedures: first, the formation of a set of objects and
determining their significance, and second, the establishment of relationships between these objects
by assigning connection weights, which resembles the learning process of classical neural networks,
but at a new level of cognitive thinking [2, 3, 7].

In such a model, each object of the M-network corresponds to a fuzzy concept, which is determined
through expert assessments expressed in the values of synapse weights and threshold values for i-
models. This allows us to consider the M-network model as a neural network in essence, and a fuzzy
system—in terms of its functioning process. The output layer of the model performs the function of
an aggregator and defuzzifier, generalizing the fuzzy information coming from neurons, and
transforming it into a more transparent and more interpretable value. The parameters of the middle
layer neurons are fuzzy concepts, the membership function of which is determined through the
"boost-inhibition" system that controls the process of excitation of i-models: if the excitation of an
element exceeds a particular parameter or the excitation of other components, the threshold of this
element decreases [9-11]. As a result of such interaction, the semantic graph of the M-network takes
the form of a subgraph with increased excitation of vertices and connections between them.
Visualizing the significance of each i-model’s excitation through digital values, color, or other visual
methods allows for the creation of a cognitive graph image that allows for the manipulation of the
meaning of symbols, where vertices correspond to objects and the connections between them
determine the relationships that exist in the cognitive space. This allows the MSA to adapt to changes
in the information environment flexibly, assessing the significance of each object and connection
within the given parameters [13].

The “amplification-inhibition” system, acting on the neural M-network, provides the MSA’s most
active cognitive information, allowing it to change and adapt to changing conditions dynamically.
Each stage of this interaction allows the MSA to take into account information at the conscious or
subconscious levels, which contributes to assessing the situation and making appropriate decisions
and actions. Visual analysis of the cognitive graph, which reflects information interactions between
system elements, allows us to flexibly manage the details of viewing this graph, adapting it to the
specific goals set by the MSA and individual characteristics of perception and processing of
information. This allows the MSA to consider current events and future prospects, predicting actions



that may be most optimal in conditions of different scenarios [19-22]. Analysis of MSA activities
using a genetic algorithm, which allows adaptation and optimization of strategies, closely connects
MSA actions with an Al system, which helps to create more integrated models for real-time decision-
making. Thus, the proposed model establishes the possibility of combining subjective and objective
knowledge, including declarative knowledge describing facts and procedural knowledge determining
actions and strategies. The extended genetic algorithm model with complex factors takes into account
multiple aspects influencing decision-making, allowing to carry out highly accurate adaptation in
conditions of complex and changing information environments [19]

n tmaX
Prew = Z a;* f(Porg, Wi, 61, €) + B f o ( Pora, Mi, Ti)dt, (15)
i=1 0

where Pe is the new optimal solution, P4 is the current solution, «; is the coefficient for each
population (corresponding to adaptation), f (P14, Wi, 6;, €;) is an adaptation function with additional
parameters, W; is a set of weights for each iteration, §; are parameters affecting adaptation, ¢; is
stochastic variations for random parameter changes, f; is the coefficient for weighting the data

mixing process, fo "4 g (Poia, Mi, Ti)dt is the time integral for stochastic parameter changes, 1; is

adaptation rate coefficient, 7; is the time constant for the mutation process.

In the neural network model with the integration of semantic structures, which is aimed at
implementing cognitive agents for decision-making in complex information and intellectual systems,
the use of nonlinear activation functions, feedback, and a multi-level structure allows for the creation
of dynamic connections between objects that take into account the contextual features of each layer
of the network, while ensuring more accurate and adaptive information processing under conditions
of uncertainty. This integration is achieved through the use of feedback mechanisms, which not only
contribute to the dynamic updating of weights in neural connections based on the analysis of input
data and their semantic characteristics but also allow to increase the network’s ability to model
multidimensional dependencies between objects, which significantly expands its functionality in
conditions of changing environmental parameters [2, 5, 15]. Such an approach, which takes into
account the multilayer architecture of neural networks in combination with semantic networks,
allows for the implementation of complex decision-making algorithms in which contextual
information enrichment plays a key role in ensuring a high level of cognitive analysis, integrating
the advantages of Al with the properties of natural thinking

m p
y] = Z[wl}a(z wik-xk+bi) +0] (16)
i=1 k=1

In the model of cognitive agents that integrate neural networks with Al mechanisms to support
decision-making in complex information systems, the output signal y; for a neuron j is determined
by the sum of the weight coefficients w;;, that establishes the connection between the neurons of the
ith layer and the j™ layer, ¢() is a nonlinear activation function (for example, in the form of a sigmoid
or ReLU), x}, is the input signal from the k™ neuron from the previous layer, b; is the bias parameter
for the neuron i, 6; is an additional parameter that provides flexibility for the final bias.

