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ABSTRACT:

This study explores the transformation of economic systems under conditions of overlapping systemic
crises, accelerating technological change, demographic restructuring and increasing resoutce
constraints. Particular attention is devoted to the phenomenon of the “resonance of bifurcations,”
understood as the critical convergence of technological, demographic and resource singularities
capable of generating nonlinear and amplified effects within economic systems. The research is
grounded in the theoretical framework of integrated singularity and systemic resonance, which
explains how multiple destabilizing processes interact simultaneously and intensify structural
imbalances, market volatility and institutional pressute. The article examines the mechanisms through
which economic policies, institutional instruments, innovation strategies and adaptive management
approaches influence business activity, market dynamics and the sectoral transformation of the
economy under conditions of heightened uncertainty. Special emphasis is placed on the resilience of
economic institutions, the adaptive capacity of entreprencurial ecosystems and the transformation of
resource allocation models in response to emerging global challenges. The methodological framework
integrates statistical analysis, systemic and structural-functional approaches, comparative analysis and
nonlinear risk modeling. This interdisciplinary approach enables the identification of
interdependencies between technological acceleration, demographic transition and resource
limitations, as well as their cumulative impact on economic stability and long-term development
trajectories. The findings demonstrate that the simultaneous interaction of multiple bifurcation
processes may significantly intensify macroeconomic instability, transform labor market structures,
increase pressure on strategic resources and accelerate the need for institutional adaptation. At the
same time, the study identifies potential directions for sustainable economic transformation based on
innovation-driven development, institutional flexibility, technological modernization and strategic
resilience. The results contribute to the advancement of theoretical approaches to economic
adaptation in conditions of systemic resonance and may serve as a conceptual foundation for further
interdisciplinary research on the future dynamics of global economic systems.
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1. Introduction

The creation and growth of the country's contemporary economic system,
particularly in light of the post-crisis recovery and EU integration, do not fully align with
the actual requirements and capacities of the domestic market economy or the innovative
development principles and paths outlined in strategic official documents. The
convergence of exponential technological growth, accelerated demographic decline, and
resource scarcity creates an unprecedented challenge for Ukraine’s economy. Although
each of these phenomena has been studied separately, their synchronous interaction -
referred to in this study as the “sustainable economic resilience of bifurcations” - remains
insufficiently conceptualized within economic science.

Despite the adoption and implementation of several national strategic documents
aimed at supporting economic and social development, Ukraine significantly lags
developed European countries in both quantitative and qualitative indicators of financial,
innovation and technological development (Kurzweil, 2005; European Central Bank,
2023; Abuselidze & Zoidze, 2024; FAO, 2024; Pavlovskyi et al., 2025).

Recent alarming trends regarding the impact of demographic decline on Ukraine’s
economy have led to a substantial reduction in the working-age population. This indicates
the urgent need for transformation of the socio-economic model. The system of economic
support for entrepreneurship and social services must remain at a high level. At the same
time, it requires further development, given the implementation of numerous innovations
and additional investments (Hochrainer-Stigler et al., 2020; Abuselidze & Sarjveladze,
2025).

The adaptation of various economic agents in Ukraine to innovative development
and new technologies, changes in the concept of economic regulation and support for
specific sectors with a shift toward an industrial-innovative economy, ensuring national
welfare, strengthening regional resilience and forming a new socio-economic development
model under conditions of global transformation - all these factors determine the high
relevance of this study.

In transitional economies such as Ukraine, the effectiveness of innovation-driven
recovery depends not only on technological capacity but also on the institutional
environment that governs market adaptation. Weak institutional coordination, regulatory
uncertainty and limited access to investment financing may slow the diffusion of advanced
technologies despite the increasing strategic demand for modernization. Consequently,
technological acceleration may coexist with institutional fragility, creating asymmetric
development patterns across sectors and regions. Under such conditions, economic
resonance emerges not solely as a consequence of technological shocks, but also as a result
of insufficient synchronization between innovation policies, labour market transformation
and market absorption capacities. Therefore, strengthening institutional resilience and
improving public-private coordination mechanisms become essential prerequisites for
sustainable technological adaptation and long-term economic stabilization.

