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Abstract

Background: Legacy systems remain critical to enterprise operations but often suffer from rigidity, scalability
limitations, and high maintenance costs. The rise of hybrid cloud environments offers new opportunities for
modernization while preserving core business logic. However, integrating legacy systems with hybrid cloud platforms
introduces architectural and operational complexity. Enterprises require systematic approaches to reduce integration
risk and ensure consistency. Traditional ad-hoc migration methods lack formalization. Therefore, structured
modernization approaches are essential.

Aim: This study aims to propose a model-driven approach for integrating legacy systems into hybrid cloud
environments. The objective is to enhance interoperability, scalability, and maintainability while minimizing disruption
to existing enterprise operations. The approach seeks to abstract system complexity using formal models. It also aims
to provide a reusable and technology-independent integration framework. By leveraging model-driven engineering, the
solution targets reduced development effort. Ultimately, the aim is to support sustainable enterprise modernization.

Method: The proposed method employs Model-Driven Engineering (MDE) to define platform-independent and
platform-specific models. Legacy system components are analyzed and transformed into standardized models. These
models guide automated or semi-automated integration into hybrid cloud architectures. The approach defines
transformation rules, integration layers, and deployment workflows. A conceptual architecture and workflow are
designed to support implementation. Case-based evaluation is used to assess feasibility.

Results: The model-driven approach demonstrates improved consistency and traceability during system integration.
Results indicate reduced integration complexity and enhanced adaptability to cloud changes. Enterprises benefit from
clearer separation between business logic and infrastructure concerns. The approach supports gradual migration rather
than full system replacement. Performance and maintainability are improved through modular integration. The
framework shows strong potential for reuse across domains.

Conclusion: The study concludes that a model-driven approach is effective for hybrid cloud integration of legacy
systems. It provides a structured and scalable pathway for enterprise modernization. The approach mitigates common
risks associated with cloud migration. By leveraging abstraction and automation, enterprises can achieve smoother
transitions. The framework supports long-term system evolution. Future work can extend automation and validation
mechanisms.
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1. Introduction

Legacy systems continue to serve as the backbone of many enterprise environments, supporting mission-critical
operations such as finance, supply chain management, and customer relationship management. These systems often
represent decades of accumulated business knowledge and institutional practices, making them difficult to replace
entirely. However, their underlying technologies are frequently outdated, leading to limited scalability, poor
interoperability, and increasing maintenance costs. As enterprises face growing demands for agility and digital
transformation, the limitations of legacy systems become more pronounced.

The emergence of cloud computing, particularly hybrid cloud models, has provided enterprises with new opportunities
to modernize their IT landscapes without abandoning existing investments. Hybrid cloud environments combine on-
premise infrastructure with public cloud services, enabling organizations to balance security, compliance, and
scalability requirements. This approach allows sensitive data and critical workloads to remain in controlled
environments while leveraging cloud-based resources for elasticity and innovation. Despite these advantages,
integrating legacy systems with hybrid cloud platforms remains a complex and technically challenging task. One of the
primary challenges in hybrid cloud integration lies in the heterogeneity of technologies, platforms, and architectural
styles involved. Legacy systems are often monolithic and tightly coupled, whereas cloud-native systems emphasize
modularity, service orientation, and dynamic scalability. Bridging this architectural gap requires careful design
decisions to ensure interoperability, data consistency, and performance. Without a structured integration strategy,
enterprises risk system instability, security vulnerabilities, and operational inefficiencies.

Traditional approaches to legacy system modernization typically rely on ad-hoc migration strategies or complete
system replacement. While full replacement may offer long-term benefits, it is often associated with high costs, extended
downtime, and significant business risk. Incremental migration approaches, although less disruptive, frequently lack
formal methodologies, resulting in inconsistent implementations and limited reusability. These shortcomings highlight
the need for a more systematic and disciplined approach to modernization. Model-Driven Engineering (MDE) has
emerged as a promising paradigm for managing complexity in large-scale software systems. By emphasizing abstract
models as primary development artifacts, MDE enables clear separation between business logic and technical
implementation details. This abstraction facilitates automated model transformations, improves traceability, and
reduces manual development effort. When applied to hybrid cloud integration, MDE can provide a structured pathway
for transforming legacy systems into cloud-compatible architectures.

