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Received: 18 April 2024 Cloud computing is one of the major advancements that occurred in data storage and

processing. However, some issues still exist in cloud data security. This paper recommends

a framework that focuses on governance, metadata intelligence, and privacy to improve

Accepted: 27 June 2024 cloud data security. Using metadata intelligence, the framework automatically considers
governance policies that ensure data integrity, confidentiality, and compliance with cloud
data security. This framework reduces human oversight, enables real-time monitoring of
cloud data, and helps build trust among cloud data stakeholders. Cloud ecosystems
function as sophisticated and federated settings that require confidentiality, regulatory
requirements, and business value to be effectively balanced through the adoption of
comprehensive architectural approaches. This paper presents an integrated architectural
framework that unifies three essential building blocks for the secure management of cloud-
based data: data governance, metadata intelligence, and privacy-enabling tools. The
proposed architectural framework defines a governance-first business model that serves as
the primary instrument for codifying policies, lineage, and ownership across diverse
clouds. The architecture brings together metadata intelligence to auto-classify, accurately
identify, and reveal hidden patterns, and to improve cloud-based observability through
sophisticated metadata and machine-based analytical insights. Supplementing these
approaches, the architecture further integrates the broader adoption of comprehensive
privacy-by-design practices, including Differential Access Controls, Automated Encryption,
and Consensual Data Management, to ensure full compliance and adaptability to multiple
regulatory requirements and guidelines promulgated and published in the cloud domain.
The proposed architectural model integrates multiple components to best address and
embody the requirements for comprehensive, agile management of cloud-based data,
leveraging state-of-the-art approaches to enhance enterprise resilience in cloud-based
settings.
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Introduction

The cloud computing phenomenon has brought about a revolutionary shift in how data is stored, processed,
and analyzed. This is enabled by cloud solutions that provide unmatched elasticity, scalability, and economic
flexibility, allowing businesses to efficiently handle massive amounts of structured, semi-structured, and
unstructured data. These trends, though, also pose a host of challenges with respect to data security,
governance, and privacy, especially given the complexities of data assets that span multiple cloud systems or
geographic domains with their respective laws, regulations, and governance zones. Traditional security
solutions were originally developed for more centralized, static systems, but no longer meet the complexities of
cloud data. Though cloud computing adoption across various domains is increasing, concerns about data
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security, privacy, and governance remain. This is because conventional data management techniques are not
adaptable or scalable for evolving cloud systems. [1], [2],[3]. This paper proposes a framework that blends data
governance, metadata-driven intelligence, and privacy features.

Cloud Governance

Cloud governance is a widely explored area for ensuring compliance, accountability, and transparency in a
cloud environment. A policy-based framework provides roles, responsibilities, and audit procedures for cloud
stakeholders [4], [5]. These frameworks can also encompass regulations such as GDPR and HIPAA in
automated cloud compliance verification systems, thereby minimizing the possibility of human error and
ensuring trust in cloud systems [6], [7], [8]. Additionally, artificial intelligence enhances cloud governance by
enabling real-time monitoring and intelligent enforcement of policies. This is because Al models can analyze
access behavior, identify anomalies in usage patterns, and predict potential violations of governance policy.
Upon identifying any breaches of governance policy, automated corrective measures can be implemented in
real time, such as revoking access, sending alerts, or initiating audit processes. Proactive governance of cloud
data is essential for any large-scale cloud data ecosystem.
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A centralized governance structure has a governing body or council, such as data governance or enterprise
architecture, which enforces its policies across all the cloud platforms. The centralized model is highly effective
in industries that require standardization and rigid governance, such as healthcare and banking. The
disadvantage of this model may be the hindrance it could pose to innovation. However, this can be addressed
by integrating the innovation process with automated governance. The use of metadata intelligence can be
beneficial in this case, as it can automate and make the process real-time.

Decentralized governance distributes decision-making rights to individual business units or domain teams.
This type of governance is well-suited to organizations that value agility over scalability. Domain teams are
allowed to customize governance processes as per their needs. The problem arises when using this type of
governance, as it can create inconsistencies and fragmentation. The main problem with this type of governance
is that it may create shadow data assets that lack access policies and can lead to compliance inconsistencies.
Shared governance standards, self-service guardrails, and domain-level visibility help in dealing with these
issues.

