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Abstract:

The era of Digital Transformation (DT) has fundamentally reshaped the global technological
landscape, simultaneously expanding the attack surface and challenging traditional security
paradigms.! This systematic literature review investigates advanced defense mechanisms
essential for securing the modern digital ecosystem, focusing on three foundational pillars:
Blockchain-based solutions for secure data transactions, cybersecurity for loT-enabled smart
environments, and adaptive threat detection and response in Cloud computing platforms. The
review defines the current state of vulnerability, identifies the inherent architectural trade-
offs between agility and defense, and synthesizes state-of-the-art technological responses.
Key findings highlight the necessity of adopting Zero Trust Architecture (ZTA) as a
foundational policy across hybrid environments®, the adaptation of Distributed Ledger
Technologies (DLTs) through permissioned networks and Zero-Knowledge Proofs (ZKPs)
to balance privacy with scale %, and the critical deployment of Artificial Intelligence (AI) and
Machine Learning (ML) techniques, such as Federated Learning and Extended Detection
and Response (XDR), for resource-constrained detection and automated threat response.®
The conclusion emphasizes that strategic investment in secure, crypto-agile infrastructure
and proactive governance is vital for navigating future threats, including Post-Quantum
Cryptography (PQC) risks.?

Keywords: Cybersecurity, Digital Transformation, Blockchain, Internet of Things (IoT),
Cloud Computing, Zero Trust Architecture.

1. Introduction:
1.1. Background: The Dynamics of Digital Transformation

Digital Transformation (DT) represents a fundamental organizational shift driven by the
convergence of technology, optimized processes, and empowered people.? This transformation is
marked by the widespread adoption of elastic platforms such as hybrid cloud, pervasive connectivity
delivered via the Internet of Things (IoT), and advanced cognitive technologies like generative AL '
These integrated technologies redefine enterprise operations, offering unprecedented value, agility, and

efficient scalability.!!
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However, this technological evolution inherently introduces substantial risks. The transition
expands organizational exposure to sophisticated multi-vector attacks, including ransomware, and
complicates adherence to strict data privacy regulations.? Furthermore, the rapid adoption of new tools,
particularly unsanctioned models often referred to as "Shadow AL" frequently occurs without
corresponding governance, posing a major risk to data security and potentially slowing down the
transformation effort itself.> This confluence of rapid technological change and intensifying threat
exposure compels cybersecurity to shift from a secondary, reactive function to a strategic, adaptive
enabler of DT.!

Effective cybersecurity is no longer merely a technical function but is now integral to
maintaining economic continuity and national stability. The intensifying prevalence of cyberattacks,
espionage, and electronic intrusions compels nations and institutions to urgently adopt robust national
cybersecurity strategies, particularly as absolute sovereignty becomes vulnerable to digital penetration.’
1.2. Scope and Significance of the Review

The contemporary security challenge demands adaptive models that span across siloed
domains. This report addresses the necessary paradigm shift in security by systematically reviewing
defense architectures across three infrastructural pillars central to the modern digital landscape, as

highlighted by the International Conference on TechFusion '

: decentralized data ecosystems
(Blockchain), pervasive edge environments (IoT), and scalable service delivery (Cloud).

The primary objective of this systematic review is to synthesize recent findings and technical
developments (focused primarily on research published between 2020 and early 2025 '3) to provide a
consolidated and expert view of state-of-the-art defense mechanisms. The review specifically aims to
detail architectural recommendations, technological solutions, and future research trajectories required
to secure these three interconnected domains. The analysis moves beyond merely listing challenges to
identifying where security must be embedded into the process itself, enabling agility rather than
hindering it, thereby demonstrating that security is a critical factor—not a bottleneck—for achieving
strategic business outcomes.

2. Literature Review
2.1. The Trust Layer: Blockchain for Secure Data Integrity and Identity

Distributed Ledger Technology (DLT), commonly known as Blockchain, establishes a structure
of data with inherent security properties founded on cryptography, decentralization, and consensus
mechanisms.'® This structure ensures data integrity and non-tamperable transaction records.'

