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1. Introduction

1.1. Background and Motivation

Cloud-native application development has increasingly shifted toward microservices architectures, in which independently
deployable services communicate through lightweight APIs, event brokers, and asynchronous messaging systems. This architectural
approach allows development teams to release individual capabilities independently, scale selected workloads according to demand,
and isolate failures within specific service boundaries. Event-driven architectures extend these advantages by allowing services to
publish and consume events without requiring direct, synchronous communication between producers and consumers. Platforms such
as Apache Kafka, cloud-managed messaging services, and event-routing systems support this interaction model across distributed
enterprise environments. Nevertheless, the distribution of application logic introduces additional security dependencies that cannot be
adequately addressed through network perimeter protection alone.

Multi-cloud adoption further increases architectural flexibility by allowing organizations to distribute workloads across different
cloud providers according to regulatory requirements, availability objectives, geographical constraints, and operational preferences. At
the same time, each provider may implement distinct identity services, network controls, secret-management mechanisms, workload
orchestration features, and security-monitoring interfaces. When an event producer operates in one cloud and its consumer operates in
another, the organization must establish trust across multiple administrative and technical boundaries. A compromised identity,
incorrectly configured message topic, exposed credential, or malicious software dependency can consequently affect services beyond
the environment in which the original weakness occurred.

The zero-trust security model provides a relevant foundation for addressing these challenges. Rather than treating network
location or organizational ownership as sufficient evidence of trust, zero trust requires explicit authentication and authorization,
evaluates contextual information, and limits access to the resources necessary for an approved activity. NIST Special Publication 800-
207 establishes foundational zero-trust principles for enterprise architectures, while NIST's Secure Software Development Framework
emphasizes integrating security practices throughout software development rather than treating security as a final-stage activity (Rose
et al., 2020; Souppaya et al., 2022).

DevSecOps complements these principles by integrating security controls into development workflows, automated testing,
infrastructure provisioning, deployment, and operational feedback. However, combining zero trust and DevSecOps does not
automatically secure event-driven systems. Conventional pipelines may scan source code and container images while overlooking
event-topic permissions, consumer-group access, schema compatibility, replay attacks, cross-cloud identity federation, and
authorization changes after deployment. Likewise, runtime monitoring may identify suspicious behavior without connecting it to the
source-code revision, dependency set, build provenance, or policy decision that enabled the behavior.

The central motivation for this research is therefore to establish a unified framework in which trust is continuously evaluated
across the complete lifecycle of event-driven microservices. Security decisions should remain consistent from code development and
artifact construction to event publication, message consumption, workload execution, and incident response. Such integration is
particularly important for financial platforms, digital commerce, healthcare applications, industrial monitoring, and other distributed
systems in which event integrity, service availability, and traceable authorization are essential.

1.2. Problem Statement

Existing security approaches frequently implement application security, identity management, event-broker authorization,
cloud infrastructure protection, and runtime monitoring through separate tools and administrative processes. Although each control
may provide meaningful protection, fragmented implementation can create inconsistent policies, duplicated responsibilities,
incomplete audit trails, and delays in identifying relationships between development-time weaknesses and production incidents.

These problems become more pronounced when microservices communicate asynchronously across cloud boundaries. A
message may be authenticated at the broker but insufficiently validated by its consumer. A container may pass vulnerability scanning
but later obtain excessive permissions through a deployment configuration. A service identity may be legitimate within one cloud but
inadequately constrained when federated into another. Moreover, retries, event replay, duplicate delivery, and delayed processing can
complicate the investigation of security incidents. The research problem is to design an integrated security framework that applies
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zero-trust principles throughout DevSecOps while accounting for the distinctive communication patterns and operational requirements
of event-driven microservices distributed across multiple cloud providers.

1.3. Research Objectives
The study pursues five objectives:
» To develop a layered security architecture integrating zero trust, DevSecOps automation, and event-driven microservices
protection.
» To define consistent identity, authorization, and policy-enforcement mechanisms across heterogeneous cloud environments.
» To incorporate event-specific controls for message integrity, schema validation, replay resistance, and least-privilege broker
access.
» To connect software supply-chain assurance and deployment validation with continuous runtime monitoring.
» To establish a conceptual evaluation framework for comparing security coverage, operational overhead, scalability, and
governance consistency.

