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Abstract

Healthcare delivery systems operate as complex socio-technical Systems-of-Systems
(S0S), where autonomous entities—hospitals, insurers, laboratories, and technology
vendors—must coordinate to achieve collective outcomes that exceed individual capa-
bilities. Despite substantial investment in interoperability standards and regulatory frame-
works, persistent fragmentation undermines care quality, operational efficiency, and sys-
temic adaptability. This fragmentation stems from a fundamental governance paradox: how
can independent systems retain operational autonomy while adhering to shared rules that
ensure systemic resilience? This paper addresses this challenge by advancing a governance-
oriented architecture grounded in Object-Oriented Programming (OOP) principles. We rein-
terpret core OOP constructs—encapsulation, modularity, inheritance, polymorphism, and
interface definition—as governance mechanisms that enable autonomy through principled
constraints while fostering structured coordination across heterogeneous systems. Central
to this framework is the Confluence Interoperability Covenant (CIC), a socio-technical
governance artifact that functions as an adaptive interface mechanism, codifying integrated
legal, procedural, and technical standards without dictating internal system architectures.
To validate this approach, we develop a functional proof-of-concept simulation using Petri
Nets, modeling constituent healthcare systems as autonomous entities interacting through
CIC-governed transitions. Comparative simulation results demonstrate that CIC-based
governance significantly reduces fragmentation (from 0.8077 to 0.1538) while increasing
successful interactions fivefold (from 68 to 339 over 400 steps). This work contributes
foundational principles for SoS Engineering and offers practical guidance for designing
scalable, interoperable governance architectures in mission-critical socio-technical domains.

Keywords: systems of systems; socio-technical; healthcare; governance; object-oriented
programming; autonomy; confluence interoperability covenant; interoperability; fragmentation;

policy

1. Introduction

Healthcare delivery today functions as a sprawling socio-technical System-of-Systems
(S0S), comprising autonomous hospitals, clinics, pharmacies, insurers, IT vendors, and
regulators that must coordinate to deliver safe, effective, and timely care [1]. Yet, despite
substantial investments in interoperability standards and compliance regimes, the ecosys-
tem remains fragmented: disparate data formats, ad hoc integrations, misaligned incentives,
and conflicting procedural norms inhibit information flow and stifle innovation [2]. As a
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result, patient outcomes suffer, operational costs rise, and the system’s ability to adapt to
emerging challenges—such as pandemics or novel care pathways—is undermined [3].

Most existing governance approaches address this fragmentation in silos. Techni-
cal standards (e.g., HL7, FHIR) define message structures but lack binding procedural
or legal context; legal agreements (e.g., business associate agreements, service contracts)
impose high-level obligations yet rarely enforce runtime conformance; institutional policies
(e.g., consent protocols, accreditation rules) fill procedural gaps but often conflict or over-
lap [4]. The net effect is a patchwork of instruments that constituent systems must interpret
separately, leading to brittle integrations and governance overhead [5].

At its core, this challenge mirrors a paradox: how can independent systems retain op-
erational independence while adhering to shared rules that ensure systemic resilience? To
address this fundamental question, Baxter and Sommerville (2011) highlight the balance be-
tween control and autonomy, arguing that loosely coupled coordination mechanisms—such as
flexible standards and interface agreements—allow independent systems to adapt while
still conforming to overarching objectives [6]. Behymer and Flach (2017) propose a sys-
tems design perspective that emphasizes collaborative affordances, suggesting that rather
than reducing autonomy, system-level resilience can be achieved by enhancing the ca-
pacity of autonomous agents to perceive, understand, and act on shared constraints [7].
Cardoso et al. (2022) focus on the role of normative frameworks and runtime monitor-
ing in multi-agent systems, where agents maintain local autonomy but are incentivized
or constrained by system-level rules that promote reliability and coordination [8]. In a
related vein, Sawaragi (2020) emphasizes co-creation between humans and systems to
embed resilience principles within both organizational routines and technical architectures,
thereby aligning individual system goals with emergent systemic behavior [9]. Finally,
Heo and Yi (2023) suggested that decentralized, contract-based governance mechanisms
can encode shared expectations and accountability without imposing centralized control,
enabling a distributed yet coherent form of resilience [10].

While existing research has recognized the persistent tension between autonomy and
centralized control in socio-technical SoS, few studies have effectively translated estab-
lished engineering principles into operational governance models capable of bridging this
divide. This paper advances both the principles of SoS Engineering and the practice of
S0S governance by leveraging proven systems design concepts to propose a governance-
oriented architecture specifically tailored for socio-technical contexts. Building on the
conceptual foundation of Object-Oriented Programming (OOP), the paper reinterprets
its key constructs—encapsulation, modularity, inheritance, and interface definition—as
governance mechanisms that enable autonomy through principled constraints while fos-
tering structured coordination across diverse systems. In this sense, the framework does
not merely borrow from software design but extends its logic to advance foundational
principles for designing, analyzing, and governing complex SoS. Just as OOP enables
scalable and resilient software through clear boundaries and interaction contracts, the pro-
posed paradigm provides a transferable blueprint for engineering scalable, adaptive, and
interoperable SoS such as healthcare. The discussion that follows articulates the broader
implications of this translation, demonstrating how it informs SoS Engineering principles,
meta-governance design, and systemic resilience strategies, offering both academic insight
and practical benefit for the governance of distributed, mission-critical systems.

To validate the proposed governance construct, we develop a formal simulation using
Petri Nets, enabling computational assessment of its structural and behavioral implica-
tions. In this model, constituent systems such as hospitals, insurers, and laboratories are
represented as autonomous entities interacting through defined transitions governed by
the Confluence Interoperability Covenant (CIC), a formal coordination mechanism that
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encodes shared rules, interaction protocols, and compliance expectations. This modeling
approach not only demonstrates the feasibility of operationalizing governance principles
within a system-of-systems architecture but also provides a quantitative basis for evaluating
their effectiveness. Simulation results reveal that CIC governance enhances adaptive coordi-
nation across heterogeneous healthcare actors through polymorphic interaction pathways
while reducing fragmentation and reinforcing systemic cohesion. Furthermore, the findings
illuminate the dynamic nature of compliance and oversight, underscoring the need for
continuous policy adaptation as a critical implication for real-world governance practice.
The computational validation substantiates the paper’s theoretical proposition and extends
the discourse on SoS Engineering and governance design, highlighting the potential of
structured, interface-based mechanisms to achieve resilient socio-technical ecosystems.

The remainder of this paper is organized as follows. Section 2 reviews related work,
highlighting the characterization of healthcare delivery systems (HDS) as a SoS and out-
lining the conceptual foundations of OOP that inform the proposed governance construct.
Section 3 introduces the OOP-based governance analogy and establishes the conceptual
linkage between engineering design principles and socio-technical governance mechanisms,
forming the theoretical core of the paper. Section 4 presents the simulation developed to
validate the feasibility and performance of the proposed construct, demonstrating how
the application of structured governance interfaces can reduce fragmentation and enhance
adaptive coordination among independent systems. Section 5 provides a comprehensive
discussion of theoretical and practical implications, connecting the paper's outcomes to
the advancement of SoS Engineering principles and the design of resilient governance
architectures. Finally, Section 6 concludes the paper by synthesizing the main contribu-
tions, emphasizing the academic and practical benefits of the proposed framework, and
outlining directions for future research toward more dynamic, scalable, and data-informed
governance of socio-technical SoS.

2. Related Work

This section provides the foundational background across three critical domains that
underpin our research approach. We examine the conceptualization of healthcare delivery
systems as complex socio-technical SoS, explore governance mechanisms specifically de-
signed for SoS environments, and investigate the OOP paradigm as a structural blueprint
that offers transferable logic for managing complex system interactions through modular
design and standardized protocols.

2.1. The Healthcare System as a Socio-Technical SoS

Healthcare delivery systems exemplify complex socio-technical Systems-of-Systems (SoS),
where autonomous entities—hospitals, insurers, patients, and technology platforms—interact
dynamically within a web of legal, procedural, and technical interdependencies [11]. These
systems are intrinsically loosely coupled and characterized by emergent behavior, meaning
that global system properties arise not from centralized design but from the collective
dynamics of independent actors [12].

To that end, many studies studied it as a socio-technical SoS. Sittig and Singh (2010)
introduced an eight-dimensional socio-technical model tailored to health information tech-
nology (HIT), highlighting how systemic performance depends on interactions among
hardware, software, clinical workflows, regulatory environments, and user behavior [13].
Building on this, Carayon (2012) proposed the SEIPS (Systems Engineering Initiative for
Patient Safety) model, which situates patient safety and care quality at the intersection of
people, technologies, tasks, and environments—further reinforcing the framing of healthcare
as a socio-technical SoS [14]. From a governance perspective, Dong, Sahu, and Black (2024)
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examined Ontario’s transition toward integrated healthcare, emphasizing the difficulties
of coordinating across loosely coupled institutions with distinct policies, infrastructures,
and incentives [15]. Complementary to this, Bennaceur et al. (2023) approached resilience
in community healthcare systems through a socio-technical lens, arguing that sustained
system performance under stress hinges on adaptive coordination mechanisms [16]. Finally,
global policy-focused research by de Savigny and Adam (2009) and the WHO highlighted
that achieving effective health system governance requires managing interdependencies
across regulatory, technological, and institutional actors without sacrificing local auton-
omy [17]. Collectively, these studies establish a growing consensus that healthcare systems
exhibit the defining characteristics of socio-technical SoS, thereby demanding governance
frameworks that are adaptive, integrative, and systemically aware.

