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Abstract: Global Quality Management System (G-QMS) within the context of System of Systems (SoS)
represents a pioneering research domain critical for addressing the unique needs of SoS G-organizations. These
organizations are characterized by vast, intricate technological systems and multi-organizational structures,
posing significant challenges in implementing effective Quality Management Systems (QMS) for their
operations. This manuscript presents the culmination of research into a novel conceptual model for G-QMSs in
the sectors of SoS. The model is grounded in extensive field research conducted within real-world SoS G-
organizations, utilizing the Grounded Theory methodology. The proposed model is structured around two
foundational supra-entities, with this manuscript focusing on the second supra-entity, termed “G-QMS in SoS.”
This entity primarily addresses Quality Management for SoS projects. The G-QMS in SoS model is elaborated
through an exploration of its structural principles, architectural entities, interrelationships, and
complementary components. Moreover, the manuscript details the interconnections between the two segment
models that constitute the comprehensive G-QMS framework in SoS sectors, offering an integrated perspective
of the overarching model. Developing a robust model for G-QMS in SoS sectors is crucial for understanding
the diverse structures of SoS projects and the G-organizations that implement them. The proposed model
provides actionable insights into designing and tailoring G-QMS frameworks to enhance the effectiveness of
SoS projects, thereby directly influencing their success rates and operational efficiency.
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1. Introduction:

1.1 Rationale

The implementation of a Quality Management System (QMS) in System of Systems (SoS) organizations is critical
for addressing the complexity of highly specialized professional applications. These organizations require adaptable
structures to accommodate intricate, large-scale technological solutions that integrate multiple systems and
technologies. A SoS is inherently characterized by its complexity, often involving diverse sub-organizations and sub-
structures distributed across global locations, creating expansive and interlinked global organizational systems.

Such global organizations (G-organizations) operate in challenging, rapidly evolving environments influenced by
continuous technological advancements and varied operational demands. To succeed, they require an efficient and
effective QMS framework that can seamlessly manage and support their structural and global operations. As
emphasized by Agmon et al. [1] and Agmon and Kordova [2], a QMS for these organizations must address current
complexities while also anticipating future demands. It must align with customer expectations, adhere to regulatory
and standards requirements, and provide additional value by functioning as a superior, customized QMS.

This research focuses on developing a Global Quality Management System (G-QMS) tailored to organizations
functioning within SoS sectors. These G-organizations often operate across multiple global sites, necessitating a QMS
that is both adaptive and comprehensive. The study represents a novel academic inquiry into a field of growing
importance, addressing unique challenges in quality management faced by G-organizations. Establishing precise
terminology is a fundamental step in addressing this complexity and advancing the field.

1.2 Terminology and Definitions

This section provides a detailed explanation of the terminology and definitions central to the research on Global
Quality Management Systems (G-QMS) in System of Systems (SoS) sectors. Agmon et al. [1] explored global
organizations and their organizational impacts but noted that existing definitions remain broad and underdeveloped.
Similarly, the concept of SoS lacks a universally accepted definition, leading the researchers to adopt the Department
of Defense (DoD) definition [3].The term “G-QMS in global SoS organizations” was initially introduced to define
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this research field. However, as Agmon et al. [1] concluded, further refinement of this definition was necessary. In
subsequent studies, Agmon and Kordova [2] clarified the terminology to “Global Quality Management System (G-
QMS) in the SoS sectors,” abbreviated as G-QMS in Sectors of S0S.A System of Systems (SoS) refers to a collection
of independent systems that collaborate to achieve overarching objectives, creating capabilities greater than those of
any single system [4,5]. For instance, an airport serves as an example of an SoS [2]. Agmon and Kordova [2]
emphasized the global deployment of SoS, underscoring the need for a global organizational framework to support
intricate integrations beyond individual organizations. Sage and Cuppan [6] further highlighted the multi-
organizational structures inherent in SoS, discussing strategies to address their engineering and management
challenges.This study defines SoS G-organizations as global entities (G-organizations) with multi-site deployment
that require specialized organizational structures. The developed G-QMS model is specifically designed to address
the unique requirements of these organizations and is essential for their operations.For SoS, this work adopts the DoD
definition [3], focusing on three of its four categories: central management, integration for a special overarching
purpose, and consolidation of efforts. Additionally, the term “SoS project” is used to describe a large-scale,
comprehensive super-program initiated to realize SoS objectives. SoS projects are governed by a contractual scope
and involve multiple agreements among G-organizations. Importantly, these projects conclude with the handover
process to the operator organization and do not include the post-delivery operations and maintenance phase.This
refined terminology provides a foundation for exploring and developing the G-QMS framework, addressing the
specific complexities of S0S G-organizations and enhancing their quality management capabilities.