2.1.1. Decentralized Identity Systems

One of the most transformative applications of blockchain lies in decentralized identity (DID)
systems.!” Traditional centralized identity management systems face significant vulnerabilities,
including single points of failure, data breaches, and inherent inefficiencies in verification.!® DID
systems harness blockchain's immutable, transparent, and secure characteristics to provide enhanced
privacy, strengthened security measures through cryptographic protocols, and greater user autonomy
over personal data. This paradigm shift paves the way for more efficient and user-centric identity
management practices in the digital age.'8
2.1.2. Traceability and Supply Chain Security

Blockchain is increasingly recognized as a vital ally in securing complex supply chains. Supply
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chain disruptions are costly, and many companies lack visibility beyond tier-1 suppliers.'® Blockchain
provides the necessary transparency, traceability, and immutability for critical asset tracking. For
industrial systems, such as those that were targets of cyber weapons like Stuxnet, blockchain provides
continuous, distributed surveillance.? It allows for the verification of component authenticity and
integrity prior to use, as well as ongoing monitoring over the component's lifecycle. Any suspicious
modification or unauthorized action is flagged, making tampering significantly harder for malicious
actors.?
2.2. Securing the Pervasive Edge: Challenges in IoT Environments

The Internet of Things (IoT) represents a highly pervasive and heterogeneous environment,
where cybersecurity implementation faces unique challenges due to device constraints and network
asymmetry.
2.2.1. Resource Constraints and Vulnerability Vectors

IoT devices—used in applications from smart homes to industrial control systems—are often
severely limited in processing power, memory, and energy capacity.?! These limitations constrain the
deployment of robust, computationally intensive security algorithms.?

Furthermore, IoT environments present a high-risk attack surface characterized by poor security
hygiene. Common vulnerabilities include weak or default authentication credentials, inadequate or
untimely firmware update mechanisms, and poor physical security for devices placed in accessible

locations.?!

The inability of manufacturers to provide timely security patches leaves firmware
vulnerabilities as a significant attack vector.?! The network architecture itself is asymmetric, comprising
resource-constrained end devices connecting to highly capable edge, fog, or cloud platforms, which
complicates the design of adaptive and uniform security protocols across the entire system.??
2.3. Adaptive Defense in Hybrid and Multi-Cloud Environments

Cloud computing is a strategic resource for modern organizations, yet it introduces new security
challenges, including a complex web of enhanced cyber threats, data leakage risks, and compliance
issues.!!
2.3.1. The Zero Trust Mandate

Traditional perimeter-based security models are fundamentally inadequate for dynamic cloud
environments.”* The recognized paradigm shift is the adoption of Zero Trust Architecture (ZTA), a
security strategy based on the principle of "never trust, always verify".> ZTA eliminates implicit trust
for any user, device, or entity regardless of their network location.* Key ZTA principles include
enforcing the principle of least privilege, which grants only the minimum necessary access to complete
a task, and utilizing micro-segmentation to restrict access to granular resources, thereby mitigating
lateral movement by attackers.?* ZTA provides a proactive and adaptive security model necessary for
hybrid cloud security.
2.3.2. Predictive Security Analytics

As threats rapidly evolve, relying on traditional, reactive security models that apply fixed rules
to detect patterns or focus on correcting past events is insufficient.!! Predictive security analytics,
leveraging Al-based technologies, has emerged as a revolutionary solution.!! These technologies
analyze vast datasets to identify inherent system weaknesses and anticipate threats before they

materialize. Al-automated predictive threat analysis results in a higher probability of threat decoding,
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significantly reduces response time, and allows organizations to move from reactive patching to
proactive risk elimination.'!

3. Methodology

3.1. Research Design and Protocol Adherence

This study employed a Systematic Literature Review (SLR) methodology to ensure a rigorous,
objective, and reproducible synthesis of technical domain research.?® The SLR design focused on recent
advancements in pervasive computing security and distributed system architectures.

