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Abstract

Enterprise service ecosystems have emerged as a promising organizational model that enables companies to deliver integrated
products and services by leveraging the capabilities of partners, customers, and third parties. However, the operation of enterprise-
grade service ecosystems at scale is hampered by a number of technical and organizational barriers that create operational frictions.
These barriers include the lack of trust between ecosystem partners, the existence of data and system silos, a patchwork of divergent
policies and regulations, high costs related to compliance, and the presence of heterogeneous and often incompatible data standards.

Emerging engineering methods and standards are already addressing a subset of these barriers and can help support federation at
the data level, control level, and decision level. A federated perspective enables the specification of protocols and procedures that
facilitate compliance-related activities, such as privacy-preserving telemetry and incident response, and allows for the parallel
execution of those activities across jurisdictional borders. Future research agendas and practical roadmaps can be aligned with these
developments, with specific directions identified for the short term, medium term, and long term.

Keywords :Federated compliance, interoperability, data lineage, governance, scalability, policy engines, risk scoring, privacy-
preserving computation.

1. Introduction healthcare, finance, children’s sector). The enterprise
ecosystems risk-compliance matrix is, however, not fully
populated. Some risks—inherent to an enterprise
ecosystem—are hard to minimize but easy to ignore by
students of risk management; for others, these students lack
the appropriate scientific models. These emergent properties
of enterprises that are servicing their customers—much like
the converging pattern of flocks of birds—appears intriguing.
Achieving compliance in a federated context is a challenging
problem, combining data engineering, security, and
trust.Current gaps reside in the definition of adequate
telemetries and the creation of dashboards that improve
general-day-to-day operations. Compliance silos that only
focus on data protection risk operations becoming painfully
inefficient and extremely costly.

Enterprise service ecosystems—interconnected sets of
organizations and  service-provisioning platforms—are
gaining traction as a scalable model for complex applications.
Enterprises are outsourcing different components of their
services to specialist service providers, also referred to as
service dependencies, often hosted on public clouds.
Organizations both in the supply and demand chains are
facing increasingly stringent privacy and security regulations
that are, at least on the face of it, incompatible with public-
cloud deployments. Enterprises typically do not sell cloud-
resident data to others, but rather select cloud services and
service dependencies based on their risk exposure and
appetite.

Compliance and regulatory requirements are evolving in the

direction of data-residency constraints, cross-border data-
transfer prohibitions, and domain-specific rules (e.g.,
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Fig 1: Federated Compliance Intelligence

1.1. Technical and Organizational Barriers

The success of enterprise service ecosystems depends on the
capabilities and trustworthiness of constituent services, which
in turn raises multiple technical, organizational, and economic
challenges to scaling. Chief among these are the technical
frictions that lead to the BUCKETS model. At its core,
compliance is a major challenge that is hampered by
operational inertia and escalating costs.

Data residency laws and other regulations act as a strong
fricative against cross-border data flows, yet compliance
checks are still often performed reactively and using the data
itself, in spite of their shared regional context. Consequently,
organizations in many regions and industries are investing in
compliance controls. These costs disproportionately affect
smaller organizations that are already disadvantaged when
competing against larger actors, who may be able to absorb
these costs or shift them elsewhere. Approaches that address
the underlying technical and organizational barriers that
create these frictions are therefore highly desirable.

Table 1: Technical and Organizational Barriers in
Federated Compliance Ecosystems
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. Impact on
Barrier _— - Proposed
Cateqor Description Enterprise Mitigation
gory Ecosystems g
Isolatc_ed _ _Reduced  Federated
. organizationa interoperabilit .
Data Silos data-sharing
| data y and
L . frameworks
repositories  visibility
Regulatory lefere_nt Increased Cross-domain
. regulations - .
Fragmentatio ACTOSS compliance  policy
n S complexity ~ harmonization
jurisdictions
Limited trust Restricted Zero-trust
Lack of Trust 2MOng collaboration governance
ecosystem  and data and
participants exchange auditability
Incompatible . Standardized
Heterogeneou data and Integration : e
- e interoperabilit
s Standards  policy difficulties rotocols
standards yp
High Expensive Reduced Automated
. manual . . .
Compliance compliance scalability for policy engines
Cost P SMEs and telemetry
operations
Data Operational Privacy-
Cross-Border residency delavs and preserving
Restrictions  and transfer ys federated
legal risks

limitations architectures

1.2. Emerging Standards and Interoperability

Relevant standards, protocols, and policy models are
maturing and should be leveraged to facilitate federated
compliance. Strong support in the academic literature calls for
a federated approach. Nevertheless, actual implementation
faces frictions in achieving true federation between domains.
Standards specific to compliance, or those user-declared to be
relevant for compliance, can help. A thorough analysis of
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existing data formats, exchange protocols, policy models, and
standardization initiatives shows both their promise and the
challenges encountered in adoption. Conformance tests may
help overcome some of them. Proposed conformance tests
complement operational technology for compliance but
emphasize cooperation and incentive building for adoption by
using the Department of Defense Security Automation
Infrastructure Data Model as a lingua franca. A compromise
of embracing prescribed structure without stifling flexible
needs is desirable.