1.3 Purpose

This innovative research paper introduces a groundbreaking conceptual model for a Global Quality Management
System (G-QMS) tailored to the unique challenges of sectors operating within a System of Systems (SoS) framework.
The model was meticulously developed through extensive field research conducted within real-world SoS G-
organizations. These organizations are characterized by their vast, intricate technological infrastructures and
expansive multi-organizational systems.

The proposed model aligns with the requirements and guidelines established by international QMS standards, such as
1ISO 9001:2015 and ISO 9004:2018, which are widely recognized and implemented across diverse industries.
Additionally, the model integrates key Systems Approaches, with a primary focus on Systems Thinking, recognized
as a fundamental pillar for the proposed G-QMS architecture.

This research draws on the theoretical foundation laid by Agmon et al. (2022) [1], who identified eight foundational
"base anchors" that serve as pivotal elements for this model's development. Through the research process, a two-supra-
entity model was conceptualized, each supra-entity encompassing distinct characteristics and functions.

The first supra-entity, termed "G-QMS of G-organization in Sectors of SoS (G-QMS of G-org. of S0S)," was presented
in earlier research by Agmon and Kordova (2024) [2] and provided the groundwork for this study. Building upon this
foundation, this manuscript introduces a complementary model for the second supra-entity, named "G-QMS in SoS."
The interrelationships between these two segment models are explored in detail, offering a holistic view of the overall
framework developed for G-QMS in Sectors of SoS.

This model holds significant promise for improving the quality of SoS projects, enhancing operational efficiencies,
and fostering collaboration among multiple organizations involved in these complex systems. By addressing the
unigue quality management challenges posed by SoS, this research aims to contribute to the advancement of both
academic knowledge and practical applications in global quality management.

1.4 Literature Review
This literature review synthesizes the evolving and dynamic fields of Quality Management Systems (QMS),
Globalization, System of Systems (SoS), and Systems Thinking to establish a foundation for developing a tailored G-
QMS model for Sectors of SoS. While Agmon et al. [1] and Agmon and Kordova [2] provided an extensive review in
their earlier works, this section narrows the focus to literature pertinent to SoS projects and their unique challenges.
QMS and International Standards
QMS principles are firmly rooted in adherence to international standards, such as ISO 9001:2015 [7] and ISO
9004:2018 [8]. These standards offer a universal benchmark for quality management and certification applicable to
diverse organizations. Recent decades have seen the emergence of sector-specific standards, tailored to industries
particularly relevant to SoS sectors. Examples include:

e AS9100 for Aviation, Space, and Defense [9].
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e 1SO 13485 for Medical Devices [10].

e |SO 22163 for Rail organizations [11].