1.4. Research Contributions

The primary contribution is a lifecycle-oriented architectural framework that connects software development security, workload
identity, event-broker protection, multi-cloud deployment governance, and runtime response. Unlike approaches that concentrate
primarily on pipeline scanning or network access, the proposed design treats the event lifecycle and the software delivery lifecycle as
interdependent security domains. A second contribution is the definition of cross-layer policy relationships that associate software
artifacts, service identities, event permissions, deployment configurations, and runtime evidence. A third contribution is a comparative
evaluation model that identifies measurable indicators for future experimental validation without presenting hypothetical
improvements as observed results.

The proposed framework is intended as an architectural and methodological contribution. It is not presented as a deployed
prototype or as an experimentally validated security product.

2. Literature Review
2.1. Zero-Trust Security Architecture
Zero trust has developed as a response to the limitations of security models that assume users and systems inside a protected
network are inherently trustworthy. Rose et al. (2020) describe zero trust as an architectural approach in which access decisions are
based on explicit authentication, authorization, and contextual policy rather than implicit trust derived from network location. This
approach is applicable to microservices because individual workloads may be created, rescheduled, scaled, or terminated dynamically.

In a distributed service environment, zero trust requires more than user authentication. Service-to-service communication must
also be authenticated, and authorization decisions should reflect the specific operation, resource, workload identity, and relevant
contextual conditions. NIST's guidance establishes a foundation for this approach, but organizations must translate general zero-trust
principles into enforceable policies for event brokers, service meshes, container platforms, and cloud-native identities.

A major architectural challenge is maintaining consistent authorization across providers that expose different identity and
policy interfaces. Federation can establish trust relationships between identity domains, but federation alone does not guarantee least
privilege. A service that is permitted to assume a federated identity may still receive excessive permissions unless authorization is
constrained by workload attributes, resource scope, environment, and intended operation. The proposed framework therefore
separates identity verification from resource authorization and requires both to be evaluated throughout service execution.

2.2. DevSecOps and Secure Software Supply Chains

DevSecOps integrates security testing and governance into software delivery pipelines. Rather than relying exclusively on
manual reviews or penetration testing before release, it applies automated controls during source-code development, dependency
management, compilation, artifact packaging, infrastructure provisioning, and deployment.
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Shahin et al. (2017) examined continuous integration and continuous delivery research and identified important engineering
challenges associated with automation, testing, and delivery practices. These challenges remain relevant to secure distributed
applications because increasing deployment frequency can amplify the consequences of weak or inconsistent security gates.

The Secure Software Development Framework proposed by Souppaya et al. (2022) provides practices for preparing
development environments, protecting software, producing well-secured software, and responding to vulnerabilities. The SLSA
framework similarly emphasizes supply-chain integrity and provenance as mechanisms for establishing confidence in how software
artifacts are produced. These approaches can support verification of source revisions, build processes, dependency inventories, and
artifact origins.

However, supply-chain assurance is only one part of event-driven application security. A verified container image does not
establish that its workload has appropriate permissions to publish financial transactions or read sensitive event streams. Similarly, a
successful source-code scan does not establish that a production event schema rejects malicious payloads. The proposed framework
extends lifecycle security by connecting software provenance to deployment authorization and runtime identity policies.

2.3. Security Challenges in Event-Driven Microservices

Event-driven architectures decouple producers and consumers through messages or events. This decoupling improves
independent deployment and reduces direct service dependencies, but it also changes the security model. Messages may be retained for
extended periods, delivered more than once, replayed after failures, or consumed by multiple independent applications. As a result,
message security must address confidentiality, integrity, authorization, ordering assumptions, and application-level processing
semantics. Richards (2015) explains the architectural trade-offs associated with microservices, including the operational complexity
introduced by distributed components. Kleppmann (2017) discusses distributed data systems and the importance of understanding
delivery semantics, consistency, and fault tolerance. These considerations are especially relevant when security controls interact with
event retries, consumer offsets, idempotent processing, and cross-service workflows.

Broker authentication and transport encryption are necessary but insufficient. Producers should be authorized to publish only to
designated topics or event channels, while consumers should receive access only to the streams required for their business functions.
Event schemas should be validated, and sensitive fields should be protected through data minimization, encryption, and controlled
retention. Applications handling critical transactions may also require signed event envelopes, unique event identifiers, timestamps,
and replay-detection mechanisms.