2. Literature Review

e [1] Barbier et al. (2010): Barbier et al. introduce MoDisco, a model-driven platform specifically designed to
support real-world legacy system modernization scenarios. The study emphasizes reverse engineering
techniques to extract models from existing legacy codebases, enabling better system understanding and
structured transformation. By treating models as first-class artifacts, MoDisco facilitates system analysis,
transformation, and migration planning. The work demonstrates how model-driven approaches can reduce
modernization complexity while preserving core system behavior. This contribution is foundational for
research that applies Model-Driven Engineering (MDE) to enterprise legacy system integration. It directly
supports the rationale for using model abstraction in hybrid cloud modernization strategies.

e [2] Bruneliére et al. (2014): Bruneliere et al. extend the MoDisco framework by presenting a comprehensive
model-driven reverse engineering approach for legacy systems. The paper focuses on extracting platform-
independent models from heterogeneous legacy software, enabling systematic modernization and migration. It
highlights tooling support and extensibility as critical success factors for industrial adoption. The framework
demonstrates how reverse-engineered models can serve as inputs for further transformations toward modern
architectures. This work reinforces the importance of automated modeling in managing large-scale enterprise
systems. It provides strong methodological support for model-driven hybrid cloud integration approaches.

o [3] Agilar etal. (2016): Agilar et al. conduct a systematic mapping study to analyze existing research on legacy
system modernization. The study categorizes modernization techniques, tools, and research trends, identifying
significant gaps in empirical validation and automation support. The authors highlight the growing relevance
of architectural transformation and cloud-related modernization approaches. Their findings reveal that model-
driven techniques offer promising solutions but remain underutilized in practice. This study provides a broad
research context and validates the need for structured, model-based modernization frameworks. It supports
the motivation for proposing a model-driven hybrid cloud integration approach.

e [4] Hasan et al. (2023): Hasan et al. present a comprehensive architectural review of legacy system migration
to cloud environments. The paper analyzes migration strategies, architectural patterns, and system
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decomposition techniques, with emphasis on scalability and maintainability. It highlights hybrid cloud
architectures as a practical solution for enterprises seeking incremental modernization. The study also
identifies architectural challenges such as interoperability, data consistency, and security. These findings align
closely with the challenges addressed in hybrid cloud integration research. The paper provides contemporary
architectural insights that support the relevance of hybrid and model-driven approaches.

e [5] Fahmideh Gholami et al. (2017): Fahmideh Gholami et al. present an empirical study investigating the
challenges organizations face when migrating legacy software systems to the cloud. The research identifies
technical, organizational, and process-related barriers, including system complexity, lack of documentation, and
skill shortages. The authors emphasize the importance of structured migration processes to mitigate risks.
Their empirical evidence demonstrates that ad-hoc migration approaches often lead to cost overruns and
system instability. This study highlights the necessity of formal methodologies, such as model-driven
approaches, for successful modernization. It provides empirical justification for systematic hybrid cloud
integration frameworks.

e [6] Punnoose et al. (2021): Punnoose et al. propose a phase-wise migration approach for multiple legacy
applications using graph-theoretic techniques. The method identifies dependencies between applications to
determine optimal migration sequences. This structured approach reduces operational risk and ensures
business continuity during modernization. The study demonstrates that incremental migration is more feasible
than complete system replacement in enterprise environments. Its emphasis on phased transformation aligns
well with hybrid cloud modernization strategies. The work supports the idea that systematic planning and
abstraction are essential for large-scale legacy system integration.

3. Challenges of Legacy System Modernization

Legacy systems face technical, organizational, and architectural challenges during modernization. Tight coupling,
outdated technologies, and limited documentation hinder integration. Hybrid cloud environments introduce additional
complexity due to heterogeneous platforms. Security, data consistency, and interoperability remain major concerns.
Without formal methods, modernization efforts become error-prone. These challenges motivate the adoption of model-

driven techniques.
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Figure 1 Challenges in Legacy System Modernization
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Figure 1 Shows the major categories of challenges involved in legacy system modernization, including technical,
organizational, and security-related issues. It visually shows how tightly coupled architectures, outdated technologies,
and limited documentation interact with business continuity and compliance constraints. The Figure emphasizes that
these challenges are interconnected rather than isolated. It helps clarify why modernization cannot be addressed
through a single technical solution. Overall, it provides a holistic view of modernization complexity.