o |ATF 16949 for Automotive [12].
Despite their comprehensive scope, these standards often fall short in addressing the complexities inherent to G-
organizations operating within SoS sectors. Specifically, they lack detailed guidance on managing the intricate QMS
required for such global entities.
Process Approach and System Maturity
A foundational principle of QMS standards, the Process Approach [7], encounters limitations when applied to the
complexity of G-organizations within SoS sectors. To address these limitations, scalable System Approaches are
required. Complementary methodologies, such as Business Process Orientation (BPO) [14,15] and Process Maturity,
provide frameworks for enhancing process capability and organizational maturity. System Maturity extends these
principles further, as promoted by ISO 9004 [16], but a unified methodology for achieving System Maturity remains
elusive. Sector-specific standards, such as AIMM for Aerospace [17], are evolving in this direction, yet gaps persist.
Certification Challenges
The prevailing binary certification model—compliance versus non-compliance—proves inadequate for capturing the
nuanced requirements of G-organizations in SoS sectors. Furthermore, existing QMS standards lack the necessary
specificity to address the organizational structures and unique attributes of SoS projects. This research seeks to bridge
these gaps by developing a comprehensive G-QMS model tailored to the complexities of SoS sectors.
Global Organizations and G-QMS
The concept of global organizations, which adapt continuously to meet organizational objectives and global market
demands, has evolved significantly over recent decades [18,19]. These entities exhibit dynamic structural
configurations reflective of the shifting global business landscape. However, despite its growing relevance, the
concept of a Global Quality Management System (G-QMS) remains underexplored in academic discourse.
Instances of QMS applications in global settings are documented [20,21,22,23], but a formalized G-QMS concept has
yet to be established. The lack of specific requirements or guidelines for global quality management underscores a
critical gap in current standards and research. This absence creates ambiguity regarding the role of globalization in
shaping G-QMS frameworks, despite its significant impact on global operations [13,21,24,25].
SoS Projects and G-QMS
SoS projects represent large-scale, comprehensive programs designed to realize SoS objectives. These projects involve
extensive contractual arrangements among G-organizations and conclude with the handover process to operator
organizations. The challenges associated with managing quality across geographically dispersed operations highlight
the need for a cohesive G-QMS framework. This review underscores the complexity and criticality of developing a
G-QMS model that addresses the unique demands of SoS sectors. By integrating insights from QMS standards,
Systems Thinking, and globalization, this research aims to advance the theoretical and practical understanding of G-
QMS in Sectors of SoS. The System of Systems (SoS) domain is increasingly acknowledged for its critical importance,
further complicating the landscape of global organizational and quality management. Despite its growing significance,
the understanding of SoS remains nascent, as evidenced by ongoing debates regarding its definition, attributes, and
implications for organizational frameworks [27-34]. Foundational efforts to formalize SoS concepts are documented
in works such as [33,35-38], with recent definitions emerging from ISO/IEC/IEEE 21839:2019 [4] and SEBoK [5].
These describe SoS as a collective of independent constituent systems (CSs) that, when integrated, exhibit capabilities
and behaviors surpassing the sum of their isolated potentials. This integration demands a global capability framework
and a robust organizational structure, as this study endeavors to explore and project. The distinguishing characteristics
of SoS necessitate addressing both technological solutions and the corresponding organizational frameworks. This
dual focus has given rise to the intersection of Systems Engineering (SE) and the emergent discipline of System of
Systems Engineering (SoSE). SoSE introduces additional complexity, challenging traditional engineering paradigms
and necessitating innovative approaches to accommodate the expansive and intricate scope of SoS [5]. Coupled with
the backdrop of globalization, these evolving discussions highlight the embryonic stage of research into Global
Quality Management Systems (G-QMS), presenting a fertile ground for further inquiry.
SoS Projects and Their Management Challenges
The management of SoS projects—Ilarge, comprehensive super-programs designed to realize SoS objectives—
requires methodologies distinct from conventional project management approaches. These projects often involve
heterogeneous systems, diverse stakeholders, multiple objectives, and varied timelines [29]. Coordination,
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interoperability, and seamless integration of CSs are critical to SoS project success, requiring navigation of the
complexities introduced by interactions among independent CSs. Traditional linear and predictable project
management processes are insufficient to address the uncertainties and evolving requirements inherent in SoS projects
[39]. Project managers and engineers must adopt adaptive and flexible strategies capable of responding to shifting
dependencies, emerging technologies, and dynamic stakeholder demands [40]. Effective integration of autonomous
systems is pivotal, demanding robust communication mechanisms, interoperability standards, and integration
protocols [32,41]. Furthermore, aligning diverse stakeholder objectives—each potentially driven by unique priorities
and success metrics—adds another layer of complexity [29,42].