An additional challenge concerns trust propagation. An event produced by an authenticated service does not automatically
remain trustworthy after passing through transformation services, dead-letter queues, retries, or third-party integrations. Consumers
must evaluate the event's provenance and integrity while independently validating its content and authorization context.

2.4. Multi-Cloud Security and Policy Consistency

Multi-cloud architectures introduce heterogeneity in identity providers, network configurations, workload runtimes, encryption
services, and monitoring systems. This heterogeneity can create gaps when security policies are defined independently for each
provider. A deployment that complies with one provider's configuration baseline may violate an organizational requirement elsewhere
because resource names, permissions, logging interfaces, and default settings differ.

Cloud security research emphasizes that security responsibilities extend beyond provider infrastructure to include customer-
controlled identities, applications, configurations, and data. The Cloud Security Alliance's Cloud Controls Matrix offers a structured set
of cloud security control objectives that organizations can use to compare governance and assurance requirements across providers
(Cloud Security Alliance, 2021).

Container orchestration and service-mesh technologies can provide consistent enforcement points for workload identity, traffic
encryption, and network policy. However, neither technology independently solves all multi-cloud security problems. A service mesh
may authenticate a workload connection while leaving event-level authorization or application-level data validation to other controls.
Likewise, a centralized policy engine may define organizational rules but depend on provider-specific enforcement adapters to
implement them correctly.
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Consequently, a practical multi-cloud framework must distinguish between common policy intent and provider-specific
implementation. It should maintain a consistent security model without assuming that every cloud exposes identical capabilities or
that all controls can be enforced through one universal interface.

2.5. Research Gap

The literature provides established foundations for zero-trust architecture, secure software development, microservices
engineering, cloud governance, and distributed event processing. Nevertheless, these areas are frequently implemented as separate
architectural disciplines. Zero-trust guidance establishes identity-centric access principles, DevSecOps frameworks emphasize secure
delivery, and event-driven design literature addresses messaging and distributed processing. A remaining architectural need is to
connect these practices through a unified lifecycle model.

The specific gaps addressed by this study are:

» Lifecycle fragmentation: insufficient integration between source-code assurance, artifact provenance, deployment
authorization, and production event access.

» Event-specific trust gaps: incomplete treatment of schema validation, replay detection, topic-level permissions, and event
provenance within general DevSecOps pipelines.

» Cross-cloud policy inconsistency: difficulty translating common organizational requirements into enforceable provider-
specific controls.

» Limited end-to-end traceability: inadequate linkage between build artifacts, workload identities, event-processing decisions,
policy evaluations, and incident evidence.

» Evaluation limitations: the need for a reproducible evaluation model that measures both security effectiveness and the
operational costs of continuous enforcement.

The proposed framework addresses these gaps at the architectural level. Its effectiveness must subsequently be assessed through
implementation, controlled testing, and comparison with baseline security configurations.

3. Research Methodology
3.1. Research Design
This study adopts a design-oriented conceptual research methodology. The objective is to develop a coherent security
architecture from established principles and identify how its components can be evaluated systematically. The methodology is
informed by design science research, which emphasizes the construction and assessment of artifacts intended to address relevant
organizational problems (Hevner et al., 2004).

The research process consists of problem identification, review of relevant security and architecture literature, extraction of
design requirements, framework construction, control mapping, comparative analysis, and development of an evaluation plan. The
resulting artifact is a reference architecture rather than a production implementation. No organization-specific dataset, controlled
experiment, penetration-test result, or measured performance improvement is claimed.

3.2. Design Requirements
The framework is guided by security, operational, and governance requirements derived from the literature and the
characteristics of event-driven multi-cloud systems.

Security requirements include explicit authentication, least-privilege authorization, and encryption in transit, secure secret
handling, artifact integrity, event validation, and auditable policy decisions. The architecture must also support credential revocation,
vulnerability response, and containment of compromised workloads. Operational requirements include automated pipeline integration,
repeatable deployment, scalable event processing, fault tolerance, and compatibility with heterogeneous cloud environments. Security
controls should avoid unnecessary synchronous dependencies in high-throughput event-processing paths. Governance requirements
include centralized policy definition, controlled exceptions, environment-specific approvals, data classification, traceable evidence, and
accountability for security decisions. These requirements are intended to make the framework suitable for organizations operating
under internal security policies and applicable regulatory obligations.
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3.3. Proposed Framework Components
The architecture contains five interdependent layers.