In a related context, recent advances in artificial intelligence have explored the use
of deep learning architectures to enhance clinical decision-making and system-level di-
agnostics, illustrating the growing reliance on intelligent components within healthcare
50S. For example, the SVMVGGNet-16 model integrates Support Vector Machines with
a VGGNet-16 feature extractor to improve lung cancer detection accuracy from CT scans,
achieving significant gains in precision and recall through hybrid feature learning [18].
Similarly, the Multi-Scale Parallel CNN (MSP-CNN) has been applied to COVID-19 chest
X-ray image denoising, effectively reducing noise while preserving diagnostic detail [19].
These studies demonstrate how autonomous, data-driven subsystems can augment the
broader healthcare ecosystem by improving reliability and adaptive capability, further
emphasizing the need for coherent governance structures that ensure their integration and
coordination at scale.

This complexity intensifies the need for governance frameworks that can balance
operational autonomy with systemic resilience [20].

Through systematic analysis of the HDS's actual operational characteristics, Mogahed
and Mansouri characterized it as a representative case of a Collaborative SoS, wherein
autonomous entities including hospitals, clinics, and insurance providers engage in volun-
tary cooperation to achieve collective care delivery capabilities that surpass the capacity
of any individual component [21]. They contended that this collaborative arrangement
is a central cause of the system’s ongoing fragmentation. Because these entities oper-
ate autonomously and collaborate by choice rather than mandate, the system tends to
exhibit behaviors such as decisions driven by self-interest, limited overall awareness,
conflicting goals, protectionism over proprietary knowledge, and unaddressed systemic
risks. Despite being commonly referred to as a unified healthcare system, it was never
intentionally designed or structured as one and has never functioned as an integrated
whole. Instead, it consists of loosely affiliated components that interact mainly out of
practical necessity, not through a shared, system-wide strategy. Furthermore, they brought
essential focus to the role of interdependence as a crucial factor influencing system perfor-
mance. They highlighted that independently operated systems often form interdependent
relationships to achieve outcomes that would be impossible for any single system to ac-
complish alone. This interdependence fosters cooperative dynamics—such as symbiotic
and commensalistic relationships—that demonstrate mutual reliance and shared advan-
tages through coordinated efforts. Within this framework, they argued that earlier studies
placed too much emphasis on the autonomy of individual systems in terms of management
and operation, while neglecting the structural and strategic benefits that arise from their
often-overlooked interconnections.

These systems are built to support human endeavors, with the aim not only to under-
stand their internal workings but also to actively influence and direct their performance [22].
To that end, the authors extended their theoretical contributions by offering a detailed
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examination of established SoS structural typologies [23]. Using illustrative examples, they
highlighted the limitations and challenges involved in reconfiguring the Collaborative
Healthcare SoS into alternative forms. Their analysis revealed that such transitions are often
hindered by fundamental tensions—such as value conflicts, mismatched requirements,
and the ongoing struggle to preserve the autonomy of individual systems while pursuing
collective SoS objectives. In response, they advocate for a shift in the engineering approach
to SoS: the introduction of an external governing body responsible for managing and strate-
gically harnessing interdependencies across constituent systems to promote alignment
between emergent system behavior and higher-level goals as illustrated in Figure 1.
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Figure 1. Proposed Construct of the Governing Entity of the SoS. Adopted from [23].

To anchor their structural assertions in governance theory, Mogahed and Mansouri con-
ducted a systematic review of 45 studies covering 37 different governance frameworks [24].
This analysis identified fundamental governance mechanisms—such as accountability sys-
tems, feedback processes, and coordination methods—that are vital for enabling constituent
systems to work together efficiently and accomplish objectives beyond their individual
capabilities. Building on established governance frameworks such as the Systems-based
Conceptual Model [25,26], the Complex System Governance (CSG) framework [27], and the
combined perspectives of CSG and the Complex System Contextual Framework (CSCF) [28],
the authors developed an enhanced System-of-Systems (S0S) governance model that delin-
eates three core components: meta-governance, governed entities, and governing entities.
This model provides a clearer structural perspective and offers a high-level abstraction
capturing the key elements necessary for effective governance in diverse Collaborative
Systems of Systems, including healthcare.

To validate the proposed model, the authors examined the mission of the U.S. Depart-
ment of Health and Human Services (HHS) and developed both a functional categorization
and an operational view of constituent systems according to their respective roles. They
subsequently employed SysML modeling to represent the structural and operational di-
mensions of the healthcare SoS [29], as illustrated in Figure 2. Building on this foundation,
graph theory and network analysis were applied to quantitatively assess the structural
implications of introducing an external governance node into the healthcare SoS. The anal-
ysis revealed that the addition of a governance node substantially redistributed network
influence by enhancing the centrality of providers and care recipients, while simultaneously
reconfiguring the role of administrative and technological systems under a more coordi-
nated oversight. This demonstrates the capacity of governance to steer system interactions
toward alignment with overarching objectives. Parallel developments in graph-based
learning have also advanced the modeling of complex, interconnected entities—a capability
central to representing and analyzing SoS. The Pair-wise Hyper Graph Convolutional
Network (PH-GCN), for instance, captures multi-level granularity and relational dependen-
cies in human action recognition tasks, achieving superior robustness in complex motion
scenarios [30]. Likewise, an Improved Graph Convolutional Network with Enriched
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Graph Topology Representation enhances spatial-temporal feature integration for skeleton-
based recognition [31]. Beyond their domain applications, these studies illustrate how
graph-based architectures encapsulate structured interdependencies among autonomous
agents, offering conceptual parallels to the coordination logic underpinning SoS gover-
nance. Such approaches underscore the increasing convergence between machine learning
architectures and systems engineering models in addressing complexity, autonomy, and
interaction dynamics.
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Figure 2. Internal Block Diagram (IBD): Operational Interactions Among Healthcare System Cate-
gories Under Governance Oversight. Adopted from [29].

To further clarify the governance entity within the proposed model, the authors elab-
orate on its structural composition, authority, and operational mechanisms, while also
outlining the specific roles assigned to each component of the governance framework. The
study systematically introduces a three-tiered governance architecture to illustrate how
structured oversight can enhance coordination, accountability, and adaptability within
the healthcare SoS [32]. At the highest level, Meta-Governance is fulfilled by the federal
government, which establishes the overarching vision, sets national policy directives, and
defines strategic priorities that guide the healthcare SoS toward collective objectives. This
level provides the normative and strategic foundation for system-wide coherence, analo-
gous to President John F. Kennedy’s leadership during the Apollo program, where a clearly
articulated national vision for space exploration galvanized alignment across multiple
systems, institutions, and disciplines. Such meta-governance ensures a unifying direction
that integrates political intent with systemic capability. The second tier, the Governing
System, is operationalized through the HHS, which translates the federal vision into action-
able governance mechanisms. It coordinates inter-system activities, aligns regulatory and
operational processes, and enforces compliance with established policies. To ground this
tier in institutional reality, the study conducts a detailed mapping of all HHS offices and
agencies to their corresponding governance roles, demonstrating how distributed oversight
can function cohesively through structured responsibilities and coordination interfaces.
Finally, the Governed System encompasses the broader healthcare SoS, including providers,
insurers, suppliers, and ancillary service entities that operate within the boundaries, stan-
dards, and feedback mechanisms defined by the higher tiers. This level represents the
dynamic operational layer where governance is enacted in practice—where compliance,
adaptation, and collaboration directly influence care delivery and system performance.
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Moreover, the discussion emphasizes the interplay between governance and sustain-
ability imperatives [33]. By embedding governance actions within the broader societal
vision articulated by the United Nations” Sustainable Development Goal 3 (SDG 3)—to
ensure healthy lives and promote well-being for all—the framework aligns institutional
governance with global sustainability objectives. This integration reinforces that effective
meta-governance not only coordinates technical and institutional systems but also anchors
them to enduring social value, ensuring that healthcare evolution contributes to both
systemic efficiency and collective human advancement.

While the review discussed in [24] offered valuable insights into SoS governance,
there remains a critical need for methods that can formalize and validate the structural
elements of such systems. As Falegnami et al. (2024) note in the context of socio-technical
systems, conventional engineering approaches often fall short, highlighting the necessity
for a paradigmatic shift in how these complex systems are conceptualized [22]. In response,
alternative approaches advocate for reimagining socio-technical systems through new
analytical lenses, drawing upon established principles from other engineering domains. Ac-
cordingly, this study turns to the foundational constructs of Object-Oriented Programming
(OOP) as a source of conceptual inspiration, offering a structured and modular framework
well-suited to modeling the dynamic roles, interactions, and governance mechanisms
inherent in socio-technical SoS—particularly within the healthcare domain.

2.2. The Object-Oriented Blueprint

The origins of Object-Oriented Programming (OOP) lie in the 1960s, emerging from a
broader trajectory of increasing abstraction in programming languages. Early computing re-
quired programmers to interact directly with memory addresses and hardware constraints,
but the introduction of high-level languages opened the door for new metaphors such as
objects, which could encapsulate both data and behavior. Simula, developed by Ole-Johan
Dahl and Kristen Nygaard (1978) at the Norwegian Computing Center, is widely recognized
as the first language to introduce the concept of objects [34]. Initially intended for simula-
tion, Simula 67 formalized the idea of data structures with associated procedures—what
would become objects—and introduced inheritance as a means to generalize class-based
behaviors [35].