Systems Approaches and the Evolution of QMS

The foundational Process Approach of QMS standards must expand to incorporate principles from systems theories,
particularly those underpinning Systems Thinking. This evolution aligns with the SE discipline, from which SoSE
derives its methodologies. Theoretical underpinnings such as General Systems Theory (GST) [43,44], Open Systems
[45-47], and Soft Systems [48] provide valuable insights into the QMS domain. QMS, often characterized as a Soft
System due to its inherent attributes, benefits from frameworks such as Soft Systems Methodology (SSM), which
emphasizes holism, adaptability, stakeholder engagement, and continuous learning [49,50].

For G-QMS in G-organizations within SoS sectors, adopting Systems Approaches is imperative. These perspectives
enable navigation through the complexities of SoS by integrating systemic principles into its structures and
functionalities. Although SoS is still a relatively new field, limited exploration has been conducted on how Systems
Thinking specifically applies to its unique challenges [5]. Systems Thinking, with its holistic view and emphasis on
hierarchy, provides a robust framework for addressing the multifaceted nature of global systems [51-58]. This
paradigm is particularly relevant for both SoS and G-QMS, as they represent hierarchical systems requiring
comprehensive and integrative approaches.

Advancing G-QMS with Systems Thinking

Systems Thinking offers significant potential to enhance G-QMS frameworks by addressing structural, behavioral,
dynamic, and relational aspects, including interactions with external environments [59]. By leveraging its
interdisciplinary nature, especially within SE, Systems Thinking emerges as a vital contributor to shaping G-QMS
structures for SoS sectors [1,2]. The paradigm facilitates the development of encompassing frameworks, advancing
the foundational infrastructure required for global quality management.

Although foundational research by Agmon et al. [1] and Agmon and Kordova [2] has laid the groundwork for G-QMS
in SoS sectors, the full definition and development of this concept remain incomplete. This gap underscores the high
potential and urgency for further exploration and refinement of G-QMS models, particularly as they apply to the
complex and evolving domain of SoS. This research aims to bridge these gaps, offering a pathway for advancing
global quality management strategies tailored to the unique challenges of SoS environments.

2. Methods and Research Design

This research follows the same methodology outlined in Agmon and Kordova [2], with a detailed description of the
methods and research design, including illustrations in the accompanying figures. Below, we provide a concise
overview of the key components of the methodology used in this study.

The foundational methodology of this research is Grounded Theory, a qualitative approach that emphasizes the
inductive generation of theoretical constructs through rigorous analysis of data collected from real-world contexts
[63,64,65]. Grounded Theory is particularly suited for this study as it allows for the development of a comprehensive
framework for Global Quality Management Systems (G-QMS) in Systems of Systems (SoS), based on empirical data
drawn from actual SoS Global (G-) organizations. The absence of a formalized G-QMS framework in these
organizations underscores the value of investigating the independent applications within each G-organization, as these
can provide the insights necessary for developing a robust body of knowledge. The Grounded Theory methodology is
rooted in a bottom-up approach to theory construction, where the theory evolves alongside the research process,
adapting and refining based on the emerging insights and themes as data analysis progresses [66,67,68].

The research paradigm combines an analytical review with structured qualitative research. This integration blends
analytical, quantitative, and qualitative methods, as shown in the "Research Design" figure in Agmon and Kordova
[2]. The qualitative research component relies heavily on semi-structured interviews, while the analytical segment
extends into content analysis, where both the collected data and supplementary sources—such as literature and
organizational documents—are critically examined. The quantitative aspect complements the analytical framework
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by providing numerical measures, which are used to quantify and score the information, enabling cross-content
analysis and enhancing the overall analytical process.