The review process adhered to adapted stages of the PRISMA procedure.?” The initial
Identification phase targeted relevant records concerning the three specified sub-topics (Blockchain,
IoT, and Cloud) and their intersection with cybersecurity challenges in the context of Digital
Transformation. The Screening phase filtered identified records based on technical relevance,
methodological soundness, and recency, prioritizing peer-reviewed articles and technical papers
published between 2020 and 2025.!° The final Eligibility assessment ensured that selected documents
provided clear architectural insights, empirical data, or detailed technical specifications related to
defense mechanisms. Primary data sources included major academic databases such as IEEE Xplore,
ArXiv, and recognized industry reports.?®
3.2. Data Synthesis and Analytical Strategy

The collected data were organized thematically, focusing on comparing technical challenges,
proposed solutions, and measurable performance criteria (e.g., latency, throughput, accuracy, and
scalability).?°

The analytical strategy involved identifying points of architectural convergence, such as the
application of Zero Trust principles across both cloud and IoT environments.>> A major focus was
placed on identifying and analyzing technological trade-offs, particularly the balance between DLT
security/privacy and its inherent scalability limitations.*! This approach allowed for the systematic
identification of future research requirements and critical implementation gaps, such as the imperative
for PQC transition planning. The goal was to provide a consolidated, evidence-based roadmap for
implementing resilient security architectures in the digital age.

4. Results: Technological Solutions and Empirical Findings
4.1. Blockchain-based Solutions for Secure Data Transactions

Blockchain technology, while offering immense advantages in security and integrity, faces
significant challenges regarding data privacy and scalability that must be addressed for mainstream
adoption in enterprise Digital Transformation.

4.1.1. Privacy and Trust Adaptation

While blockchain guarantees immutability, the transparency inherent in public DLTSs can raise
privacy concerns, making them unsuitable for highly sensitive data.* To resolve this, enterprise adoption
has gravitated toward permissioned blockchains, such as Hyperledger Fabric. These networks restrict
access to authorized participants, thereby allowing businesses dealing with sensitive data to maintain
cryptographic integrity while addressing regulatory and privacy requirements.*

This architectural adaptation signifies a crucial shift in the enterprise DT model. The initial
vision of a purely "trustless" public ledger is being refined toward a model of Selective Trust and

Verifiable Computation. Cryptographic integrity remains paramount, but transparency is restricted
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based on operational need and compliance requirements, maximizing the cryptographic guarantees of
DLT while ensuring sensitive information remains protected.
4.1.2. Mitigating Scalability Constraints

Scalability—the network’s ability to process a growing number of transactions—is the most
critical challenge hindering the widespread adoption and utility of DLTs across decentralized finance
(DeFi), digital identity, and supply chain tracking.® The increasing number of nodes and transactions
raises the risk of network congestion and inefficiencies.’

To overcome these barriers, both Layer-1 (on-chain) and Layer-2 (off-chain) scaling solutions
are being rapidly implemented.’! Layer-1 approaches include fundamental architectural modifications,
such as changing the linear order of the blockchain to Directed Acyclic Graphs (DAGs) to enable
parallel transaction processing, and horizontal scalability through sharding or chain partitioning.’
Layer-2 solutions, such as side chains, offload transaction processing from the main chain to reduce
processing time and fees.’! A particularly promising solution is the use of Zero-Knowledge Proofs
(ZKPs), which allow for transaction verification without revealing the underlying sensitive data,
directly addressing both the scalability and privacy problems simultaneously.’ Table 1 summarizes the
primary strategies addressing DLT scalability limitations.

Table 1: Summary of Distributed Ledger Technology (DLT) Scalability Solutions

Scaling Type Mechanism Security/Privacy Implication
Approach
Directed Acyclic | Layer-1 (On- | Changes linear order of chain | Reduces network congestion
Graphs (DAGs) Chain) to parallel processing and conflict risk °
Sharding/Chain Layer-1 (On- | Horizontal scalability by | Increases  throughput  but
Partitioning Chain) partitioning the network load | introduces complexity in cross-
shard communication °
Layer-2 (Side | Layer-2 (Oft- | Offloading transactions and | Significantly reduces
Chains) Chain) processing time from the | processing time and fees !
main chain
Zero-Knowledge | Layer-2 (Oft- | Veritying transactions | Addresses scalability while
Proofs (ZKPs) Chain) without revealing underlying | maintaining data privacy °
data

Research metrics confirm the market growth of blockchain identity management, driven by the

need for secure identity verification.’® Performance metrics for these systems, including latency,

throughput, and computational costs, are crucial factors in evaluating their viability for real-time, real-

life business environments.>’

4.2. Cybersecurity Solutions in IoT-Enabled Smart Environments

The resource asymmetry inherent in IoT requires security solutions that are both robust and

computationally efficient.