The first layer, secure development and software supply-chain assurance, incorporates source-code analysis, dependency
scanning, secret detection, software bills of materials, artifact signing, and build provenance. Pipeline controls assess whether a
candidate release meets defined security criteria before promotion.

The second layer, identity and policy governance, establishes workload identities, federated authentication, least-privilege
authorization, policy-as-code, and controlled exceptions. Identity verification and authorization are treated as separate decisions so
that successful authentication does not automatically grant unrestricted resource access.

The third layer, event-driven communication protection, secures producers, brokers, consumers, schemas, and event-processing
workflows. It incorporates mTLS where appropriate, broker-level access control, schema compatibility validation, event provenance,
replay detection, and application-level validation.

The fourth layer, multi-cloud deployment and orchestration, coordinates policy enforcement across container platforms,
managed cloud services, network boundaries, and deployment environments. It uses provider-specific adapters while preserving
common organizational policy intent.

The fifth layer, continuous observability and adaptive response, correlates security logs, distributed traces, deployment
metadata, identity events, broker activity, and runtime alerts. It supports investigation, policy reassessment, credential revocation,
workload isolation, and controlled rollback.

3.4. Methodological Workflow
The research methodology follows these steps:
» Identify trust boundaries across development environments, build systems, deployment pipelines, event brokers, workloads,
and cloud providers.
» Map each trust boundary to authentication, authorization, integrity, confidentiality, and monitoring requirements.
> Assign controls to the appropriate lifecycle stage and enforcement point.
» Define relationships between software artifacts, workload identities, event permissions, deployment policies, and runtime
evidence.
» Compare the proposed framework conceptually with less integrated security approaches.
»  Define indicators, baselines, and test scenarios for subsequent empirical evaluation.

The workflow emphasizes that security cannot be assessed exclusively by counting automated tools. A meaningful assessment
must determine whether controls are correctly configured, enforced at the appropriate boundary, and capable of preventing or
detecting the threats they are intended to address.

3.5. Evaluation Criteria

The conceptual evaluation uses five dimensions: security coverage, policy consistency, event integrity, operational overhead, and
traceability. Security coverage concerns the proportion of required controls implemented and tested across lifecycle stages. Policy
consistency concerns the degree to which equivalent security requirements are enforced across cloud providers. Event integrity
addresses the detection or rejection of unauthorized, malformed, or replayed messages. Operational overhead includes pipeline
execution time, authorization latency, resource consumption, and maintenance effort. Traceability concerns the ability to connect a
production event or security incident to its originating service, software artifact, deployment, and policy decision. These dimensions
provide a basis for quantitative evaluation in a future implementation. In the present study, they are used for structured architectural
comparison rather than as measured experimental outcomes.
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4. Results and Discussion
4.1. Architectural Overview of the Proposed Framework
The principal outcome of the design process is a five-layer architecture that connects development-time security assurance with
identity-centric access control, event-level protection, multi-cloud enforcement, and continuous operational monitoring. The
framework is designed to maintain security context as software moves from source code to a deployed service and subsequently
participates in asynchronous communication.

The central architectural principle is that trust must be established independently at each relevant boundary. A successful build
does not imply that an artifact is safe to deploy, an approved deployment does not imply that a workload may access every event
stream, and an authenticated producer does not imply that all messages it generates are valid. Each stage therefore requires its own
verification criteria, with evidence passed to subsequent stages where appropriate.

Figure 1 presents the conceptual architecture. The layers are connected through a common governance and observability model,
while enforcement remains distributed across the pipeline, identity infrastructure, event brokers, workload runtimes, and cloud-
specific security services.
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Figure 1. Proposed Zero-Trust DevSecOps Architecture for Event-Driven Microservices across Multi-Cloud
Environments
Source: Author's conceptual framework, developed from established zero-trust and secure software development principles.