Sustainable development largely depends on technological investments,
demographic planning and the use of renewable resources. These elements support the
growth of the creative economy and the development of new financial opportunities
(Xiong and Dai, 2023; Ji et al., 2023; Zoidze & Abuselidze, 2023). The most important
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clement influencing economic growth and national prosperity is the degree of
innovativeness and development of the economic system. A successful state economic
strategy significantly affects the creation of an innovation system (Good, 1966; Hanson,
2008). When promoting the growth of an innovation-driven economy, the state must play
a leading role. However, key decisions are made at the level of businesses, markets, and
investors.

The objectives of this study are: (a) to identify the temporal window of resonance
of three bifurcations for Ukraine’s economy; (b) to develop practical recommendations
for economic agents (businesses, investors, industry associations); (c) to substantiate the
need for a paradigm shift in economic planning.

The theoretical foundation of this article is based on three main research
directions: technological singularity, demographic transformations and the resource nexus.

Technological singularity. Kurzweil (2005) operationalized this idea through the
law of accelerating returns, demonstrating exponential growth in computational capacity.
Davidsson (2013) and Modis (2017), who pointed out physical limits to exponential
growth, proposed a critical perspective. The concept originates from Good (1966), who
first described the mechanism of the “intelligence explosion.” Studies modeled the
economic consequences of labor substitution by artificial intelligence (Hanson, 2008;
Abuselidze & Mamaladze, 2021). This study also considers the risks of singular events
based on Hochrainer-Stigler et al. (2020).

Demographic studies. The European Central Bank (2023) identified a critical
threshold of the demographic dependency ratio (DR > 0.5) as a zone of fiscal instability.
Eurostat projections (2024) indicate that this threshold will be crossed by 2040. Krupowicz
and Kuropka (2022) demonstrated convergence in age structures of EU-27 countries
toward a universally older population. For Ukraine, according to the Demographic
Development Strategy approved by the Cabinet of Ministers of Ukraine (2022), the
population is projected to decline to 28.9 million by 2041 under an inertial scenatio.

Resource nexus (WEF nexus). Studies of the Water—Energy—Food nexus show
that WEF systems create cascading vulnerabilities. Water scarcity affects energy
production (hydropower and thermal plant cooling), while energy shortages affect water
pumping and fertilizer production (FAO, 2024; World Bank, 2024).

Risk integration. Hochrainer-Stigler et al. (2020) proposed metrics for integrating
individual and systemic risks. These metrics serve as the methodological basis for the
economic resonance model.

2. Methodological Foundations

The investigation of economic adaptation processes under conditions of systemic
bifurcation requires the application of an interdisciplinary methodological framework
integrating both general scientific and specialized economic research methods. The
complexity of overlapping technological, demographic, and resource transformations
necessitates a combination of quantitative, systemic and analytical approaches aimed at
identifying the nonlinear nature of contemporary economic dynamics.

The statistical method was employed to process and interpret quantitative and
qualitative indicators related to the functioning of small and medium-sized enterprises,
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innovation activity, investment processes, labor market transformation and resource
provision. The empirical basis of the study includes official statistical databases, analytical
reports and institutional monitoring indicators reflecting the socio-economic development
of Ukraine under conditions of structural instability.

To assess the transmission mechanisms of economic shocks through financial,
organizational, technological, and institutional channels, the study applies systemic,
structural-functional, value-oriented and normative approaches. These methods enabled
the identification of interdependencies between market actors, institutional structures and
macroeconomic adaptation mechanisms within the context of increasing systemic
uncertainty.

Particular attention is devoted to the analysis of economic resonance as a
nonlinear phenomenon arising from the simultaneous interaction of multiple bifurcation
processes. For this purpose, a simplified nonlinear analytical model was developed to
describe the cumulative amplification of economic risks resulting from the convergence
of technological, demographic and resource singularities. The model is based on the
principle that the interaction of several destabilizing factors produces a multiplicative
rather than additive effect on economic systems.

The research also incorporates elements of comparative analysis and scenario
modeling to evaluate possible trajectories of economic transformation in Ukraine.
International experience in economic adaptation to structural crises and technological
transitions was examined in order to identify relevant strategic approaches applicable to
the Ukrainian context.