Taking into account feedback between layers, which is implemented through the weight update
mechanism w;;, allows the model to adapt to changing input conditions in real-time, and the
differentiation of weight coefficient types ensures the network’s ability to take into account the
contextual features of multi-level data, increasing the efficiency of cognitive analysis. This approach
contributes to the formation of more accurate decision-making models in which the interaction
between neurons in different layers of the network reflects complex logical dependencies, which is
important for applications in computer science fields, in particular in information systems and
technologies, where the accuracy and adaptability of models are key to solving problems with a high
degree of uncertainty

m
Awifzn'aj'xi‘l_)/'zek'wik’ (17)
k=1
where Aw;; is the weight change between neurons in two layers, 7 is the learning coefficient, §; is
the error of neuron j in the current layer, y is the coefficient that considers the feedback effect for
changes in neural networks.



The cognitive graph model developed to support decision-making with the integration of Al
considers the significance of objects and their relationships in a dynamic information environment.
Each object in the graph is characterized by a fuzzy value that adaptively changes depending on the
current stage of information processing. Such values reflect the degree of relevance of the object to
the problem being solved at each stage of the analysis, which ensures flexibility and accuracy of the
cognitive process. Interactions between objects are modeled through the weight coefficients of
connections, which are adjusted by changes in system parameters. This allows the cognitive graph to
effectively adapt to changes in environmental conditions, maintaining coherence and relevance
during decision-making. This approach contributes to the creation of highly efficient information and
intellectual systems capable of self-learning and optimization in real-time, which is critically

important in modern computer science and technology
n

Gcog = Z @; * factivation(Xi» 6;) + Bi * Ginteraction (Xi» Wi, T;)- (18)
i=1

As part of the development of models and technologies of cognitive agents for decision-making
with the integration of Al it is proposed to use a cognitive graph G.,g that describes interactions
between system objects. The key elements of this model are: G, is a cognitive graph that reflects
interactions between objects, fjctivation (Xi» 0;) is an activation function which determines the activity
level of each object based on its input parameters x; and the fuzzy activity coefficient &,
Jinteraction (Xi» W;, T;) is the interaction function, which models the influence of each object on others
through interaction parameters w;and time 7;, a; and f; are weighting coefficients that consider
shifts in interaction and activation parameters, ensuring the model’s adaptability to environmental
changes. This structure allows us to reflect complex relationships between objects in a cognitive
system and optimize DMPs by dynamically adjusting the activity and interaction between
components. Integrating such mechanisms into information systems ensures their increased
adaptability, resilience, and ability to self-learn.

The mechanism of tuning classical neural networks for the correction of parameters of a cognitive
neural network allows one to model the behavior of an object without the need to take into account
its internal semantics. The formation of such a model is based on cognitive compression of
information about the object through training a neural network based on a relevant training
sample [1, 2]. The training task is divided into two key stages: determining a relevant training sample
by analyzing the relationships between the control object and the control system and tuning the
cognitive neural network using the specified samples [5, 12, 19]. The process of tuning the parameters
of a cognitive neural network involves pre-testing and taking into account subjective aspects of the
DMP. The semantic graph of the M-network, which describes a certain scenario, includes object
vertices (i-models) that reflect mental and intentional characteristics, such as emotional states. This
approach provides the possibility of interactive interaction with the cognitive neuro-fuzzy model,
contributing to the accurate assessment of the state of the DMP and considering its cognitive and
emotional factors in the DMP.