Data Collection and Research Design

The qualitative research component is primarily based on semi-structured interviews, where participants are
carefully selected based on their alignment with the research field. The interviews are structured within a 4-domain
square and 3-dimensional framework, as elaborated in the Data Structure section of Agmon and Kordova [2]. This
structured approach ensures that the data collected is comprehensive and relevant to the study’s goals. The data
sources, along with their types, quantities, and scopes, are detailed in the Data Collection section of Agmon and
Kordova [2]. A uniform methodology was applied to analyze all data sources, enabling a nuanced and thorough
understanding of the complex relationships and processes within the study’s focus area.

Data Analysis Methodology

The data analysis process employed multiple strategies, using a variety of techniques within content analysis. The
analysis was conducted in several stages to ensure a deep understanding of the data’s significance. Techniques such
as analytical induction, constant comparison, and quantitative methods were employed to scrutinize the data for
consistency and alignment with the study’s objectives. The data was structured into five primary clusters, facilitating
a focused and in-depth examination of each, and allowing the research team to explore specific aspects with greater
detail and insight. This cluster-based approach enhances the learning potential of the content analysis, providing a
more robust and nuanced view of the data.

The content analysis process was organized in a matrix format prior to conducting more advanced stages, such as
cross-content analysis and triangulation. This dual-phase methodology allowed for the synthesis of diverse data
elements, helping to reveal a comprehensive understanding of the interconnected categories and their interplay.
Triangulation, which involves using multiple data sources to validate findings, played a crucial role in ensuring the
reliability and validity of the results [69]. By comparing data from various sources, potential biases were minimized,
reinforcing the accuracy and trustworthiness of the conclusions drawn.

Quantitative Analysis and Final Results

The quantitative component of the analysis involved counting and scoring the data at various levels, defining specific
assessment scale values for each cluster, and facilitating cross-content analysis. Each parameter was quantified
individually for each category and aggregated across the entire dataset, contributing to the depth of the cross-content
analysis and triangulation.

The final results of the analysis were distilled into two key parameters:

1. Significance Index (Si) — This was calculated as a weighted average of three critical parameters: Number
of Shows, Frequency, and Strength. These parameters quantify the findings and provide a measure of their
significance within the research.

2. Maximum Number of Respondents — This parameter was expressed in relative terms to further enrich the
analysis.

A higher value for these parameters indicates greater validity within a given category, reinforcing the reliability of the
analysis. Detailed explanations on how these parameters were defined and quantified can be found in the Data
Analysis section of Agmon and Kordova [2].

The final phase of the data analysis adopted a quantitative perspective, building upon the insights gained from
content analysis and enriched by the results of cross-content analysis and triangulation. The results were presented in
a unified tabular format, which consolidated the individual cluster findings and provided a comprehensive summary
of the study’s overall results. This format offers a panoramic view of the data, presenting it in a way that facilitates
easy comparison and deeper insights.

Development of the G-QMS Model

In line with the Grounded Theory methodology [65,66], the study's findings supported the decision to divide the
emerging G-QMS model into two distinct parts. This division reflected the way the data naturally grouped into two
separate categories, each requiring a different approach for optimal expression. The extensive and complex nature of
the research, coupled with the diverse field of study, facilitated the generation of rich findings that were best
represented through these two models. This division allows for clearer communication of the insights and provides a
more effective framework for understanding the global quality management needs within SoS.

The research methodology, including the Grounded Theory approach, data collection strategies, and analytical
techniques, has been instrumental in developing a robust G-QMS model tailored to the complexities of SoS projects.
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This approach has allowed for a comprehensive understanding of the subject matter, ensuring that the resulting model
is grounded in empirical data and responsive to the unique challenges posed by global quality management in SoS
environments.

3. Results

3.1. Introductory Findings Regarding G-QMS in Sectors of SoS Model

3.1.1. G-QMS in Sectors of SoS—Main Conceptual Structure

The development of a model for G-QMS in Sectors of SoS is inherently complex, due to the intricate nature of the
systems involved and the challenge of capturing these dynamics within a unified framework. Through the research
analysis, a conceptual model has emerged that outlines two primary supra-entities: G-QMS of G-Organization in
Sectors of SoS (G-QMS of G-Org. of SoS) and G-QMS in SoS. These entities represent distinct but interrelated
components that together form the foundation of the proposed G-QMS model for SoS sectors.

