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Abstract. The paper demonstrates the application of cognitive modeling methods to study the
functioning problems of semi-structured complex economic systems. The aim of the research
is to study the structural stability of the relationship between knowledge-intensive sectors and
regional economy using cognitive analysis. The concepts and factors influencing the studied
systems are determined, cognitive maps of the relationship between knowledge-intensive sectors
and regional economy are created, a qualitative analysis of the properties and cycles has been
carried out. Impulse and scenario modeling made it possible to draw a conclusion about structural
stability of the developed cognitive model. Various scenarios of the system’s behavior under
the influence of impulse modeling are visualized. The research results can be used to support
decision-making process due to developing strategies and policies for the balanced development
of knowledge-intensive markets and socio-economic systems.
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Аннотация. В настоящей работе демонстрируется применение методов когнитивного моделирования для изучения проблем функционирования слабоструктурированных сложных
экономических систем. Цель исследования — изучение структурной устойчивости взаимосвязи
знаниеёмких секторов и региональной экономики с использованием инструментов когнитивного анализа. Определены концепты и факторы, влияющие на изучаемые системы, разработаны
когнитивные карты взаимосвязи знаниеёмких секторов и региональной экономики, проведен
качественный анализ их свойств и циклов. Импульсное и сценарное моделирование позволили
получить выводы о структурной устойчивости разработанной когнитивной модели. Также
визуализированы различные сценарии поведения системы под воздействием импульсного
моделирования. Результаты исследования могут быть использованы для поддержки процесса принятия решений при разработке стратегий и политики сбалансированного развития
знаниеёмких рынков и социально-экономических систем.
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Introduction
In a modern post-industrial society knowledge-intensive sectors, which are intended
to create, accumulate and disseminate knowledge, became one of the most important
segments of the economy [1]. The knowledge-intensive markets have the greatest
innovative potential and act as drivers of economic development. Effective and balanced
development of knowledge-intensive sectors markets determines progressive structural
changes in the economy and affects sustainable regional development. The rapid
development of these markets in recent years makes it relevant to study the phenomenon
of their evolution, the determined factors and their systemic dynamics.
The purpose of this research is to study the structural stability of the relationship
between knowledge-intensive sectors and regional economy using mathematical instruments of cognitive analysis. To realise it, the following tasks were successively solved:
definition of concepts and factors affecting the studied systems, development of a
cognitive map, qualitative analysis of the cognitive model (analysis of properties and
cycles), impulse modeling and scenario analysis to determine the structural stability of
the socio-economic system.
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1.

Cognitive model

Cognitive modeling provides opportunities for studying the functioning problems of
semi-structured complex systems consisting of separate but interrelated elements and
subsystems, which are knowledge-intensive sectors and regional economic systems [2].
A cognitive model is a graphical and formalized representation of relationships between
concepts (objects, factors, indicators, connections and interacting systems).
Cognitive structuring is an effective tool for supporting decision-making process
in strategy development, allowing to identify objects and connections between them,
when the control object and its external environment are a complex of semi-structured
processes and factors that significantly affect each other. The use of impulse modeling
for scenarios generated under various disturbing influences allows one to determine
structural stability, predict behavior and determine possible directions of the development
of the system under study [3–7].
It is proposed to carry out a cognitive analysis of the structural stability for the
markets of knowledge-intensive services sequentially in the framework of the following
stages. At the first stage, it is necessary to develop a cognitive map (Fig. 1) of the system:
𝐺 = ⟨𝑉, 𝐸⟩,
where 𝐺 is a signed directed graph (digraph): 𝑉 is the set of vertices 𝑉𝑖 ∈ 𝑉 ,
𝑖 = 1, 2, . . ., 𝑘, which are elements of the system under study; 𝐸 is the set of arcs
𝑒𝑖𝑗 ∈ 𝐸, 𝑖, 𝑗 = 1, 2, . . ., 𝑁 , which reflect the relationship between the vertices 𝑉𝑖 and 𝑉𝑗 .
To assess the structural stability of markets in knowledge-intensive sectors, 18 indica-