Around the same time, Ivan Sutherland’s Sketchpad (2003) project laid a visual foun-
dation for objects. Though not a programming language in the traditional sense, Sketchpad
allowed for graphical constraints and the use of reusable components [36]. Its master-
instance model and topological constraint mechanisms were early manifestations of encap-
sulated, self-contained entities in software. Nevertheless, the real conceptual leap came
with Smalltalk, pioneered by Alan Kay and colleagues at Xerox PARC [37]. The paper
traced its lineage from the initial prototype (Smalltalk-71) through Smalltalk-72, Smalltalk-
76 and the first publicly released version, Smalltalk-80. Smalltalk introduced a purist
form of object-orientation where everything—from numbers to control structures—was an
object, and all computation occurred through message passing [38]. Smalltalk’s architecture
enforced a unified object model and introduced features like late binding, reflective meta-
classes, and a graphical programming environment tailored for children and learners [39].
Later languages like C++, Java, and Python adopted OOP features, although often blending
them with procedural paradigms, thus diluting the philosophical purity championed by
Smalltalk [40].

The central principles of OOP, encapsulation, inheritance, and polymorphism, have
remained relatively stable since Simula and Smalltalk.

Encapsulation involves bundling data with methods that operate on that data, and
restricting direct access to some components of the object. This “black box” approach
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protects the object’s internal state from unintended interference, enabling modularity
and robustness.

Inheritance enables a class to inherit properties and methods from another class,
facilitating code reuse and the modeling of hierarchical relationships. This mechanism
also supports the creation of abstract generalizations and specific implementations in
object hierarchies.

Polymorphism allows objects to respond to the same method call in different ways
depending on their type, a feature crucial for interface-based programming and dy-
namic behavior. This was formalized in theoretical models such as Abadi and Cardelli’s
object calculus.

These principles have allowed OOP to thrive as a design paradigm in both academic
and industrial contexts. They also give rise to tradeoffs: while inheritance promotes reuse,
overuse or deep hierarchies can lead to rigidity and complexity [41,42].

At its core, OOP represents a metaphor for modeling computation through entities
(objects) that interact by sending messages. In Smalltalk, for instance, even classes are
themselves objects—leading to a recursive ontology where objects instantiate from other
objects and even define their own structure through metaclasses [37,39]. Objects are con-
ceptualized as autonomous agents: they maintain internal state, expose behavior through
interfaces, and interact without global oversight. This “object-as-agent” metaphor aligns
OOQOP closely with actor models in concurrent systems [43], and even with philosophical
constructs such as Leibnizian monads [37].

As Joque (2016) notes, the conceptual evolution of OOP also reflects philosophical
tensions between linguistic representation and material computation [44]. In his view, the
object in OOP is not merely a static data structure but a linguistic construction shaped by
software metaphors and abstractions. Objects do not preexist in nature but emerge through
programming practices as “negotiated and unstable means of counting the computational
real”. This view challenges the reductionist view of OOP as simply a technical methodol-
ogy. Instead, it positions object-oriented thinking as a framework for engaging with the
complexity of digital systems, where abstraction, delegation, and interaction serve as core
structural devices [45,46].

In the same conceptual context, recent studies have revisited and expanded the con-
ceptual structure of OODP, refining its theoretical underpinnings and adapting its principles
to contemporary computational needs. Carvajal et al. (2018) provided a formal compari-
son between nominal and structural typing through the NOOP model, highlighting how
real-world languages like Java and C++ rely on nominal inheritance structures to manage
object identity, subtyping, and behavior [47]. Their work clarified foundational distinctions
often blurred in traditional structural interpretations of OOP. Complementing this, the
COMMOQOP project (2016) offered a multidimensional framework for conceptualizing OOP
learning and competence, identifying key cognitive and structural elements such as class-
object relationships, abstraction, and algorithmic thinking [48]. Expanding further, Li et al.
(2024) explored the continued relevance of OOP in Al and big data systems, demonstrating
how encapsulation and polymorphism remain essential for maintaining modularity and
scalability in machine learning pipelines [49]. Mars (2025) introduced the notion of “data
spatial programming,” extending the conceptual reach of OOP by embedding spatial and
topological semantics into class-like constructs called archetypes—highlighting a shift to-
ward modeling systems with emergent, distributed behaviors [50]. Together, these studies
not only reinforce the enduring relevance of core OOP principles but also serve as a proven
systems engineering blueprint for managing complexity through encapsulation of state,
polymorphic interaction, and hierarchical abstraction.
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In this paper, drawing from its foundational constructs, we leverage OOP as a trans-
ferable logic for managing healthcare socio-technical SoS complexity. By abstracting core
governance roles, encapsulating local operational autonomy, modularizing system func-
tions, and enforcing standardized interaction protocols, this approach provides a structured
framework that can be analogously applied to the design and regulation of healthcare SoS,
where diverse constituent systems must cooperate without relinquishing independence. To
validate the proposed analogy, we implemented a Petri Net simulation in which constituent
systems (e.g., hospitals, insurers, laboratories) interact via transitions governed by what we
call the Confluence Interoperability Covenant (CIC). This perspective contributes to devel-
oping a scalable, interoperable governance model that is both adaptable and robust in the
face of real-world complexity. The progression of the conceptual structure is summarized
in Table 1 below.

Table 1. Progression of the Conceptual Structure of OOP.

Study Reference Conceptual Structure

[34] Introduced the concept of objects and inheritance for simulation modeling, formalizing class-based hierarchies that combine
data and behavior. Established encapsulation as a means to manage complexity and reuse through hierarchical abstraction.

[36] Pioneered the use of visual, reusable components and constraint-based modeling. Its master—instance relationships and
topological constraints represented early forms of self-contained, interacting entities.

[37] Presented a pure object-oriented paradigm where everything is an object and computation occurs through message passing.
Introduced late binding, reflective metaclasses, and the idea of recursive object ontologies.

[40] Extended OOP to procedural and industrial contexts, embedding encapsulation, inheritance, and polymorphism within
scalable software environments. These languages emphasized practical modularity, reusability, and integration.

[41] Developed a formal object calculus that defined the semantics of objects, inheritance, and polymorphism. Provided a
rigorous theoretical foundation for object interaction and behavioral abstraction.

[44] Interpreted OOP as both a technical and philosophical construct, highlighting objects as linguistic and computational
abstractions that emerge through software practice. Positioned OOP as a conceptual framework for negotiating complexity
and representation.

[48] Introduced a multidimensional cognitive and structural model of OOP, emphasizing learning, abstraction, and class—object
relationships as foundational to conceptual reasoning and software design.

[47] Provided a formal comparison between nominal and structural typing via the NOOP model, clarifying how inheritance and
identity shape object semantics and subtyping.

[49] Reaffirmed the enduring relevance of OOP in Al and Big Data contexts, showing that encapsulation and polymorphism
remain essential for modularity and scalability in modern computational systems.

This Study Reinterprets OOP as a transferable conceptual logic emphasizing encapsulation, modularity, and interaction protocols.

Through the CIC, the framework operationalizes these principles in a healthcare context, providing a scalable and adaptive
model for SoS governance validated through simulation.

3. From Classes to Covenants: A Structural Analogy for Socio-Technical
SoS Governance

With the dual insights into healthcare delivery as a socio-technical SoS and the evolv-
ing conceptual structure of OOP now established, we are positioned to explore how these
domains intersect. In what follows, we formalize this analogy through a systematic map-
ping of OOP constructs to SoS governance mechanisms, supported by theoretical reasoning
and illustrative examples.

3.1. Analogy Overview

At the heart of OOP is the concept of the interface, which defines a contract of method
signatures (a specification of what methods must exist) without dictating how they should
be implemented [51]. A compiler then ensures that any class claiming to implement an
interface adheres to its contract, verifying that the source code conforms to the language’s
syntactic, semantic, and type rules. This approach closely parallels our proposition for
transforming the current Collaborative healthcare SoS: introducing an external governing
entity that oversees and enforces interaction protocols (i.e., shared rules and expectations)
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without prescribing the internal operations of each system. In this analogy, the compiler
acts as the governing authority, the interface represents a shared compliance contract, and
the classes correspond to autonomous systems that implement these contracts according
to their local context. This conceptual alignment reveals how OOP principles can serve
as a robust design language for modeling and reasoning about governance in complex
socio-technical systems.

3.2. Core Construct Mapping

In this subsection, we introduce a structured mapping between key OOP structural
components and their analogues in socio-technical SoS governance. Table 2 outlines how
fundamental OOP constructs as defined in [51,52]—such as classes, objects, methods,
and interfaces—can be conceptually aligned with core elements of SoS architecture and
governance mechanisms. Each row includes the OOP definition, its corresponding role in
SoS governance, a description contextualized to complex systems, and a practical example
drawn from the healthcare domain to illustrate the analogy in action.

Table 2. Mapping OOP Structural Components to SoS Governance Analogues with Healthcare Examples.