Interoperability ~ brings  together  governance  and
compliance—the two fundamental aspects of enterprise risk
management. A set of governance controls can support
systemic compliance across domains and provide distance
from compliance silos. There exist various governance-
oriented standards for data that implement adequate
mechanisms for inter-domain coordination. Support for
compliance-related questions is intrinsic to these controls but
often overlooked.

Equation 1: Federated Compliance Risk Score
Aggregation

The paper discusses cross-domain risk scoring using
normalized scores from multiple domains.

n
Ryiopar = z wi - Ty
=1

Where:
®  Ryiopai= aggregated federated compliance risk
e r;=normalized risk score from domain i
e w;=weighting factor for domain importance

e n=number of participating domains

n
Rglobal = E Wi T;
i=1

1.3. Research Agendas and Practical Roadmaps
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Three research agendas are proposed for the development,
deployment, and operation of the required capabilities. The
short-term agenda targets the realization of minimum viable
products for proof-of-concept federated compliance
applications by means of pilot implementations in enterprise
service ecosystems. A mid-term agenda identifies open
research challenges that must be addressed to enable broader
adoption in complex service ecosystems. Finally, long-term
strategic goals outline directions for federated compliance
intelligence beyond compliance.

Initially, organizations seek to demonstrate that federated
compliance approaches can deliver value within their specific
environments by exposing them to tangible compliance-
related challenges. Pilot implementations form dedicated
usage environments for testing the integration of federated
compliance capabilities into operational enterprise systems,
determining resource requirements, and validating relative
performance in real-world conditions. Ultimately, such
experimentation should lead to the deployment of an early
product version for an enterprise service ecosystem.

In the medium term, continuous development, deployment,
and operational requirements for the capabilities that enable a
general-purpose federated compliance intelligence service
demand dedicated research efforts within the broader
enterprise community. Active research contributions in these
areas will therefore spur ecosystem deployment by enabling
risk-aware members to migrate from internally developed
solutions toward the desired shared enterprise compliance
service, thereby improving ROI for the entire community.
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fechnical Barriers in Federated Compliance
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2. Theoretical Foundations of Federated
Compliance Intelligence

The section defines the core concepts—federation,
compliance, intelligence, data provenance, trust, and
accountability—underlying federated compliance,
establishing a foundation for the subsequent infrastructure-
and policy-focused research agenda. Compliance intelligence
is identified as a federated problem requiring a distributed
approach to policy management, cross-domain risk scoring,
and joint compliance validation. Finally, a survey of privacy-
preserving and secure computation techniques highlights their
applicability to federated intelligence, explores current
limitations, and positions their future development within the
context of data governance and auditability.

Federated compliance intelligence builds on existing
frameworks to create a governance layer that oversees
collaboration among diverse parties in a zero-trust model.
Operationalizing compliance across services and systems
from multiple sources entails addressing the research
challenges of distributed policy engines, modeling risk across
boundaries, and validating compliance within a federated
context. Such algorithms broaden the scope of compliance
assurances and facilitate collaborative certification. Policy
processing across multiple domains supports sharing
information assets with confidence, enabling the safe and
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trusted use of Al-based services built on data from different
sources.

Table 2: Layers of Federated Compliance Intelligence
Architecture

Primary Key Compliance

Layer

Function Components  Role
Data
Data storage repositories, Data .
encrypted protection and
Data Layer and .
. storage, residency
processing
provenance enforcement
logs
. Access Enforcement
Policy . -
controls, policy of security
Control governance .
engines, and
Layer and . .
L authorization  compliance
authorization
systems rules
Risk Risk scorin
K SKSCOMNG - A itomated
.. evaluation engines, Al .
Decision . compliance
and analytics, L
Layer . . decision-
operational  orchestration -
. making
decisions tools
Trust
frameworks, Regulatory

Governance Cross-domain

Layer coordination audit systems, alignment and

accountability  oversight
controls

2.1. Definitions and Core Concepts

Formal definitions of federation, compliance, intelligence,
provenance, trust, and accountability support a discussion of
compliance as a federated problem incorporating data,
control, and decision layers. A federated approach
acknowledges the distribution of relevant policies across
domains and supports conflict resolution and consensus-
building mechanisms.
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Federation, compliance, intelligence, provenance, trust, and
accountability constitute a first-order vocabulary for the
present work. These concepts may be further elaborated and
detailed through dedicated treatment, but a degree of
contextual definition, differentiation, and relationship is
necessary to motivate the subsequent development.

*Federation* enables data-minimization and privacy-
preserving architecture patterns at many scales, from cloud-
connector brokers exchanging micropayments to service
ecosystems sharing telemetric information and regulatory
compliance policies. Yet even for informal definitions,
federation presents conceptual challenges. The term covers
both the organizational distribution of data and the technical
properties of decentralized architectures. A federated service
ecosystem features independently governed, owner-
controlled data stores located across organizational and
jurisdictional borders, yet asserts the properties normally
associated with a centralized service chain.

The data-management layer addresses the location,
protection, management, and availability of data captured,
processed, and produced by services within the ecosystem.
The control layer manages authorizations and policies related
to compliance and risk, whether from the owner, user, or
another authority. These policies govern operation of the data
layer, allowing enforcement of measures such as read/write
restrictions, access scheduling, or user notification. The
decision layer operationalizes these policies, incorporating
tools for evaluating risk scores and data protection.