Fig. 1. Cognitive model (𝐺) of the relationship between regional sustainable development
and knowledge-intensive markets
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tors will be used, including indicators: the socio-economic system of the region, population
standard of living, the intellectual potential of the economy, the intellectual potential
of society, the strategy of innovative development of the region, quality of intellectual
capital, knowledge-intensive sectors of the economy, manufacturing, knowledge-intensive
sector markets, economic competitiveness, structural (positive) shifts in economic
sectors, innovation market, educational services market, information and communication
technologies market, higher education system, investment in education, dissemination of
knowledge and innovation, risks, sustainable development of the region. The indicators’
system was selected on the basis of theoretical data on socio-economic regional systems,
using previous research, analysis of statistical data and expert assessment in the
framework of the study [8–10]. After determining the vertices, the facts of the causeand-effect relationship between them (the arcs of the cognitive map) are established. The
cognitive map imitates the structure of a real complex system with structural stability of
knowledge-intensive sectors markets.
A cognitive model of the relationship between sustainable development of the region
and the markets of knowledge-intensive sectors includes the following vertices.
1. “Regional economic system” vertex 𝑉1 , 𝑣1𝑖 ∈ 𝑉1 , 𝑖 = 1, 2, . . . 𝑘1 , determined by
the microeconomic production function, is the connecting link of regional factors of
production, such as labor, enterprises, resources and includes the share of high-tech and
knowledge-intensive industries in the gross regional product [11].
2. “Living standards” vertex 𝑉2 is the level of satisfaction of the material and spiritual
needs of people with a mass of goods and services in a certain period of time under
certain conditions.
3. “Intellectual potential of the economy” vertex 𝑉3 , 𝑣3𝑖 ∈ 𝑉3 , 𝑖 = 1, 2, . . . 𝑘1 is a set
of human, material and financial resources that are involved in two closely related key
areas of the spiritual life of society – science and economy [12].
4. “Regional innovation development strategy” vertex 𝑉4 , 𝑣4𝑖 ∈ 𝑉4 , 𝑖 = 1, 2, . . . 𝑘1 is a
set of long-term goals due to the objective needs of regional development, as well as the
activities of regional authorities to develop priority areas for the innovative development
of the region and mechanisms to ensure their implementation [13].
5. “Quality of intellectual capital” vertex 𝑉5 , 𝑣5𝑖 ∈ 𝑉5 , 𝑖 = 1, 2, . . . 𝑘1 characterizes
the system of its properties, which, firstly, corresponds to the qualitative definiteness
of this capital, and secondly, characterizes the involvement in socio-economic relations,
the nature of participation and the way of interaction with other elements of the
socio-economic system, including the quality of socio-economic relations [14].
6. “Knowledge-intensive sectors of the economy” vertex 𝑉6 describes economic sectors
in which the production of goods and services is based on knowledge-intensive activities
that contribute to a rapid pace of advancement in technical and scientific innovation.
7. “Production” vertex 𝑉7 , 𝑣7𝑖 ∈ 𝑉7 , 𝑖 = 1, 2, . . . 𝑘1 combines indicators of production
innovative activity for organizations in the region, including indicators: volume from
innovative organizations; the proportion of innovative organizations in the region; the
use of specialized software in enterprises.
8. “Knowledge Intensive Sector Markets” vertex 𝑉8 covers markets of the results of
intellectual activity, where, unlike ordinary markets, it is not knowledge that is sold, but
the conditions for its acquisition, providing access to it, reliable channels, reconstruction,
interpretation of meanings, educational texts [15].
9. “Competitiveness of the economy” vertex 𝑉9 , 𝑣9𝑖 ∈ 𝑉9 , 𝑖 = 1, 2, . . . 𝑘1 includes
indicators: the region ability to achieve high rates of economic growth that would be
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Научный отдел