The study presents a hybrid neural model combining M-networks and adaptive resonance theories
(ART-networks), which is focused on integrating natural and Al in the process of cognitive image
analysis. Within this model, the Grossberg network performs the function of an artificial cognitive
analyzer, providing data clustering through iterative adjustment of weights. The clustering algorithm
is constructed in such a way that the first input vector X; sets the sample for forming the first cluster.
All subsequent vectors are compared with this sample using a defined metric based on calculating the
distance between the vectors. A new cluster is automatically created if the deviation exceeds a given
threshold. This approach allows the model to adapt to dynamic changes in the input data, preserving
the stability of clusters that have already been formed and, at the same time, maintaining plasticity
for the detection of new clusters. Due to this, the hybrid model provides a high level of accuracy of
cognitive analysis and efficiency in complex information systems, facilitating decision-making even
in conditions of incomplete or unclear information [6, 4, 17, 21, 22]

d(X,X;) = Z(x ik = Xji)?) (19)
=1

where X; and X; are the input data vectors, x ; and xj are their coordinates.



In the process, each input vector belongs to a specific cluster if the condition is met:
d(x,C) <6, (20)
where 0 is the vigilance parameter, (; is the cluster center. If the condition is not met, a new cluster

is created, the center of which is defined as Cy¢,, = X;.

The ART network (Adaptive Resonance Theory) provides stability and plasticity of data clustering
processes due to adaptive adjustment of weights, allowing the system to preserve existing clusters
and dynamically create new ones in a changing information environment. This approach contributes
to the effective integration of cognitive models and AI technologies, allowing decision-making
systems to adapt to new conditions and ensure the accuracy of data processing in complex
information systems. The equation describes the adaptive updating of weights in the network:

wi(;+1) = a)l(]t) + n- (xl-j - a)l(]t)), (21)
where w ;; are the neuron weights, 7 is the learning coefficient, x;; is the input signal. The algorithm
of the ART network includes several key stages: initialization of direct and feedback connections,

input vector assignment X, and calculation of neuron activity
n

a; = Xi * Wij. (22)
i=1
Neuron selection
j* =arg m}ax a;, (23)

where d(X, C;) < 6 is running, and the input image can be assigned to an existing cluster. Otherwise,
a new cluster must be created. The proposed model allows the implementation of cognitive
representation of information through adaptive weight changes and dynamic development of a
semantic graph, which corresponds to the principles of mental activity of the MSA [1, 20-22].

Evolutionary procedures for forming neural networks combined with the mechanisms of “boost-
inhibition” of M-networks provide a significant advantage, allowing the detection of previously
unknown information in a certain image space about which the MSA user had no idea. Such an ability
opens up new prospects for learning and self-learning, which are key Al systems and natural
intelligence (NI) processes. In addition, this ability serves as an important criterion for assessing the
quality of image space selection, ensuring increased efficiency of cognitive agents in decision-
making [5, 10, 14. 19, 24].

The mechanism of weight adaptation in a neural network can be described through a loss function
L(w) that is minimized during training. In updating the weights at the next iteration, t + 1 the
formula is used:

W1 = W =NV L(wy), (24)
where w; is the vector of weights at iteration t, 7 is the learning rate, V,,L(w;) is the gradient of the
loss function by weights. The degree of correspondence of abstract images created in the process of
self-learning to real images can indicate the correctness of the choice of the abstract space model.
This approach allows us to visualize the processes of cognitive analysis. It significantly contributes
to the development of control systems focused on cognitive learning in the context of models and
technologies of cognitive agents for decision-making. The integration of Al with cognitive agents
opens up new horizons for solving complex problems, where automated decision-making systems
can learn and adapt in real-time, which allows us to improve the interaction between humans and Al
significantly. This, in turn, contributes to better adaptation of systems to changing environmental
conditions, optimizing the accuracy and speed of decision-making in various areas of activity [3, 19,
25].

Visualization tools, such as the “joint activity bulletin board,” effectively manage the classification
and selection of similarity categories. This contributes to integrating bionic principles of Al systems
with cognitive models of information systems, ensuring productive interaction between Al and NI to
achieve common goals in the DMP. This approach allows us to optimize management processes in
complex information environments, ensuring the accuracy and speed of decision-making (Fig. 7). The
integration of cognitive neuro-fuzzy models into the decision-making support process makes it
possible to take into account the multiplicity and uncertainty of input data, which increases the
adaptability of the system in a changing environment. Visualization of decision-making results in
real-time makes it easier to interpret complex situations and ensures a high level of interaction
between users and intelligent systems.
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Figure 7: Cognitive neuro-fuzzy model for decision support

Model of cognitive analysis of image space [2, 9]:

L a;b;
S(A,B) = -
JEiiat S b

where S(4,B) is the diagonal similarity between the feature vectors A and B, a; b; are the
components of the corresponding vectors. The clustering process in a boost-inhibition system (M-
network), where each input vector x; belongs to an existing cluster C;, if

sl <6, @9
where y; is the cluster center Cj, 8 is the threshold value, ||*|| is the selected metric (for example,
Euclidean distance). If the condition is not met, a new cluster is created with the center py, = x.