The diagram represents logical relationships rather than a mandatory deployment topology. In an implementation, observability
operates across every layer, not merely at the bottom of the architecture. Similarly, identity and policy governance is a cross-cutting
capability even though it is represented as a distinct layer for clarity. This separation allows organizations to assign clear
responsibilities while preserving the interdependencies required for end-to-end protection.

4.2. Integration of Zero Trust into DevSecOps Pipelines

The first major finding from the architectural analysis is that zero-trust enforcement must begin before production deployment.
Source-code repositories, build agents, artifact registries, infrastructure templates, and deployment controllers are privileged
components because they influence the software that eventually receives production access.

A secure pipeline should authenticate developers and automation identities, restrict repository permissions, detect exposed
credentials, inspect third-party dependencies, and verify artifact provenance. Build outputs should be traceable to approved source
revisions and controlled build processes. Where organizational policy requires it, signed artifacts and attestations should be verified
before deployment. These measures align with the secure development practices described by Souppaya et al. (2022).
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Security gates should evaluate both the artifact and its intended deployment context. For example, a container image with
acceptable vulnerability status might still be rejected if its deployment manifest requests privileged execution, mounts sensitive host
resources, or grants unrestricted network access. Similarly, an approved service should not be promoted if its declared event
subscriptions exceed the permissions justified by its business function.

A policy-as-code approach can express these conditions in a version-controlled and reviewable form. The pipeline evaluates
policy before release, while runtime enforcement checks whether the deployed workload continues to operate within its authorized
boundaries. This approach reduces dependence on manual interpretation and helps maintain consistency between development and
operations.

Nevertheless, excessive security gating can slow delivery when scans are redundant, policy exceptions are poorly managed, or
external services become bottlenecks. Organizations should therefore distinguish between critical violations that block deployment,
lower-risk findings that require remediation within a defined period, and exceptional releases that require documented approval. Such
classification must not become a mechanism for routinely bypassing mandatory protections.

4.3. Event-Level Identity, Authorization, and Integrity

The second finding is that event-driven systems require security controls beyond conventional service-to-service authentication.
A message broker is not merely a transport component; it is a shared authorization boundary through which business events may be
distributed to multiple independent services. The framework assigns distinct permissions to producers and consumers. Producers
receive permission to publish only to designated topics or channels, while consumers are limited to approved subscriptions and
consumer groups. Administrative permissions are separated from ordinary application permissions. Broker-level authorization is
combined with application validation so that unauthorized access and malformed payloads can be addressed at different layers.

Event schemas provide an additional security boundary. Validation can reject messages with unexpected structures, invalid
types, missing mandatory fields, or incompatible schema versions. However, schema validity alone cannot establish that a business
event is authentic or semantically authorized. A structurally valid transaction event might still contain an unauthorized account
identifier or a transaction value inconsistent with the producer's permitted role. Consumers therefore need business-rule validation
and appropriate data-access checks.

Replay protection is especially important where repeated processing could trigger duplicate payments, repeated provisioning
actions, or unintended state changes. Unique event identifiers, bounded timestamp checks, deduplication records, and idempotent
consumer operations can reduce this risk. The appropriate mechanism depends on event retention, processing guarantees, latency
requirements, and the consequences of duplicate execution. Because distributed messaging commonly permits retries and duplicate
delivery under some configurations, replay detection must distinguish malicious repetition from legitimate redelivery.

Cross-cloud messaging also requires careful handling of trust propagation. A service receiving an event should verify the source
identity and integrity evidence supported by the messaging architecture, but it should not blindly inherit the producer's permissions.
The consumer's own identity and authorization policy should determine which actions are permitted. This separation prevents the
event itself from becoming an unrestricted authorization token.

4.4. Multi-Cloud Policy Enforcement and Governance

A third finding is that consistent security governance requires a common policy model combined with environment-specific
enforcement. A single global policy definition can express organizational intent, but it cannot eliminate differences in provider identity
systems, messaging services, container platforms, or logging interfaces. The proposed framework separates policy authorship from
policy enforcement. Central governance defines requirements for workload authentication, permitted event access, encryption, artifact
verification, and audit retention. Provider-specific adapters translate those requirements into the controls supported by each
environment. Compliance checks then verify the resulting configurations rather than assuming that a successful configuration
deployment necessarily means the policy has been enforced correctly.