OOP Structural

SoS Governance

Description in the

Component Definition in OOP Analogue Context of SoS Practical Healthcare Example
Class A blueprint for creating Constituent System Type ~ Represents a type of actor ~ Defines entities with care delivery, billing, and referral
objects that defines or service (e.g., hospital, capabilities. For example, Hospital, Lab, Insurance,
properties (attributes) lab, insurer) that defines Pharmacy, etc. classes.
and behaviors (methods). the general capabilities
and role of a system.
Object An instance of a class Operational System A specific real-world
with specific va}ues Instance system operating undera “Mercy General Hospital” is an instance of the
assigned to attributes. constituent type. Hospital class.
. LabCorp Central Lab (Laboratory class)
. Blue Shield of CA (Insurer class)
. Walgreens #1234 (Pharmacy class)
Attribute A variable defined in a System Configuration or Internal parameters, data A hospital’s bed availability, medical specialties, or patient
(Field) class that holds state Resource State structures, or operational ~ queue status.
information. resources specific to a
constituent system.
Method A function associated Functional Capability A functional service or SubmitClaim(), RequestAuthorization(), or
with a class that defines behavior the system can DispatchAmbulance() as functions exposed through CIC.
its behavior. perform and expose
externally.
Interface A contract that defines a Confluence A formal governance A hospital must respond to CIC messages such as
set ﬁf me,jtho:li signatures Interoperabﬂllty agre(?mgr}t spec1fy1ng . Verify Eligibility: check patient coverage via FHIR
without implementation. ~ Covenant (CIC) require glterlaction Eligibility Response.
points and rules for . Provide Discharge Summary: send CCD to primary
participation. care using HL7 CDA.
. Report Lab Results: deliver LOINC-coded results via
REST APL
. Exchange Medication List: share NCPDP SCRIPT
messages.
Compiler Tool that checks whether ~ External Governing Ensure all constituent A healthcare regulator audits interfaces and data exchange

the program conforms to
language rules and type
system.

Entity

systems comply with CIC
terms before and during
operation, without
interfering in
implementation.

formats but does not dictate how hospitals manage
internal systems.

. State Health Dept.: audits FHIR payloads for
schema compliance.

. ONC: certifies EHR vendors against C-CDA profiles.

. CMS: enforces API standards for Medicare
Advantage plans.

. Certifies new EHR systems through automated
FHIR API validation tests.

The table above presents a structured mapping between core OOP constructs and
their analogues within socio-technical SoS governance. By leveraging the structural logic
of OOP, we illustrate how familiar programming components can be conceptually aligned
with real-world elements in complex, decentralized systems like healthcare. Specifically,
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the OOP concept of a class, which serves as a blueprint defining shared properties and
behaviors, maps to a constituent system type in SoS governance. For instance, the “Hos-
pital” class encapsulates all systems that share core capabilities such as care delivery. Its
instantiations, or objects, represent specific operational entities like Mercy General Hospital
or LabCorp Central Lab—each operating within the constraints and functions defined by its
system type.

3.3. OOP-Inspired Principles for Socio-Technical System Governance

SoS engineering is grounded in a set of core principles, yet it continues to evolve as
complexity and integration demands grow. Azani (2008) identifies several key principles
essential for effective SoS design, including modularity, which enables flexible integration
and replacement of components, and connectivity, which ensures communication among
systems and with the environment [53]. He also highlights emergent behavior, where
system-level outcomes arise from interactions among independent systems, and autonomy,
which allows constituent systems to operate independently. Additionally, interdependen-
cies and loose coupling are emphasized as crucial for maintaining stability while enabling
scalability and innovation.

To advance this discourse and inform the governance and evolution of complex socio-
technical SoS architectures—extending beyond structural analogies to inspire validation
design—the principles of OOP can also inform the development of foundational principles
for socio-technical SoS. Concepts such as abstraction, encapsulation, inheritance, polymor-
phism, and modularity offer valuable insights for designing interoperable, adaptable, and
resilient systems.

To that end, Table 3 outlines how fundamental OOP principles can inform and advance
S0S governance. Each row presents an OOP principle alongside its definition, a correspond-
ing governance analogue, a description in the SoS context, and a practical example from
the healthcare domain.

The explanation in Table 3 illustrates how OOP principles can guide the design of
interoperable, flexible, and scalable governance architectures, particularly in domains
like healthcare where systems are both autonomous and interdependent. In the SoS
context, abstraction supports role specification without revealing internal processes, while
encapsulation ensures that systems maintain operational autonomy behind standardized
interfaces. Inheritance reflects the propagation of governance policies across hierarchical
levels, and polymorphism captures the diverse, context-sensitive implementations of
shared obligations. Modularity enables constituent systems to evolve independently while
maintaining system-wide cohesion through stable interfaces.

While the OOP constructs are repurposed here as analogical building blocks for
socio-technical governance, their core semantic logic is preserved through a conceptual
ontology that aligns software design semantics with institutional governance structures.
In this ontology, each OOP principle retains its relational meaning: encapsulation corre-
sponds to operational autonomy with controlled access; inheritance expresses hierarchical
policy propagation; and polymorphism reflects context-dependent role fulfillment un-
der shared coordination protocols. The translation is thus structural and behavioral, not
syntactic—maintaining the integrity of OOP’s logic of modularity, abstraction, and bounded
interaction, while adapting its semantics to the governance of autonomous socio-technical
actors. This divergence underscores the critical difference between the software domain,
where constructs operate within closed technical systems, and the socio-technical domain,
where analogous constructs must accommodate institutional autonomy, human agency,
and heterogeneous governance logics.
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Table 3. OOP Principles and Their Analogues in SoS Governance with Healthcare Examples.

OOQOP Principle OOP Definition SoS Governance Analogue SoS Description Practical Healthcare Example

Abstraction Exposing only relevant Governance Role Specification =~ Defines what a system is A hospital must provide
information and hiding expected to do (e.g., billing details via CIC, but
unnecessary submit insurance claims) how it retrieves and formats
implementation details. without dictating how it that data (from EHR, internal

performs the task DB, etc.) is not exposed.
internally.

Encapsulation Bundling data and Operational Autonomy with Each constituent system A lab conducts diagnostics
methods within a class Controlled Interfaces manages its internal using proprietary methods but
and restricting direct workflows, data, and shares only validated test
access to internal details. policies but exposes a results and availability via a

standardized interface CIC interface to a hospital
(CIC) for coordination. system.

Inheritance A class can inherit fields Hierarchical Governance or Governance principles or A regional healthcare
and methods from a Policy Propagation service templates can be authority mandates a common
parent class, allowing inherited from patient referral policy that
reuse and extension. higher-level frameworks individual clinics adopt and

or coordinating bodies. adapt to their operational
context.

Polymorphism Different classes Context-Aware Role Different systems fulfill Both private and public
implement the same Fulfillment the same governance role  hospitals respond to an
interface in or CIC obligation using “authorized procedure” CIC
context-specific ways; diverse methods suited to  request, but one routes it
behavior varies based on their capabilities and through a central billing
the actual class. constraints. system, the other through

manual review.

Modularity Structuring software into Constituent System Systems can evolve An insurer updates its internal

independent components
(classes/modules) that can
be developed and
modified separately.

Independence with Interface
Cohesion

independently as long as
their interfaces (CICs)
remain consistent;
encourages plug-and-play
adaptability.

fraud detection algorithm
without disrupting claim
processing from providers, as
the CIC protocol remains
unchanged.

Having these well-defined principles establishes a coherent foundation for addressing
the inherent complexity, dynamism, and heterogeneity of constituent systems. They articu-
late enduring guidelines that inform design decisions, governance structures, and integra-
tion strategies, thereby reducing ad hoc solutions and enabling systematic reasoning about
trade-offs. Additionally, they serve as shared reference points for stakeholders—engineers,
policymakers, operators—to align on objectives such as interoperability, resilience, and
scalability, even as individual systems evolve independently.

3.4. The Formulation of Confluence Interoperability Covenant (CIC) as a Socio-Technical Interface

To complete the governance foundation of our proposal and leverage foundational
principles, we introduce and formalize the Confluence Interoperability Covenant (CIC)
as the socio-technical analogue of an object-oriented interface. We define the CIC as an
adaptive, socio-technical governance artifact that codifies an integrated suite of legal,
procedural, and technical standards—ranging from data-exchange formats and privacy
safeguards to consent workflows and audit protocols—that define the permissible surface
of interaction among constituent systems within a System-of-Systems without imposing
constraints on their internal architectures or operational processes. The CIC shall be
iteratively evolved through versioned amendments and shall be stewarded by a coalition
of policymakers, systems engineers, legal experts, and domain practitioners to balance
enforceable normative coherence with the autonomy essential for continuous innovation.

Both OOP interfaces and CICs externalize “what” interactions look like while inter-
nalizing “how” they are achieved. By delineating interaction constraints while preserving
internal independence, the CIC enables diverse systems to interoperate without sacrific-
ing innovation or contextual responsiveness. Critically, unlike code, Covenants inhabit
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a broader socio-legal ecosystem: they evolve iteratively through policy cycles, involve
policymakers, engineers, and legal teams, and must accommodate adaptive regulations
rather than rigid syntax.

Table 4 illustrates how CIC functions as a socio-technical interface by defining stan-
dardized contracts, ensuring enforcement through external governance, and enabling
interoperability without limiting internal autonomy. Just as OOP interface supports modu-
larity and polymorphism in software, CIC allows diverse healthcare systems to integrate
seamlessly, evolve independently, and fulfill shared obligations through different inter-
nal implementations. The examples demonstrate how this analogy applies to real-world
scenarios, reinforcing the value of CIC in achieving structured, adaptable, and scalable
governance in complex socio-technical systems.