Model of Economic Resonance

For economic analysis, a simplified model is sufficient. It describes nonlinear
amplification of risks when three bifurcations coincide:

IS(6) = wyT () + wpD(t) + weR(E) + B 1_[ Sio

i=1

where:
e IS(t) — integrated resonance index (0 — no risk, >1 — critical state);
e T(t), D(t), R(t) — normalised indices of technological, demographic, and resource
bifurcations (from 0 to 1);
e w7, wD, wR — weight coefficients (sum = 1);
e (3 —resonance coefficient (=0.75, calibrated on the 2008 crisis).

The key element is the resonance term [B-sT-sD-sR. When all indices are below the
threshold (Si < 0.5), the product remains small. When all exceed 0.6, the product increases
nonlinearly, creating a “perfect storm” effect.
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Critical Thresholds for Economic Decisions
For the practice of economic analysis, the following threshold values are important:

1S(t) level System state f}sitsltl:;:g actions for business and
<04 Stable Strategic planning

0.4 -0.7 Unstable Enhanced monitoring

0.7 -0.9 Critical Business model adaptation

> 0.9 Resonance Emergency protocols

The calibration of the resonance coefficient was based on the relative interaction
intensity between demographic decline, technological transformation and resource
constraints within the Ukrainian economic system. The weighting procedure reflects the
estimated systemic influence of each factor on long-term macroeconomic stability and was
constructed using integrated comparative assessment principles derived from nonlinear
risk modelling approaches. At the same time, the study recognizes that alternative
economic crises may generate different resonance coefficients and threshold values
depending on institutional capacity, market openness, energy dependence, and geopolitical
exposure. Therefore, the proposed model should be interpreted as adaptive rather than
universally fixed, allowing for contextual modification across different economic systems.
The comparative application of the integrated resonance index to other transitional or
post-conflict economies may contribute to further refinement, empirical validation and
broader international applicability of the proposed analytical framework.

3. Discussions and Results

To achieve the objective of the study, the authors first examined statistical and
analytical official data on the economic situation in Ukraine. For further analysis of the
development of economic support measures for company structures and diverse economic
entities, certain regional and national characteristics of the economic state were identified.

3.1 Forecast Calculations for Ukraine

Three scenarios have been developed for the economy of Ukraine, differing in
assumptions regarding demographic dynamics and the pace of economic recovery.
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Table 1. Scenarios for the Economy of Ukraine by 2045

Scenatio ST sD sR 1S(2045) Resonance
window

Baseline (recovery) 0.52 0.65 0.68 0.83 2046-2050

Accelerated 0.65 0.70 0.74 0.95 2044-2048

(technological leap)

Fixtreme (demographic 0.58 0.80 0.82 1.05 2043-2047

collapse)

Source: authot’s calculations based on Kurzweil (2005); European Central Bank (2023);
Eurostat (2024); Cabinet of Ministers of Ukraine (2022).

3.2 Determination of the Resonance Window
Analysis of the dynamics of the product of the three indices allows quantitative

determination of the resonance window.

Table 2. Determination of the Resonance Window for the Extreme Scenario

Year sT-sD-sR B-I1 Resonance share IS(v)
2040 0.249 0.187 29% 091
2043 0.320 0.240 32% 0.96
2045 0.390 0.293 35% 1.02
2047 0.453 0.340 38% 1.08

The resonance share increases from 29% in 2040 to 38% in 2047. The criterion IS(t)>1.0IS(t)>1.0
(critical state) is met from 2043.

The intensity of economic resonance may vary significantly across Ukrainian
regions due to structural differences in industrial specialization, demographic trends,
infrastructure quality and post-conflict recovery conditions. Industrial regions
characterized by high energy dependence and ageing infrastructure may experience
stronger technological and financial adjustment pressures, whereas agricultural regions
may demonstrate relatively higher adaptive flexibility through the implementation of
precision farming technologies and renewable energy integration. Post-conflict territories
face additional constraints associated with population displacement, labour shortages,
damaged infrastructure and weakened institutional capacity. Consequently, regional
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heterogeneity plays a critical role in determining the resilience potential and adaptation
speed of local economic systems during periods of systemic transformation.