Equation 2: Compliance Policy Evaluation Function

The distributed policy engine determines whether an action
is permitted or denied.

_ (1, ifaction a satisfies policy in domain d
Pla,d)= {O, otherwise

Where:
e  P(a,d)=policy validation function

e a=requested action
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e d=organizational domain

P(a,d) = {1, if action a satisfies policy in domain d
2o, otherwise

2.2. Compliance as a Federated Problem

Compliance constitutes an intricate problem structure
requiring well-defined semantics to establish compliance
policies for disparate regulatory environments and domains.
Different parties across distinct locations may find themselves
exposed, for instance, to national regulations on data
residency or industry-specific regulations such as the Health
Insurance Portability and Accountability Act (HIPAA) or the
European Payment Services Directive (PSD2). Therefore, a
single enterprise cannot bear full responsibility for
compliance even when it controls systems that act as
federated hubs for on-demand services needing access to the
data of other partners. Organizations or individuals running
such endpoints inevitably carry the risk that third-party
directly or indirectly connecting to their networks may use the
underlying information in a way that causes that party to fall
out of compliance in their own domains. Residual risk can
only be scored and mitigated by performing checks across all
partners’ territories against the relevant regulations that are in
force, using not just their own policy repositories but also
those of the other parties involved, something commonly
understood as the use of cross-domain risk scoring.

Furthermore, and beyond the obvious need to have the right
policies in place at the right time, the design of a compliance
task extends to the definition of controls and procedure sets.
Procedural models specify sequences of actions to be
executed in order to ensure compliance with any given
requirement. In a development environment, for instance,
such controls can be combined into a continuous compliance
approach: checks can be performed for all policies across the
full execution flow of the DevOps pipelines. A similar
outcome can be defined for SREs in production with a
different emphasis, focusing mainly on telemetry for
operational-exposed services. Although such models mostly
connect the outputs of compliance checks with DevOps and
SRE practices, the same holistic orchestration view is valid
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for incident response—playbooks for handling incidents
related to a lack of compliance must address not only actions
but also policies.
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2.3. Privacy-Preserving and Secure Computation
Techniques

Privacy-preserving computation and secure multiparty
computation (MPC) techniques enable computations over
confidential data without disclosing this data to the parties
involved in the computation. Applying these techniques to the
compliance domain allows checks to be performed on
sensitive information while protecting it from untrusted
service operators. Many such techniques have been proposed
recently, but they have different applicability, performance,
underlying assumptions, and security guarantees, making it
essential to identify their respective niches. Several
dimensions are relevant for this taxonomy: data ownership
(which party holds the data to be processed); the number of
parties involved in the computation; the nature of the data
sharing (whether sharing of the underlying data, the result of
a function computed over this data, or the policies controlling
the computation of the function is mandated); the nature of
the computation (passive or active); and the security model
(the trust level of the parties performing the computation).

Data minimization is a key aspect in the design of services,

especially those offered by third parties that have access to
data from an ecosystem beyond their own domain. It aims to
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reduce the amount of data processed by a third-party service
to the minimum necessary to achieve the intended objective
or a predefined level of acceptable risk. This principle applies
not only to the processing of private user data, but also to
regulatory requirements. Minimization may be satisfied
through keeping data encrypted during processing in such a
way that it can be stored in its encrypted form, or through
anonymization or pseudonymization techniques. Controls
need to guarantee that all incoming data satisfy the conditions
for minimization and that these conditions are satisfied at the
output for data leaving the ecosystem, including for data used
for validation.
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Fig 2: Privacy-Preserving Analytics and Secure
Multiparty Computation

3. Architectural Paradigms for Scalable
Service Ecosystems

Federated architecture patterns capture high-level choices in
structuring a compliance ecosystem, ranging from how data
ownership is assigned to how the politics of connection
negotiation and policy agreement are orchestrated. A service
ecosystem is an environment in which heterogeneous services
of third parties can interoperate in a distributed way, usually
over the Internet. Scaling data-driven service ecosystems so
as to enable the venture of each ecosystem participant comes
with challenges, such as the related data residency
regulations, according to which a data subject's data must be
stored and processed in one or more designated countries.
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Countries want to protect their citizens’ privacy by imposing
legal obligations with regard to data governance and usage.
Often, these regulations require data localization or impose
constraints on cross-border flows. Enterprises must comply
with legal obligations about deploying and managing services
which process data that imply data flows across country
borders. Existing solutions abstract away these concerns in
order to focus on other aspects of scaling service ecosystems,
such as operations and performance, to make service
provision more efficient and less expensive. Yet, according to
Fylling et al. (2022), legal compliance is also an enabler of
scaling service provision within a service ecosystem; it just
has not been prioritized.

Table 3: Privacy-Preserving Computation Techniques
for Federated Compliance

Complia
Technique  Purpose Advantag Limitatio nce
es ns Relevanc
e
Compute _ Cross-
Secure on Strong High domain
Multiparty  distribut confidentia computati -

- - complian
Computation ed lity onal ce
(MPC) confiden guarantees overhead .