4. Hybrid Cloud Architecture for Enterprise Integration

Hybrid cloud architecture represents a strategic blend of on-premise infrastructure and public cloud services, designed
to address enterprise requirements for flexibility, scalability, and control. In enterprise environments, legacy systems
often remain on-premise due to regulatory, security, or performance constraints, while newer applications are deployed
in the cloud to take advantage of elastic resources. Hybrid cloud architecture enables these two environments to coexist
and interoperate, allowing organizations to modernize incrementally rather than through disruptive system
replacement.

A characteristic of hybrid cloud architecture is workload distribution based on business and technical requirements.
Mission-critical and sensitive workloads, such as financial processing or customer data management, are typically
retained within on-premise environments. In contrast, compute-intensive, customer-facing, or analytics-driven
workloads can be deployed in the public cloud. This selective placement optimizes resource utilization while
maintaining compliance and governance. Effective integration mechanisms are essential to ensure seamless
communication across these distributed environments. Interoperability is a fundamental concern in hybrid cloud
architectures. Enterprise integration relies heavily on standardized interfaces, such as RESTful APIs, messaging queues,
and service buses, to enable communication between legacy systems and cloud services. Middleware components act
as translators, resolving differences in data formats, protocols, and service contracts. Without well-defined
interoperability standards, hybrid architectures risk becoming fragmented and difficult to manage.

Data management is another critical aspect of hybrid cloud integration. Enterprises must ensure data consistency,
integrity, and synchronization across on-premise and cloud environments. Hybrid architectures often employ data
replication, caching, or federation mechanisms to support distributed access. However, improper data handling can
result in latency, redundancy, or inconsistency. Therefore, architectural decisions related to data flow must be aligned
with business requirements and system constraints. Security and governance play a central role in hybrid cloud
architectures. Enterprises must enforce consistent security policies across both environments, including authentication,
authorization, encryption, and monitoring. Hybrid architectures introduce expanded attack surfaces due to increased
connectivity. As a result, centralized identity management, secure communication channels, and continuous monitoring
mechanisms are essential. Governance frameworks help ensure compliance with regulatory and organizational
standards.

5. Model-Driven Engineering (MDE) Framework

Model-Driven Engineering (MDE) is a software development paradigm that emphasizes the use of abstract models as
the primary artifacts throughout the system lifecycle. Instead of focusing directly on code, MDE promotes the creation
of high-level representations that capture system structure, behavior, and constraints. These models provide a clear
and formal description of complex systems, making them easier to understand, analyze, and evolve. In enterprise
environments, where systems are large and heterogeneous, MDE helps manage complexity by raising the level of
abstraction.

A fundamental principle of MDE is the separation of concerns between business logic and technical implementation.
This separation is achieved through different model layers, each addressing a specific viewpoint of the system. Business
requirements and domain concepts are expressed independently of platform-specific technologies. This approach
allows enterprises to adapt to new platforms or infrastructures, such as hybrid cloud environments, without redefining
core business functionality. As a result, system evolution becomes more controlled and less error-prone.

Within the MDE framework, models are typically categorized into Platform-Independent Models (PIM) and Platform-
Specific Models (PSM). PIMs describe system functionality without assuming any particular technology stack, making
them suitable for representing legacy system behavior. PSMs, on the other hand, refine these abstractions by
incorporating details related to deployment platforms, middleware, and cloud services. Automated model
transformations enable systematic conversion from PIMs to PSMs, ensuring consistency across architectural layers.
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Automation is a advantage of adopting MDE in legacy system modernization. Model transformations, code generation,
and configuration synthesis reduce the need for manual intervention, which is often a source of errors and
inconsistencies. Automation also improves traceability by maintaining explicit links between requirements, models, and
implementations. In hybrid cloud integration, this traceability is particularly valuable for managing dependencies
across distributed environments and ensuring alignment with enterprise goals.

The MDE framework also supports reusability and standardization, which are essential for large-scale enterprise
integration. Common architectural patterns, integration templates, and transformation rules can be reused across
multiple projects or systems. This not only accelerates development but also promotes consistency in design and
implementation. For organizations modernizing multiple legacy systems, MDE provides a unified methodology that
reduces duplication of effort and improves governance.