The CIC was formulated through a detailed review of existing interoperability stan-
dards and governance protocols at the national level, encompassing frameworks such
as HL7 FHIR, TEFCA, HIPAA, and ONC interoperability specifications. This synthesis
ensured that the Covenant’s design principles and compliance clauses are consistent with
established data protection, exchange, and auditability requirements. The comprehensive
list of standards, contextual interpretations, and references is provided in the Supple-
mentary Materials accompanying this paper. In practice, the creation, validation, and
versioning of the Covenant would be overseen by an external governing entity such as
the U.S. HHS with its specialized agencies and offices. These entities would manage both
compliance enforcement and iterative updates to the Covenant as policies, technologies,
or interoperability priorities evolve. Within the simulation, this evolutionary process is
represented as an adaptive function that modifies CIC parameters over time, thus reflecting
the capacity for real-world governance systems to respond dynamically to change.

The CIC is designed to function within regulated, multi-actor socio-technical envi-
ronments, where legal, institutional, and technical dimensions of governance intersect. In
this context, under the aegis of the HHS’s agencies and offices of as the external governing
entity that is explained in details above in [32,33], or other existing regulatory instruments
such as the General Data Protection Regulation (GDPR) [56] and the European Health
Data Space (EHDS) [57] provide the macro-level principles of lawful processing, data
protection, and cross-border interoperability, while the CIC operationalizes these require-
ments at the system interaction level. By embedding compliance clauses such as consent
validation, purpose limitation, and access authorization within its interaction logic, the
CIC enables compliance-by-design, ensuring that every data exchange or coordination
event conforms to the prevailing regulatory and institutional context. This structure allows
hospitals, insurers, laboratories, and technology vendors to maintain internal autonomy
while demonstrating verifiable compliance with external mandates. This dual emphasis en-
sures that the healthcare SoS operates as more than the sum of its parts, achieving systemic
resilience without sacrificing the agility of its components.

OOP interfaces and CICs share the conceptual goal of standardizing interactions, but
they operate in fundamentally different domains are presented in Table 5. OOP interfaces
are strictly technical, enforcing fixed method signatures and syntax, primarily serving
developers within a controlled code environment. In contrast, CICs extend across socio-
technical systems, integrating legal, procedural, and technical dimensions to coordinate
diverse stakeholders, including policymakers, engineers, and legal teams. In this context,
flexibility is a key differentiator: while OOP interfaces evolve through versioned APIs,
CICs adapt iteratively, accommodating changing regulations, organizational policies, and
emerging operational requirements. This socio-technical adaptability allows CICs to man-
age complexity in dynamic environments where human behavior, institutional constraints,
and technology co-evolve, highlighting that effective governance in SoS depends not just
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on technical standards but also on adaptive, interface-driven coordination mechanisms

that bridge multiple domains and stakeholder perspectives.

Table 4. Comparative Mapping of OOP Interfaces and CIC in SoS Governance with Examples.

Aspect

OOP Interface

CIC

Examples

Purpose

Defines a contract of
method signatures (what
methods must exist)
without implementation.

Defines contracts, protocols,
and conventions

(legal / technical / procedural)
that systems (e.g., Providers,
Insurers) must follow.
Ensures heterogeneous
systems (e.g., EHR platforms,
billing systems) interoperate
toward shared goals.

A hospital system can update its internal EHR software as long as it
adheres to the Covenant’s data-sharing standards (e.g., HL7 FHIR)

A medical device supplier may use a proprietary control system
internally but must expose output through DICOM or IEEE 11073
standards. (see Supplementary Materials, ref. [54]).

An insurance provider must generate claims using ANSI X12, even if it
uses a homegrown system internally to manage member data.

Contract Enforcement

Enforced by the
compiler/runtime: a
class must implement all
declared methods.

Enforced by the External
Governing Entity: a system
must abide by all covenant
rules to remain part of the
SoS.

A regional health network may be barred from participating in
national health information exchanges if it fails to support FHIR-based
access tokens and audit trails

Alab’s test result portal is audited by the EGE for compliance with
CLIA and LOINC coding

An insurer is required to adopt CMS-mandated APIs to maintain
eligibility for Medicare Advantage participation under the SoS
Covenant.

Preserves Autonomy

Classes decide how to
implement each method.

Systems decide how to meet
each

legal /procedural/technical
requirement internally.

A hospital may deploy a custom FHIR server or use a vendor-neutral
archive to expose patient data, as long as it conforms to FHIR R4
profiles

A diagnostic lab may run a proprietary LIS, provided it transforms
output into standardized LOINC codes for data exchange

An insurer may build a proprietary claims-transformation layer to
produce ANSI X12 output as long as it adheres to the Covenant’s
standards.

Enables
Interoperability

Any class implementing
the interface can be used
interchangeably by
client code.

Any system adhering to the
covenant can interoperate
seamlessly with other
governed systems.

A telehealth provider can send encounter summaries to any EHR
system that consumes FHIR CarePlan and Encounter resources

A medication supplier’s inventory system communicates with diverse
hospital platforms using GS1 and HL7 SPL identifiers

A pharmacy benefit manager can route prescriptions to any networked
pharmacy system using the NCPDP SCRIPT standard.

Supports Modularity

New implementations
can “plug in” without
changing existing code.

New systems can join the SoS
simply by conforming to the
covenant—no redesign of the
entire system is required.

A new mobile app for chronic disease management instantly integrates
with multiple provider networks by using SMART on FHIR and
OAuth2 standards. (see Supplementary Materials, ref. [55]).

A startup lab can begin sending test results to existing hospital systems
via HL7 v2 messages

An insurer offering value-based care enters the SoS ecosystem by
mapping its proprietary KPIs into a shared quality-measure standard
like HEDIS or QPP.

Promotes Client code calls Governance processes invoke
Polymorphism interface methods covenant rules without A central regulatory platform can pull patient readmission rates from
without knowing the needing to know each all hospitals using a standardized FHIR query, regardless of whether
concrete class. system’s internal design. the underlying system is Epic, Cerner, or Meditech
Emergency care data can be queried from all EMS providers via the
NEMSIS API
Insurance authorization engines send pre-auth requests in the same
XML format to all provider systems, regardless of how those systems
validate and respond.
Table 5. Key Differences Between OOP Interfaces and CIC.
Aspect OOP Interfaces CIC
Scope Technical (code) Socio-technical (legal + procedural + technical)
Flexibility Strict syntax (e.g., method signatures) Adaptive (e.g., evolving regulations)
Stakeholders Developers Policymakers, engineers, legal teams
Evolution Versioned APIs Iterative governance frameworks, updated protocols, new standards, etc.
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4. Functional Proof-of-Concept Simulation

To validate the proposed analogy, we developed a functional proof-of-concept com-
putational simulation. It integrates systems, data standards, compliance interfaces, gov-
ernance mechanisms, and simulation logic to evaluate system interoperability and policy
effectiveness. This approach allows us to formally represent the constituent systems, their
interactions, and the rules of the CIC to observe the emergent behavior of the entire SoS
under the proposed adaptive governance regime. By simulating system interactions, policy
evolution, and compliance mechanisms, it provides empirical insights into the effectiveness
of governance in improving system performance, reducing fragmentation, and ensuring
adherence to shared standards.

This computational simulation approach is justified by the challenges inherent in em-
pirically examining interdependencies across large, multi-actor healthcare ecosystems. As
Yin (2018) observes, large-scale case studies often face constraints related to data accessibil-
ity, institutional coordination, and analytical scope, particularly when investigating systems
that span multiple jurisdictions [58]. Similarly, Flyvbjerg (2011) emphasizes that while case
studies are indispensable for revealing contextual depth, their reliance on high-quality and
accessible data limits their scalability in complex socio-technical domains [59]. To address
these challenges, we conducted a comprehensive computational simulation representing
all major healthcare subsystems, their possible interactions, and the interfaces defined
by existing standards and protocols. This simulation enabled a controlled exploration of
governance effects across configurations that would be impractical to observe empirically
at scale. The model thus serves as an analytical proxy for large-scale, policy-driven health-
care interactions, enabling controlled experimentation that would be infeasible to observe
directly in the real system.

In Einer Elhauge’s seminal analysis in The Fragmentation of U.S. Health Care (2010),
which attributes fragmentation to entrenched political, legal, and institutional arrange-
ments that structurally discourage integration [60]. The governance and policy barriers
produce siloed systems and proprietary data infrastructures, where hospitals, payers, and
laboratories maintain separate records and operational protocols, leading to inefficiencies,
duplicated efforts, and inconsistent outcomes. In this context, fragmentation represents
the absence of unified governance—a proliferation of autonomous, self-regulated entities
whose interactions remain episodic and weakly coordinated. Within the simulation, this
condition is captured through quantifying the degree of disconnection among constituent
systems. A high fragmentation score thus corresponds to the real-world phenomenon
described by Elhauge: a healthcare ecosystem characterized by policy-driven isolation,
institutional autonomy, and the lack of systemic cohesion.