. validation

tial data

Train

m_odels Dz_ita Non-11D Complian
Federated without  privacy data ce-aware
Learning centraliz preservatio challenges anomaly

eddata n 985 detection

sharing

. . GDPR

Irreversi  Eliminates

o Loss of and
Anonymizatio ble re- data rivac
n identity identificati _ privacy

. granularity complian
removal on risk ce
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Complia
Technique  Purpose Advantag Limitatio nce
es ns Relevanc
e
Replace .
. identifier Maintains Residual Secure
Pseudonymiz - - re-
. swith  analytical .. .. . data
ation . - identificati .
reversibl usability - sharing
on risk
e tokens
. Process Strong Performan Sensitive
Encryption-
in-Use encrypte data ce telemetry

ddata  protection overhead analysis

3.1. Federated Architecture Patterns

Enterprise service ecosystems offer the promise of rapidly
delivering data-rich services while minimizing costs. As the
reliance on external services increases, the need to
demonstrate compliance with data protection and
cybersecurity laws becomes increasingly challenging and
costly. Moreover, external services are often monitored by
different stakeholders that impose conflicting policies while
using different terminology. These violations can incur
significant fines for the companies involved, creating a vital
need for compliance that scales with the service ecosystem.

Specific architectural patterns used to define services can
significantly simplify compliance processes. When services
are operated in a hub-and-spoke model, compliance requires
satisfying the hub's requirements, while a peer-to-peer model
distributes the responsibility of establishing trust among
partners. A hybrid model addresses data residency obligations
in different jurisdictions.

Equation 3: Federated Anomaly Detection Equation

The runtime monitoring section explains anomaly detection
using deviations from expected telemetry values.
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Where:
e A(x)=anomaly score
e x=observed telemetry value
e u=historical mean

e  g=standard deviation

A(x) >t

then an anomaly alert is triggered.

Ay =2 H

3.2. Service Mesh and Compliance-Aware Orchestration

The integration of compliance checks into service mesh
infrastructure can enable full automation of the compliance
check process for enterprise services based on this
architectural pattern. Service meshes add a dedicated layer for
service-to-service communication over a data path with
integrated observability, traffic management, and security
capabilities, eliminating the need for implementing these
common concerns in each application service. A telemetry
data tracker in the service mesh provides insights into the
communication between services while relevant security
concerns are handled by a sidecar proxy per service instance.
The sidecars can extract the relevant parameters defined in the
established compliance policy whenever a service calls a
different service, and the agent evaluation engine can check
whether the service invocation conform to the established
policy. When the data passed or received transfer between
services contains sensitive data, the data can be anonymized
before being transferred.

This orchestration can, thus, be configured to transfer
sensitive data only when a compliance violation has not
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occurred within an established threshold period. Policy
drivers extend the service mesh with dedicated components
for integrating compliance policies into the service operation.
Whenever a new policy is established within the service mesh,
the driver dedicated to the sensitive service pops up a message
requesting an internal compliance action within the other
service being called. Policy-informed routing adds
intelligence to the routing decision making in the service
mesh, using the telemetry information extracted by the
sidecars, so that sensitive information is routed through
anonymization services whenever required.

Cross-Domain Risk Score Trend

Performance Metnc

Q1 Q2 a3 ™ s

4. Data Governance, Privacy, and
Regulatory Alignment

Global or industry-specific laws and regulations impose
requirements on established procedures, controls, and
technical measures. Most compliance regimes are concerned
with specific issues, such as data residency or cross-border
data transfer, which are usually addressed in sectoral
regulation. Even when different regimes cover similar areas,
they are rarely aligned and sometimes even contradict each
other. A federated compliance architecture can therefore not
ignore these political and regulatory constraints.

Data minimization, data anonymization (irreversibly
transforming data so that individuals can longer be associated
with the data), and data pseudonymization (replacing the data
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by tokens that hide the data) are widely recognized as methods
to mitigate privacy risks. Each of these methods has
advantages and disadvantages, and should therefore be
considered carefully for each case. Mitigation or removal of
several risks will also enhance acceptance of data usage for
other purposes. Criteria should be established to guide which
method to adopt for which data elements, and an explicit
definition of the risk threshold should be included, since it
will have a strong impact on the choice of operation. Data
retention policies should be designed, specifying how long
data elements should be kept at minimum and maximum as
well as the conditions under which they may be kept longer.