4.2.1. Elastic and Lightweight Cryptography

Given the limited resources of many IoT endpoints, the reliance on computationally intensive

security protocols is infeasible.?! The solution lies in developing Lightweight Cryptographic (LWC)
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protocols designed to minimize energy, communication, and computation overhead.”> However, a
simple reduction in cryptographic strength can leave the resource-rich components (edge/fog/cloud)
vulnerable, as they operate in more malicious environments.??

The requirement is for elastic cryptographic protocols capable of dynamically adapting their
security strength based on the specific resource availability and the threat environment of the node
where they operate. This ensures trust in complex, cloud-integrated architectures across critical sectors
like healthcare and industrial control.**

4.2.2. AI-Driven Decentralized Detection

Al-driven approaches offer significant improvements in IoT security by enabling effective
intrusion detection with high accuracy and reliability.*> Machine Learning-based Intrusion Detection
Systems (ML-IDS) are essential for countering threats like botnet attacks.” Comparative analysis of
various ML models indicates that the Decision Tree (DT) model offers superior performance in
detecting botnets in the IoT, achieving high metrics such as a 99.97% accuracy rate, largely due to its
efficiency in resource-constrained settings.®
4.2.3. Federated Learning for Privacy Preservation

The continuous collection and transmission of sensitive data (e.g., health metrics, behavioral
patterns) by loT devices raise critical privacy concerns, especially when data is stored insecurely in
centralized platforms.?! Federated Learning (FL) directly addresses this by facilitating decentralized
anomaly detection.® FL ensures that raw data remains on the edge devices, eliminating the need to
transfer sensitive information over the network and drastically minimizing privacy risks.®

FL-based systems enhance accuracy, scalability, and privacy by performing local computations
at the edge for real-time monitoring and utilizing Federated Averaging at the cloud level to improve a
global model.!* This approach, particularly critical in applications like smart cities and public safety,
minimizes network bandwidth usage and provides real-time model updates for timely attack detection.®
This demonstrates that security in resource-limited environments is fundamentally a computational
offload problem. Robust security is achieved by distributing the computational load of intrusion
detection and model training to the edge and fog layers, leveraging localized data intelligence without
compromising network efficiency or violating privacy rules.

4.3. Threat Detection and Response Strategies in Cloud Computing

Cloud security requires not only robust preventative measures but also highly automated, real-
time threat detection and response capabilities.
4.3.1. ZTA and Continuous Verification

Zero Trust Architecture (ZTA) is the necessary foundation for cloud security, ensuring that all
network assets are inaccessible by default.”> ZTA mandates continuous, contextual authentication and
validation for users, devices, and workloads every time they request a connection.?> This proactive
model is crucial for securing vulnerable aspects of cloud infrastructure, such as API interactions, where
organizations often lack awareness of existing insecurities.>’ By assuming a hostile environment and
utilizing dynamic authorization, ZTA effectively mitigates lateral movement and reduces insider
threats.?

4.3.2. Advanced Detection and Automation Platforms

The overwhelming volume of security alerts generated in cloud environments necessitates high
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levels of automation.’® Three critical platforms define the modern cloud security operation center
(SOC): Security Information and Event Management (SIEM), Security Orchestration, Automation, and
Response (SOAR), and Extended Detection and Response (XDR).*

SIEM focuses on collecting, analyzing, and reporting comprehensive log data for compliance
and visibility.* SOAR, conversely, specializes in automating repetitive tasks and orchestrating complex
incident responses using predefined playbooks. AI/ML algorithms are now leveraged in SOAR to
handle alerts intelligently, create automated workflows, and reduce the burden of manual analysis by

filtering false positives.*’