Thus, the economic resonance window for Ukraine is defined as 2043-2047. As
demonstrated by the integrated resonance index (IS), a sharp increase is observed after
2040, reflecting the intensification of demographic, technological and resource-related
pressures at the national level.

Under such conditions, financial and institutional support for economic and social
systems becomes critically important, particularly during periods of structural instability
and crisis transformation. The experience of several countries, including EU member
states, the United States and China, may provide valuable practical approaches for
supporting entrepreneurship and stimulating economic recovery in vulnerable and
structurally problematic regions. Furthermore, the implementation of digital initiatives in
Ukraine’s economy, combined with timely financing of innovation-otiented projects, may
contribute to strengthening regional resilience and achieving sustainable long-term
economic growth.

Therefore, the analysis of international experience in regulating regional economic
structures and supporting socio-economic development has made it possible to identify
key challenges and strategic priorities for improving the system of economic support for
entrepreneurial activity in Ukraine.

4. Economic Adaptation Strategies During the Resonance Period

Based on the identified economic resonance window, five priority areas of economic
adaptation for business, investors, and industry associations are proposed below. Each
area is substantiated by statistical data, analytical assessments, and references to
authoritative sources.

4.1 Digital Transformation of Business Processes as a Response to Labor Scarcity

One of the most significant challenges facing the Ukrainian economy during the
period of demographic decline is the rapid reduction of the working-age population.
According to Eurostat (2024), the demographic dependency ratio in Ukraine will approach
the critical threshold of 0.5 by 2040, and under the extreme scenario developed by the
author, it will exceed 0.8. Under such conditions, the only way to preserve economic
activity and competitiveness is large-scale automation of production and management
processes, as well as the implementation of solutions based on artificial intelligence.

The Ukrainian IT sector has already proven its capability: by the end of 2023,
exports of computer services reached USD 6.5 billion, making it one of the key export
items. However, as Roser (2023) rightly notes, the potential of digital technologies lies not
only in exports but also in internal transformation. Businesses that invest in the
implementation of electronic document management systems, automated supply chain
management (SCM), and Al analytics for decision-making can reduce operating costs by
30—40%. Therefore, digital transformation becomes not an alternative but a necessary
condition for the survival of enterprises during the economic resonance period of 2043—
2047.
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4.2 Precision Agriculture as a Strategic Direction for Agribusiness

The agricultural sector remains one of the key sectors of the Ukrainian economy,
but extensive farming methods are becoming increasingly less effective under conditions
of labour scarcity. According to the forecasts of Krupowicz and Kuropka (2022), the rural
population in Ukraine will decline faster than the EU average, forcing agricultural
producers to seek substitutes for human labor. The most promising solution is the
implementation of precision agriculture technologies, which involve the use of drones,
satellite monitoring, soil sensors, and automatic machine control systems.

According to estimates by the Food and Agriculture Organization of the UN
(FAO, 2024), precision agriculture can increase yields by 20-30% while simultaneously
reducing costs for plant protection products and fertilisers. In addition, automation of
routine operations (ploughing, sowing, harvesting) reduces dependence on seasonal
migrants and low-skilled labor. Thus, investments in precision agriculture technologies are
a critical element of agribusiness adaptation to the resonance period, ensuring both food
security and export potential.

4.3 Decentralised Renewable Energy

The war and constant attacks on the centralised energy infrastructure of Ukraine
have proven that the traditional energy supply model is vulnerable. As a result,
decentralisation of generation has become not only an economic but also a security
necessity. As of 2025, according to BDO Ukraine (2025), there were 2,427 renewable
energy producers operating in the country, of which over 85% were solar power plants.
Despite the war, the sector remains resilient. More than 5 GW of generating capacity has
been restored, with an additional 1 GW planned. Over €1.2 billion in international aid has
been secured to strengthen critical infrastructure. At the same time, private investments
exceed €10 billion, including contributions from the EBRD, EU, Elementum Energy,
Notus Energy, DTEK, and Octopus Energy (European Business Association, 2025).
Banks have received over 4,500 applications for project financing, resulting in the
commissioning of 705 MW of new capacity; the decentralisation process has already
covered 21 regions of Ukraine.

