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ABSTRACT 

The rapid advancement of Web 4.0, or the Symbiotic Web, marks a pivotal shift in the evolution of the Internet, characterized 
by immersive digital experiences and intelligent, decentralized ecosystems. This paper explores the intersection of Web 4.0, 
the Metaverse, and quantum security, focusing on the urgent need to secure digital infrastructures against the growing threat 
of quantum computing. As the Metaverse becomes a dynamic driver of digital transformation and economic development, 
the integration of post-quantum cryptography and quantum-resistant systems is essential for ensuring data privacy, digital 
sovereignty, and cyber resilience. The study examines key technological trends - including AI, blockchain, XR, and the 
Industrial Metaverse - within the context of current geopolitical risks, particularly the war in Ukraine. It highlights 
international quantum strategies, post-quantum encryption standards, and emerging architectures such as quantum 
blockchain. The authors argue that a proactive approach to quantum security is imperative for safeguarding future virtual 
environments, emphasizing Ukraine’s strategic opportunity to build a robust and ethical quantum ecosystem. 
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Introduction. 

Web 4.0, also known as the Symbiotic Web, is conceptualized in the scientific literature as the next 

generation of the Internet, in which integrated and interacting digital and real-world objects and environments 

create a highly engaging user experience [1]. The evolution of the Internet into a digital ecosystem has 

witnessed significant growth in interest since late 2021, particularly following Facebook's rebranding as Meta 

and the widespread adoption of the term "Metaverse" [2].  According to McKinsey & Company, the Metaverse 

is defined as an evolving digital space enabled by three-dimensional (3D) environments that employ virtual 

and augmented reality, along with other advanced Internet technologies [3]. These virtual worlds enable users 
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to disconnect from the physical world and engage with content in an immersive, scalable, synchronous, and 

persistent environment, thereby providing a heightened sense of telepresence [4]. 

On Web 4.0 platforms, it is possible to create a space for secure and personalized interaction with web 

applications and services [5]. It is considered that Web 4.0 or webOS will function in parallel with the human 

brain as an operating system in a network of highly intelligent interactions in the next stage of Internet 

development [6], which will combine existing technologies such as artificial intelligence (AI), digital twins, 

blockchain, as well as augmented, mixed and virtual reality [7]. 

 

The characteristics that define Web 4.0 at this stage of development are: a decentralized ecosystem based 

on the blockchain infrastructure of Web 3.0 and giving users greater control and ownership of their data; AI-

based autonomy, which can optimize decentralized governance by managing token economies or voting 

systems without human intervention; an immersive and spatial Internet, where Web 4.0 will integrate 3D 

environments, augmented (AR) and virtual reality (VR) to create a more engaging Internet; empowering users, 

especially in terms of identity management (Self-sovereign identity, SSI) and post-quantum security, which 

ensures that decentralized systems remain protected even from the most advanced computing threats. In this 

context, the Metaverse emerges as a dynamic innovation platform of numerous online communities and users, 

which helps to rethink interaction with the world around us and can lead to an acceleration of the transformation 

of the digital economy and the digital sovereignty of the state. The immersive and interactive features of virtual 

worlds are one of the main driving forces of the evolution from Web 3.0 to Web 4.0 in various sectors of the 

economy, which necessitates the implementation of security and privacy protection measures . [8]. 

Russia's full-scale invasion of Ukraine in February 2022 requires a radical rethink of the risks and threats 

to economic security, with increased support for Ukraine's digital and post-quantum security. The issue of 

post-quantum security is one of the defining topics of scientific research and development, which will ensure 

data protection in the future, where quantum computers become a reality, capable of breaking almost all public 

key schemes currently in use. Scientists define military quantum security as a dynamic new socio-legal 

category of scientific research that reveals global threats of cybermodernity and requires detailed study [9]. It 

is predicted that quantum technologies, due to their potential, represent the phenomenal digital communication 

in modern information wars of the 21st century that foreshadows cardinal changes in the conditions of warfare. 

Therefore, regardless of the actual time of the advent of the era of quantum computing, scientists are already 

faced with the task of preparing information security systems to resist quantum computing (QC). 