This distinction is important for avoiding false consistency. Two cloud environments might use different technical mechanisms
to achieve equivalent security outcomes. Conversely, identically named settings might provide different guarantees or operate at
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different scopes. Effective governance therefore requires testing the behavior of controls and recording the evidence used to establish
compliance.

Policy distribution also introduces availability and consistency concerns. A central authorization service may simplify
governance but create a dependency that affects deployment or runtime decisions if it becomes unavailable. The framework should
distinguish between policies that must be evaluated online and policies that can be securely cached or enforced locally. Cached
decisions should have defined expiration periods, revocation behavior, and limits on the actions permitted during connectivity failures.
Fail-open behavior must be avoided for sensitive operations unless an explicitly approved risk policy justifies it.

4.5. Continuous Observability and Incident Response

The fourth finding is that zero-trust security becomes operationally useful when authorization and integrity decisions can be
connected to observable evidence. Individual alerts may be insufficient to explain how an incident developed across multiple services
and cloud environments. A compromised workload, for example, might initially appear as an unusual identity event, followed by
unauthorized topic access and then unexpected downstream activity.

The proposed framework correlates identity records, build provenance, deployment metadata, broker audit logs, distributed
traces, and runtime security alerts. Correlation identifiers and trace context help investigators reconstruct processing paths, while
carefully designed audit records provide evidence of which policy was applied and why access was permitted or denied. Sensitive event
payloads should not be copied indiscriminately into logs; observability should favor metadata, classifications, hashes, and controlled
references where these are sufficient.

Runtime response can include revoking workload credentials, reducing topic permissions, isolating a compromised service,
suspending a deployment, or routing suspicious events for controlled investigation. Automated actions should be proportional to the
risk and the confidence of the detection mechanism. A low-confidence anomaly should not necessarily trigger a broad production
shutdown, whereas confirmed credential compromise may justify immediate revocation.

Observability also supports feedback into the development lifecycle. If a production incident is traced to an insecure dependency,
excessive permissions, or missing schema validation, the finding should inform future pipeline checks and reusable security templates.
This creates a continuous improvement cycle rather than treating incident response as an isolated operational activity.

4.6. Comparative Analysis of Security Approaches

Table 1 compares the proposed framework with conventional DevSecOps, perimeter-oriented security, and partially integrated
zero-trust approaches. The comparison is qualitative and reflects the intended architectural coverage of each approach, not the
measured performance of specific products.

Table 1. Comparative Analysis of Security Approaches for Multi-Cloud Event-Driven Microservices

Evaluation Perimeter-Oriented Conventional Partially Proposed Framework
Dimension Security Devsecops Integrated Zero
Trust
Primary security Network boundary Automated software Identity-centric Lifecycle-wide security
focus and trusted zones delivery checks access control integration
Source-code and Often separate Commonly integrated | Depends on pipeline Integrated with release
dependency integration authorization
assurance
Workload identity | May rely on network Variable Explicit identity Explicit identity with
location or verification scoped authorization
credentials
Event-broker May be coarse- Often handled Can be identity- Producer, consumer, topic,
permissions grained separately aware and operation controls
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Schema and replay Application- Variable Not inherently Explicitly included in event
protection dependent provided security
Cross-cloud Often provider- Pipeline-dependent | Requires federation | Common policy intent with
governance specific and policy provider-specific
integration enforcement
Runtime Network and Build and deployment | Identity and access | Correlated identity, artifact,
monitoring perimeter telemetry telemetry telemetry event, and runtime
evidence
Operational Moderate initially; Pipeline maintenance | Identity and policy Higher integration and
complexity gaps may increase at and tool integration integration governance requirements
scale overhead
End-to-end Limited across Stronger for build and | Stronger for access Designed to link release,
traceability application release stages decisions identity, event, and incident
boundaries evidence

Source: Author's qualitative comparison based on the framework's design requirements and the cited literature.

The comparison highlights a distinction between security control availability and security control integration. Conventional
DevSecOps can provide excellent source-code and dependency assurance, but those capabilities do not automatically extend to event-
level authorization. Likewise, a zero-trust deployment may authenticate every workload connection without establishing the integrity
of every event or linking runtime activity to software provenance.