Table 2: Functional Comparison of Cloud Threat Detection and Response Platforms

Platform Primary Function Data Focus Key Advantage in Cloud
Security Information | Centralized log | Log data, general | Robust historical data
and Event | aggregation, analysis, and | network alerts management, regulatory
Management (SIEM) | compliance reporting *° compliance, and visibility ’
Security Automating and | Alerts generated by | Streamlining  operations,
Orchestration, orchestrating complex | other tools | reducing manual
Automation, and | incident response | (SIEM/XDR) intervention, and
Response (SOAR) workflows # accelerating response *°
Extended Detection | Unified, multi-layer threat | Telemetry across | Holistic security posture,
and Response (XDR) | detection and response ’ endpoints, network, | cross-domain  correlation,

and cloud | and reduced alert fatigue ’
environments

XDR represents an integrated, unified platform that correlates telemetry from diverse sources,
including endpoints, networks, and cloud environments.” Unlike SIEM, which relies heavily on log
data, XDR provides a more holistic view, offering deeper context and analytics.” XDR’s built-in
detection and automated response capabilities streamline security operations, effectively combining the
detection strengths of SIEM with the orchestration power of SOAR.’

The success of cloud security implementation relies heavily on the convergence of policy
(ZTA) and action (AI-SOAR/XDR). ZTA provides the governance framework, dictating who accesses
what and when. XDR and AI-SOAR provide the mechanized capacity for real-time enforcement,
detection, and automated remediation. XDR’s advantage is its ability to enforce ZTA principles across
dynamic, multi-cloud boundaries, thereby streamlining operations and accelerating incident response
compared to relying on separate, siloed tools.’

4.3.3. AI-Driven Threat Hunting

Machine learning models are fundamental to scaling cloud security efforts beyond manual
analysis.* These algorithms analyze massive volumes of aggregated and normalized cloud log data to
learn patterns of normal behavior.*® By identifying statistically significant deviations, ML automates
anomaly detection and facilitates structured threat hunting based on frameworks like MITRE ATT&CK
for Cloud.’® This predictive approach, leveraging tools for risk assessment and threat analysis,

transforms security from a reactive posture to a proactive process of continuous risk elimination.!!
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5. Discussion: Convergence, Challenges, and Future Directions
5.1. Architectural Synergy and Trade-offs in Pervasive Security

The most effective cybersecurity posture in the age of Digital Transformation integrates defense
across all architectural layers. This strategy involves extending the Zero Trust policy mandate to every
domain, from securing cloud access to treating every IoT device as a potentially malicious entity.?
DLTs, adapted for enterprise needs via permissioned networks and ZKPs, provide the cryptographic
foundation for data integrity necessary for trustless transactions within these ZTA-governed
environments.*

A primary architectural challenge remains the necessity of balancing the high scalability and
low latency of centralized Cloud architectures with the enhanced security, integrity, and privacy
provided by decentralized DLT/IoT systems.'* This decision represents more than a technical
preference; it constitutes a fundamental business strategy that defines organizational risk tolerance and
compliance overhead. For organizations dealing with sensitive intellectual property or complex,
regulated global supply chains, verifiable identity !” and immutable component traceability 2 are non-
negotiable requirements that justify the overhead associated with DLT integration. Conversely, smart
consumer applications may prioritize the massive scalability and high availability of centralized cloud
platforms.'* Table 3 summarizes the architectural convergence and trade-offs.

Table 3: Comparative Security Analysis Across Digital Transformation Pillars

Domain Primary Security Key Technological Solutions Core Security
Challenges Principle
Blockchain/Digi | Scalability, Privacy on | Decentralized Identity (DID), | Immutability and
tal Ecosystems | Public Ledgers, | Permissioned DLTs (e.g., | Decentralized
Interoperability * Hyperledger),  Layer-2  Scaling | Trust
(DAGs, ZKPs) 3

IoT-Enabled Resource Constraints, | Lightweight and Elastic | Continuous
Smart Weak Cryptography, ML-based IDS (DT), | Verification and
Environments Authentication/Firmw | Federated Learning (FL) ¢ Edge Intelligence

are, Data Privacy !