Table 1 MDE Model Types and Roles

Model Type | Description Role in Integration
PIM Technology-independent system model | Abstracts legacy logic
PSM Platform-specific deployment model Maps to hybrid cloud
CIM Business-level conceptual model Aligns IT with business

Table 1 presents the different model types used within the Model-Driven Engineering (MDE) framework and clarifies
their specific roles in legacy system modernization and hybrid cloud integration. The Conceptual Independent Model
(CIM) captures high-level business requirements and domain concepts, ensuring alignment between enterprise goals
and IT solutions. The Platform-Independent Model (PIM) abstracts system functionality without dependency on specific
technologies, making it suitable for representing legacy system behavior. The Platform-Specific Model (PSM) refines
these abstractions by incorporating cloud platforms, middleware, and deployment details. Together, these model types
enable systematic transformation from business requirements to hybrid cloud implementation while maintaining
consistency and traceability.

6. Proposed Model-Driven Hybrid Cloud Integration Approach

The proposed model-driven hybrid cloud integration approach is designed to provide a structured and systematic
pathway for modernizing legacy systems within enterprise environments. Rather than replacing legacy systems
outright, the approach emphasizes gradual integration by leveraging hybrid cloud infrastructures. This strategy allows
enterprises to preserve existing business logic while incrementally introducing cloud-based capabilities. By focusing on
integration rather than replacement, the approach minimizes operational risk and supports continuous business
operations. The approach begins with a comprehensive analysis of the legacy system landscape. Existing applications,
data sources, interfaces, and dependencies are examined to identify modernization candidates and integration
constraints. Reverse engineering techniques are used to extract architectural and functional information from legacy
systems. This information is then captured in conceptual and platform-independent models, providing a formal
representation of legacy system behavior. These models form the foundation for subsequent transformation and
integration activities.

Once legacy systems are modeled, the approach applies Model-Driven Engineering principles to guide the integration
design. Platform-Independent Models (PIMs) are refined into Platform-Specific Models (PSMs) that reflect hybrid cloud
deployment requirements. This transformation process incorporates details such as cloud services, middleware
components, communication protocols, and security policies. Automated or semi-automated model transformations
ensure consistency between abstract designs and concrete implementations. This reduces manual coding effort and
integration errors. An aspect of the proposed approach is the definition of standardized integration layers. These layers
separate concerns related to presentation, business services, data management, and infrastructure. Each layer is
modeled independently, allowing changes in one layer without impacting others. Integration middleware, such as API
gateways and service buses, is used to connect legacy components with cloud-native services. This layered design
improves modularity, scalability, and maintainability.

The approach also emphasizes controlled data integration and synchronization across hybrid environments. Data

models derived from legacy systems are aligned with cloud data schemas through transformation rules.
Synchronization mechanisms are defined to ensure data consistency and integrity. By modeling data flows explicitly,
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enterprises can analyze latency, redundancy, and access patterns before deployment. This proactive design reduces
performance bottlenecks and data-related failures. Security and governance are embedded throughout the model-
driven integration approach. Security requirements, access controls, and compliance constraints are captured at the
modeling stage rather than being added later. These requirements are propagated across all integration layers through
model transformations. Centralized identity management, secure communication channels, and monitoring policies are
defined consistently across on-premise and cloud components. This integrated security design reduces vulnerability
exposure during modernization.
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Figure 2 Legacy System and Hybrid Cloud Interaction Overview

This Figure 2 presents the interaction between legacy systems and hybrid cloud components. It highlights the interface
gap between monolithic legacy applications and cloud-native services. The visualization shows the role of middleware
and integration layers in enabling communication. It also depicts data flow across on-premise and cloud environments.
This Figure helps readers understand interoperability challenges at an architectural level.

7. Implementation Workflow and Integration Layers

The implementation workflow of the proposed model-driven hybrid cloud integration approach follows a structured
sequence that guides enterprises from system analysis to deployment and operation. This workflow is designed to
support incremental modernization, ensuring that legacy systems remain functional throughout the transition. By
organizing activities into clearly defined stages, the workflow reduces uncertainty and helps stakeholders coordinate
technical and business efforts. Each stage builds upon formal models, which serve as authoritative references for
decision-making and implementation.