4.1. Simulation Architecture and Key Components

The simulation framework is implemented in Python 3.7 and utilizes several key
classes and functions to represent the SoS dynamics. It uses a Petri-Net style representation
of an interacting SoS to model the structural and behavioral consequences of governance
at the interaction layer. Each node represents a class of autonomous actors (e.g., hos-
pital, insurer, laboratory, pharmacy, ICT vendor). Nodes have internal state variables
(e.g., compliance propensity, backlog, local policy) and expose an interface through which
interactions are negotiated. Transitions represent discrete interaction events (data exchange,
authorization request, billing messages). The CIC is modeled as a set of conditional rules
that are evaluated at each attempted transition; these rules can block, allow, or reroute
transactions and can update local state (penalties, compliance learning). The architecture
integrates governance, compliance, and stochastic interaction mechanisms to capture the
dynamics of system interoperability under varying levels of policy enforcement.
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System Representation: Each system is instantiated as an EnhancedCICPlace, extend-
ing a base Place class to incorporate actor type (human, Al, or hybrid), compliance strategy
(manual, automated, or blockchain), implemented interface methods, audit score, and quar-
antine status. Data exchanges are represented via Token objects, which carry information
with a defined format and sensitivity level.

Governance Mechanism: A GovernanceEntity enforces compliance through a set of
policies (Compliance Interface Contracts, CICs) and maintains system-specific require-
ments. Policies can evolve dynamically during the simulation, for example by adding
consent workflows or human override requirements. Systems adopt required methods
probabilistically, reflecting imperfect compliance adoption in realistic scenarios.

Interaction Dynamics: Interactions between systems are defined in a structured IN-
TERACTIONS set, specifying source, target, and required interface methods. At each
simulation step, interactions are randomly sampled, and compliance is verified for both
source and target systems. Successful interactions are recorded in a dynamic interaction
graph, while failures and violations are tracked to evaluate system performance.

Auditing and Fragmentation: Periodic audits assess system compliance, updating
audit scores and potentially quarantining non-compliant systems. Network fragmentation
is calculated as the normalized count of disconnected components in the interaction graph,
providing insight into the structural coherence of the SoS.

Visualization and Analysis: The framework includes visualization tools for network
topology, policy evolution, interaction flows, compliance heatmaps, audit timelines, and
distributions of actor types and compliance strategies. These outputs support comparative
analysis of governed versus ungoverned scenarios and facilitate interpretation of systemic
behaviors under different governance and compliance conditions.

4.2. Interpretation and Analytic Value

The simulation was executed under two primary conditions: with and without gover-
nance, to facilitate a comparative analysis of the CIC’s impact. The _run_tests() function
confirmed the foundational integrity of the simulation setup, including system presence
and full adoption under ideal governed conditions.

4.3. Comparative Simulation Outcomes

Running deterministic comparative simulations for 400 steps yielded the following
key statistics as presented in Table 6:

Table 6. Comparative Metrics of System Performance with and without Governance Mechanisms.

Metric With Governance Without Governance
Successes 339 68
Failures 61 332
Fragmentation 0.1538 0.8077
Policy Updates 1 0
Violations 36 197

These results demonstrate a significant difference in system performance. The
governed scenario exhibited a substantially higher number of successful interactions
(339 vs. 68) and a drastically lower fragmentation rate (0.1538 vs. 0.8077). Fragmen-
tation, defined as the ratio of failed to total interactions, serves as a critical indicator of
interoperability challenges. The single policy update in the governed scenario indicates the
adaptive nature of the CIC, while the recorded violations highlight the enforcement aspect
and the systems’ initial non-compliance before adaptation.
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What the simulation demonstrates. The experimental design contrasts two principal
conditions: (1) No governance (baseline), which models interactions without an enforceable
interface contract and (2) CIC governance, where all interaction attempts are evaluated and
enforced against CIC clauses. The simulation therefore tests the governance function —that
is, whether the presence of an enforceable, interface-level covenant improves systemic
connectivity, reduces fragmentation, and stabilizes compliance dynamics. Importantly,
this experiment does not claim to represent every possible governance model. Instead, it
isolates the causal effect of embedded, enforceable governance at the interaction boundary
versus its absence. Conceptually, CIC acts as a proxy for the operationalization of gov-
ernance (regardless of institutional embodiment) and is therefore a representative test of
the value of executable contractual governance. Results should be interpreted as evidence
that executable interface governance can materially improve network cohesion; they do
not (in this version) demonstrate that CIC is superior to every alternative governance
arrangement—a point we discuss below and propose to investigate in future work.

We would like to emphasize that the simulation contrasts two system configurations:
one without governance and one under CIC-based governance. This binary compari-
son intentionally abstracts away from the institutional variations of governance models
(such as data trusts [61] or static data contracts [62]) to isolate the governing effect it-
self. The goal is to evaluate whether the presence of a formalized, enforceable interaction
covenant—regardless of its institutional embodiment—improves system-level coordination
and reduces fragmentation. Alternative models such as data trusts or data contracts differ
primarily in where and how governance is expressed (institutional or contractual), whereas
this simulation tests what governance achieves when embedded at the interaction layer.
Consequently, the “without vs. with CIC” comparison serves as a representative benchmark
for the systemic impact of governance enforcement, independent of its specific legal or orga-
nizational form. Hence, the results can be interpreted as indicative of governance-enabled
interaction performance broadly, rather than exclusive to the CIC implementation.

The simulation does not employ data-driven training or optimization but rather
conducts systematic parameter calibration to evaluate network behavior under differ-
ent governance configurations. The objective is to observe how the introduction of
the CIC influences structural cohesion, compliance stability, and network resilience.
Network-level parameters were analyzed to quantify and interpret systemic fragmen-
tation. This design allows the simulation to reflect realistic variations in institutional
autonomy and governance enforcement without relying on data re-use or tuning against an
evaluation subset.

This network visualization illustrates the successful interactions among heterogeneous
healthcare entities, with nodes representing individual systems (e.g., hospitals, insurers,
diagnostic labs, patients) and edges indicating completed interactions that complied with
the required interface methods (CICs), as illustrated in Figure 3. Node colors correspond to
the compliance strategy adopted by each system: manual (green), automated (blue), and
blockchain (red). The Hospital node occupies a central hub position, reflecting its role as a
major connector across multiple categories, including insurance, diagnostic labs, and sup-
port services. Similarly, nodes like Pharma, Equipment_Distributor, and Medical_Transport
form secondary hubs linking specialized services to clinical care providers. Notably, pe-
ripheral but essential actors—such as cleaning services, guardians, and transport—are
explicitly connected through governed interactions, reinforcing the socio-technical scope
of the model. The distribution of links reveals polymorphic interaction modes, such as
automated device registration, blockchain-verified claims, and manual review of sensitive
processes like insurance claims, highlighting how heterogeneous validation ensures both
interoperability and contextual trust.
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Healthcare SoS Interaction Topology (successful interactions)
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Figure 3. Healthcare SoS Interaction Topology.

Figure 4 depicts the incremental adaptation of CIC policies across iterations. The
x-axis represents policy iterations, while the y-axis reflects the versioning of the CIC. The
linear progression from version 1.00 to 1.10 demonstrates how governance mechanisms
evolve incrementally in response to operational feedback, recorded violations, or emerging
systemic needs. Technically, this progression is triggered by feedback loops embedded in
the simulation: violations, audit outcomes, or performance degradations flag the need for
contract revision, which then increments the CIC version. Each policy iteration incorporates
lessons learned from prior enforcement and system performance, thereby enabling contin-
uous improvement. Conceptually, this evolution underscores the dual role of CICs: they
serve as externalized constraints that enforce compliance, while simultaneously functioning
as adaptive governance instruments capable of continuous refinement. This shows the
model successfully captures a feedback loop where the state of the SoS directly influences
the evolution of its own governing covenant, enhancing the overall system’s resilience
and ability to manage complexity. Consequently, the figure reinforces the idea that CIC-
based governance supports not only compliance assurance but also sustainable adaptability
within complex healthcare SoS.

Figure 5 illustrates the temporal evolution of compliance audit scores across con-
stituent systems within the CIC-governed healthcare System-of-Systems. The compliance
audit scores illustrate natural fluctuations and gradual degradation over time, reflecting
the effects of random perturbations that simulate real-world operational drift. By jointly
visualizing audit scores with observed violations, the figure contextualizes system-level re-
silience and fragility: resilient systems sustain high scores with minimal violations, whereas
fragile ones exhibit sharp declines or persistent underperformance. The time-series traces
further highlight the impact of governance interventions—such as quarantining or policy
adjustments—on system trajectories, distinguishing between cases of recovery, stabilization,
or continued failure. These dynamics substantiate the proposition that CIC provides a
governance mechanism that enables external monitoring and targeted remediation while
respecting internal autonomy. Importantly, the model illustrates that governance is not
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purely punitive; rather, it is structured to uphold systemic integrity by permitting grace-
ful degradation and subsequent recovery among constituent systems. In doing so, the
governance framework demonstrates its capacity to adaptively maintain overall perfor-
mance while accommodating heterogeneity in operational behaviors across the healthcare
system-of-systems.

CIC Policy Evolution

1.06 4

CIC Version

1.04 1

0.0 0.2 0.4 0.6
Policy iteration

Figure 4. CIC Policy Evolution.
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Figure 5. Compliance Audit Timeline.