The proposed approach seeks to close these gaps by making lifecycle relationships explicit. Its main advantage is the potential
for more consistent enforcement and more complete incident reconstruction. Its main disadvantage is implementation complexity:
organizations must maintain policy mappings, identity integrations, event schemas, evidence pipelines, and operational procedures
across multiple environments.

This trade-off suggests that the framework is best introduced incrementally. Organizations with limited security engineering
capacity may begin with workload identity, least-privilege broker permissions, artifact verification, and essential audit correlation
before adopting more advanced event attestation and adaptive response mechanisms.

4.7. Security Evaluation Scenarios and Expected Outcomes

The proposed architecture can be evaluated through controlled scenarios representing realistic attacks and configuration
failures. The purpose is to establish whether the framework's controls operate as intended, rather than to assume that the presence of
a control guarantees security.

Table 2. Proposed Security Evaluation Scenarios and Assessment Indicators

Test Scenario Relevant Controls Assessment Indicator Expected Security Outcome

Unauthorized publication is
denied

Workload identity, broker
authorization

Unauthorized publication
acceptance rate

Unauthorized producer
attempts to publish to a
restricted topic

Invalid events are rejected or
quarantined

Invalid-event rejection
rate

Schema and business-
rule validation

Consumer receives a malformed
event

Event identifiers, Duplicate side-effect rate | Repeated processing does not
deduplication,

idempotency

Previously processed event is
replayed produce unauthorized

duplicate effects

Release is blocked according to
policy

Unauthorized artifact
promotion rate

Image scanning, signing,
provenance verification

Container image has a
prohibited vulnerability or
untrusted provenance
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Workload requests excessive
permissions

Policy-as-code, admission
controls, least privilege

Excess-permission
detection and prevention
rate

Deployment is rejected or
permissions are restricted

Federated identity is used
outside its approved scope

Identity federation,
contextual authorization

Unauthorized cross-cloud
access acceptance rate

Cross-cloud access is denied

Compromised service exhibits
suspicious behavior

Runtime monitoring,
correlation, response
policies

Detection time and
containment time

Suspicious activity is identified
and contained

Central policy service becomes
unavailable

Local enforcement,
bounded caching, failure

policy

Availability and policy-
compliance rate during
outage

Critical controls remain
effective under the approved
failure policy

Source: Author's proposed evaluation matrix. These are test scenarios and expected outcomes, not experimentally observed results.

The evaluation should measure both prevention and operational consequences. For instance, a low unauthorized-publication
acceptance rate is meaningful only if legitimate publication remains available and the broker can sustain its required throughput.
Similarly, faster incident containment should be evaluated alongside false-positive rates, service disruption, and recovery time.

A suitable experiment would deploy representative services across at least two cloud environments and establish a baseline
using conventional pipeline scanning and provider-specific access controls. The proposed framework could then be tested against the
same workload, threat scenarios, and event volume. Repeated trials would help distinguish reliable security improvements from
incidental variation.

Evaluation should also consider the cost of maintaining policy consistency. A framework that prevents attacks but introduces
excessive deployment delays or frequent false positives may be difficult to sustain in production. Consequently, security effectiveness,
service reliability, developer productivity, and operational cost should be analyzed together.

4.8. Practical Implications and Limitations

The framework has practical implications for organizations that operate distributed applications under strict security and
governance requirements. Security teams can use the layered architecture to define control ownership, platform engineering teams can
implement reusable deployment and identity templates, and development teams can incorporate event validation and least-privilege
permissions into service contracts.

The architecture may also support compliance evidence collection by associating policy definitions with pipeline results, artifact
attestations, deployment records, and runtime audit events. Such evidence can improve auditability, but automated records do not
independently establish regulatory compliance. Organizations must still interpret applicable obligations, validate control effectiveness,
and maintain appropriate oversight.

Several limitations must be acknowledged. First, the study presents a conceptual framework and has not implemented or
benchmarked it against a live multi-cloud system. Second, the effectiveness of individual controls depends on their configuration,
implementation quality, and integration with the application. Third, the architecture does not remove all supply-chain risks,
compromised identities, insider threats, or vulnerabilities in trusted components. Fourth, centralized governance can create
operational dependencies if policy distribution and enforcement are not designed for failure conditions.