A. A. Firsova, E. L. Makarova. Cognitive analysis of the structural stability

sustainable in the medium term; the productivity level in a given region; the ability of
companies in a given region to compete successfully in certain markets.
10. “Structural shifts in sectors of the economy” vertex 𝑉10 reflects in the basic ways
a market or economy functions.
𝑖
11. “Innovation market” vertex 𝑉11 , 𝑣11
∈ 𝑉11 , 𝑖 = 1, 2, . . . 𝑘1 includes indicators:
internal expenditures on research and development in the constituent entities of the
region, share of internal costs for research and development, the ratio of internal costs
for research and development to gross regional product at current prices, current and
capital costs associated with research and development; the number of personnel engaged
in research and development, the number of bearers of intellectual capital in explicit and
implicit forms; issuance of documents by constituent entities of the Russian Federation,
units (number of documents issued on inventions, utility models, industrial designs).
𝑖
12. “Educational services market” vertex 𝑉12 , 𝑣12
∈ 𝑉12 , 𝑖 = 1, 2, . . . 𝑘1 is a market
where the demand for educational services from the main economic entities (individuals,
households, enterprises and organizations, the region) and their supply by various
educational institutions interact, and includes the following indicators: funding for
educational institutions of higher education, number of bachelors, specialists, master
students — labor resources in the knowledge economy [16].
𝑖
13. “Information and communication technologies market” 𝑉13 , 𝑣13
∈ 𝑉13 , 𝑖 = 1, 2, . . . 𝑘1
includes the following indicators: the volume of investments in fixed assets aimed at the
acquisition of information, computer and telecommunication equipment at actual prices;
share of people employed in the ICT sector in the total employed population.
𝑖
14. “Higher education system” vertex 𝑉14 , 𝑣14
∈ 𝑉14 , 𝑖 = 1, 2, . . . 𝑘1 includes the
following indicators characterizing its economic and innovative components: number
of educational institutions of higher education; number of researchers with advanced
degrees; number of publications of organizations indexed in the scientific citation systems;
number of licensing agreements of an educational organization [17, 18].
15. “Investments in education” vertex 𝑉15 means tangible or intangible costs, the
purpose of which is to profit or achieve the desired results from desired education.
16. “Knowledge/innovation spillover” 𝑉16 describes the process of innovations’ dissemination in society, the regularity of the new products, technologies, ideas dissemination
among potential consumers (users) from the moment of their appearance [19].
17. “Risks” vertex 𝑉17 shows risks arising from adverse changes in the economy of
the region and risks due to changes in the political environment (national or global)
affecting entrepreneurial activity of the region [2].
18. “Sustainable development of the region” 𝑉18 is a complex process leading to
the solution of population problems at the regional level, to increase improvement of
the living conditions of the region’s inhabitants by achieving balanced socio-economic
development [20].
A cognitive map of the relationship between sustainable development of the region
and the markets of knowledge-intensive sectors was developed using the software system
CMLS (Cognitve Modeling Large System) [21].
In the cognitive map 𝐺, solid lines show the influence sign “+” between the vertices of
the model, meaning “an increase/decrease in the signal in 𝑉𝑖 leads to an increase/decrease
in the signal in 𝑉𝑗 ”; the dash-dotted lines show the influence sign “−” between the model
vertices, meaning “an increase/decrease in the signal in 𝑉𝑖 leads to a decrease/increase
in the signal in 𝑉𝑗 ”.
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2.