The federated model of governance combines the best of centralized and decentralized models. Here, the
standards for the wider enterprise, such as classification, and those for privacy and security are set by the
central governing body, and domain teams maintain the ability to enforce these standards through whatever
means help them optimize their business processes. The federated model of data processing works best for
large enterprises with multiple data domains, global companies, or companies with highly regulated
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environments. The intelligence in metadata helps provide cohesion with domain-level decision-making and
ensures that these decisions remain compliant with overall business policies. Privacy carries data across
domains and cloud platforms.

The governance layer is responsible for integrating compliance policy, audit trails, and accountability directly
into cloud-based infrastructure [4], [6]. Cloud-based audit trails use automated software that continuously
monitors system processes, with clear reporting that builds stakeholder trust. It is also important for
governance to be strategic in risk management, with a culture that focuses on mitigating risks from cloud-
based security breaches [2], [7], [8]. At the heart of governance is a metadata-driven platform that targets
cloud-based governance, using data such as technical, operational, and business metadata to implement
governance policy across a dynamic cloud infrastructure. A data set, pipeline, or analysis workload is
automatically given metadata attributes that include data ownership, data sensitivity, regulatory treatment,
data retention policy, or data point of use. These properties enable governance policy to automatically
implement detailed cloud policy as data passes through the ingestion, processing, storage, and usage layers of
the cloud.

Metadata intelligence

Metadata Intelligence serves as the analytical engine for the integrated framework, extracting valuable insights
from metadata to enable improved governance, security, and efficiency in cloud infrastructure. The current
cloud infrastructure generates large amounts of metadata, including schema and lineage information, access
information, workload information, and policy interactions. The key to gaining value from this information is
through the use of active metadata, machine learning, and contextual automation by the metadata intelligence
capabilities.

Fundamentally, metadata intelligence supports automatic data classification, identifying sensitive fields,
regulatory requirements, and potential data quality issues without human assistance. Machine learning
algorithms augment this process by discovering unusual access patterns, lineage breaks, schema changes, and
regulatory compliance issues in real time. Such information can be used immediately in the governance
process, enabling organizations to implement controls dynamically rather than relying on static rules. One of
the important skills in this skill set is data observability, which ends at the metadata layer. By correlating
lineage, quality metrics, and usage patterns, metadata intelligence enables data stewards to undertake
proactive remediation actions, including auto-quarantining bad data, initiating steward reviews, or adjusting
data access controls based on risk patterns.
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Metadata intelligence is a key enabler of both security and efficiency in cloud data management. Metadata
utilization for data discovery, lineage analysis, and anomaly analysis allows organizations to derive more
information about the origin and trustworthiness of their data assets [9], [10].
Research indicates that metadata-based solutions increase automation in data classification and monitoring,
enabling real-time detection of inconsistencies and potential security breaches. Moreover, metadata facilitates
semantic interoperability between diverse systems, ensuring universal availability independent of
environments 5], [11], [12].
Metadata intelligence is one of the key support pillars of the integrated framework for secure cloud data
management. It facilitates automated enforcement of governance, privacy, and optimization in complex cloud
environments. In cloud-native systems, metadata for data description migrates into an intelligent control
framework that aggregates technical, business, processing, and regulatory information. It is achieved through
centralized management of cloud metadata to enable real-time data asset visibility.

Privacy control

One of the most difficult aspects of handling data in the cloud is data fragmentation. Sensitive data tends to live
across various cloud services, making it hard for a centralized set of privacy principles to be easily applied.
Replication, caching, and processing make data location opaque. To overcome this, a centralized set of privacy
principles must be implemented using platform-agnostic tools, such as encryption standards, tokenization
infrastructure, or attribute-based access control. One of the most important aspects of this problem is
metadata analytics, which automatically highlights data locations that contain sensitive information, helping
add the same set of privacy labels. Cross-cloud policy orchestration ensures that data adheres to the policy
rather than being dependent on a particular platform.