Figure 6 presents the distribution of successfully executed interactions across different
system-to-system processes within the simulated healthcare System-of-Systems. Each
bar corresponds to a distinct interaction type, and the x-axis indicates the frequency of
successful executions. In the governance context, this distribution highlights where CIC and
monitoring mechanisms exert the most influence. High-frequency interactions are natural
leverage points for enforcing compliance and ensuring interoperability, since failures
here propagate widely. Conversely, low-frequency interactions may escape attention but
represent potential hidden vulnerabilities if neglected. Thus, the figure illustrates how
the simulation not only captures interaction diversity but also provides a data-driven
foundation for prioritizing governance interventions based on systemic impact.

The analyses of actor types and compliance strategies confirm the heterogeneity
of the SoS. The distribution reflects a realistic ecosystem. The fact that the simulation
runs successfully with this mix proves that the CIC interface provides an effective ab-
straction layer. It allows vastly different types of actors (e.g., an Al-powered Diagnostic



Systems 2025, 13, 1113

20 of 29

Lab using automated validation and a human-operated Clinic using manual review) to
interoperate seamlessly, as long as they adhere to the commonly defined interaction sur-
face, as illustrated in Figure 7. Additionally, Frequency counts of different transitions
(manual/automated /blockchain) show how often each implementation path is used. If au-
tomated paths dominate throughput while manual paths correspond to higher enforcement
or longer quarantine episodes, that provides evidence for trade-offs between automation
(throughput) and governance (auditability, safety). Furthermore, Distribution plots allow
linking actor types (human/Al/hybrid) to observe compliance performance and choices
of implementation strategy. For example, Al-dominated systems implementing AUTO-
MATED_VALIDATION may show faster throughput but sensitivity-related violations,
motivating CIC provisions requiring human_override for sensitive data.
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5. Discussion

This paper contributes to the field of Systems Engineering, especially SoS, by advanc-
ing a governance-oriented architectural paradigm for socio-technical SoS, with healthcare
serving as a representative domain. By drawing a structural and functional analogy be-
tween OOP principles and SoS governance mechanisms, the study bridges conceptual
clarity with practical application. The CIC, proposed as a socio-technical analogue to OOP
interfaces, functions as a governance mechanism and formalizes a modular, enforceable,
and adaptive coordination layer among autonomous systems.

The discussion of OOP principles—such as encapsulation, polymorphism, inheritance,
and modularity—in a governance context allows for the abstraction of governance logic
from implementation-specific details, thus enabling scalable system integration without
compromising local autonomy. This approach reflects a shift from rigid, prescriptive control
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models to flexible, contract-based governance mechanisms, offering a robust blueprint
for achieving interoperability, resilience, and policy conformance across heterogeneous
systems. The mapping tables and case examples provide actionable guidance for translating
software engineering logic into socio-technical design patterns that are both rigorous
and adaptable.

The simulation provides a concrete instantiation of the concepts and demonstrates the
practical value of framing SoS governance through the lens of OOP theory. However, the
true significance of this work lies not in the simulation itself, but in the powerful conceptual
paradigm shift that the OOP-50S isomorphism represents for the governance of complex,
heterogeneous systems. This isomorphism provides a tool for managing this complexity
through the core OOP principles of abstraction and encapsulation.

Abstraction: The CIC is an abstraction layer. A Telehealth_Platform developer needs
only understand the CIC-mandated ISO/TS 13131 data format (see Supplementary Ma-
terials, ref. [63]) to initiate a consultation. They are abstracted away from the internal
complexities of the Patient’s device, their Insurance provider’s claims adjudication logic, or
the Hospital’s patient record system. This dramatically reduces the cognitive and technical
load required for integration.

Encapsulation: Each CIC element in our model is a black box. Its audit_score,
its choice of actor_type, and its internal logic for token generation are encapsulated.
The governor and other systems cannot see inside, nor do they need to. They inter-
act solely with the public interface. This encapsulation is what makes it possible for an
Al-driven Diagnostic_Lab and a human-operated Clinic to coexist and interoperate within
the same SoS. Their irreducibly different internal natures are rendered irrelevant by the
common interface.

From a governance perspective, this analogy is powerful because it reframes com-
pliance from a purely regulatory burden into an architectural design mechanism. The
simulation shows that this approach is not just theoretically sound but practically exe-
cutable. By codifying interaction rules as explicit constraints enforced at system boundaries,
SoS governance can achieve predictable interoperability and traceable accountability with-
out centralizing or homogenizing internal architectures. For example, the governing entity’s
ability to dynamically update CIC versions in response to load or violations shows that
interfaces can evolve adaptively, enabling a balance between stability and innovation. Ad-
ditionally, the governance entity can effectively audit and enforce compliance based solely
on this external interface, without any knowledge of, or control over, the encapsulated inter-
nals. This capability parallels versioned software interfaces, where backward-compatible
updates maintain ecosystem coherence while allowing incremental improvements.

It is crucial to emphasize that the CIC is more than a set of rules; it is a formal mechanism
for instantiating structured autonomy, a principle that has long been a theoretical goal but
a practical challenge in SoS engineering. Instead of dictating internal implementation, the
CIC-as-interface paradigm externalizes the contract for interaction. The guard conditions on
the transitions (e.g., x.data_format == ‘FHIR’) do not care how a Hospital system produces
an FHIR-formatted token—whether through a commercial EHR, an in-house solution,
or a future quantum computing module. This is directly analogous to an OOP interface
demanding a method return an Integer without specifying the algorithm used. This
abstraction is the bedrock of structured autonomy: it grants constituent systems the freedom
to innovate and optimize internally (“how”) while providing the SoS governor with ironclad
guarantees about behavior at the boundaries (“what”). In software design, an interface
specifies the required signatures of methods while allowing implementers to freely choose
internal logic. Thereby, CIC offers a systematic way to ensure that constituent systems
can engage in standardized interaction without requiring centralization or uniformity.
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The polymorphic choice of compliance strategies observed in the simulation is a direct
manifestation of this autonomy in action.

The simulation results reveal that governance functions not merely as an external
constraint but as fundamental infrastructure for emergent coordination in complex adap-
tive systems. The stark contrast between failure rate without governance and success
rate with governance represents more than quantitative improvement—it demonstrates a
phase transition from disorder to order, analogous to crystallization or network percolation
thresholds. The policy update from CIC_v1.0 to CIC_v1.1, triggered by 36 violations that
themselves become informative signals rather than pure failures, illustrates governance as
a self-organizing feedback system where the covenant evolves through interaction with the
very system it governs. The Governance Entity in our simulation does not merely punish
deviation; it learns from the state of the SoS and adapts the covenant. This challenges
traditional regulatory paradigms that treat rules as static impositions and instead positions
CICs as living protocols that learn from operational reality. Moreover, the polymorphic
compliance strategies—manual, automated, and blockchain—coexisting within a unified
governance framework demonstrate that effective coordination does not require homog-
enization but rather a sufficiently abstract interface layer that preserves heterogeneity
while ensuring interoperability. This has profound implications: governance architectures
should be designed not to eliminate diversity but to make diversity composable, enabling
Al-powered diagnostic systems, human-operated clinics, and blockchain-secured insurers
to interact seamlessly precisely because the CIC defines the interaction surface without
dictating implementation internals.

The most consequential insight lies in how CIC governance achieves scalable trust
in the absence of centralized authority—addressing what is perhaps the fundamental
challenge of digital healthcare ecosystems. The reduction in fragmentation occurs not
through hierarchical control but through a shared covenant that constituent systems volun-
tarily adopt and enforce upon themselves, with violations serving as system-level immune
responses that trigger adaptation rather than punishment. The compliance audit time-
lines revealing “graceful degradation and subsequent recovery” demonstrate that resilient
systems are not those that never fail but those that fail gracefully, learn quickly, and re-
cover reliably. This has transformative implications for healthcare interoperability policies,
which have historically failed by attempting to mandate technological uniformity (failed
interoperability standards) or by leaving coordination entirely to market forces (persistent
fragmentation). The CIC model suggests a third path: governance at the interaction layer
that provides just enough structure to enable coordination while preserving sufficient
autonomy to enable innovation. As healthcare systems increasingly incorporate Al IoT
devices, blockchain registries, and human judgment into hybrid workflows, the ability to
govern heterogeneous interactions without requiring technological consensus becomes not
merely advantageous but existentially necessary. The simulation’s success with realistic
ecosystem diversity proves that such governance can scale across the full socio-technical
spectrum, suggesting that CIC-based approaches could finally break the interoperability
deadlock that has plagued healthcare for decades by shifting focus from “how systems
work internally” to “how systems interact externally”.

The escalation of policy in response to violations models a learning feedback loop.
This is a form of meta-governance: governing the rules of governance themselves. By up-
dating the interface, the governor can steer the entire SoS toward more desirable emergent
properties without ever directly commanding a single system to change its code. Systems
are forced to adapt their internal implementations to comply with the new interface version
to remain part of the SoS, thus achieving system-wide change through a decentralized,
evolutionary pressure rather than a centralized mandate. This creates a resilient, anti-fragile
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governance model. The SoS becomes capable of not just withstanding shocks but of learn-
ing from them and evolving to be better, a critical capability for socio-technical systems
operating in dynamic environments.