Finally, the framework does not assume that all event payloads require cryptographic signatures or that every authorization
decision must contact a central service. These choices should be based on data sensitivity, threat models, performance constraints, and
operational risk. The architecture provides a decision structure within which those trade-offs can be documented and evaluated.

5. Conclusion
This research proposed a Zero-Trust DevSecOps Framework for Event-Driven Microservices across Multi-Cloud Environments
to address the limitations of fragmented security practices in distributed cloud-native applications. The framework integrates software
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supply-chain assurance, workload identity, policy-as-code, event-level protection, multi-cloud enforcement, and continuous runtime
monitoring into a unified lifecycle architecture. Its central principle is that trust must be established and continuously reassessed at
every significant boundary rather than inferred from network location, successful deployment, or previously authenticated
communication.

The architectural analysis demonstrates why securing event-driven microservices requires a broader approach than
conventional source-code scanning or network protection. Event brokers introduce shared access boundaries, asynchronous
communication complicates incident reconstruction, and cross-cloud federation can create unintended permission paths. The proposed
framework addresses these concerns through narrowly scoped producer and consumer permissions, schema and business-rule
validation, replay resistance, verified software artifacts, and correlated operational evidence. Integrating these mechanisms can provide
a more consistent basis for preventing unauthorized actions and investigating security incidents.

The comparative discussion also identifies an important trade-off. Greater integration can improve policy consistency and
traceability, but it introduces additional engineering, governance, and operational requirements. Effective implementation therefore
depends on risk-based prioritization, reusable security controls, well-defined exception procedures, and careful management of
enforcement dependencies. Security controls should be proportionate to the sensitivity of the data and the consequences of
unauthorized processing.

The principal contribution of this study is a conceptual architecture and evaluation framework that connects zero-trust
principles with the distinctive requirements of event-driven DevSecOps. Because the study does not report implementation or
experimental measurements, its proposed benefits should be understood as architectural expectations rather than demonstrated
performance improvements. The framework establishes a foundation for future empirical work examining whether integrated
enforcement can improve security outcomes while preserving the availability, scalability, and delivery speed required by modern multi-
cloud applications.

6. Future Scope
Future research should implement the framework in a representative multi-cloud environment using container orchestration,
workload identity federation, an event-streaming platform, and automated CI/CD pipelines. Such an implementation would enable
controlled comparison with conventional DevSecOps and less integrated zero-trust baselines. Researchers could measure unauthorized
access acceptance, vulnerability-gate effectiveness, event-processing latency, deployment duration, policy inconsistency, false-positive
rates, and incident containment time under repeatable conditions.

A second research direction concerns adaptive authorization. Machine-learning techniques could help identify unusual event
access patterns, unexpected producer-consumer relationships, and deviations from established service behavior. However, adaptive
decisions should remain constrained by explicit security policies, with human approval for high-impact exceptions and deterministic
enforcement for critical operations. The reliability of these techniques would need to be evaluated against adversarial behavior,
changing workloads, and false-positive risks.

Third, future studies could investigate privacy-preserving security observability across organizational and cloud boundaries.
Selective metadata collection, redaction, retention controls, and privacy-aware correlation could help investigators reconstruct
incidents without unnecessarily exposing sensitive business data. Research is also needed into interoperable event-provenance
mechanisms that remain verifiable as messages pass through transformation services, queues, and third-party integrations.

Finally, the framework could be extended to incorporate confidential computing, workload attestation, software supply-chain
risk scoring, and automated policy conformance testing. Longitudinal evaluations would be particularly valuable because they could
reveal whether the architecture remains maintainable as cloud services, dependencies, threat patterns, and regulatory requirements
evolve. Such research would help establish the practical conditions under which zero-trust DevSecOps improves security without
imposing disproportionate operational costs.

The following conceptual workflow illustrates how event security and software delivery assurance interact from development
through runtime response.
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Figure 2. Secure Event Lifecycle and Continuous DevSecOps Feedback
Source: Author's conceptual representation of the proposed framework. SBOM refers to a software bill of materials.

The workflow emphasizes that security validation is not completed at deployment. The operational evidence generated during
event processing informs policy review, incident response, and subsequent development cycles. Rejected releases return to
remediation, while suspicious runtime behavior can trigger access restrictions, containment, and revised security checks.
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