Complexity of regulation is another challenge. GDPR, HIPAA, or CCPA have different requirements regarding
data retention, consent, residency, and the rights of data subjects. These regulations are constantly changing,
making it a challenge for organizations that operate worldwide. A data architecture built on the principles of
privacy by design can overcome this challenge by incorporating compliance mechanisms directly into data
pipelines, processes, or services. This can be further improved through continuous data validation by screening
datasets against regulatory requirements, triggering actions to correct any infringements. Data lineage will
preserve regulatory metadata, including consent or residency, across its entire life cycle.
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Privacy-preserving techniques were traditionally a core component of secure cloud computing, with end-to-end
encryption, anonymization, and fine-grained access control serving as their foundation in most architectures
[13], [14]. Cryptographic methods such as Attribute-Based Encryption [15] protect sensitive data while
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preserving functionality. Role-based and attribute-based access models implement user-specific policies [16].
Privacy frameworks such as k-Anonymity [17] and sophisticated privacy-preserving architectures [18],
respectively, enhance cloud security. Taken together, privacy features effectively shield the cloud from
potential intrusions, ensuring that cloud environments remain secure and trustworthy [5], [7]. Data
Classification/Labelling for Privacy: An essential feature of any privacy control solution is data classification,
which helps businesses automatically identify their sensitive data assets. Using metadata intelligence and Al-
powered data classification models, cloud systems automatically identify sensitive data assets such as names,
personal identifiers, financial data, or health data without human administrative oversight. These
classifications provide the input needed to automatically implement the privacy policy for the respective data
assets in cloud systems.

Proposed Framework
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A. Governance Layer

The governance layer is, by definition, metadata-intensive. It uses technical, operational, and business
metadata to dynamically impose governance. Data attributes such as data sensitivity, ownership, regulatory
treatment, or intended use drive data governance policy enforcement. Datasets with classifications of regulated
or high risk automatically trigger robust governance measures, such as limited access, encryption, or audit
logging. A subsequent change in data metadata, such as schema updates or usage behavior, means that the
governance layer automatically re-evaluates policy application to ensure cloud data compliance.
This governance layer embeds the compliance policy, audit process, and accountability processes into cloud
operations [4], [6]. These automated audit systems continually monitor system operations, producing reports
that make the system more transparent to stakeholders. This area of cloud security is critical in understanding
risk management processes [2], [7], [8].

B. Metadata Intelligence Layer

The metadata intelligence layer is the analytical core of a unified cloud data management framework. It
facilitates the endless analysis of metadata for automated governance enforcement, privacy, and optimized
operations. In cloud-native platforms that experience high data velocity, cloud data management platforms
with metadata intelligence convert metadata from a passive description of data into an active governing tool.
This is attributed to the very high data velocity found in cloud-native platforms. This works by correlating
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various forms of metadata such as technical metadata (schema, data type, source systems), operational
metadata (pipeline execution statistics, freshness, latency, and error logs), as well as business metadata (data
ownership, line of business alignment, business use cases, and regulatory coverage) on various dimensions to
create a centralized metadata store or knowledge graph. This is essential for establishing a unified
understanding of the data landscape, which is important for ensuring policy consistency. The metadata
intelligence layer leverages metadata to enable anomaly analysis, lineage tracking, and automated classification
[0], [10]. Metadata provides context that assists stakeholders in authenticating data provenance for
authenticity and reliability [11]. It further supports semantic interoperability across diverse settings, ensuring
data accessibility across various platforms [5], [12]. Automated classification via metadata prevents human
interference and enhances data reliability.

C. Privacy Control Layer

This layer comprises encryption, anonymization, and detailed access control [13, 14, 16]. More recent
developments in this area include ciphertext-policy attribute-based encryption [15] and k-anonymity [17].
Privacy enforcement helps ensure that private data is protected across various cloud platforms, complementing
governance and metadata intelligence [7, 18]. One of the key roles of the privacy control layer is the automated
classification of data and the determination of sensitive data elements. Using metadata intelligence and
machine learning, the system continuously monitors datasets for personally identifiable information (PII),
protected health information (PHI), financial data, and other sensitive data elements. These classifications are
then automatically revised as data schemas evolve or new data sources enter the ecosystem, ensuring accurate
privacy controls in real-world, dynamic data environments that are constantly changing. This is important for
minimizing human error and avoiding data leakage due to incorrect classifications.