The proposed framework demonstrates inherent scalability by ensuring that the ad-
dition of new constituent systems does not proportionally increase the complexity of the
overall SoS. In conventional architectures, growth in the number of independent systems
and their interrelationships often leads to exponential integration challenges and coordina-
tion overhead. By contrast, the use of the CIC establishes a standardized governance and
interaction layer that decouples system autonomy from system integration. This design
allows new systems to be seamlessly “plugged in” as long as they conform to the CIC,
thereby preserving interoperability without requiring bilateral adaptations with every
other participant. Equally important, systems that fail to comply with the covenant can be
excluded, preventing them from disrupting collective performance or contributing to frag-
mentation. Beyond technical scalability, the framework also advances digital integration
by harmonizing heterogeneous platforms, data standards, and workflows into a coherent
ecosystem. This integration not only enhances efficiency but also enables collective social
improvement, as interoperable healthcare systems can more effectively share knowledge,
coordinate care, and respond to public health needs. In this way, the framework supports
sustainable expansion of the SoS while simultaneously fostering societal resilience, equity,
and improved health outcomes.

The implications of this framework extend across multiple dimensions of healthcare
delivery, offering healthcare organizations a pathway to interoperability that preserves
institutional autonomy while enabling meaningful data exchange and care coordination
through interface standardization rather than internal process harmonization. From a
regulatory perspective, the external governing entity model provides a mechanism for
ensuring compliance without micromanaging operational details, aligning with contem-
porary trends toward outcome-based regulation and performance-based accountability,
while the iterative evolution of CIC through versioned amendments reflects the dynamic
nature of healthcare regulation and technology. The framework’s modularity principle has
significant implications for healthcare innovation by enabling new systems to integrate
through covenant compliance rather than wholesale system redesign, lowering barriers
to entry for innovative technologies and service models, and accelerating the adoption of
emerging technologies such as artificial intelligence, telemedicine, and precision medicine
tools within existing healthcare ecosystems.

From a theoretical standpoint, the findings extend SoS governance discourse by linking
formal governance constructs to measurable outcomes, showing that structural design,
actor compliance, and interaction policies collectively shape system-level performance. The
inclusion of socio-technical heterogeneity and polymorphic interactions emphasizes that
governance must account for diverse capabilities, objectives, and compliance behaviors, as
these variations directly affect the propagation of coordination and fragmentation across the
network. Practically, the approach provides a versatile tool for stakeholders in healthcare
and other complex infrastructures to evaluate, test, and refine governance strategies prior
to implementation, reducing trial-and-error risk while enhancing adaptability to evolving
system requirements. Overall, the study underscores the critical importance of embedding
adaptive, interface-driven governance mechanisms to mitigate fragmentation, optimize
interdependencies, and ensure robust, resilient performance in multi-actor, multi-layered
systems.

Although this research focuses on healthcare as a representative case of Collaborative
50S, the framework is grounded in the shared structural characteristics that define SoS
configurations more broadly. Across domains (e.g., transportation, energy, defense, or
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smart cities) the common theme lies in the interdependencies and complementarities that
allow autonomous systems to coordinate and collectively achieve outcomes unattainable
by any single system. As discussed in the related work section, these properties form the
universal foundation of SoS theory. The primary differences among SoS types emerge from
the nature of these interdependencies and the degree of constituent autonomy, which vary
by domain and governance context. Accordingly, while the present study applies the CIC
within the healthcare sector, the structural insights and governance mechanisms it reveals
are transferable to other industries. However, realizing such transfer requires systemic and
contextual analysis of each sector’s interaction modalities, institutional arrangements, and
autonomy boundaries.

While the OOP analogy provides valuable insights, several methodological consid-
erations warrant attention, as the translation of programming concepts to socio-technical
systems involves inherent limitations due to fundamental differences between computa-
tional and social contexts, where healthcare organizations operate within complex social,
economic, and political environments that introduce variability and unpredictability not
present in programmatic contexts. The analogy between OOP and healthcare SoS serves as
a structural abstraction that formalizes coordination logic without diminishing the human,
institutional, and political dimensions of healthcare. While the OOP framework provides
transferable design insights, its application in this study is limited to structuring socio-
technical interactions. The enduring realities of professional autonomy, organizational
hierarchy, and policy-driven incentives remain essential forces that shape governance
outcomes, as discussed in this section. The enforcement mechanisms available to external
governing entities differ significantly from compiler-based validation in software sys-
tems, as governance entities must navigate ambiguous regulatory interpretations, resource
constraints, and political considerations rather than definitively determining interface com-
pliance, suggesting that the CIC framework may require more sophisticated monitoring and
enforcement mechanisms than the direct analogy implies. Furthermore, the framework’s
emphasis on standardized interfaces may inadvertently create new forms of rigidity, where
healthcare organizations find themselves adapting their internal processes to accommodate
interface requirements, potentially limiting the very autonomy the framework seeks to
preserve despite its intention to enable innovation through interface standardization.

Real-world implementation would face socio-technical challenges that extend beyond
architecture design. The cost of integration—including the alignment of legacy IT sys-
tems, retraining of personnel, and upgrading of compliance infrastructures—represents a
substantial investment for most healthcare organizations. Moreover, resistance from health-
care workers may emerge from perceived threats to professional autonomy or increased
administrative burden, particularly when new interoperability rules affect established
clinical workflows. These challenges are not unique to this framework; rather, they reflect
broader issues inherent to digital transformation and governance enforcement in complex
socio-technical systems. Addressing them requires phased implementation strategies,
strong institutional incentives, and stakeholder co-design processes that ensure gover-
nance mechanisms like the CIC enhance rather than constrain clinical practice. Future
research will explore these adoption pathways, cost-benefit analyses, and the development
of participatory governance models to facilitate sustainable implementation.

Although this study primarily emphasizes the architectural and computational aspects
of governance in healthcare SoS, the views of stakeholders such as clinicians, patients, ad-
ministrators, policymakers, etc. are essential for real-world adoption. Governance cannot
be sustained purely through technical or institutional design; it must also account for the
social, ethical, and behavioral realities that shape how systems and people interact. For
example, clinicians may prioritize workflow efficiency and autonomy, patients may be
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more concerned with privacy and consent, and administrators often focus on cost and
regulatory compliance. Each of these perspectives influences the acceptability and legiti-
macy of governance mechanisms. Incorporating these perspectives through participatory
design, stakeholder consultation, and user-centered evaluation will be crucial for ensur-
ing that governance mechanisms enhance collaboration and trust rather than imposing
additional burdens.

6. Conclusions

This study has advanced the discourse on healthcare delivery governance by con-
ceptualizing the system as a socio-technical SoS and drawing a structural analogy to
the principles of OOP. Through this lens, we demonstrated that constructs such as en-
capsulation, polymorphism, and modularity provide a transferable logic for governing
autonomous yet interdependent entities, offering both theoretical rigor and practical appli-
cability. The introduction of the CIC formalizes this analogy, serving as an interface-like
governance artifact that defines enforceable rules for interaction while safeguarding local
autonomy. Complemented by Petri Net simulations, our framework illustrates how an
external governing entity can act as a compiler—enforcing compliance, promoting inter-
operability, and steering emergent dynamics toward alignment with overarching health
objectives. These findings advance SoS governance theory by linking formal governance
constructs to measurable effects and provide a practical framework for designing adaptive,
evidence-based policies. Beyond healthcare, this work offers a blueprint for managing
complex infrastructures where autonomous yet interdependent actors must align toward
shared goals, emphasizing the value of interface-driven, adaptive governance in mitigat-
ing fragmentation and enhancing systemic robustness. The CIC provides a conceptual
framework that balances autonomy with alignment, enabling emergent coordination with-
out sacrificing operational independence through its integrated legal, procedural, and
technical dimensions.

While this research lays critical conceptual and methodological foundations, several
avenues remain open for further exploration. First, empirical validation is necessary to test
the CIC’s feasibility across real-world healthcare ecosystems, particularly where heteroge-
neous data standards, institutional incentives, and policy mandates intersect. Empirical
validation will require the development of a formal CIC specification that integrates all
necessary healthcare standards and protocols—including HL7 FHIR, DICOM, IHE profiles,
HIPAA compliance frameworks, and relevant quality measures—followed by pilot imple-
mentations in real-world healthcare networks to assess practical effectiveness, transition
costs, and organizational impacts. Second, focus on examining the various types of inter-
dependencies among independent systems within healthcare to better understand their
structural and behavioral characteristics, and to identify the specific coordination and com-
pliance mechanisms required for their effective inclusion within the CIC framework. Third,
future work could extend our graph-theoretic and Petri Net analyses into agent-based mod-
els or digital twin architectures, enabling richer simulations of adaptation, negotiation, and
resilience under dynamic governance rules. Fourth, future work could also benefit from
ontology-based modeling using the Web Ontology Language (OWL) combined with graph
knowledge representations, enabling the formal capture of interdependencies, semantic
relationships, and governance rules among healthcare systems. Such a digital represen-
tation would facilitate automated reasoning, seamless integration across platforms, and
dynamic policy evolution, allowing CIC and governance mechanisms to be continuously
updated and digitally aligned with emerging regulations, system behaviors, and healthcare
delivery needs. Finally, incorporating machine learning—driven compliance monitoring
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and blockchain-based covenant enforcement could enhance the technical robustness of the
CIC, providing mechanisms for automated auditing and trust assurance at scale.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/systems13121113/s1. The supplementary materials include detailed establish-
ment and derivation of the CIC; and the complete simulation code workflow and implementation
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