Table 4: Federated Architecture Patterns and
Compliance Implications

ﬁ\::hltect Descriptio Advanta Eompllanc Suitable
es Scenario
Pattern g Challenges
ntraliz . . Enterpri
Hub-and- Central hub gde tra Single-point clotjdp s
coordinates compliance
Spoke . governan ecosystem
services dependency
ce S
. _ ross-
Direct Distribut Complex oCrO;rs\izatio
Peer-to-  collaboratio ed trust trustp na?
Peer namong and L
. - negotiation ecosystem
services resilience s
Combinatio
n of . .
. . Flexible Pol .
Hybrid  centralized . e_x@ e rohey Multi-
jurisdicti  synchroniza
Federated and on tion country
Model decentralize . .. enterprises
q handling complexity
operations
Service  Sidecar-  Integrate Microservi
Mesh based telemetyy OPErational ces
Architectu Service d y complexity environme
re communica &% nts
tion security
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4.1. Global and Industry-Specific Compliance
Requirements

Compliance requirements may stem from diverse regulations
at global, national, and sectoral levels. For instance, the EU's
GDPR mandates data Residency and transfer rules for
personal information, while market-entry regulations might
impose specific storage requirements for foreign digital
service providers. Industry regulation further complicates
matters, introducing requirements about providing specific
functionalities or obtaining prior approvals for certain
decisions. Despite these differences, many regimes share
principles such as minimizing data collection or processing.
Complexity arises at system operation or service usage, where
several requirements must be met simultaneously, and at
cross-border services relying on another domain, where
requirements might diverge. Given the interconnectedness of
social, economic, and legal systems, compliance outcomes
must often be jointly considered with partners across
domains.

These issues must be addressed through the entire ecosystem
lifecycle: when operationalizing a system, designing it, or
using it. Therefore, regulatory requirements must be mapped
to architectural primitives capable of satisfying them, and
consideration must be given to methodologies for
enforcement and functioning-altering aspects.

Equation 4: Privacy-Preserving Data Minimization
Function

The paper emphasizes minimizing data exposure in
federated systems.

Dppin = arg nll)i,n(Risk(D’))
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Subject to:

Utility(D") = Utnreshota

Where:
e D'=reduced dataset
e Risk(D")= privacy exposure risk
e Utility(D")= operational usefulness of data

Dpin = argminy (Risk(D"))

4.2. Data Minimization, Anonymization, and
Pseudonymization Strategies

Data minimization reduces risks and costs associated with
data storage and processing. It limits retention to the
minimum necessary for business operations, in line with
regulatory guidelines. Removal of data no longer in use serves
business, security, and compliance interests. Organizations
impact their risk profile through policies governing the
storage and sharing of data, the time frame for anonymizing
or destroying data after completion of its intended use, and
controls for ensuring appropriate data handling by third
parties. Anonymization—defined as irreversible data
transformation ~ that  prevents identification  and
reidentification—is an effective way to eliminate risk while
maintaining the ability to analyze themes or trends. Such data
can be retained for extended periods at low cost and shared
with a high degree of confidence.

Even though anonymized data cannot be traced back to its
originating entity, decentralized storage and sharing
significantly reduce reidentification risk. The adherence to
best practices, however, still requires organizations to enforce
strict disclosure controls. Pseudonymization (for reversible
de-identification) and generalization (controlling the
granularity of information) are other accepted privacy-
preserving methods. These latter approaches reduce rather
than eliminate reidentification risk and thus necessitate the
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enforcement of stricter disclosure controls. Anonymization,
however, is not always achievable. In these cases, proper use
of resources and mitigation of risk is paramount. An
organization may be compelled to use a third-party service
and purchase data; in which case, it is required to mask
identifiers for personal data that are not under its direct control
while sharing with the service provider.
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4.3. Auditability, accountability, and Transparency
Mechanisms

Audit trails, immutable logs, and decision explainability aid
post-factum assessments, provide stakeholders with security
guarantees, and establish trust in automated systems.
Auditability examines whether a system generates sufficient
evidence for a trustworthy evaluation of actions and
decisions, and is often assessed using compliance checks
against pre-defined policies and contracts. Auditing
emphasizes an external perspective. In enterprise service
ecosystems, the high degree of automation and autonomicity
necessitate continuous compliance assessment and facilitate
the definition of near-real-time auditability metrics. Retention
policies define the conditions and duration for maintaining
audit data, including the principles of data minimization,
anonymization, pseudonymization, and data absenteeism.

Accountability concentrates on the determination of
responsibility and liability. It is particularly complicated for
autonomous systems, where monitoring and supervision by
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humans is not feasible. A trust and accountability framework
maps the interaction between each involved party and
specifies the conditions under which trust is appropriately
established. Transparency represents the ability of its internal
state and behavior to be comprehensible. It is crucial in the
context of algorithms, where neural networks are often
regarded as black boxes that can make decisions relying on
hidden logic. It can also be achieved by providing posthoc
justifications for decisions. Key aspects of auditability,
accountability, and transparency applied in enterprise service
ecosystems are the definition of audit trails, the use of tamper-
proof logs, and the explainability of decisions made by
algorithms.

s e

Fig 3: Auditability, accountability, and
Transparency Mechanisms

5. Federated Compliance Intelligence:
Methods and Algorithms

Compliance validation in federated ecosystems requires
diverse techniques to address a wide range of federated
compliance-checking problems. Distributed policy engines
validate compliance against domain-specific policies, while
cross-domain risk scoring assesses the safety of sharing or
combining sensitive information across different contexts and
organizational boundaries. Model-driven methods enable
compliance validation for complex regulatory frameworks
spanning multiple domains.
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Policies defined across multiple domains influence the nature
of relationships between ecosystem partners and establish
conditions for safe data sharing and collaboration. These
policies represent the governance layer for federated
ecosystems and ensure adherence to regulations. Distributed
policy engines are designed for compliance validation within
such contexts, encompassing policy definition and
deployment, deployment across domains, automated conflict
resolution, and execution. The specification of input and
output models and policy languages, along with the semantics
of policy evaluation, is crucial. Governance influences the
design of distributed policy engines by defining the trust
relationships among policy owners and supporting voting
mechanisms. As policies become more general and express
higher-dimensional connections, performance and security
considerations assume greater importance.