The evolution of the paradigm from Web 3.0 to Web 4.0, based on numerous models, technologies, and 

social relationships, represents a transformative concept for integrating the physical and digital spheres and 

promotes the development of new technologies and their interaction, such as the Internet of Things (IoT), big 

data analytics, cloud computing, AR and VR, distributed ledger technologies (DLT), robotics, additive 

manufacturing, and quantum computing (QC). This paradigm shift is based on global access to information 

through computer networks, which play a crucial role in various spheres of life to ensure cybersecurity based 

on the implementation of cyber-physical systems (CPS). Consequently, increasing attention is being paid to 

network security in the context of achieving a high level of security for network and information systems (NIS) 

under the EU Directive on NIS. [10]. 

The Global Governance of Web 4.0 (Web4Hub) [11] is being considered by the European Commission 

in the context of the strategy for shaping Web 4.0 and virtual worlds through the implementation of the pilot 

project “Space for the Metaverse – Virtual World and the transition to Web 4.0” as one that adds the use of 

innovative technologies and reliable blockchain transactions to provide an intuitive, immersive experience [12]. 

In the European Commission’s report on the prospects for the development of the EU economy after 2030, it 

is noted that the global market for virtual worlds will grow from €27 billion in 2022 to over €800 billion by 

2030 [13]. At the same time, it is emphasized that the integration of Web 4.0 applications still poses numerous 

challenges, especially related to the integration of AI agents capable of operating in decentralized 

infrastructures, which play a key role in providing network intelligence [14]. The Council of Europe's Digital 

Agenda for 2022-2025 points to the Metaverse as a development that poses both complex challenges and 

significant threats. A published report by Deloitte states that the foundation of the Metaverse is the continuous 

optimization of users' digital life experiences and knowledge through Extended Reality (XR) and the 

continuous iteration of XR technologies and equipment [15]. In this context, the term Extended Reality 

encompasses various technologies that create interactive environments by combining the real and virtual 

worlds, or by complete virtualization, which includes virtual reality (VR), augmented reality (AR), and mixed 

reality (MR). 
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As a result of the transition from Industry 4.0 to Industry 5.0, technological progress enhances the 

interaction between humans and machines and supplements real capabilities through the interactive 

visualization modes provided by Metaverse technology. The results of a systematic literature review indicate 

that Metaverse technologies, primarily AR and VR, have become powerful tools in manufacturing [16]. The 

Industrial Metaverse and Generative Artificial Intelligence (Generative AI, GenAI) are seen as a new trend 

ushering in a new era in the industrial digital landscape: real-time 3D visualization technologies (RT3D) with 

shared immersive RT3D applications, assets, and services. For example, Siemens has announced the launch 

of the AI-based "Industrial Metaverse" initiative, which aims to accelerate innovation and increase resilience, 

enabling solutions to key problems in entire industries [17]. This is also facilitated by the Pentagon’s 

"SKYblue" initiative, which helps create databases for situation analysis and use AI in financial and personnel 

management systems, taking into account possible risks and forming a "military laboratory of the future," 

which allows for storing data in a secure, distributed network, as well as interacting and creating innovative 

applications and services through the use of smart contracts. 

According to a Meticulous Research report, published in June 2025, the industrial Metaverse market is 

experiencing extraordinary growth. Its market valuation is projected to grow from US$48.2 billion in 2025 to 

an expected US$600.6 billion by 2032, representing a compound annual growth rate of 20.5% over the forecast 

period [18]. The growth of the industrial Metaverse market expansion reflects the rapid adoption in many 

sectors of the economy of immersive digital technologies that merge physical and virtual environments, 

particularly in manufacturing, engineering, and operational processes, and create a new stage for the formation 

of effective innovative business models. 

According to forecasts, the integration of XR technologies creates exciting industrial environments, 

while cloud computing and AI integration improve scalability to support industry competitiveness and drive 

innovation. The key players in the industrial Metaverse security market are currently leading companies such 

as Oracle Corporation, Microsoft, NVIDIA, IBM, Cisco Systems Inc. in the USA, Arm Limited in the UK, 

ABB Ltd. in Switzerland, Siemens AG, Robert Bosch GmbH, SAP SE in Germany, as well as industrial 

software and hardware suppliers such as Dassault Systèmes SE in France [19]. 