Model characteristics’ calculation

After the development of the cognitive map at the second stage of cognitive
modeling, the analysis of the model’s properties was performed, such as its resistance to
disturbances, structural stability, path and cycle analysis, connectivity analysis, etc.
Fig. 2 shows the cycles’ analysis results of the cognitive map 𝐺 (Fig. 1) and one of
the positive cycles is highlighted in green. Fig. 3 shows an example of a negative cycle
highlighted in purple.
The cognitive model cycles’ analysis of the relationship between the sustainable
development of the region and the markets of knowledge-intensive sectors showed that
this system contains 682 cycles, including 661 cycles of positive (reinforcing) and
21 cycles of negative (stabilizing) feedback. Positive cycles have an even number of
negative arcs or do not have them at all; negative cycles contain an odd number of
negative arcs. The system is considered structurally stable if there is an odd number
of negative cycles in it. According to this criterion, the analyzed system is structurally
stable.

Fig. 2. Highlighting the positive cycle of the vertex 𝑉1 “Socio-economic system
of the region” (color online)
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Fig. 3. Highlighting the negative cycle of the vertex 𝑉1 “Socio-economic system
of the region” (color online)

3.

Scenario modeling

As part of the third stage, we will analyze the results of scenario modeling for the
sustainable development of the region and the markets of knowledge-intensive sectors.
The CMSS program allows impulse modeling — an impulse processes’ simulation
of a cognitive map for the relationship between sustainable development of the region
and the markets of knowledge-intensive sectors by introducing impulses, interpreted
in accordance with the task at hand, as “disturbing” or “controlling”. It is possible to
introduce disturbances of different magnitude (normalized) to any of the vertices, as well
as to their combination.
Scenario 1. To construct the chosen scenario, let us assume that the state of
knowledge-intensive sector markets is improving in the system: disturbing impulse
𝑞8 = +1; vector of actions 𝑄1 = {𝑞1 = 0; 0; 𝑞8 = +1; 0; . . . ; 0}. In Fig. 4 and the Table,
the results of impulse modeling are visualized according to a scenario that imitates the
impact of improving the state of knowledge-intensive sector markets on the processes in
the socio-economic system of the region, the impulse enters one peak.
An improvement in the state of knowledge-intensive sector markets after the 4th
cycle leads to an increase in all indicators in general and a sharp decrease of Risks (𝑉17 ),
and after 𝑛 > 4, a particularly rapid growth of all factors is observed.
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Table
Scenario “Improvement of the knowledge-intensive sector markets state” revolting impulse
𝑞8 = +1
Step/Vertex
VI. Regional
economic system
V2. Living
standards
V3. Intellectual
potential of the
economy
V4. Regional
innovation
development strategy
V5. Quality of
intellectual capital
V6. Knowledgeintensive sectors of
the economy
V7. Production
V8. KISM —
Knowledge
Intensive Sector
Markets
V9. Competitiveness
of the economy
V10. Structural
shifts in sectors of
the economy
V11. Innovation
market
V12. Educational
services market
V13. Information
and communication
technologies market
V14. Higher
education system
V15. Investment in
education
V16. Spillover
knowledge/innovation
V17. Risks
(Financial,
Production, Market)
V18. Sustainable
development of the
region
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Fig. 4. Graphs of impulse processes at the vertexes 𝑉1 –𝑉18 of the scenario “Improvement
of the knowledge-intensive sector markets state”

Impulse

Scenario 2. To construct the chosen scenario, let us assume that the system is
undergoing a comprehensive improvement in the state of the “Innovation market”,
“Educational services market”, “Information and communication technologies market”
subsystems, while “Risks” are increasing: disturbing impulses 𝑞11 = +1; 𝑞12 = +1;
𝑞13 = +1; 𝑞17 = +1; vector of actions 𝑄1 = {𝑞1 = 0; 0; . . .𝑞11 = +1; 𝑞12 = +1;
𝑞13 = +1; 0; . . .; 𝑞17 = +1; 0}.
In Fig. 5, the results of impulse modeling are visualized according to a scenario that
simulates the effect of a complex improvement in the state of subsystems, the impulse
enters four vertices.
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Fig. 6. Graphs of impulse processes at the vertexes 𝑉1 –
𝑉18 of the scenario “Сomplex improvement in the state
of the “Innovation market” and “Educational services
market” subsystemswith simultaneous deterioration of
"Investment in education"and an increase in “Risks”