Risk scoring assesses compliance and safety when sharing or
combining sensitive information across multiple domains. It
operates through the aggregation, normalization, and
explanation of risk scores originating from several data
providers and/or in different contexts. A method for cross-
domain risk scoring is needed to determine whether it is safe
to share or combine sensitive information.

Table 5: Distributed Policy Engine Components

Component Function Example Activities
Policy Repositor Stores compliance GDPR, HIPAA,

Yy Rep y policies PSD2 rules
Runtime
Evaluation Engine against policies

Evaluates requests Service invocation
validation

Extract telemetry Traffic

. . . inspection
Sidecar Proxies  and policy pectio
and anonymization
parameters
. Resolves cross-
Conflict domain nolic Consensus
Resolution Module policy generation

conflicts
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Component Function Example Activities

Synchronization ~ Maintains policy Policy updates

Manager consistency across regions
. . Tracks poli .
Audit Logging acks policy Compliance
evaluation . .
System evidence generation
outcomes

5.1. Distributed Policy Engines

Distributed policy engines answer the question “Do the
policies of a domain or organization allow a particular action
to be performed?” at any layer of the architecture, such as data
ingress, data egress, and service invocation. They allow
policies to be statically stored on management nodes
(controllers, management plane) or conditionally evaluated in
an ad-hoc manner during runtime (service-mesh sidecars,
data-saving during processing) through syntactically and
semantically compatible security policy languages. Their
inputs are domain-dependent and cover all types, including
data sources, actions such as transferring and using data,
vulnerable components located in the service mesh, paths of
the data flow, and usage or transfer requests. The outputs
typically indicate whether permission is granted or denied.

Policies stored on management nodes (e.g., ingress/egress
routers, service mesh controllers) or run-time engines (e.g.,
sidecars) must be periodically synchronized. Conflicts among
region- or domain-specific policies should be defined and
resolved as part of a policy lifecycle management process. A
dedicated policy engine that participates in establishing
semantic consensus among local policy evaluation engines
and guarantees that those engines’ outputs/Cd are consistent
could be useful. Distribution of policy engines enhances
assurance through redundancy; their deployment in high-risk
components or regions is therefore preferred.

Equation 5: Federated Trust Score Equation

The trust framework discussed in governance and
accountability sections can be represented as:
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T,=aC+pS+yA

Where:

e T,=enterprise trust score

e (= compliance score

e  S=security posture score

e A= auditability score

e q,B,y=weighting coefficients
with:

at+tp+y=1

T,=aC + (S +yA

5.2. Cross-Domain Risk Scoring

Risk scoring identifies the vulnerability of an entity to a
specific form of risk, emphasizing its preparedness to
withstand threats and covert or overt attempts to exploit an
inherent weakness. Each evaluation action is rooted in a
particular source of information, addressing a well-defined
aspect of compliance, and accounting for broad
environmental features. The results can be supervised by
domain controllers or policy makers and then aggregated to
provide a complete feature set for subsequent decisions or
actions. Such risk numerical outcomes are most useful when
prepared by services of trusted and known domains.

Risk scoring across different domains requires careful
aggregation of individual scores to obtain an input for a
process driven by another domain. Normalizing each score
within its domain and risk category is an important
prerequisite for achieving a meaningful overall risk
assessment. Labeling the scores according to the domain,
potential path or actor, and risk category facilitates the
creation of an explainable final assessment.
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Normalizing the scores between 0 and 1 before aggregation
clarifies the ultimate assessment's meaning. Specific paths
among different domains can also be examined. For instance,
if an exposed application is eventually operating within
domain A, receives some information or help from service B,
and can patrol its perimeter by querying domain C, the official
crowd-sourcing risk-score output can be shaped as the
maximum value of the three services with respect to the
‘exploitation’ risk, the minimum value with respect to the
'resilience’ risk, and the average with respect to the 'oversight'
risk.

Privacy-Preserving Methods Usage

Encryption

Anorvymization | m
S
Secure MPC

Pseudonymization

5.3. Model-Driven Compliance Validation

Model-driven compliance validation leverages formal models
to ascertain compliance across evolving service ecosystems.
Modelling languages, such as SysML and BPMN, can depict
property requirements and system implementations, enabling
consistency checks and simulations against internal and
external regulations. Furthermore, interface definitions
facilitate the creation of model-driven validation pipelines.

Policy inconsistencies and compliance violations remain a
challenge during the development of enterprise service
ecosystems. Model-driven approaches for validating
properties across complex software systems are well-
established. Property requirements can be succinctly
expressed in selected modelling languages, such as SysML
and BPMN. These languages can also describe the
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implementation of enterprise service ecosystems, supporting
simulation to verify conformity to the required properties.
Even when properties are not preserved due to
implementation changes (e.g., adding a new bidirectional
channel between two domains), violation information can be
beneficial for stakeholders.

Requirements can be expressed as SysML or BPMN
invariants. BPMN interface definitions enable simulation to
compare the implementation with the properties and to build
compliance-validation pipelines. Although property violation
cannot be entirely eliminated, a model-driven pipeline for
SysML-to-BPMN  transformation,  simulation,  and
compliance validation can help owners of an enterprise
service ecosystem gain confidence in their operations. The
pipeline can be defined as an abstraction hierarchy, with the
lower layers designed to support its economy and coverage
without introducing excessive complexity.

Fig 4: Model-Driven Compliance Validation

6. Operationalization in Enterprise Service
Ecosystems

The practical integration of compliance and governance
practices in enterprise service ecosystems is examined. The
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focus is placed on DevOps and Site Reliability Engineering
pipelines, where security concerns are embedded into the
evolution process. Guardrails are defined to prevent critical
violations, while violations of non-critical policies are
gradually remediated. Telemetry from the runtime
environment can be used to monitor compliance, detect
anomalies, and support incident response and forensics. Three
risk-related aspects are specified: trusted application
telemetry, clear procedures for cross-domain incident
response, and playbooks to preserve forensic evidence.

Compliance concerns are becoming increasingly important
during the implementation and operation of enterprise service
ecosystems. Service-failure incidents can have long-lasting
reputational impact, making cyber incidents more frequent,
damaging, and costly. Security best practices are not globally
applied, supported, or enforced; tangible telemetry on the
operational state of services is rarely analyzed and structured.
To address these issues, compliance checks need to be
integrated into DevOps and SRE processes through
appropriate guardrails, ensuring that non-compliance is
simply the result of an operational backlog. In addition,
security incidents that cross-domain and trust boundaries
must have well-defined procedures to allow for a proper
incident response.

Table 6: Cross-Domain Risk Scoring Framework

Risk - Example Aggregation
Dimension Description Metric Method
Exploitation Vulnerability Threat Maximum
Risk exposure level probability score
Resilience Apllltyto Recovery Minimum

. withstand .

Risk readiness score

attacks

O_ver5|ght Gover_nance Audit coverage Average
Risk effectiveness score
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Risk - Example Aggregation
Dimension Description Metric Method
. Reliability of Trustworthiness Weighted
Trust Risk  ecosystem - -
index aggregation
partner
Privacy P?it?::'al Data sensitivity Normalized
Risk privacy score scoring
violations

6.1. Continuous Compliance in DevOps and SRE

The goal of continuous compliance is to prevent violations in
production by embedding policy checks in DevOps and Site
Reliability Engineering (SRE) processes. A continuous
compliance pipeline augments existing CI/CD pipelines with
checks against appropriate policies, ensuring that no policy
violations are introduced by code committed at any point in
time. Policy checks may include static code analysis (linting),
dynamic security scans, tests against production operation
policies, and others. These policy checks can also monitor
production as part of SRE practices, capturing events in the
operations database, validating them against operational
policies, and raising incidents for relevant stakeholders if any
deviation occurs.

Continuous compliance implementations depend on specific
integrations with CI/CD, telemetry, and incident management
systems. All integration points must be captured in a
compliance pipeline for comprehensive auditing, detection
velocity assessment, and analysis of operational bliss
violations over time. To maintain operational effectiveness,
changes that violate controls must also offer a rollback
strategy to the last compliant state. Continuous compliance
speed is equally critical: controls need to be expressed as code
so compliance velocity can be measured and reduced over
time.
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6.2. Runtime Monitoring and Anomaly Detection

Telemetry collection and analysis are prerequisites for
incident detection and response. Anomaly detection models
trained on historical data can trigger alerts when incoming
telemetry values deviate significantly from predicted ranges.
Recent research demonstrates that such models can be
effectively and efficiently implemented in a federated setting,
where training data are distributed across different
organizations, preserving their privacy and confidentiality.
Nevertheless, the definition of an anomaly for any single
organization depends on the external context in which it
operates. For instance, the fact that the maximum number of
CPU cores in use at any moment of time during the last days
was 80 cannot by itself be considered an anomaly; any future
value equal to 80 should not trigger any alert. Malicious or
anomalous behaviors are typically characterized by small
probabilities of occurrence given the training data. As a
consequence, the development of appropriate ground truth
data for training and testing anomaly detection models is
challenging. Moreover, organizations have different privacy
and legal agreements, which may forbid them to voluntarily
share information.

These considerations highlight the usefulness of federated
learning for telemetry data. Such federated solutions can
optimize the use of local data to improve models detecting
malfunctions or anomalies in a partner’s infrastructure. The
trained model can then be evaluated against a specific
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organization’s robustness to sensitive information, so that the
inspection of incoming telemetry is comparable to when the
events occurred in the training dataset. This process can also
be extended to include other detected anomalies, such as
increased operating temperatures or abnormal power
consumption, within the model training, so that it
approximates better the domain being used.

- & SLOW Astevegrentve O

Fig 5: Runtime Monitoring and Anomaly Detection

6.3. Incident Response and Forensics in Federated
Contexts

Thorough preparations and timely response decrease the
negative impact of security incidents. Initiating effective
incident response procedures require special training for a
dedicated team, defining the relevant playbooks, and
establishing the required people, processes, and technology.
Some elements of incident response can be automated: if
available, dedicated platforms can collect and correlate
telemetry, and process rules can recommend simple
responses, such as blacklisting a malicious IP. Even in those
cases where a human must decide on the right course of
action, having accessible and well-documented procedures
helps in striving through the incident. Investigation is part of
every incident response; ideally, the designated team verifies
compliance and forensics rules beforehand.
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In enterprise service ecosystems, the collaborative nature of
the domains involved and the partners involved necessitate
the definition of dedicated playbooks for the discovery,
reporting, investigation, and resolution of incidents that span
multiple domains. These processes must keep compliance and
forensics services in their minds and define how to capture
and preserve the required incident evidence without violating
applicable policies, respecting data privacy, and enforcing
data minimization. The earlier incident data are collected, the
smaller the risk of the evidence being tampered with—or even
lost altogether. Organizations should also ensure that the
relevant partners are alerted as soon as possible, so they may
start gathering evidence that is under their control.
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7. Governance, Risk, and Compliance
(GRC) Architecture

A GRC architecture defines roles, responsibilities, and
accountability chains for governance, risk, and compliance.
Proper separation of duties and application of access-control



Y} ISSN:3067-4190

JOURNAL OF ARTIF|
AND BIG DATF

Volume: 02 Issue: 01

mechanisms prevent collusion and support detection of
anomalous activities.

Governance, risk management, and compliance functions
define who is responsible for what, and how different roles
formally relate to each other. The GRC architecture specifies
for every function that relies on information-sharing among
multiple parties: Who enforces which policy? Whose data
should be collected or contributed in what circumstances?
Who can access what information for what purpose? Who is
in charge of responding to which type of incident?

Failure to answer these questions properly can allow one
person to bypass, undermine, or ignore multiple controls.
Strong separation of duties prevents collusion: ensuring that,
whenever possible, two or more distinct individuals are
required to complete a critical task. When separation of duties
is impractical, role-based access controls provide an
alternative mechanism: denying certain roles access to certain
functions in a way that prevents any single role from prying
into others’ data or abusing its power.

7.1. Roles, Responsibilities, and Accountability Chains

The governance architecture identifies roles, responsibilities,
and accountability chains within enterprise service
ecosystems. A variety of participants are involved—each with
specific duties—contributing to the maintenance of the
operating environment. The inclusion of internal teams
requires careful separation of duties to mitigate collusion risk,
while external stakeholders depend on external auditor
evaluation, certification, and testing to foster trust.

As enterprise service ecosystems adopt a federated model,
efforts to compress involved parties’ administrative
operations slacken, and the role, aGraph, context, and degree
of responsibility for specific policies and processes become
paramount. Figure 7 provides a simplified overview,
positioning the executive at the top of the operational
hierarchy, underlying and delegating day-to-day operations
through junior roles within the governance and strategy
functions. The role is responsible for defining the actors’

17|Page

expectations, aligning with non-federated environments; thus,
creating an institutional role to serve as a strategic business
unit—known as comgovern—dedicated to governance
activities provides a feasible temporal scheme for fulfilling
ecosystem needs.

As the number of roles increases, the allocation of specific
duties to dedicated bodies becomes a feasible strategy. In the
absence of roles specializing in a specific area, the overall
distribution of duties requires packaging policies and
responsibilities into concise, understandable clusters,
allowing for the definition of policies rather than isolated
actions. The indeterminate transit, transit-role, and other
security policies, implemented as a single transport policy,
serve as an example.
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7.2. Policy Lifecycle Management

Policies guide operational actions and transactions. The
lifecycle of policies includes their creation, amendment,
versioning, and retirement. Authors initiate the process,
which requires approval from designated owners. Once in
effect, the policies are deployed to operational systems.
Metrics ascertaining the effectiveness of existing policies can
lead to a mandate for amendment. Furthermore, when external
conditions enforce a new policy requirement, the creation of
a new policy is triggered. Policies may also be marked for
retirement, in which case existing assignments need to be
validated and undertaken by relevant parties. The final
process involved in the retirement of policies includes the
deployment of alerts on upcoming retirements.

Policy management encompasses the management of policy
creation, approval, deployment, revision, and retirement. A
formal policy management specification specifies the support
for versioning and traceability. Policy layer management
within governance risk and compliance enforces separation of
duties. The corresponding access control model mandates
access to the policy creation function to a single identified
creator. The access control mandates that the approving
function is executed by a set of approving authorities and that
policy deployments, revisions and retirements are performed
by control self-assessment owners.

8. Conclusion

Federated Compliance Intelligence for Scalable Enterprise
Service Ecosystems: All components of a scalable enterprise
service ecosystem are in place, but technical and
organizational progress has stalled—data protection,
cybersecurity, and fraud-prevention compliance controls
remain largely independent and highly localized. Both
practical implementation and validation of the proposed
principles, patterns, and methods are essential; real-world
pilots should advance compliance-in-the-large and be
supported by further development of standards for privacy-
preserving and secure computation in federated contexts.
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