At its core, the Industrial Metaverse is a digital ecosystem where physical assets, manufacturing 

processes, and supply chains are reflected as virtual twins, which allow organizations to model, control, and 

optimize industrial operations in real time and achieve a growth of US$150 billion for the Industrial Metaverse 

by 2035, according to predictions by GLOBE NEWSWIRE [20]. However, this process is complicated by the 

full-scale invasion of Ukraine by the Russian Federation, which necessitates joint decisions regarding the 

inclusion of quantum technologies in dual-use goods and qubit circuits that contain or support physical qubit 

networks under the Wassenaar Arrangement, in which countries agree to maintain transparency in the export 

of conventional arms and dual-use goods [21]. Such commitments place the issue of further development and 

implementation of quantum technologies at the center of the international community's attention. For example, 

the United States and China have already elevated quantum technologies to the level of global technological 

competition, where the product is a quantum computer, with the US focusing on computing and China on 

communications [22]. European countries are leaders in quantum technology research, with traditional 

European research strengths. Nobel laureate Anton Zeilinger [23] laid the foundation for the implementation 

of the European Quantum Communication Infrastructure (EuroQCI). The design, development, and 

deployment of EuroQCI is based on both a terrestrial segment (fiber-optic communication networks) and a 

space segment (satellites) [24]. In fact, the EU recommendations concern the need for a coordinated approach 

to Europe's transition to a quantum-secure digital infrastructure [25], while the G7 cybersecurity expert group 

emphasizes combating the risks to the financial sector associated with quantum computing [26]. The 

International Telecommunication Union is also considering the issue of strengthening global digital 

cooperation to build a more inclusive and sustainable information society by establishing international 

technological standards [27]. 

Currently, leading countries worldwide are working on long-term joint research projects that will enable 

the practical application of quantum computers in the future, both in terms of hardware and software. For 

example, Japanese companies Fujitsu and RIKEN plan from 2025 to 2029 to provide large-scale quantum 

computers to global companies and research institutions for joint research in various fields, including finance. 

In essence, large-scale quantum computers are currently largely experimental and pose risks to existing 

cryptographic protocols used to protect data in the Metaverse. In addition, quantum computers are extremely 

sensitive to noise and interference, which is a serious limitation to their widespread adoption and will require 
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millions of qubits that can operate without errors indefinitely. Furthermore, any two-level quantum system can 

be used as a qubit. 

Scientists are currently developing various methods for quality control of post-quantum cryptography 

(PQC), which allows systems to remain protected even from the power of quantum computing. New encryption 

algorithms to protect against quantum computer attacks are now laid out in the initial set of quantum-resistant 

encryption standards from the US National Institute of Standards and Technology (NIST) and initiated by 

financial institutions to assess the risks of quantum computing within their areas of responsibility [28]. 

To protect the integrity of the Metaverse, the implementation of quantum-resistant cryptography is 

becoming essential. Recently, the most common methods for protecting against quantum computer attacks 

include Quantum Key Distribution (QKD), a technology that uses the laws of quantum mechanics to ensure 

security, unlike classical methods that rely on the computational complexity of mathematical problems. 

Scientists Sun, S., and Huang, A., while assessing the security of a practical quantum key distribution system, 

concluded that there is a need for analyzed and controlled parameters for certain quantum hacking strategies 

[29]. However, as the scientists note, establishing thresholds for these security parameters remains an open 

issue in practice, as a general security model that includes all parameters is still unavailable [30]. 

Scientists are continuing research into high-performance discrete-modulation and continuous-variable 

quantum key distribution over long distances (CV-QKD) [31], multi-particle entanglement in noisy quantum 

networks [32], routing schemes for quantum key distribution in hybrid-trusted QKD network systems [33], 

security analysis for practical quantum key distribution with arbitrary encoding schemes [34], quantum 

information processing based on quantum blockchain architecture [35], and more. 

Scientists consider the development of new classical cryptographic algorithms, so-called post-quantum 

cryptography (PQC), to be resistant to attacks from future quantum computers. In 2024, NIST approved the 

first post-quantum cryptography standards-CRYSTALS-Kyber, CRYSTALS-Dilithium, and SPHINCS+-

which form the basis for secure communications in the post-quantum era [36]. Modern cryptographic security 

protocols that provide secure communication channels over a network (e.g., SSL and TLS) rely on public-key 

algorithms that can be easily broken by powerful quantum computers using Shor's quantum factorization 

algorithm, which allows for factoring a number in polynomial time using logical qubits [37]. 

The implementation of post-quantum encryption algorithms to replace traditional encryption methods 

is a particularly important step in ensuring the protection of confidential information from potential threats in 

an era of rapid technological development. As a result, quantum computing has made significant progress in 

demonstrating quantum advantages over the past decade [38]. For instance, physicists at the University of 

Oxford conducted an experiment to create practical quantum computers that can solve specific problems 

regarding the precision of qubit control, which allows for reducing errors to 1 in 6.7 million [39]. Microsoft 

has also developed a new way to correct errors in quantum computing using innovative 4D encoding, which 

can improve the accuracy of quantum computing by a factor of 1000. IBM has announced the development of 

quantum error correction methods, which they predict will lead to the development of a demonstrably useful 

quantum computer by 2029 [40]. 