According to the optimistic scenario of the International Energy Agency (IEA),
by 2030 Ukraine plans to increase solar energy capacity by 77.5% (to 2 GW), wind energy
by 372.9% (to 2 GW), and bioenergy by 317.1% (to 876 MW). Globally, according to the
IEA (2025), renewable energy sources will already overtake coal as the largest source of
electricity in 2025 or 2026, and the share of solar and wind energy will reach almost 20%
by 2026 (compared to 4% ten years ago). The cost of solar panels has decreased at least
20-fold over the past 15 years, making such investments economically feasible. For
businesses, this means that investments in their own generating capacities (solar panels,
gas piston plants, hybrid systems with batteries) are not only a way to reduce risks but also
a long-term strategy for reducing electricity costs.
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4.4 Hydrogen Economy as a Promising Export Direction for Ukraine

Integration into the European energy market requires Ukraine to offer new
competitive products, among which green hydrogen produced through electrolysis using
renewable electricity occupies a particularly important position. In January 2025, the Gas
TSO of Ukraine, together with key European companies (Stadtwerke Miinchen, Wien
Energie, Open Grid Europe, bayernets, NET4GAS, eustream, CWP Europe, Hydrogen
Ukraine, UDPR Hydrogen), signed a Memorandum of Understanding on the creation of
the “Ukraine—EU Hydrogen Corridor” initiative (Gas TSO of Ukraine, 2025). According
to the agreement, the produced green hydrogen will be transported through the existing
gas transmission infrastructure, part of which is planned to be converted for hydrogen
transportation, via Slovakia, the Czech Republic, Austria and Germany. The launch of
supply operations is expected after 2030, while the feasibility study for infrastructure
conversion is scheduled to be completed within 12-18 months.

Political support for this strategic direction was consolidated in February 2023,
when the Prime Minister of Ukraine and the President of the European Commission
signed a Memorandum of Strategic Partnership between Ukraine and the EU in the field
of biomethane, hydrogen and other synthetic gases (FuelCellChina, 2025). The consortium
was established on the initiative of the Ukrainian Platform “Green Industrial Recovery”
(Systemiq, Breakthrough Energy by Bill Gates, McKinsey and Company) and received
support from the Ministry of Economy and the Ministry of Energy of Ukraine.

According to estimates by European partners, demand for green hydrogen in
Central Europe may reach several million tonnes annually by 2030—2040. Due to its
significant renewable energy potential in solar, wind, and bioenergy sectors, Ukraine may
become one of the most cost-efficient producers of green hydrogen in Europe. For
investors, this creates opportunities to participate in the development of pilot “hydrogen
valleys” in the southern and western regions of Ukraine, representing long-term strategic
projects with considerable export potential.

Future research should focus on the quantitative estimation of investment returns,
environmental externalities, and geopolitical risks associated with the development of
hydrogen export corridors in Ukraine. Comparative analysis involving emerging hydrogen-
exporting economies in Eastern Europe, the Middle East and North Africa may provide
additional insight into competitive positioning, infrastructure efficiency and long-term
sustainability prospects. Such research may also contribute to assessing the compatibility
of Ukraine’s hydrogen strategy with broader European energy transition objectives and
regional energy security frameworks.

4.5 Biocyber Convergence: The Bionic Prosthetics Market in Ukraine as a New
Investment Direction

The war has led to a significant number of amputations among military personnel
and civilians, creating unprecedented demand for rehabilitation means. According to
Muzychenko, Director General of the Social Protection Fund for Persons with Disabilities,
Ukraine is currently one of the largest prosthetics markets in the world (Interfax-Ukraine,
2025). At the same time, there is an acute problem of import dependence: over 95% of
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highly functional prostheses and 99% of bionic knee joints with microprocessor control
are imported. Domestic production covers only ~10—15% of the market (mainly simple
components: rods, fasteners, pins). A positive exception is several Ukrainian
manufacturers of bionic upper limb prostheses, which are successfully developing.

The main supplier countries of prostheses and components are Germany
(Ottobock), Iceland (Ossur), the United Kingdom, the USA, New Zealand, Poland,
Turkey, and China (the latter accounting for only ~1% of the market). According to
analytical reports by 6W Research (6W Research, 2025a; 6W Research, 2025b), the
Ukrainian limb prosthetics market is showing steady growth, and this trend will continue
at least until 2031. The most dynamic segments are bionic hand prostheses, prosthetic
knees (due to the large number of lower limb amputations), and silicone cosmetic
prostheses.