The first supra-entity, G-QMS of G-Org. of SoS, refers to the global quality management system implemented within
a specific G-organization operating within a SoS environment. This component focuses on the management and
optimization of quality standards within the individual organization, ensuring compliance with established
frameworks and the integration of best practices for global operations. The second supra-entity, G-QMS in SoS,
extends beyond the organizational level to encompass the overarching quality management strategies across the entire
System of Systems. This entity addresses the collective coordination, interoperability, and integration of multiple G-
organizations and their constituent systems, aimed at achieving global performance standards and fostering
collaboration across the network of systems.

As illustrated in Figure 1, these two supra-entities are deeply interconnected through a web of relationships, which
span both structural and content-based dimensions. The G-QMS of G-Org. of SoS lays the groundwork for the
internal quality management processes within each organization, while the G-QMS in SoS introduces the necessary
framework for managing quality across the collective system, bridging gaps and aligning diverse organizational
strategies. Together, they form a dynamic, multilayered structure designed to address the complexity and scope of
global quality management within SoS environments.

This model highlights the need for a dual focus: one that prioritizes the internal management of quality within
individual G-organizations and another that emphasizes the collective, cross-organizational integration necessary for
successful SoS projects. The research indicates that the development of such a model is crucial for enhancing
coordination, efficiency, and the overall quality outcomes in global projects that span multiple organizations and
systems. The comprehensive interrelationships between these two entities form the core of the model, setting the stage
for the development of a robust framework for G-QMS in SoS sectors.

G-QMS in Sectors of SoS

G-QMS of
G-Org. of SoS

|

Figure 1. G-QMS in Sectors of SoS model—main conceptual figure. Agmon and Kordova [2].

The G-QMS of G-Org. of SoS represents the global quality management system (G-QMS) designed for a G-
organization engaged in a System of Systems (SoS) environment. This G-QMS is intricately structured to manage a
complex, multi-organizational system, where various G-organizations are coordinated under a unified leadership,
responsible for ensuring quality throughout the SoS engagement. This supra-entity encompasses a variety of quality
management system (QMS) entities, each addressing distinct aspects of the organization’s operations, all aligned
under the common framework of global quality standards. The G-QMS of G-Org. of SoS provides the foundational
infrastructure that supports the overarching G-QMS model within SoS projects. The model presented in Agmon and
Kordova [2] offers an in-depth exploration of this G-QMS, laying the groundwork for understanding its essential role
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in ensuring quality across the organization’s operations and facilitating the integration of different systems within the
SoS.

This foundational model is critical for the development of the G-QMS in SoS model, as it provides the necessary
structural and content-related components that influence the broader framework. The G-QMS in SoS builds upon this
infrastructure, incorporating its structural elements to extend quality management practices across the entire system,
particularly in the context of multi-organizational collaboration. Understanding the intricacies of the G-QMS of G-
Org. of SoS is key to navigating the complexities of the G-QMS in SoS model, as both share interrelated components,
contributing to the comprehensive approach to quality management across the SoS sector.

The G-QMS in SoS, in contrast to the G-QMS of G-Org. of SoS, is a temporary supra-entity specifically established
for the duration of the SoS project. This model is formed when the SoS project is initiated, structured to reflect the
multi-organizational framework required for its execution, and disbands after the project is completed and the system
is handed over to the operator organization. Therefore, the scope of the G-QMS in SoS does not include post-delivery
operations or maintenance processes, which are the responsibility of the operator organization once the SoS project is
concluded. Instead, the focus is on ensuring the highest quality standards throughout the project’s lifecycle, from its
conception to the final delivery.