are increasing: disturbing impulses
𝑞11 = +1; 𝑞12 = +1; 𝑞15 = −1;
𝑞17 = +1; vector of actions
𝑄1 ={𝑞1 = 0; 0; . . . 𝑞11 = +1;
𝑞12 = +1; 0; . . . 𝑞15 = −1; 0;
. . . 𝑞17 = +1; 0}. The results of
impulse modeling according to a
scenario that simulates the effect
of impulses on the general state of
the system is visualized in Fig. 6,
the impulse enters four vertices.
The chosen scenario leads
to an unsustainable situation
at all the vertexes 𝑉1 -𝑉18 for
the region and the knowledgeintensive sectors markets. This
situation shows that “Investment
in education” is crucial for the
whole socio-economic system of
the region.

Conclusion
The paper demonstrates the abilities of the software system CMLS (Cognitve Modeling
Large System) while using the cognitive analysis methodology for solving management
problems and assessing the structural stability of the relationship between knowledgeintensive sectors markets and the regional economy. The structural stability of the
semi-structured complex system was established by analyzing the cycles of the cognitive
map. Impulse and scenario modelling in this model and analysis of variable scenarios
were carried out.
The presented methodological approach makes it possible to model the behaviour of
the studied systems in response to disturbing influences and to analyze possible predictive
development scenarios. The research results can be used as decision support program
tools in substantiating strategies and developing a policy for the balanced development of
knowledge-intensive sectors markets and the socio-economic system of regions.
References
1.
2.

3.

4.
410

Miles I. Knowledge intensive business services: prospects and policies. Foresight, 2005,
vol. 7, no. 6, pp. 39–63. https://doi.org/10.1108/14636680510630939
Makarova E. L. Сognitive modeling of balanced development of regional system of
higher education subject to the needs of a region. Vestnik Permskogo universiteta. Seria
Ekonomika [Perm University Herald. Economy], 2018, vol. 13, iss. 4, pp. 516–531 (in
Russian). https://doi.org/10.17072/1994-9960-2018-4-516-531
Axelrod R. Structure of Decision: The Cognitive Maps of Political Elites. Princeton
Legacy Librari, vol. 1707. Princeton University Press, 2015. 422 p. Published by Princeton
University Press 1976. https://doi.org/10.1515/9781400871957
Siljak D. D. Stability of large-scale systems under structural perturbations. IEEE Transactions
Научный отдел

A. A. Firsova, E. L. Makarova. Cognitive analysis of the structural stability

5.

6.
7.

8.

9.

10.

11.

12.

13.
14.

15.

16.

17.

18.