In essence, quantum security for building more reliable information protection and communication 

network systems - and for developing security measures - is based on the principles of quantum mechanics 

and their unique properties, such as superposition, entanglement, and uncertainty, to counter both traditional 

and quantum attacks. On the one hand, this poses threats to current cryptographic foundations, including those 

of Web 4.0. On the other hand, it offers unprecedented opportunities to create entirely new information security 

methods, which requires legislative and regulatory action to accelerate the implementation of post-quantum 

cryptography and the modernization of IT systems-both of which play a critically important role in ensuring 

economic security [41]. 

Science and technology megaprojects are a major component of long-term research and development 

plans for the creation and implementation of quantum computers, which requires the implementation of priority 

measures for the development of quantum science to shape the future Metaverse and a proactive approach to 

security and the development of new standards in the following directions: 

- increasing computing power and data processing speed, which will allow for the creation of much 

more complex, realistic, and interactive virtual worlds, simulations, and practical experiences; 

- accelerating and improving AI and machine learning algorithms, which will allow for the creation of 

realistic avatars and non-player characters; 

- creating accurate models of physical processes, chemical reactions, and biological systems, which can 

be used for medical simulations, engineering design, and scientific research in virtual space; 
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- developing quantum-resistant blockchain solutions for decentralized ownership and secure 

transactions in the Metaverse; 

- increasing the level of user immersion in the Metaverse based on quantum technologies that could 

potentially impact sensory and other interfaces; 

- providing access to quantum computing through cloud platforms, allowing for rapid prototyping and 

testing of ideas without the need to purchase expensive equipment. 

Recent studies show that the number of qubits needed to break traditional encryption has dramatically 

decreased from 1 billion in 2012 to only 1 million in 2025. Experts predict that by 2030, quantum computers 

will be able to decrypt current encrypted Internet traffic [42]. While quantum-enhanced authentication methods 

can significantly improve the security of endpoints and IoT devices, as an integral part of Web 4.0, this process 

will require a major upgrade of existing systems, protocols, and security standards that underpin metadata. 

Despite its significant advantages, quantum security currently faces challenges. Among the most 

significant are: 

- transition and coordinated implementation to post-quantum cryptography by the end of 2026 according 

to the recommendations and the EU roadmap for the transition to PQC [43]; 

- long-distance transmission of quantum keys remains challenging, which is a technological limitation 

for global scaling for all types of data [44]; 

- building and maintaining a quantum data transmission infrastructure, especially in cloud environments, 

requires special fiber optic cables, quantum repeaters, and equipment where each photon is transmitted 

individually, which slows down the process. The transition to PQC also poses significant financial challenges. 

For comparison, the US federal government's migration to PQC between 2025 and 2035 is estimated to cost 

approximately $7.1 billion [45]; 

- lack of visibility of cryptographic assets, which makes it difficult to determine the need for their update. 

Web 4.0 contains a huge number of documents where confidentiality and security are crucial for big 

data. As experts note, 90% of the world's digital data has been generated in the last two years, and the volume 

of data grows by 50% every year [44]. Data is the basis for forecasting, planning, and adjusting information 

that underlies combinations and visualizations on the Internet. The digital transformation of Ukraine's economy 

means a transition to an economic model centered on digital data and network transactions as primary resources 

and tools. AI-based predictive analytics, which is now being integrated into Metaverse platforms thanks to the 

availability of data and complex algorithms (natural language processing, computer vision, generative AI, etc.), 

currently allows for the analysis of large volumes of data and the improvement of present-day conceptual 

decision-making. 