Cloud Expanded Attack | Zero Trust Architecture (ZTA), Al- | Least  Privilege
Computing Surface, Driven Predictive Analytics, | and Adaptive
Platforms Misconfigurations, XDR/SOAR Automation * Monitoring

Lateral Movement,
Shadow AI !

5.2. Systemic Challenges and Implementation Barriers

Despite the availability of advanced technological solutions, persistent systemic barriers
impede the full realization of resilient digital ecosystems.

The most frequently cited barrier is the skills and integration gap. There is a critical shortage of
professionals with the specialized technical expertise required to effectively manage, integrate, and
maintain complex Al-powered, multi-platform security solutions.?® Furthermore, the lack of

standardization and interoperability across the vast array of loT protocols and DLT implementations
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complicates the development of unified, holistic security frameworks.?

The rapid proliferation of technologies like Generative Al introduces significant governance
challenges. The rise of unsanctioned "Shadow AI" models deployed by staff creates major,
unrecognized data security risks.!” Successful mitigation requires a three-pronged approach:
establishing clear governance policies, implementing comprehensive workforce training, and
maintaining diligent detection and response capabilities for unsanctioned models.'°
5.3. Navigating the Future Threat Landscape: Post-Quantum and Ethics

Looking ahead, two emerging factors will dominate the security agenda: the existential threat
posed by quantum computing and the need for new ethical governance frameworks.

5.3.1. The Post-Quantum Cryptography Imperative

The theoretical threat of quantum computing is imminent. It is widely projected that quantum
computers will become sufficiently powerful by the mid-2030s to compromise current widely used
public-key cryptographic standards.® This represents an existential threat to the foundations of trust
across all digital domains, potentially breaking the immutability of blockchain, the security of IoT
communications, and cloud data confidentiality.'°

Given the lengthy timeline required for cryptographic modernization, the transition to Post-
Quantum Cryptography (PQC) is an urgent necessity.® Organizations must begin strategic asset
classification now, prioritizing critical applications and systems. Integrating crypto agility—developing
modular cryptographic systems—is essential to enable a rapid and cost-effective transition to new
quantum-safe standards, mitigating immediate threats and avoiding exponentially escalating costs of
inaction.?

5.3.2. Ethical and Regulatory Foresight

The convergence of Al, pervasive computing, and future quantum technologies raises
unprecedented ethical and social complexities.** These challenges, such as the potential for mass
surveillance and the inherent opacity of advanced Al decision-making, exceed the scope of current
fragmented ethical guidelines.*

To ensure these powerful technologies serve collective human values, proactive ethical
considerations and anticipatory regulation are required.** This includes institutionalizing a design for
values approach (e.g., Privacy-by-Design), enhancing digital literacy among citizens to better
understand technological limitations and threats, and establishing a unified ethical charter rooted in
widely agreed-upon principles. Cohesion in ethics frameworks is essential to prevent these innovations
from inadvertently exacerbating inequality or infringing on civil liberties.**

Conclusion:

Cybersecurity in the age of Digital Transformation requires a fundamental shift from static,
perimeter-based defenses to highly dynamic, automated, and context-aware security architectures. This
review confirms that the future of defense is defined by technological convergence across three critical
domains.

In decentralized ecosystems, the move toward permissioned DLTs and advanced scaling
solutions like ZKPs ensures data integrity while meeting privacy and throughput requirements. In
pervasive IoT environments, the reliance on lightweight, elastic cryptographic protocols, combined with

edge intelligence driven by ML-IDS and privacy-preserving Federated Learning, addresses the unique
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challenges of resource-constrained devices. For cloud platforms, the adoption of Zero Trust
Architecture provides the essential policy framework for continuous verification, while XDR and Al-
SOAR deliver the automated mechanisms necessary for high-speed, integrated threat detection and
response.

Successful digital economies must strategically invest in developing secure digital
infrastructure that aligns with the accelerating pace of technological integration.” Most crucially,
organizations must initiate the PQC transition immediately, ensuring crypto agility to future-proof their
digital assets against the inevitable quantum threat.® By integrating ZTA policy with automated,
intelligence-driven action, and prioritizing ethical governance, the promise of a secure and resilient
digital future remains within reach.*!
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