on Systems, Man, and Cybernetics, 1972, vol. SMC-2, iss. 5, pp. 657–663. https:
//doi.org/10.1109/tsmc.1972.4309194
Zgurovsky M. Z., Romanenko V. D., Milyavskiy Y. L. Principles and methods of impulse
processes control in cognitive maps of complex systems. Part I. Journal of Automation
and Information Sciences, 2016, vol. 48, iss. 3, pp. 36–45. https://doi.org/10.1615/
jautomatinfscien.v48.i3.40
Kosko B. Fuzzy cognitive maps. International Journal of Man-Machine Studies, 1986,
vol. 24, iss. 1, pp. 65–75. https://doi.org/10.1016/S0020-7373(86)80040-2
Ginis L. A. Methodological basis of simulation and cognitive modelling technology of socioeconomic systems. Journal of Physics: Conference Series, 2020, vol. 1661, pp. 012035.
https://doi.org/10.1088/1742-6596/1661/1/012035, EDN: VNBFMB
Gorelova G. V., Pankratova N. D., Borisova D. V. Problems of interregional integration,
cognitive modeling. IFAC-PapersOnLine, 2019, vol. 52, iss. 25, pp. 168–173. https:
//doi.org/10.1016/j.ifacol.2019.12.467
Ginis L. A., Gorelova G. V., Kolodenkova A. E. Cognitive and simulation modeling of
socioeconomic systems. Advances in Computer Science Research, 2017, vol. 72, pp. 50–54.
https://doi.org/10.2991/itsmssm-17.2017.12
Firsova A., Makarova E. Cognitive modelling the impact of a regional system of higher
education in the innovative development of the region. Izvestiya of Saratov University.
Economics. Management. Law, 2015, vol. 15, iss. 4, pp. 411–417 (in Russian). https:
//doi.org/10.18500/1994-2540-2015-15-4-411-417
Makarova E. L., Firsova A. A., Tugusheva R. R. Institutional management elaboration
through cognitive modeling of the balanced sustainable development of regional innovation
systems. Journal of Open Innovation: Technology, Market and Complexity, 2020, vol. 6,
iss. 2, Art. 32. https://doi.org/10.3390/joitmc6020032
Saibonova L. N. Intellectual potential of the region in conditions of information integration.
Statistics and Economics, 2014, no. 6 (2), pp. 340–345 (in Russian). https://doi.org/10.
21686/2500-3925-2014-6(2)-340-345, EDN: TKVUAJ
Pikanov M. I. Formation of the strategy of innovative development of the region. Economic
Sciences, 2011, no. 4 (77), pp. 58–62 (in Russian). EDN: OYUCEZ
Daineko V. G., Daineko E. U. Quality of intellectual capital and modernization of the
institution of its control. Bulletin of Voronezh State Technical University, 2011, vol. 7,
iss. 9, pp. 78–81 (in Russian). EDN: OESMJH
Tugusheva R. R. Demonstration of fictitious in intelligent goods at the economy knowledge.
Izvestiya of Saratov University. Economics. Management. Law, 2016, vol. 16, iss. 4,
pp. 390–394 (in Russian). https://doi.org/10.18500/1994-2540-2016-16-4-390-394
Simchenko N. A., Berkovich M. L. Ecosystem designing for the development of universities
in a digital environment. Perspektivy nauki i obrazovania [Perspectives of Science and
Education], 2021, vol. 49, iss. 1, pp. 491–505 (in Russian). https://doi.org/10.32744/pse.
2021.1.34
Daneykin Yu. V., Ivanova O. P., Trifonov V. A. University contribution to the development
of the region: ecosystem approach. Perspektivy nauki i obrazovania [Perspectives of
Science and Education], 2021, vol. 53, iss. 5, pp. 591–606 (in Russian). https://doi.org/10.
32744/pse.2021.5.40
Fakhreeva V. V. Characteristics of the market for educational services of continuing
education in Russia. Social and Economic Development of the Asia-Pacific Region:
Problems, Experience, Prospects, no. 1, 2018, pp. 235–241 (in Russian). EDN: VKAHEW

Информатика

411

Изв. Сарат. ун-та. Нов. сер. Сер.: Математика. Механика. Информатика. 2022. Т. 22, вып. 3

19.

20.

21.

Evdokimov S. A. Prospects of development of regional economic models of diffusion
evaluation for innovative goods-complement. The Humanities and Social Sciences, 2013,
no. 3, pp. 9–17 (in Russian). EDN: RABYXT
Podprugin M. O. Sustainable development of the region: The concept, the basic approaches
and the factors. Rossiyskoe predprinimatelstvo [Russian Journal of Entrepreneurship],
2012, no. 24 (222), pp. 214–221 (in Russian). EDN: PKIMTZ
Gorelova G. V., Kalinichenko A. I., Kuzminov A. N. Program for cognitive modeling and
analysis of socio-economic systems at the regional level. Certificate of state registration
of the computer program No. 2018661506 Russian Federation. EDN: WPRXPM

Поступила в редакцию / Received 04.03.2021
Принята к публикации / Accepted 29.04.2022
Опубликована / Published 31.08.2022

412

Научный отдел