The presence of big data in the Metaverse means a change in traditional measurement methods in three 

different aspects: the amount of data (volume), the speed of data generation and transmission (velocity), and 

the heterogeneity of structured and unstructured data types (variety) [45]. The basis of such a statistical dataset 

is a set of observed values formed by a group of dimensions, along with associated metadata. To exchange 

statistical data in practice, the Data Cube Vocabulary is used, according to the standard of the Global Initiative 

for improving the exchange of statistical data and metadata (SDMX) [46], which allows representing such 

information using the semantic web with a Resource Description Framework (RDF) from a multidimensional 

perspective. The Data Cube Vocabulary is the foundation that supports extended vocabularies, which allow 

for the publication of statistical data streams or other multidimensional datasets [47]. Thus, information is 

stored in a data warehouse in the form of multidimensional cubes that are interactively queried for real-time 

decision-making (online analytical processing, OLAP) [48]. Despite the fact that analytical AI is widely 

implemented in various sectors of the economy, generative artificial intelligence remains in the early stages of 

implementation [49]. 

However, big data in the Metaverse increases the scale of problems related to confidentiality and security, 

and adds new ones that must be addressed through various methods and measures [50]. In this regard, research 

into the specific impacts of quantum technologies on changes in the real economy is gaining more substantive 

understanding, as it is a condition for ensuring quantum security in the Metaverse from the standpoint of 

advancing towards a quantum economy and intensifying these processes for the future. 

Qubits, as the fundamental units of quantum information, are the basic building blocks of quantum 

computing, and the construction of quantum computers begins with the implementation of physical qubits. 

Physical qubits are inherently prone to errors and noise, making error correction essential for preserving the 

integrity of quantum information using “logical” qubits [51]. 
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Recently, the experimental implementation of logical qubits has been demonstrated on leading quantum 

platforms, such as superconducting qubits, trapped ions, and neutral atom arrays [52]. The results of these 

experiments have shown significant potential for the realization of medium-scale logical quantum information 

processors with logical qubits in the near future. However, due to the limitations of current quantum computing 

systems, the development of fully fault-tolerant quantum computers requires significant efforts to ensure 

security in various areas, particularly in the hardware aspect of qubits. 

To provide enhanced protection against future quantum attacks, scientists propose applying the potential 

of the quantum blockchain on a specialized Metaverse platform [53]. This approach is based on multilateral 

spatial data exchange and authentication using Quantum Multilateral Secret Computation (QMSC), integrated 

with a quantum blockchain network, thereby creating a highly secure environment [54]. The exchange of secret 

information, as a key research area in this field, has demonstrated its effectiveness in numerous applications, 

such as privacy protection and digital forensics. These and other security issues regarding the principles of 

global governance for Web 4.0 and virtual worlds were the subject of discussion at the European Commission's 

High-Level Global Multi-Stakeholder Conference in March 2025, and will be taken into account in the 20-

year review of the World Summit on the Information Society (WSIS+20) [55]. 

Thus, quantum science is simultaneously a source of both significant threats and limitless opportunities 

for the Metaverse. The successful development of this sphere will require a proactive approach to security and 

the development of new standards in shaping digital sovereignty as the ability to control national digital assets 

[56]. This, in turn, requires the creation of a shared ecosystem for the comprehensive study of the potential of 

quantum technologies and the development of a joint strategy for regulating their potential [57]. According to 

scientists' conclusions, quantum technologies already have significant potential for the development of the 

communications sector, increasing situational awareness, timing, navigation, modeling, simulation, computing, 

and more, which are embedded in the strategic documents of many countries. Examples of countries that have 

adopted regulatory documents governing the implementation of quantum technologies include the USA [58], 

China [59], the United Kingdom [60], Canada [61], Australia [62], Ireland [63], and NATO [64]. 

 

Conclusions. 

In Ukraine, at this stage, only the implementation of an experimental project on declaring the conformity 

of complex information protection systems in information, electronic communication, and information-

communication systems created using information security profiles [65] and the protection of information, 

electronic communication, information-communication, and technological systems [66] has been initiated. 

Adopting an effective quantum strategy for Ukraine as a model for future development is a critically important 

step toward achieving digital sovereignty in conditions of war and post-war recovery and creating a reliable, 

ethical, and inclusive quantum ecosystem. In wartime, this process is complicated, as specific threats and 

challenges are added that affect data security, quantum computing, sensing, and communication. Therefore, 

building an effective system of quantum security in the metaverse and developing effective strategies and 

methods to counter threats must be a priority for ensuring the state's quantum security. By addressing these 

issues, Ukraine can navigate the evolving digital landscape of the Metaverse while ensuring that data privacy 

and quantum security remain top priorities in its legal and technological development. To describe the 

conceptual model of quantum security in the Metaverse, a high-level architecture of a big data system can be 

used, which includes a set of elements that facilitate the definition of security requirements and allow for a 

better understanding of threats and vulnerabilities [67]. 
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