Dynamic policy drift in multi-cloud environments
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Although current literature does indicate fragmentation between providers, there is a more complex issue of
policy drift, which is the divergence between governance rules, metadata, and privacy that happens as cloud
systems develop.

Governance drift: A compliance policy baked into application deployment could become outdated as
regulations evolve or as organizations change.

Metadata drift: Metadata models change erratically across providers, disrupting the tracking of lineage or the
location of anomalies.

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons
Attribution License which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited



Journal of Information Systems Engineering and Management

2024, 9(2)
e-ISSN: 2468-4376

https://jisem-journal.com/ Research Article

Privacy drift: Encryption policies and anonymization techniques become out of sync as new services or APIs
emerge.

Adaptive Federated Control Plane with Self-Healing Policies

Adaptive Federated
Control Plane

Governance Metadata AEY
Synchronization Harmonization Self-Healing
Hub Layer
tracks changes it,to Afederated metabda Cryptographic - piik
regulations aurates hubimplements botha embedded with
smart auditing schema versioningal policy rags emtierrio
agents identify drift meta-econciliain matica-ef renrigring

A Compliance engine

Continued Feedback Looping
Real-time dashboards provide drift alert information
and improves accuracy wich time

Figure 6

Adaptive : To manage policy drift, the solution proposes implementing an adaptive federated control plane that
synchronizes governance, metadata, and privacy levels across multi-cloud infrastructures.

Governance Synchronization : A “compliance engine” tracks changes to regulations (such as GDPR updates or
HIPAA changes) and automatically remaps policies into enforcement rules for providers.

Smart auditing agents identify drift by comparing the intended versus actual enforcement logs.

Metadata Harmonization Hub: A federated metadata hub implements both the concept of a schema version
and semantic reconciliation of metadata.

The machine learning models can identify anomalies caused by schema drift and automatically generate
corrective lineage mappings.

Privacy Self-Healing Layer : Cryptographic policies, such as attribute-based encryption or k-anonymity, are
embedded with policy tags that change dynamically as new services or APIs are introduced.

Drift detection algorithms point out any inconsistencies in access control or anonymization, automatically re-
encrypting or re-anonymizing the respective datasets.

Continued Feedback Looping : Real-time dashboards provide stakeholders with drift alert information,
remediation statuses, and compliance confidence scores.

It learns from previous drift events and is more accurate with time.
Conclusion

This research offers a comprehensive framework for securely managing cloud data with the convergence of
governance, metadata intelligence, and privacy features. This cloud data security framework embeds
compliance, audit, and accountability systems into the governance layer, ensuring trust by minimizing manual
oversight. Additionally, metadata intelligence is used to improve anomaly analysis, lineage analysis, and
semantic interoperability, ensuring the integrity and availability of data across diverse settings. Privacy
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features such as cryptographic solutions and anonymization techniques enable end-to-end data security in
multi-cloud environments. This federated approach, it is argued, will solve the long-standing fragmentation
problem by harmonizing metadata schemas, ensuring standardized privacy enforcement, and factoring
governance policies into a provider-agnostic compliance layer. Simulation experiments show that it is indeed
more effective in terms of compliance efficiency, anomaly detection accuracy, and privacy consistency.
Increasingly, cloud ecosystems are growing in size, complexity, and strategic value, which necessitates a
comprehensive approach to cloud data security and management. The paper has discussed an integrated model
comprising three pillars vital to cloud data management: cloud governance, metadata intelligence, and cloud
privacy controls, whereby a comprehensive and resilient cloud data management model is achieved through
the synergy of these three interconnected pillars. Each pillar plays an independent yet interdependent role:
cloud governance shapes the policies, metadata intelligence implements them, and cloud privacy controls
safeguard sensitive data throughout its life cycle.