Attention can be formalized through weight coefficients a; that reflect the importance of each
element of the vector:

n

A = ) a @)
i=1
where A(x) is the level of attention to the input vector x, the weights a; are adjusted based on
feedback from the MSA. For joint training of natural and Al, a correction mechanism is used
W1 = Wp + Y (AWartificial + AWnatural) (28)
where y is integration coefficient x, Awqrtificiar is Weight change based on Al data, Awpgeyrar iS
weight change based on the cognitive model of NI. Formulas demonstrate the interaction between
cognitive agents, neural network training, and clustering processes necessary for decision-making [6,
8].
A formula that takes into account the effectiveness of AI and NI in the DMP
Etota1 = @+ Eq + B - Enp, (29)
where Eiotq is the overall efficiency of the cognitive agent, E4; is the efficiency of Al (based on
machine learning models, neural networks, etc.), Ey; is the efficiency of NI (depends on the cognitive
characteristics of a person), a, f§ are weighting factors that determine the contribution of each type
of intelligence to the overall result [14, 15].

The algorithm for forming the best solution within the framework of models and technologies of
cognitive agents for decision-making with the integration of Al is based on the integration of Al and
NI data. This means that the DMP considers the contribution of each intelligence source—both
artificial and natural—to determine the optimal result. The algorithm uses a probabilistic approach,
which allows for a more accurate and adaptive solution, integrating the computational capabilities of
Al with the cognitive features of human thinking, which is critically important for the practical
solution of complex tasks in real conditions

Roptimal = arg rr}eax (Par(Ry) + Py (R)), (30)
where Rptimal is the optimal solution, R; is the set of possible solutions, Py;(R;) is the probability of

the correctness of the solution R; proposed by Al, Py;(R;) is the probability of the correctness of the
solution R; estimated by NL



The proposed algorithms generalize the approach to building cognitive agents that, by integrating
the advantages of Al and NI, provide more efficient and adaptive decision-making in complex
information systems. Such synergy allows systems not only to take into account a large number of
variables but also to adapt to new conditions, providing a cognitively balanced approach to solving
problems that require accuracy, flexibility, and computational power. As a result, these algorithms
contribute to optimizing DMPs in real conditions where traditional methods may not be effective
enough.

Conclusion

Models and technologies of cognitive agents for decision-making with the integration of Al constitute
a new direction that combines the capabilities of neural networks and fuzzy systems to create
intelligent solutions that can consider human cognitive characteristics and effectively process
information using Al algorithms. Modern research actively uses the agent-oriented paradigm, which
allows the creation of models of “joint activity,” focusing on the integration of human cognitive
capabilities and the computing power of Al, which increases the efficiency of decision-making.

One of the important achievements in this direction is the development of neuro-fuzzy models of
cognitive agents, which allow the adaptation of neural network algorithms to work with fuzzy data
and provide high flexibility and accuracy in complex situations. These models combine the
advantages of neural networks and fuzzy systems, using the principle of functional equivalence,
which allows for preserving the best characteristics of each technology and ensuring efficiency in
decision-making even in complex conditions of uncertainty.

The development of tools for evolutionary technologies for synthesizing and optimizing cognitive
neuro-fuzzy models significantly expands the possibilities of their application in real conditions since
these systems integrate knowledge in the form of images and learn based on semiotic modeling. This
allows us to combine different levels of information perception—from abstract to figurative—for
accurate and effective decision-making. In particular, using such approaches enables us to create more
adaptive and intelligent systems that not only process data but also interpret them, taking into
account the cognitive characteristics of the user. This ensures flexibility in decision-making and
adaptation to new conditions and situations, which makes these systems critical for solving complex
tasks in the field of AL. Combining cognitive agents with Al mechanisms allows us to create systems
that optimize the DMP, integrating an analytical approach with the intuitive perception of
information by the user. This ensures the formation of highly accurate and adaptive solutions in the
face of modern challenges.

Declaration on Generative Al

The authors have not employed any Generative Al tools.
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