In response to this challenge, a grant program for manufacturers of bionic
prostheses is planned to be launched in Ukraine in 2026 (Interfax-Ukraine, 2025). The
programs will cover three areas: (1) support for design solutions; (2) development of viable
prototypes; (3) scaling of finished products. Investments in bionic technologies are
economically justified for several reasons: first, import substitution will allow capturing a
significant share of the huge domestic market; second, after saturating the domestic
market, Ukrainian bionic prostheses can be exported; third, every veteran or civilian who
receives a functional bionic prosthesis potentially returns to productive work, reducing
social and fiscal burdens. Thus, the development of biocyber convergence is not only a
humanitarian but also an economically viable direction of adaptation to the resonance

period.
5. Limitations of the study

The results of this study have several limitations that should be considered when
interpreting the proposed forecasts and making economic decisions:

o Forecast uncertainty (£5—7 years for the resonance window) is irreducible due to
the long-term horizon (15-25 years).

o “Black swan” risks, such as new technologies (quantum computing), wars, or
geopolitical realignments, may substantially alter the underlying assumptions of
the model.

e Demographic data limitations for Ukraine remain significant due to the absence
of updated official census data and the large-scale displacement of the population
during the crisis period.

e The relatively static nature of the proposed model does not fully account for
dynamic feedback mechanisms, particularly the possibility that technological
innovation and automation may partially mitigate demographic pressure and
labour shortages.

e Despite the significant potential of digital transformation to mitigate labour
scarcity and improve productivity, substantial inequalities in digital access and
workforce readiness remain important structural constraints. Small enterprises,
rural territories, and economically vulnerable groups may face financial limitations,
inadequate digital infrastructure, and insufficient access to retraining programs.
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Furthermore, disparities in educational quality and technological literacy may slow
the adoption of advanced digital systems and biocyber technologies. Therefore,
the successful implementation of the proposed adaptation strategies requires not
only technological investment but also inclusive institutional policies aimed at
improving digital accessibility, vocational education, and long-term workforce
transformation capacity.
Future research should focus on: (a) agent-based modelling of regional disparities
in Ukraine; (b) development of early warning indicators for business; (c) creation of
sectoral response protocols for the state of economic resonance (I15>0.9).

6. Conclusions

This article has presented the concept of economic resonance of technological,
demographic, and resource bifurcations as an analytical framework for economic analysis
in Ukraine. The study demonstrates both scientific and practical significance, as it
emphasizes the relationship between national economic policy priorities and the real
capacity of businesses to adapt through the implementation of advanced technologies and
information resources.

Main results:

e The economic resonance window for Ukraine is identified as 2043—-2047. For Europe,
this window is expected to emerge later, approximately during 2045-2050, due to less
intensive demographic decline and comparatively higher institutional resilience
(European Central Bank, 2023; Eurostat, 2024).

e Economic agents should shift their strategic focus from short-term crisis response
toward long-term “readiness for economic resonance”, implying proactive adaptation
of business models within five priority areas: digital transformation, precision
agriculture, decentralised renewable energy, hydrogen economy and biocyber
convergence.

Practical recommendations for business and investors:

e In the next 5 years (by 2030): introduce monitoring of indicators sT, sD, sR within
corporate risk management systems.

e During 2030-2040: prioritise investment implementation in the five strategic areas
substantiated in this study.

o After 2040: introduce emergency protocols for liquidity management and supply chain
resilience under conditions where IS(t) > 0.9.

The available window of opportunity for economic preparation is approximately
15 years. Therefore, businesses, policymakers, and investors should begin implementing
adaptive strategies in advance to ensure that Ukraine enters the projected resonance period
in a state of preparedness rather than systemic vulnerability.

At the same time, further empirical verification using international datasets and
comparative macroeconomic indicators remains necessary for improving the robustness
and external validity of the proposed resonance framework. Cross-country application of
the integrated resonance index may contribute to identifying both universal and country-
specific determinants of systemic economic instability under conditions of technological,
demographic and resource transformation.
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