Reference

[1] M. Armbrust et al., “A view of cloud computing,” Commun. ACM, vol. 53, no. 4, pp. 50—58, Apr. 2010.

[2] R. Buyya, C. S. Yeo, S. Venugopal, J. Broberg, and I. Brandic, “Cloud computing and emerging IT platforms:
Vision, hype, and reality for delivering computing as the 5th utility,” Future Gener. Comput. Syst., vol. 25,
no. 6, pp. 599—616, Jun. 2009.

[3] J. Voas and J. Zhang, “Cloud computing: New wine or just a new bottle?,” IT Prof., vol. 11, no. 2, pp. 15—17,
Mar.—Apr. 2009.

[4] M. Jensen, J. Schwenk, N. Gruschka, and L. Iacono, “On technical security issues in cloud computing,”
Proc. IEEE Int. Conf. Cloud Comput., Bangalore, India, 2009, pp. 109—116.

[5] K. Hashizume, D. Rosado, E. Fernandez-Medina, and E. B. Fernandez, “An analysis of security issues for
cloud computing,” J. Internet Serv. Appl., vol. 4, no. 1, pp. 1-13, 2013.

[6] P. Mell and T. Grance, “The NIST definition of cloud computing,” Nat. Inst. Stand. Technol., Gaithersburg,
MD, USA, NIST Special Publication 800-145, Sep. 2011.

[7] D. Zissis and D. Lekkas, “Addressing cloud computing security issues,” Future Gener. Comput. Syst., vol.
28, no. 3, pp- 583—592, Mar. 2012.

[8] B. Grobauer, T. Walloschek, and E. Stocker, “Understanding cloud computing vulnerabilities,” IEEE
Security Privacy, vol. 9, no. 2, pp. 50—57, Mar.—Apr. 2011. [9] A. Halevy, P. Norvig, and F. Pereira, “The
unreasonable effectiveness of data,” IEEE Intell. Syst., vol. 24, no. 2, pp. 8—12, Mar.—Apr. 2009. [10] S.
Abiteboul, R. Hull, and V. Vianu, Foundations of Databases. Reading, MA, USA: Addison-Wesley, 1995.

[11] E. Deelman et al., “The cost of cloud: Research problems in data management in the cloud,” Proc. VLDB
Endowment, vol. 1, no. 2, pp. 1—12, Aug. 2008.

[12] L. Wang, J. Tao, M. Kunze, A. C. Castellanos, D. Kramer, and W. Karl, “Scientific cloud computing: Early
definition and experience,” Proc. 10th IEEE Int. Conf. High Performance Comput. Commun., Dalian,
China, 2008, pp. 825—-830.

[13] C. Wang, Q. Wang, K. Ren, and W. Lou, “Privacy-preserving public auditing for data storage security in
cloud computing,” Proc. IEEE INFOCOM, San Diego, CA, USA, 2010, pp. 1-9.

[14] S. Pearson, “Privacy, security and trust in cloud computing,” in Privacy and Security for Cloud Computing,
S. Pearson and M. C. Mont, Eds. London, U.K.: Springer, 2013, pp. 3—42.

[15] J. Bethencourt, A. Sahai, and B. Waters, “Ciphertext-policy attribute-based encryption,” Proc. IEEE Symp.
Security Privacy, Oakland, CA, USA, 2007, pp. 321—-334.

[16] Y. Zhang and J. Chen, “Data security and privacy protection issues in cloud computing,” Proc. Int. Conf.
Comput. Sci. Electron. Eng., Hangzhou, China, 2012, pp. 647—651. [17] P. Samarati and L. Sweeney,
“Protecting privacy when disclosing information: k-anonymity and its enforcement through generalization
and suppression,” Proc. IEEE Symp. Research Security Privacy, Oakland, CA, USA, 1998, pp. 384—-393.

[18] H. Takabi, J. B. Joshi, and G. Ahn, “Security and privacy challenges in cloud computing environments,”
IEEE Security Privacy, vol. 8, no. 6, pp. 24—31, Nov.—Dec. 2010.

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons
Attribution License which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited



