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Abstract

Enterprises increasingly operate within digital ecosystems composed of legacy platforms, cloud-
native services, partner application programming interfaces (APIs), and Internet of Things (IoT)
endpoints, yet the technical, semantic, organizational, and legal heterogeneity of these components
continues to obstruct seamless integration. This paper examines the multi-layered interoperability
challenges that hinder enterprise technology integration within digital ecosystems and develops a
structured research argument connecting the interoperability problem to concrete design and
governance responses. Building on the enterprise interoperability, digital-ecosystem, and platform-
governance literatures, the paper identifies a persistent research gap: existing interoperability
frameworks tend to treat technical connectivity, semantic alignment, and organizational governance
as separate concerns rather than as a jointly engineered system. To address this gap, the paper
proposes the Enterprise Interoperability Integration Framework (EI-IF), a layered architecture that
couples an API-gateway integration layer with a semantic mediation layer and an explicit
governance and monitoring layer. Because controlled empirical deployment data were not collected
for this study, the paper adopts a design-science methodology and reports an illustrative, clearly
labeled synthetic evaluation rather than claiming real-world experimental results. The illustrative
evaluation contrasts point-to-point integration, enterprise-service-bus integration, API-gateway-
only integration, and the proposed EI-IF configuration on a composite interoperability-maturity
index, showing the directional advantage that a jointly governed, semantically mediated architecture
is expected to offer over narrower integration patterns. The paper contributes a synthesized
theoretical framework, a topic-specific mathematical formulation of interoperability cost and
maturity, and a governance-aware architecture that is intended to guide subsequent empirical
validation. Practically, the findings offer enterprise architects and digital transformation leaders a
structured way to reason about where interoperability investments should be targeted and how
governance and explainability can be embedded into integration design rather than added afterward.
The paper closes by identifying concrete avenues for empirical validation, including field
deployment studies, cross-industry replication, and privacy-preserving federated integration
research.

1. Introduction

connective infrastructure through which those applications
interact. Enterprise interoperability has been studied as a

Digital ecosystems increasingly bring together enterprise
resource planning systems, cloud-native microservices, partner-
facing application programming interfaces (APIs), and edge or
Internet of Things (IoT) endpoints into loosely coupled
networks of interacting organizations, applications, platforms,
and devices. Legner et al. (2017) frame this shift as a defining
challenge for the business and information systems engineering
community, arguing that digitalization requires firms to
reconsider not only individual applications but also the

distinct research domain since the 1980s, evolving from
hardware-level automation and system-integration concerns
toward a broader emphasis on technical, semantic, and
organizational alignment across networked enterprises (Chen et
al., 2008). As digital platforms proliferate and organizational
value increasingly depends on coevolving ecosystems rather
than isolated firms, interoperability has consequently become
both a competitive necessity and a persistent source of
architectural complexity and technical debt. The increasing

1


mailto:samrat.meazi1@gmail.com

heterogeneity of enterprise environments further intensifies this
challenge because contemporary organizations must coordinate
legacy applications, cloud services, microservice architectures,
external APIs, IoT devices, and partner systems while
maintaining consistent information exchange and governance
across these technological boundaries.

Despite decades of enterprise-architecture and integration
research, enterprises continue to struggle to connect
heterogeneous systems in ways that are simultaneously
technically robust, semantically consistent, organizationally
governable, and legally compliant. Point-to-point integrations
can proliferate into complex and difficult-to-maintain webs of
custom connectors, while enterprise service buses may
introduce centralized dependencies and bottlenecks. Similarly,
modern API-first strategies can improve technical connectivity
while leaving semantic alignment, lifecycle management,
accountability, and governance concerns comparatively under-
specified. These challenges demonstrate that interoperability
cannot be reduced to the ability of systems to exchange
messages or access one another's services. Effective
interoperability also requires shared meanings, coordinated
organizational processes, compatible governance arrangements,
and mechanisms for maintaining alignment as technologies and
ecosystem relationships evolve. The central research problem
addressed in this paper is therefore how enterprises can design
integration architectures that resolve interoperability challenges
across relevant technical, semantic, and organizational layers
simultaneously rather than addressing each layer in isolation. A
comprehensive approach must consequently recognize
interoperability as a multidimensional architectural and
governance capability that extends beyond connectivity toward
sustained coordination among heterogeneous systems and
participating organizations.

Three interconnected research gaps motivate the present study.
First, Hodapp and Hanelt (2022) reviewed a substantial body of
information systems research on interoperability and concluded
that much existing work concentrates either on contextual
conditions associated with low interoperability or on relatively
narrow mechanisms for improving it, without providing an
integrated organizing framework that connects technical,
semantic, and organizational mechanisms to measurable
outcomes under conditions of rapid digital innovation. Second,
Jardim-Gongalves et al. (2013) argue that enterprise
interoperability research has not yet consolidated into a fully
systematized scientific body of knowledge, leaving
practitioners without a sufficiently shared reference model for
evaluating  competing  integration  strategies  across
heterogeneous enterprise environments. Third, existing
approaches frequently emphasize individual interoperability
dimensions or specific technological solutions, making it
difficult to establish a unified representation of how technical

integration, semantic mediation, and governance mechanisms
interact to influence overall ecosystem integration. This paper
responds to these gaps by proposing a framework that explicitly
couples technical integration, semantic mediation, and
governance mechanisms while formulating a measurable
interoperability-maturity —construct that can provide a
foundation for future empirical comparison. The proposed
perspective therefore seeks to move the interoperability
discussion from isolated integration mechanisms toward an
integrated architectural view in which interoperability
dimensions are mutually reinforcing and collectively associated
with enterprise-level outcomes.

The practical stakes of wunresolved interoperability are
substantial. Vernadat (2010) notes that failures involving
technical, semantic, and organizational interoperability can
translate directly into increased transaction costs, delayed time-
to-market, and fragile cross-organizational collaboration. Such
consequences become particularly important as enterprises
increasingly rely on external platforms, distributed services,
partner networks, and interconnected digital infrastructure.
When systems cannot exchange information reliably or
interpret exchanged information consistently, organizations
may be required to maintain manual reconciliation processes,
duplicate data across systems, or develop organization-specific
integration workarounds. These conditions can increase
operational complexity while reducing the ability of enterprises
to respond rapidly to technological and market changes. From
an academic perspective, addressing the identified gap
contributes to the development of a more cumulative theory of
enterprise interoperability that can be tested, refined, and
compared across empirical settings rather than being treated
primarily as an engineering problem that must be solved
independently within each organization. Accordingly, this
study conceptualizes interoperability as a strategic and
sociotechnical capability in which technological connectivity,
semantic alignment, and governance coordination jointly
influence the ability of organizations to participate effectively
in evolving digital ecosystems.

Building on this perspective, the study pursues four principal
objectives. First, it seeks to synthesize the enterprise
interoperability, digital ecosystem, and platform governance
literatures into a coherent theoretical account of multi-layer
interoperability challenges. Second, it aims to formulate a topic-
specific mathematical representation of interoperability cost
and maturity that can support subsequent empirical estimation
and comparative analysis. Third, it seeks to design a
governance-aware and semantically mediated integration
framework, designated the Enterprise Interoperability
Integration Framework (EI-IF), that directly responds to the
identified research gap by connecting technical, semantic, and
governance mechanisms within a unified architectural structure.
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Fourth, it proposes an evaluation methodology, including
explicitly illustrative synthetic comparisons, capable of guiding
subsequent empirical validation of the framework. These
objectives establish a progression from theoretical synthesis to
formal representation, architectural design, and evaluation
planning, thereby ensuring that the proposed framework is
connected to both conceptual foundations and future empirical
assessment.

The study consequently addresses three central dimensions of
inquiry: the theoretical foundations of multi-layer enterprise
interoperability, the architectural and governance mechanisms
required to achieve effective integration, and the formalization
of interoperability maturity for future measurement. The first
dimension concerns how concepts derived from enterprise
interoperability, digital ecosystems, and platform governance
can jointly explain the challenges encountered by organizations
operating across heterogeneous technological and institutional
environments. The second concerns the architectural
mechanisms through which technical connectivity can be
combined with semantic mediation and governance controls so
that interoperability remains secure, consistent, adaptable, and
organizationally manageable. The third concerns how
interoperability maturity can be represented through formally
specified constructs that enable future researchers to compare
organizations, architectures, or integration strategies using
consistent measurement procedures. By connecting these
dimensions, the study seeks to establish a coherent analytical
foundation for understanding interoperability as an integrated
enterprise capability rather than a collection of independent
technical functions.

The paper makes four principal contributions. First, it provides
a thematically organized critical review connecting enterprise
interoperability theory with digital-ecosystem and platform-
governance research, thereby bringing together literature
streams that have frequently been examined separately. Second,
it develops a layered conceptual framework accompanied by a
topic-specific mathematical formulation of interoperability cost
and maturity, providing a formal basis for representing the
multidimensional nature of enterprise integration. Third, it
introduces the Enterprise Interoperability Integration
Framework (EI-IF), a proposed architecture that integrates
technical, semantic, and governance layers into a unified
interoperability structure. Fourth, it presents a transparent and
explicitly labeled illustrative evaluation design intended to seed
future empirical studies rather than substitute for empirical
validation. The contribution of the study therefore lies not in
claiming completed empirical validation, but in establishing a
theoretically grounded architecture, formal construct
representation, and evaluation pathway that can subsequently
be tested using organizational and ecosystem-level evidence.

The remainder of the paper is organized to progressively
develop the proposed framework and its evaluation logic.
Section 2 reviews the relevant literature thematically,
establishing the theoretical and technological foundations of
enterprise interoperability. Section 3 develops the theoretical
and conceptual framework that integrates the principal
constructs identified through the literature review. Section 4
presents the mathematical modeling of interoperability cost and
maturity. Section 5 details the proposed methodology, including
the procedures through which the framework can be evaluated.
Section 6 describes the proposed datasets that may support
future empirical assessment. Section 7 presents the proposed
EI-IF framework, while Section 8 compares candidate
integration architectures in relation to the identified
interoperability dimensions. Sections 9 and 10 describe the
evaluation framework and experimental design, respectively.
Section 11 reports illustrative results derived from the proposed
evaluation design, and Section 12 discusses their implications
for enterprise interoperability research and practice. Sections 13
through 16 address explainability, ethics and governance,
robustness, and limitations. Section 17 outlines future research
directions, and Section 18 concludes the paper. Collectively, the
paper establishes a structured pathway from theoretical
foundations and interoperability challenges to architectural
design, mathematical formalization, illustrative evaluation,
governance considerations, and future empirical validation.

2. Literature Review

This review is organized thematically around three streams of
scholarship that jointly inform the interoperability problem: (a)
foundational enterprise-interoperability —and  enterprise-
architecture theory, (b) digital ecosystems and platform
governance, and (c¢) API-centric and service-oriented
integration technologies.

2.1 Foundational Enterprise Interoperability and
Architecture Research

Enterprise interoperability research traces back to enterprise-
integration architectures developed from the mid-1980s
onward. Chen et al. (2008) trace this evolution and distinguish
enterprise integration, which seeks to merge organizational
components into a single coherent system, from enterprise
interoperability, which instead preserves the autonomy of
interacting systems while enabling them to cooperate. Bernus
and Nemes (1996) contributed one of the earliest generic
enterprise reference architectures, and Chen et al. (1997)
extended this line of work with the GRAI integrated
methodology, mapping decision-making structures onto a
generic enterprise architecture. Chen and Doumeingts (2003)
subsequently proposed a European roadmap for enterprise-
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application interoperability that organized the problem into
technical, semantic, and organizational dimensions, a
decomposition that remains widely used. Vernadat (2010) later
argued that these three dimensions must be addressed jointly,
since a purely technical connection between systems is
insufficient if the exchanged data are not semantically
understood or if organizational responsibilities for shared
processes remain unclear.

Building on this foundation, Jardim-Gongalves et al. (2013)
argued for the systematization of enterprise interoperability as
a distinct scientific discipline, proposing a body of knowledge
intended to unify previously fragmented methods, tools, and
assessment frameworks.

In a related special issue, Jardim-Gongalves et al. (2012)
examined sustainable interoperability, emphasizing that
interoperability is not a static property achieved once but a
capability that must be actively maintained as systems,
organizations, and their environments continue to evolve.
Naudet et al. (2010) contributed a systemic formalization of
interoperability, attempting to define interoperability degrees
and barriers more precisely so that they could be measured
rather than only described qualitatively. Weichhart et al. (2018)
extended enterprise modelling approaches toward knowledge-
based enterprises, arguing that interoperable enterprises
increasingly require models that capture not just process
structure but organizational knowledge. This evolution
establishes interoperability as a multidimensional capability
requiring  coordination  across  technical,  semantic,
organizational, and knowledge-related boundaries.
These foundations provide a basis for contemporary
frameworks that seek to evaluate interoperability not only
through connectivity, but also through sustained coordination,
adaptability, and organizational coherence.

2.2 Digital Ecosystems and Platform Governance

A second stream of literature reframes interoperability as a
property of digital ecosystems and software platforms rather
than of individual enterprises alone. Tiwana et al. (2010)
proposed an influential framework describing how the
coevolution of platform architecture, governance, and
environmental dynamics shapes the trajectory of platform-
centric ecosystems, and called for greater information systems
attention to this phenomenon. Tiwana (2015) subsequently
showed empirically, using data from Firefox extensions, that
complementarity between input control and modularization
affects how platform extensions evolve and perform,
underscoring that governance choices have measurable
architectural consequences. Herdon et al. (2010) examined
digital business ecosystem tools specifically as interoperability
drivers, arguing that peer-to-peer and service-oriented digital

ecosystem infrastructures can lower the barriers that previously
confined interoperability benefits to large enterprises with
proprietary integration budgets.

Legner et al. (2017) situate these ecosystem-level dynamics
within the broader digitalization challenge facing the business
and information systems engineering community, arguing that
digital transformation initiatives cannot succeed without
rethinking the interoperability of the underlying technology
landscape. Hodapp and Hanelt (2022) most directly motivate
the present paper: reviewing a substantial corpus of information
systems literature, they propose an organizing framework
distinguishing the contextual conditions of low interoperability,
the mechanisms available to increase it, and the resulting
outcomes, while explicitly calling for research that addresses
digital innovation's novel interoperability challenges rather than
relying solely on conventional wisdom developed before the
platform era.

2.3 API-Centric and Service-Oriented Integration
Technologies

A third, more technical stream addresses the mechanisms
through which interoperability is actually implemented.
Candido et al. (2009) proposed a research roadmap for service-
oriented architecture (SOA) in reconfigurable supply chains,
anticipating many of the flexibility demands that later API-first
architectures would need to satisfy. Cardoso and Bussler (2011)
addressed a persistent semantic-interoperability problem
directly, proposing a mapping approach between heterogeneous
XML and OWL transaction representations to support business-
to-business integration where trading partners use incompatible
data representations.

More recently, the API economy literature has examined how
enterprises expose internal capabilities as externally
consumable services; Ackerman et al. (2021) used sequential
drift-detection techniques to monitor whether API usage
patterns shift over time, illustrating that the operational risks of
API-centric integration extend beyond initial connectivity into
ongoing behavioral monitoring.

2.4 Synthesis and Positioning

Read together, these three streams suggest that enterprise
interoperability challenges cannot be resolved by technical
connectivity alone (Céandido et al., 2009), by semantic
mediation alone (Cardoso & Bussler, 2011), or by governance
alone (Tiwana et al., 2010); rather, they must be addressed as a
jointly engineered system, consistent with Vernadat's (2010)
argument for treating technical, semantic, and organizational
interoperability as interdependent. The framework developed in
Section 7 is positioned directly against this synthesis.



Table 1: Thematic literature comparison across enterprise interoperability, digital ecosystem, and integration technology streams.

Study Year Focus / Method Context

Chen, 2008 Conceptual review = Enterprise

Doumeingts, & architecture

Vernadat history

Vernadat 2010 Conceptual Enterprise
analysis networking

Jardim-Gongalves | 2013 Systematization Enterprise

et al. interoperability

science

Tiwana, 2010 Research Software platform

Konsynski, & commentary ecosystems

Bush

Hodapp & Hanelt | 2022 Systematic IS research agenda

Key Finding
Distinguishes integration
from interoperability; maps
historical evolution
Technical, semantic,
organizational layers are
interdependent

Proposes body-of-
knowledge for EI as a
discipline

Platform architecture and
governance coevolve with
environment

Existing interoperability

Limitation / Gap

Does not operationalize
measurable maturity
constructs

No integrated architecture
proposed

High abstraction; limited
implementation guidance

Ecosystem-level focus;
limited enterprise-
integration detail

Calls for but does not build

literature review

Cardoso & Bussler | 2011 Technical

mapping approach

Ackerman, Dube, 2021
& Farchi

Statistical drift
detection

3. Theoretical and Conceptual Framework

The conceptual framework adopted in this paper builds on the
technical-semantic—organizational decomposition introduced
by Chen and Doumeingts (2003) and extended by Vernadat
(2010), while adding an explicit legal and regulatory layer to
reflect the cross-border data-flow and compliance concerns that
have grown increasingly salient in digital ecosystems. Figure 1
depicts this layered model. Each layer constitutes both a distinct
barrier to interoperability and a distinct locus of intervention:
technical interoperability concerns the connectivity and
protocol  compatibility systems;
interoperability exchanged data are
interpreted consistently by sender and receiver; organizational
interoperability concerns whether business processes and
responsibilities are aligned across organizational boundaries;
and legal and regulatory interoperability concerns whether data
exchange and processing comply with the applicable

between semantic

concerns whether

contractual and regulatory environment. The layered structure
recognizes that interoperability failures can originate from
interactions between layers rather than from a single technical
deficiency. Technical compatibility, for example, does not
guarantee meaningful data exchange when semantic definitions
differ between participating systems. Similarly, technically and
semantically compatible systems may remain operationally
disconnected when organizational responsibilities and
workflows are poorly coordinated. Legal and regulatory
requirements can further constrain otherwise feasible data
exchanges by imposing conditions on data ownership,

B2B integration

API economy
monitoring

research fragmented across = an integrated framework
mechanisms/outcomes
XML-OWL mapping
resolves specific semantic
mismatches

API usage drift can be

detected via sequential

Narrow technical scope; no
governance dimension

Focused on monitoring,
not integration design
analysis

processing, localization, security, and cross-border transfer.
The framework therefore treats interoperability as a
multidimensional capability requiring coordinated alignment.
The framework therefore emphasizes coordinated alignment
across all layers rather than isolated optimization within
individual domains. Such alignment enables interoperability
barriers to be identified systematically and addressed according
to their underlying causes. It also provides a structured basis for
assessing interoperability maturity across heterogeneous digital
ecosystems. In practical applications, the layered model can
guide organizations in prioritizing interventions according to
technical, semantic, organizational, and regulatory gaps. This
integrated perspective ultimately supports more resilient,
scalable, and governance-aware digital collaboration across
institutional and national boundaries across all four layers. It
further recognizes that changes in one layer can propagate
across the wider interoperability environment. Accordingly,
effective governance requires continuous monitoring and
coordinated adaptation across all layers. This interdependence
also implies that interoperability assessment should consider
dependencies and feedback effects between layers rather than
evaluating each dimension independently. Changes in
regulatory requirements may necessitate corresponding
modifications to data architectures, organizational processes, or
security controls. Likewise, technological changes can
semantic, organizational, or compliance
require coordinated adaptation. The

introduce new
requirements that
framework therefore supports a dynamic interpretation of
interoperability in which alignment is continuously maintained
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throughout system evolution. This perspective strengthens the
framework's capacity to accommodate heterogeneous,
distributed, and  continuously = changing  enterprise
environments.

Legal & Regulatory Interoperability

Cross-border data flow r 1al co ctor regulation

Organizational Interoperability

Aligned business processes, governance models, responsibility structures

Semantic Interoperability

Shared vocabularies, ontologies, canonical data models

Technical Interoperability

APls, messaging protocols, network and platform connectivity

Figure 1: Layered conceptual model of enterprise interoperability, adapted
from the technical-semantic—organizational decomposition of Chen and

Within this framework, several constructs and their
relationships are of central theoretical interest. Interoperability
maturity is treated as a latent construct jointly determined by the
degree of alignment achieved at each layer; a deficiency at any
single layer is assumed to constrain overall interoperability
even where the remaining layers are well aligned, consistent
with the interdependence argument advanced by Vernadat
(2010).

Integration architecture (e.g., point-to-point, enterprise service
bus, API gateway, or the proposed EI-IF) is treated as a
moderator of the relationship between layer alignment and
realized interoperability outcomes, since the same degree of
semantic  alignment may yield different practical
interoperability depending on the technical architecture through
which it is enforced.

Governance mechanisms, following Tiwana et al. (2010), are
treated as a key driver of how architecture and alignment
coevolve over time as the ecosystem's environment changes.
These theoretical assumptions directly motivate the
mathematical formulation developed in Section 4 and the
architecture proposed in Section 7.

4. Mathematical Modeling

Doumeingts (2003) and Vernadat (2010), with an added legal and regulatory
layer.

limited benefits when significant barriers remain unresolved at
another layer. This perspective also highlights the importance
of identifying dependencies between architectural decisions and
organizational or regulatory requirements. For example, the
adoption of standardized APIs may improve technical
connectivity while simultaneously creating new requirements
for access control, data governance, and contractual
accountability. Likewise, greater organizational integration
may increase the volume and scope of data exchanged across
institutional boundaries, thereby increasing the relevance of
regulatory controls. The proposed model consequently supports
a holistic assessment of interoperability rather than evaluating
system connectivity in isolation. It also provides a structured
basis for identifying intervention priorities according to the
most significant interoperability barriers affecting a given
ecosystem. Future empirical studies can operationalize these
layers through measurable indicators and examine their relative
contribution to overall ecosystem interoperability. In this way,
the framework provides a foundation for analyzing how
technical, semantic, organizational, and legal alignment jointly
influence the effectiveness and sustainability of digital
ecosystem integration.

To support measurable evaluation of interoperability, this
section formalizes two constructs suggested by the conceptual
framework: an interoperability-maturity index and an
integration-cost function. These formulations are original to this
paper and are intended as a proposed measurement scaffold;
they have not yet been estimated against empirical deployment
data, and the coefficients illustrated in Section 11 are synthetic.

4.1 Interoperability Maturity Index

Let a given integration configuration be indexed by k, and let it
be assessed along the four layers identified in Section 3:
technical (T), semantic (S), organizational (O), and
legal/regulatory (L). Each layer is scored on a normalized scale
in [0, 1], reflecting assessed alignment on that layer. The
composite interoperability maturity index (IMI) for
configuration k is defined as a weighted sum:

IMIk =WT'Tk +WS'Sk+W0'0k+WL‘
Ly, subjecttow; + wg + wy +w;, =1 €8

where w T, w S, w O, and w_L are non-negative weights
reflecting the relative organizational priority assigned to each
layer, to be elicited empirically (for example, via expert panels
or structured survey instruments) in future validation studies
rather than assumed a priori. Because deficiencies at a single
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layer are theorized to constrain overall interoperability
disproportionately (Section 3), a bounded multiplicative penalty
term can be introduced for sensitivity analysis:

M1, = IMI,, - [1 — 2 - max(0,8 — min(Ty, Sy, Ok, Li))] (2)

where 0 is a minimum acceptable layer-alignment threshold,
and A € [0, 1] controls the severity of the penalty applied when
the weakest layer falls below 0. This penalty operationalizes the
interdependence assumption without requiring a fully
multiplicative index, which would be undefined whenever any
single layer score is zero.

4.2 Integration Cost Function

Enterprises incur both fixed and variable costs when
implementing an integration architecture. The total integration
cost C_k for configuration k over a planning horizon is modeled
as:

C, =F, + Z‘lel[cconn *Nconn,t + cpap - Npap, t + cqov -
Ge]/(L+ 1)t 3)

where F_k is the fixed architectural setup cost, N_conn,t is the
number of point-to-point connections that must be maintained
at time t, N _map,t is the number of semantic mappings
maintained at time t, ¢_conn and ¢_map are the respective per-
unit maintenance costs, G_k is a governance-overhead term
specific to configuration k, r is the organization's discount rate,
and n is the evaluation horizon in periods. This formulation
makes explicit a well-known qualitative claim in the enterprise-
interoperability literature (Chen et al., 2008): point-to-point
architectures exhibit connection costs that scale combinatorially
with the number of integrated systems, whereas gateway- and
bus-mediated architectures substitute a bounded governance
overhead term (G_k) for this combinatorial growth.

4.3 Evaluation Metric for Comparative Analysis

To compare configurations on a common basis, an
interoperability efficiency ratio (IER) is defined as the maturity
achieved per unit of normalized cost:

IER;, = IMI,'/(C,,/Cpax) 4)

where C_max is the maximum observed cost across compared
configurations, used to normalize C_k onto the unit interval.
IER provides a single comparative statistic for the illustrative
evaluation reported in Section 11, while preserving the
underlying maturity and cost constructs for more granular
analysis in future empirical work.

5. Proposed Methodology

55.1 Research Design and Data Sources

This study adopts a design-science research approach because
its primary objective is to construct and conceptually evaluate a
novel artifact, namely the EI-IF architecture and its associated
maturity and integration measures, rather than to test a pre-
existing causal hypothesis using an established empirical
dataset. The research process progresses from problem
identification and literature-based theoretical grounding to
artifact specification, mathematical formalization,
demonstration, and evaluation. Accordingly, the framework is
developed as a structured response to the architectural and
interoperability challenges identified in Sections 1-3, while its
illustrative evaluation is intended to demonstrate the
applicability of the proposed constructs rather than establish
empirical generalizability.

No primary organizational data were collected for the present
study. Instead, the framework and its analytical constructs are
developed from the literature, established architectural
principles, and theoretically specified evaluation procedures.
For future empirical validation, a mixed-source data strategy is
proposed that combines structured interviews and maturity-
assessment surveys with enterprise architects, integration-layer
telemetry, and organizational governance documentation.
Interview and survey data can provide assessments of
architectural maturity across organizations with different
integration configurations, while API gateways and integration
platforms can provide operational measures such as API-call
volumes, response latency, error rates, and schema-mapping
changes. Documentary sources, including data-sharing
agreements, API contracts, interoperability policies, and
governance procedures, can provide additional evidence
concerning the institutional and governance dimensions of the
framework. Candidate datasets and external data sources
proposed for future validation are described separately in
Section 6 and are not represented as datasets actually used in
the present study.

5.2 Data Preparation and Feature Engineering

For future empirical validation involving integration telemetry,
preprocessing would be performed to transform heterogeneous
operational records into consistent analytical observations.
Timestamp information would first be standardized to a
common temporal reference, followed by removal of duplicate
records arising from API retries or repeated logging events.
Raw call-level observations would then be aggregated into
appropriate time intervals to derive measures such as total call
volume, response-latency percentiles, failure or error rates, and
integration activity. These procedures would reduce noise while
retaining the temporal characteristics necessary for evaluating
integration performance.



Additional features would be derived to operationalize the
conceptual constructs proposed in the EI-IF framework. A
semantic-mismatch rate, for example, could represent the
proportion of exchanged messages requiring manual
reconciliation because of incompatible schemas, definitions, or
data representations. Similarly, a governance-coverage ratio
could measure the proportion of active integrations supported
by documented data-sharing agreements, API contracts, or
equivalent governance mechanisms. These variables would
allow qualitative architectural characteristics to be represented
through measurable indicators while maintaining a clear
distinction between proposed measurement procedures and
empirically observed results.

5.3 Model Development and Evaluation Strategy

Because the maturity and cost constructs proposed in Section 4
are analytical formulations rather than predictive machine-
learning models, the core EI-IF framework does not require
supervised model training. The principal evaluation therefore
focuses on the internal consistency, interpretability, sensitivity,
and applicability of the proposed indices and architectural
relationships. Where future studies seek to predict integration
costs or changes in interoperability maturity from historical
organizational telemetry, conventional regression models and
gradient-boosted tree methods may be employed as baseline
predictive approaches. Such models should be evaluated using
organization-aware validation procedures, with held-out
temporal periods used to reduce the risk of information leakage
and to preserve the temporal structure of integration data.

Future empirical comparisons should also account for the fact
that alternative integration configurations are unlikely to be
randomly assigned across independent organizations. Where
multiple configurations can be observed within the same
organization or across comparable periods, paired or repeated-
measures procedures are therefore more appropriate than simple
independent-samples comparisons. A Friedman test may be
used for comparisons involving multiple configurations,
followed by post-hoc Wilcoxon signed-rank tests where
appropriate. In addition, an ablation analysis should separately
assess the contribution of major EI-IF components, particularly
the semantic-mediation and governance layers. Sensitivity
analysis should vary the weighting parameters wy, wg, wg,and
w,, together with the penalty parameters fand A, to determine
whether the resulting conclusions remain stable under
reasonable alternative parameter specifications. These
procedures are proposed evaluation strategies and should not be
interpreted as completed statistical analyses.

5.4 Reproducibility and Research Integrity

To support reproducibility, the mathematical formulations,
architectural specifications, parameter definitions, and

procedures used in the illustrative demonstration are reported
explicitly in this paper. The code and parameter settings
underlying the illustrative results and Figure 3 should likewise
be maintained in a version-controlled repository where
possible. This distinction between illustrative demonstration
and empirical validation is essential to research integrity:
numerical examples generated to demonstrate the operation of
the proposed framework should not be presented as
observations obtained from real organizations or datasets.

Future empirical reproducibility will depend on access to
organizational telemetry, survey responses, interviews,
governance documents, and other potentially confidential
materials. Accordingly, subsequent validation studies should
document data-access conditions, preprocessing decisions,
parameter settings, exclusion criteria, and statistical procedures
sufficiently to permit independent assessment and, where data-
sharing agreements allow, replication.

This approach ensures that the present paper remains
transparent about what has been demonstrated, what has been
analytically proposed, and what remains to be empirically
validated. oreover, the framework enables systematic
identification of cross-layer dependencies and potential
interoperability bottlenecks. This approach supports more
precise diagnosis of whether observed deficiencies arise from
technology, meaning, organizational coordination, or
regulatory constraints. It also facilitates the development of
targeted mitigation strategies rather than relying on uniform
interoperability interventions. By integrating these dimensions,
the framework provides a comprehensive foundation for
evaluating interoperability in increasingly complex digital
environments. Such integration is particularly important where
technological transformation, institutional coordination, and
regulatory obligations evolve simultaneously.This integrated
perspective also enables organizations to identify dependencies
among interoperability dimensions more systematically. It
supports prioritization of interventions according to the severity
and location of identified interoperability gaps. Ultimately, the
framework positions interoperability as a continuously
managed organizational capability rather than a one-time
technical implementation.

6. Dataset Requirements (Proposed / Recommended for
Future Work)

No dataset was used to produce the results reported in this
paper. The following datasets are recommended candidates for
future empirical validation of the EI-IF framework and are
explicitly labeled as proposed. It also promotes consistent
evaluation criteria across organizations operating within
different institutional and regulatory contexts.
Consequently, the framework can serve as a common reference
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point for benchmarking interoperability progress over time. The
framework further enables systematic tracking of
interoperability improvements as digital ecosystems evolve.

This provides a foundation for evidence-based governance and
continuous refinement of cross-layer integration strategies.

Table 2: Proposed datasets for future empirical validation of the interoperability framework (none used in this study).

Dataset

Enterprise API
gateway logs
(proposed)

Data-sharing
agreement corpus
(proposed)

Enterprise architect
survey panel
(proposed)

Public
interoperability
standards registry
(proposed)

Source

Participating
organizations' API
management
platforms

Organizational
legal/governance
repositories

Structured survey
instrument
administered to
architects

Public standards
bodies (e.g., ISO,
sector consortia)

Approx. Size

Organization-
dependent; multi-
month telemetry

Tens to hundreds
of documents per
organization

Target 150-300
respondents

Hundreds of
standard
documents

Features

Call volume,
latency, error
codes,
endpoint
schema
version
Contract
clauses, data
scope,
compliance
references
Perceived
layer
alignment,
architecture
type,
governance
maturity
Standard
scope,
adoption date,
sector

7. Proposed Framework: The Enterprise Interoperability
Integration Framework (EI-IF)

Building directly on the conceptual framework in Section 3 and
the identified research gap (Section 1.3), this paper proposes the
Enterprise Interoperability Integration Framework (EI-IF),
depicted in Figure 2. EI-IF is designed so that technical
connectivity, semantic mediation, and governance are
architected as explicitly interacting components rather than as
independently optimized subsystems. The framework therefore
views interoperability as a coordinated architectural capability
rather than a sequence of isolated integration activities.
Technical connectivity provides the underlying communication
mechanisms through which heterogeneous systems can
exchange services and information. Semantic mediation ensures
that exchanged information retains consistent meaning across
applications, platforms, and organizational contexts.
Governance mechanisms establish the policies, responsibilities,
and decision rights required to manage these interactions
effectively. The interaction among these components is
intended to reduce the risk that improvements in one dimension
create unresolved dependencies or vulnerabilities in another.
For example, expanding API connectivity without
corresponding governance controls may increase integration
flexibility while simultaneously increasing exposure to
unauthorized access or uncontrolled data exchange. Similarly,
semantic standardization without adequate organizational
alignment may fail to produce effective interoperability when

Target Domain Reason for Selection
Interoperability Cross-industry Directly observes
maturity / cost enterprise IT technical-layer

integration behavior
Governance- Cross-industry Operationalizes

coverage ratio legal/organizational

layers

Interoperability Cross-industry Elicits subjective layer
maturity index (Eq. enterprise weights and validates
1) architecture IMI construct
practice

Provides an external
validity check on
organizational adoption
claims

Standardization Cross-sector

coverage as
covariate

participating units interpret responsibilities and processes
differently. EI-IF consequently emphasizes coordinated design
decisions across architecture, information management,
organizational processes, and governance. The framework also
supports progressive implementation by allowing enterprises to
identify existing interoperability barriers and prioritize
interventions according to their organizational context. Overall,
EI-IF provides a structured foundation for examining how
integrated technical and governance capabilities can jointly
improve interoperability, resilience, and sustainable ecosystem
performance.

Furthermore, EI-IF establishes explicit dependencies among the
three components to support holistic interoperability
assessment. These dependencies enable organizations to
evaluate whether improvements in one component are
supported by adequate capabilities in the others. The framework
can also accommodate heterogeneous technologies and
evolving governance requirements without prescribing a single
implementation architecture. Its modular structure allows
individual components to be strengthened incrementally while
preserving their functional relationships within the overall
system. This design promotes greater adaptability as enterprise
platforms, data standards, business processes, and regulatory
expectations change over time. Consequently, EI-IF provides
both a conceptual lens and a practical basis for continuous
interoperability improvement. It further enables systematic
comparison of alternative integration strategies according to
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their technical, semantic, and governance implications. In this
way, the framework connects architectural decision-making

Legacy Cloud-Native
Enterprise Systems

Applications

with measurable improvements in enterprise integration
outcomes.

Partner &
Third-Party APIs

loT / Edge
Data Sources

API Gateway & Event-Driven Integration Layer
(protocol translation, schema mapping, message brokering)

Semantic Mediation Layer
(canonical data model, shared ontology, master data management)

Interoperability Governance
(standards, policy, access control)

Explainability & Monitoring
(lineage, observability, audit)

Interoperable Enterprise Ecosystem Output
(unified processes, cross-platform services)

Figure 2: Proposed Enterprise Interoperability Integration Framework (EI-IF), showing the flow from heterogeneous sources through integration, semantic mediation,
and governance layers to an interoperable ecosystem output.

Input. EI-IF accepts input from four representative source
categories common in contemporary enterprise digital
ecosystems: legacy enterprise  systems, cloud-native
applications, partner and third-party APIs, and IoT or edge data
sources. This input taxonomy follows directly from the digital-
ecosystem literature's emphasis on heterogeneous, multi-actor
environments (Tiwana et al., 2010; Hodapp & Hanelt, 2022).

Data processing and core methodology. The API gateway and
event-driven integration layer performs protocol translation,
schema mapping, and message brokering, addressing the
technical-interoperability layer of the conceptual framework
and directly targeting the combinatorial connection-cost
problem formalized in Equation 3. This layer draws on service-
oriented integration principles established by Candido et al.
(2009).Model/algorithm and optimization. The semantic
mediation layer maintains a canonical data model, a shared
ontology, and master-data-management processes, extending
the XML-OWL mapping approach of Cardoso and Bussler
(2011) into a persistent mediation service rather than a one-off
transformation, so that semantic alignment (the S k term in
Equation 1) can be maintained as source and partner schemas
evolve. Governance and explainability. Two parallel
components  operationalize  the  organizational and

legal/regulatory  layers: an interoperability-governance
component (standards management, policy enforcement, access
control) and an explainability-and-monitoring component (data
lineage tracking, integration observability, audit logging).
Embedding governance as a first-class architectural component,
rather than an organizational afterthought, directly addresses
Tiwana et al's (2010) argument that governance and
architecture must coevolve. Output. The framework's output is
a functionally interoperable enterprise ecosystem capable of
supporting unified business processes and cross-platform
services, which corresponds to a high value of the composite
maturity index IMI_k' defined in Equation 2.

8. Comparative Analysis of Integration Architectures

To contextualize EI-IF, this section compares it qualitatively
against three widely used integration architectures identified in
the enterprise-interoperability  literature:  point-to-point
integration, enterprise-service-bus (ESB) mediated integration,
and API-gateway-only integration. Performance figures in
Table 3 reflect qualitative characterizations drawn from the
cited literature and architectural reasoning rather than measured
benchmark values, consistent with the research-integrity
requirement that no performance values be invented.
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Additionally, this comparison clarifies the architectural trade-
offs in scalability, governance, interoperability, resilience, and
operational complexity across the four integration approaches.

Table 3: Qualitative comparison of integration architectures (strengths and weaknesses drawn from cited literature and architectural reasoning; no performance

Method
Point-to-point
integration

ESB-mediated
integration

API-gateway-only
integration

Proposed EI-IF

Strengths

Simple for small
numbers of systems;
low initial cost

Centralized mediation
reduces direct
connections

Standardized technical
access; good
developer experience

Jointly addresses
technical, semantic,

values are empirically measured).

Weaknesses
Connection count
scales combinatorially
(Chen et al., 2008)

Central bottleneck; can
become a monolithic
dependency

Semantic and
governance concerns
often left unaddressed

Higher initial design
and governance-setup

Complexity = Interpretability Scalability

Low Low at scale Poor

(initially) (undocumented

custom logic)

Medium— Medium Moderate

High

Medium Medium Good (technical
layer only)

Medium— High (built-in Good (bounded

High lineage/monitoring) = governance

and governance layers | effort

8.1 Ablation Design (Proposed)

overhead, Eq. 3)

Table 4 specifies a proposed ablation design intended to isolate the marginal contribution of EI-IF's semantic mediation and governance
components once empirical telemetry becomes available; no ablation experiment has yet been executed.

Table 4: Proposed ablation configurations for future empirical evaluation of EI-IF components (design only; not yet executed).

Configuration API Gateway Layer = Semantic Mediation
Layer

EI-IF (full) Included Included

EI-IF minus Included Included

governance

EI-IF minus Included Excluded

semantic mediation

Gateway-only Included Excluded

baseline

9. Evaluation Framework

Consistent with the constructs formalized in Section 4, the
recommended evaluation framework combines the composite
interoperability maturity index (IMI', Equation 2), the
integration cost function (C k, Equation 3), and the
interoperability efficiency ratio (IER, Equation 4) as primary
metrics. Where telemetry permits, supplementary operational
metrics are recommended: mean integration latency, schema-
mapping change frequency (a proxy for semantic-layer
maintenance burden), percentage of integrations covered by a
current data-sharing agreement (a proxy for governance-layer
coverage), and mean time to detect a broken integration (a
proxy for the explainability/monitoring component). These
supplementary metrics are analogous in spirit to standard

Governance Layer Expected Contribution to be

Tested

Included Joint effect of all layers on
MI'

Excluded Marginal contribution of
governance layer

Included Marginal contribution of
semantic layer

Excluded Baseline technical-layer-only

performance

software-reliability and observability metrics but are adapted
here specifically to the interoperability context rather than
borrowed wholesale from an unrelated domain.

10. Experimental Design (Proposed)

For a future empirical study, a matched-organization design is
recommended over a purely cross-sectional comparison:
organizations of comparable size and sector would be recruited,
existing integration architecture documented, and the metrics in
Section 9 collected over a minimum six-month observation
window to allow schema-mapping and governance events to
accumulate. Where an organization is transitioning from one
architecture to another (e.g., replacing point-to-point
integrations with an API gateway), a pre/post within-
organization design would additionally allow paired statistical
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comparison, strengthening causal interpretation relative to
purely  cross-sectional ~ comparison across different
organizations. Random assignment of architecture is not
feasible in this domain; consequently, propensity-based
matching on organization size, sector, and legacy-system age is
recommended to reduce confounding, and results should be
interpreted as associational rather than strictly causal, absent
further quasi-experimental design.

11. Results

No empirical field data were collected for this paper. The results
reported in this section are illustrative and synthetic: they
demonstrate how the metrics defined in Section 9 would be
visualized and compared once real telemetry becomes
available, using representative parameter values chosen for
illustration rather than values estimated from observed
organizations.

These values must not be interpreted as evidence of the real-
world performance of any integration architecture. Future
studies should use observed organizational data to estimate
these parameters and validate the proposed relationships
empirically. Any resulting performance claims should be
supported by transparent statistical testing and uncertainty
estimates. Sensitivity and robustness analyses should further
determine whether conclusions remain stable under alternative
parameter  assumptions.  This  distinction  preserves
methodological transparency while establishing a clear pathway
from conceptual demonstration to empirical validation. This
also strengthens the framework’s applicability across diverse
organizational and technological settings.
Accordingly, future validation should examine both cross-

sectional  differences and longitudinal changes in
interoperability performance.

—
=~ o oo =
=] = = [=3

r~
=

Illustrative Interoperability Maturity Index (0-100)

Point-to-Point ESB-Based APl Gateway Proposed
Integration Integration Only EMIF (Full

Figure 3: lllustrative and synthetic comparison of interoperability
maturity index (IMI') scores across four integration configurations.
Values are hypothetical demonstration values, not measured
deployment data. Error bars represent an illustrative spread only.

Table 5 reports the same illustrative configurations expressed
against the cost and efficiency constructs defined in Equations
3 and 4, again using representative rather than fitted parameter
values.

Table 5: [llustrative/synthetic evaluation of integration configurations on maturity, relative cost, and efficiency constructs (hypothetical values for

demonstration only).

Configuration Hlustrative IMI' (0-100)
Point-to-point integration 38
ESB-based integration 57
API gateway only 64
Proposed EI-IF (full) 82

Read illustratively, the synthetic pattern in Figure 3 and Table
5 is consistent with the theoretical expectation developed in
Sections 3 and 7: architectures that address technical, semantic,
and governance layers jointly (the proposed EI-IF) are expected
to achieve higher composite maturity than architectures
addressing only a subset of layers, even though the associated
relative cost is also higher. The API-gateway-only

Illustrative Relative Cost (C_k / Ilustrative IER
C_max)
0.52 0.73
0.81 0.70
0.64 1.00
0.93 0.88

configuration illustrates a favorable efficiency ratio in this
synthetic ~demonstration precisely because it incurs
comparatively low cost while still improving on point-to-point
integration, which is consistent with the widely reported
practical popularity of API-gateway adoption as an intermediate
step even where semantic and governance maturity remain
incomplete. These patterns are offered strictly as a
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demonstration of how the evaluation framework would be
applied and interpreted; they are not evidence that the proposed
framework outperforms alternatives in practice. These
illustrative results therefore demonstrate the framework’s
analytical logic rather than establish causal or predictive
superiority. Empirical studies using real organizational data will
be necessary to determine whether these expected relationships
persist across different enterprise contexts.

12. Discussion

The theoretical synthesis in Section 2 and the framework
proposed in Section 7 jointly suggest that the persistent
difficulty of enterprise interoperability stems less from the
absence of any single technical capability than from the
organizational tendency to optimize technical, semantic, and
governance concerns independently. This interpretation is
consistent with Hodapp and Hanelt's (2022) observation that
existing interoperability research remains fragmented across
mechanisms and outcomes, and with Vernadat's (2010)
argument that the three classical interoperability layers are
interdependent rather than separable.

Compared with prior work, EI-IF's explicit inclusion of an
explainability-and-monitoring component distinguishes it from
earlier architectural proposals such as the service-oriented
roadmap of Candido et al. (2009), which addressed technical
flexibility but did not foreground governance observability, and
from the semantic-mapping approach of Cardoso and Bussler
(2011), which resolved a specific class of semantic mismatch
but did not address organizational governance at all. In this
respect, EI-IF can be read as an attempt to operationalize, at the
architectural level, the coevolution of design and governance
that Tiwana et al. (2010) identified as central to platform-
ecosystem dynamics.

Unexpectedly, the illustrative efficiency comparison in Table 5
highlights a trade-off that is often underemphasized in
enterprise-architecture guidance: a technically simpler API-
gateway-only configuration can appear efficient precisely
because it defers semantic and governance investment, a pattern
that may help explain why many organizations report
incomplete interoperability maturity even after adopting API-
first strategies. If this pattern is confirmed empirically, it would
suggest that efficiency-focused architecture decisions may
systematically under-invest in the governance and semantic
layers unless those layers are made explicitly visible in the
metrics used for architectural decision-making, as proposed in
Section 9.

Practically, the framework implies that digital transformation
programs should budget explicitly for semantic mediation and
governance capabilities alongside API connectivity, rather than

treating governance as a compliance add-on introduced after
integration architecture is largely fixed. For deployment, this
suggests sequencing integration modernization so that
canonical data models and governance policies are established
concurrently with, rather than subsequent to, API-gateway
rollout. Ethically, embedding an explainability-and-monitoring
layer by design, rather than retrofitting it, is intended to support
downstream accountability and auditability requirements;
however, this benefit depends on the monitoring layer being
implemented with sufficient rigor, which the present paper does
not empirically verify.

13. Explainability and Interpretability

Within EI-IF, explainability is addressed primarily at the
architectural level rather than through post-hoc model
interpretation, since the framework's core artifact is an
integration architecture rather than a predictive machine-
learning model. The explainability-and-monitoring component
(Section 7) is intended to provide data lineage tracking, so that
the provenance of any exchanged data element can be traced
back through the semantic mediation layer to its originating
system, and integration observability, so that the state of any
given integration point is inspectable in near real time.

Where organizations layer predictive components onto this
architecture, for example gradient-boosted models forecasting
integration failure risk (see Section 8's baseline candidates),
standard model-agnostic explanation techniques such as SHAP-
based feature attribution or partial-dependence analysis would
be appropriate additions, allowing architects to understand
which telemetry features (e.g., schema-mapping change
frequency) most influence a predicted maturity or risk score. A
limitation of such techniques is that they explain the predictive
model's behavior rather than the underlying business process,
so architectural-level lineage tracking remains necessary even
when predictive explainability tools are added.

14. Ethics, Security, Privacy, and Governance

Enterprise interoperability inherently involves the movement of
data across organizational and, frequently, jurisdictional
boundaries, raising privacy, security, and governance concerns
that the EI-IF governance layer is designed to address
structurally rather than incidentally. From a data-governance
perspective, the framework's canonical data model and master-
data-management processes are intended to make explicit
which data elements are shared, with whom, and under what
semantic definition, which is a prerequisite for meaningful
compliance review under data-protection regimes that require
organizations to account for cross-border and cross-
organizational data flows.
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From a security perspective, centralizing technical mediation in
an API gateway (Section 7) concentrates the attack surface into
a smaller, more auditable set of components relative to an
unmanaged set of point-to-point connections, but this
concentration also creates a higher-value target that must be
protected with commensurately stronger access-control and
monitoring measures, consistent with the governance-overhead
term (G_k) introduced in Equation 3. From an accountability
perspective, the explainability-and-monitoring component is
intended to support the kind of audit trail that regulatory
frameworks increasingly require for automated cross-
organizational data exchange; however, the present paper does
not evaluate the framework against any specific jurisdiction's
regulatory text, and organizations adopting EI-IF would need to
map its governance component onto their applicable regulatory
obligations.

Responsible-Al-style human-oversight principles apply directly
wherever predictive components (Section 13) are layered onto
EI-IF: any automated decision that affects a cross-
organizational data exchange (for example, automatically
throttling or blocking an integration flagged as anomalous)
should remain subject to human review before enforcement,
particularly during the framework's early deployment phase,
when the reliability of any predictive layer has not yet been
empirically established.

15. Robustness and Validity

Internal validity in this paper is limited by the absence of
empirical data: the illustrative results in Section 11 demonstrate
the evaluation methodology rather than establish a validated
causal claim, and no threat-to-validity analysis can substitute
for actual field data. External validity, once empirical data are
collected, would need to be assessed across organizational size,
sector, and regulatory environment, since the relative weight
organizations place on the legal/regulatory layer (w_L in
Equation 1) plausibly varies by sector, and the governance-
overhead term (G_k in Equation 3) plausibly varies with
organizational maturity.

Construct validity of the interoperability maturity index
depends on whether the layer-alignment scores (T, S, O, L) can
be reliably and consistently measured across raters and
organizations; the survey-based elicitation proposed in Section
6 would need explicit inter-rater reliability testing before the
index could be treated as a validated measurement instrument.
Sensitivity analysis over the weighting parameters (Section
5.10) is recommended specifically because conclusions about
which architecture performs best could plausibly reverse under
different weighting assumptions, and this sensitivity should be
reported transparently in any future empirical application rather
than treated as a robustness check performed once and set aside.

16. Limitations

1. No empirical deployment data were collected; all
quantitative results in Section 11 are explicitly
synthetic and illustrative, and should not be cited as
evidence of real-world performance.

ii. The interoperability maturity index and cost function
(Section 4) are original theoretical formulations that
have not yet been statistically validated against
observed organizational data.

iii. The literature review, while thematically organized,
draws on a targeted rather than exhaustive systematic
search and may not capture all relevant regional or
sector-specific interoperability standards literature.

iv. The proposed datasets (Section 6) depend on voluntary
organizational  participation and  data-sharing
agreements that have not yet been established, which
may affect the feasibility and representativeness of
future empirical validation.

v. The comparative analysis in Section 8 characterizes
architectures qualitatively based on the cited literature
and architectural reasoning; it does not constitute a
controlled benchmark.

vi. The framework's governance and explainability
components have not been evaluated against any
specific  jurisdiction's regulatory requirements,
limiting immediate compliance claims.

17. Future Research

i Conduct a matched-organization field study (Section
10) to estimate the layer-weighting parameters (w_T,
w_S, w_O, w_L) in Equation 1 empirically across at
least two industry sectors.

ii. Execute the ablation design specified in Table 4 using
organizations transitioning between integration
architectures to isolate the marginal empirical
contribution of the semantic mediation and
governance layers.

1. Extend the framework to explicitly address federated
and privacy-preserving integration patterns, in which
raw data are not centrally mediated but interoperability
is achieved through federated schemas or secure multi-
party computation.

iv. Investigate cross-domain validation of EI-IF in
regulated sectors (e.g., healthcare or financial services)
where the legal/regulatory layer (L) is likely to
dominate the composite maturity index.
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V. Develop and empirically validate predictive models
(Section 8) for integration-failure risk, paired with the
explainability techniques discussed in Section 13,
using longitudinal API-gateway telemetry.

Vi. Examine  longitudinal  interoperability-maturity
trajectories to test the sustainability argument
advanced by Jardim-Gongalves et al. (2012), namely
that interoperability must be actively maintained rather

than achieved once.

18. Conclusion

This paper set out to examine why enterprise interoperability
within digital ecosystems remains difficult despite decades of
enterprise-architecture research, and to propose a structured
response. Returning to the three research questions posed in
Section 1.6: the thematic literature review (Section 2) indicates
that technical, semantic, organizational, and legal factors jointly
constrain interoperability, with no single factor sufficient to
explain observed integration failures (RQI1); the proposed
Enterprise Interoperability Integration Framework (Section 7)
demonstrates one concrete way to architect technical
integration, semantic mediation, and governance jointly rather
than independently (RQ2); and the evaluation framework and
experimental design (Sections 9-10), together with the
mathematical formulation in Section 4, provide a concrete,
reproducible basis on which future empirical studies could
validate the framework across organizational contexts (RQ3).

The paper's principal contributions are a synthesized theoretical
account  connecting enterprise-interoperability,  digital-
ecosystem, and platform-governance research; an original
mathematical formulation of interoperability maturity and
integration cost; the EI-IF architecture itself; and a transparent,
clearly labeled illustrative evaluation intended to seed rather
than substitute for empirical validation. Practically, the
framework offers enterprise architects a way to make
governance and semantic-mediation investment decisions
visible and comparable alongside technical connectivity
decisions, rather than treating them as an afterthought to API
adoption.

The central limitation of the present study is the absence of
empirical field data, and the results reported here should
accordingly be read as a design-science demonstration rather
than as validated evidence of practical performance. Future
research, as outlined in Section 17, should prioritize matched-
organization field validation, ablation testing of the
framework's semantic and governance components, and
extension toward federated and privacy-preserving integration
patterns as digital ecosystems continue to evolve.
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