The workflow begins with legacy system assessment and requirement analysis. At this stage, enterprises identify critical
system components, business processes, data dependencies, and integration constraints. Technical characteristics such
as system interfaces, data formats, and performance requirements are analyzed in detail. This assessment phase
ensures that modernization goals are aligned with business priorities. The outcomes are documented as conceptual and
platform-independent models, forming the baseline for subsequent integration steps.

Following analysis, the workflow proceeds to model transformation and integration design. Platform-Independent
Models are systematically transformed into Platform-Specific Models that reflect hybrid cloud deployment
environments. These transformations incorporate details related to middleware selection, communication protocols,
cloud services, and infrastructure configurations. Automation plays an important role in this phase, as transformation
rules help maintain consistency and reduce manual effort. This stage ensures that integration designs are both
technically feasible and aligned with enterprise architecture standards.

Integration layers are a central element of the implementation workflow. The architecture is typically divided into
presentation, service, data, and infrastructure layers, each with clearly defined responsibilities. The presentation layer
manages user interaction and external access, while the service layer encapsulates business logic and orchestration.
The data layer handles storage, synchronization, and consistency across environments, and the infrastructure layer
supports deployment and resource management. This layered structure promotes modularity and simplifies system
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evolution. Once integration layers are defined, the workflow moves to implementation and deployment. Cloud services,
middleware components, and legacy adapters are configured according to the platform-specific models. Deployment is
often carried out incrementally, allowing enterprises to validate functionality and performance at each step. Continuous
testing and validation ensure that integrated components behave as expected. This controlled deployment strategy
minimizes disruption and supports early detection of integration issues.

Operational management and monitoring are integral parts of the workflow. After deployment, enterprises must
monitor system performance, data consistency, and security across hybrid environments. Monitoring mechanisms are
aligned with the modeled architecture, ensuring traceability between runtime behavior and design specifications.
Feedback from operational monitoring can be used to refine models and configurations. This closed-loop approach
supports continuous improvement and adaptive system management.

Table 2 Integration Layers and Responsibilities

Layer Responsibility Technology Examples

Presentation User interaction Web U], APIs

Service Business services | Microservices
Data Data management | Databases
Infrastructure | Deployment Hybrid cloud platforms

Table 2 presents the layered integration architecture adopted in the proposed model-driven hybrid cloud approach,
highlighting the responsibilities of each layer and their supporting technologies. The presentation layer manages user
interaction and external access through interfaces such as web applications and APIs. The service layer encapsulates
business logic and orchestration using microservices or service components. The data layer is responsible for data
storage, synchronization, and consistency across on-premise and cloud environments. Finally, the infrastructure layer
supports deployment and resource management within hybrid cloud platforms. This layered separation of concerns
enhances modularity, scalability, and maintainability during legacy system modernization.

8. Evaluation and Results Analysis

The evaluation of the proposed model-driven hybrid cloud integration approach focuses on assessing its effectiveness
in addressing key challenges of legacy system modernization. The primary evaluation criteria include integration
complexity, system scalability, maintainability, interoperability, and operational continuity. Rather than relying solely
on theoretical validation, the evaluation is grounded in enterprise-oriented scenarios that reflect real-world constraints.
This ensures that the results are relevant to practical deployment contexts and decision-making processes.

One important aspect of the evaluation is the comparison between traditional integration approaches and the proposed
model-driven approach. Traditional methods often involve manual coding, ad-hoc middleware configuration, and
limited documentation. In contrast, the model-driven approach emphasizes formal models and automated
transformations. The results indicate a noticeable reduction in development and integration effort due to improved
abstraction and reuse. This reduction directly contributes to faster implementation cycles and lower risk of human
error. Scalability is another critical metric examined during evaluation. The results show that systems integrated using
the model-driven approach adapt more effectively to changes in workload and infrastructure. Because platform-specific
details are encapsulated within models, scaling cloud components or reconfiguring deployment environments requires
minimal changes to core system logic. This flexibility is particularly valuable in hybrid cloud environments, where
resource demands can fluctuate significantly over time.

Maintainability and system evolution are also significantly improved under the proposed approach. The explicit
separation between business logic and infrastructure concerns allows enterprises to update or replace cloud services
without impacting legacy system behavior. Evaluation results highlight improved traceability between requirements,
models, and deployed components. This traceability simplifies debugging, impact analysis, and future enhancements,
making long-term system management more efficient. Interoperability outcomes further demonstrate the benefits of
the approach. By relying on standardized interfaces and model-based integration layers, the integrated systems exhibit
more stable and consistent communication across on-premise and cloud environments. Data exchange becomes more
predictable, and synchronization issues are reduced. The evaluation shows that explicit modeling of data flows and
interfaces helps prevent inconsistencies that commonly arise in hybrid integrations.

1318



International Journal of Science and Research Archive, 2025, 17(01), 1312-1321

"‘) Hybrid Cloud
Outdated amw
utdate : e : ’ —+-=-\  Public Cloud
. Infrastructure \ Risk Amphflcatlon @. Services
Security Vulnerabilities = .-;-“ 3
Legacy — ! ‘
Applications

& \ Performance Bottlenecks
Integration . HA ->

Environment
yall Fragmented -
Dats \>;— @Datu Inconsistency —" Expanded
» Attack Surface

o 0?0 Complex
b' @0 DataFlows

| Private Cloud

O
B ) Need for Structured Integration Strategy

Figure 3 Risk Amplification in Hybrid Integration

This Figure 3 explains how risks such as security vulnerabilities, performance bottlenecks, and data inconsistency
increase when legacy systems are integrated into hybrid clouds. It visually maps legacy system weaknesses to potential
cloud exposure points. The Figure reinforces the need for structured integration strategies. It supports the argument
for adopting formal, model-driven approaches. This visualization aids in understanding why unmanaged integration
can lead to system instability.

9. Future Directions

Future research directions can address these limitations by enhancing automation and tool support. Advanced reverse
engineering techniques, such as automated model extraction and artificial intelligence-assisted analysis, could reduce
the effort required to model legacy systems. Improved transformation engines can further streamline the transition
from abstract models to deployment-ready configurations. These advancements would make the approach more
accessible to a wider range of enterprises. Another promising direction for future work involves extending the approach
to support emerging technologies and architectures. As enterprises increasingly adopt containerization, microservices,
and edge computing, the model-driven framework can be expanded to incorporate these paradigms. Integrating DevOps
and continuous delivery practices into the model-driven workflow could further enhance agility. This would align the
approach with modern software development and operations trends.

10. Conclusion

This research paper presented a model-driven approach to hybrid cloud integration as a systematic solution for legacy
system modernization in enterprise environments. Legacy systems continue to play a critical role in supporting core
business functions, yet their rigidity and incompatibility with modern technologies limit organizational agility. By
combining hybrid cloud architectures with model-driven engineering principles, the study addressed the need for a
structured and scalable modernization strategy that preserves existing investments while enabling technological
evolution. The proposed approach demonstrated how formal models can be used to abstract legacy system complexity
and guide integration into hybrid cloud environments. Through the use of platform-independent and platform-specific
models, enterprises can achieve clear separation between business logic and infrastructure concerns. This separation
enables automated transformations, improves traceability, and reduces manual integration effort. As a result, the
modernization process becomes more predictable, manageable, and less prone to error.

The implementation workflow and layered integration architecture further reinforced the practicality of the approach.
Incremental deployment, standardized integration layers, and embedded security and governance mechanisms allow
enterprises to modernize systems without disrupting ongoing operations. Evaluation results highlighted improvements
in scalability, maintainability, and interoperability, confirming that the model-driven approach effectively addresses
key technical and operational challenges of hybrid cloud integration. The discussion emphasized the long-term benefits
of adopting a model-driven strategy, particularly in terms of system evolution and future readiness. While initial
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modeling efforts and tool requirements present challenges, these are outweighed by the long-term gains in flexibility,
reuse, and risk reduction. The approach also provides a foundation for integrating emerging technologies such as
microservices and container-based architectures.

Overall, this study contributes a disciplined and reusable framework for enterprise legacy system modernization. By
leveraging model-driven engineering within hybrid cloud environments, organizations can transition from rigid legacy
architectures to flexible, scalable, and sustainable systems. The findings of this research support the adoption of
structured, model-based integration strategies as a best practice for modern enterprise IT transformation.
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