In practice, the G-QMS in SoS often incorporates elements from the G-QMS of G-Org. of SoS, with local branches
of G-organizations contributing their expertise to the quality management efforts within the SoS project. The G-QMS
in SoS addresses technological systems relevant to the SoS, requiring specialized quality management knowledge and
professionalism tailored to these systems’ unique characteristics. Due to the vast scale and complexity of SoS projects,
traditional quality management concepts often prove insufficient. As a result, G-QMS in SoS must adopt innovative
approaches that transcend standard industry practices, forming a higher-order framework that accounts for the
multifaceted nature of these projects.

The G-QMS in SoS is structured as an independent and expanded entity, encompassing new QMS entities and
interfaces. These additional elements are necessary to manage the unique challenges posed by SoS projects, including
cross-organizational coordination, system integration, and the management of complex technological infrastructures.
This extended QMS structure includes an adaptive set of interfaces, both within the system itself and with external
stakeholders, to ensure that quality management processes are not only aligned across organizations but also
responsive to the dynamic nature of SoS projects.

Both the G-QMS of G-Org. of SoS and the G-QMS in SoS adhere to the key principles outlined in Agmon and
Kordova [2], which form the foundational basis for the entire model. The integration of these principles ensures a
cohesive approach to global quality management within the broader context of SoS sectors, facilitating effective
collaboration and quality assurance across all participating organizations. As such, the research presented in this
manuscript expands upon the groundwork laid by Agmon and Kordova, offering a comprehensive and cohesive model
that spans both the organizational and systemic dimensions of G-QMS in SoS.

2. Discussion: Model for G-QMS in SoS

2.1. Fundamental Principles

2.1.1. A Unique G-Organizational Architecture

The G-QMS in SoS operates within a unique organizational architecture that is crafted specifically for each SoS
project. This architecture is influenced by a variety of factors, including the size and complexity of the systems
involved, the specific goals of the SoS, and the nature of the stakeholders involved. Since each SoS is distinct, the G-
organizational structure is tailored to meet the specific requirements of that SoS, ensuring alignment between the
project’s objectives and its management structure.

For every SoS project, there exists a chief management structure that oversees the coordination and alignment of
various CSs (Constituent Systems). This structure is complemented by various stakeholder organizations that
influence the project through their expertise, capabilities, and specific roles. These stakeholders include:

e The client organization, which sets the project’s goals and provides necessary resources.

e Consulting agencies that bring in specialized knowledge and expertise.

e Monitoring and control (M&C) bodies that ensure compliance with project requirements and standards.
The architecture of the G-QMS in SoS is dynamic, with the chief management structure often at the core, exercising
a dominant influence over the overall direction of the project. However, as the project progresses, the CSs and their
management teams increasingly influence the content and interface of the SoS. This evolving balance between a
central authority and distributed entities makes the G-QMS unique to each project.
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This interplay between the different entities that form part of the SoS project highlights the need for a structural
conceptual model that can represent the different architectures of SoS projects. Such a model would serve as a guide,
ensuring that the G-QMS in SoS is structured optimally to align with the project’s goals and enhance its likelihood
of success. The model would focus on flexibility and adaptability, allowing for different forms of governance
depending on the project’s specific needs.

2.1.2. SoS—Term and Attributes

The term SoS (System of Systems) is commonly used but lacks a universally agreed-upon definition, as highlighted
by the research findings. SoS projects are often distinguished from complex systems due to their broader, more
dynamic scope, but the line between the two is not always clear. The definition of SoS is highly contextual and often
depends on the specific sector, organization, or project under consideration. While SoS has many forms, it is generally
recognized by a unique set of characteristics that set it apart from traditional systems.

The attributes of SoS play a critical role in shaping the project and its quality management approach. These attributes
include:

e Emergence: One of the defining features of SoS is the emergent behavior that arises from the interaction
of different systems. This phenomenon makes it difficult to predict the system’s behavior solely based on its
individual components. As emergence cannot be fully eliminated, quality management tools within the G-
QMS in SoS must specifically account for its effects. Strategies such as adaptive management and
feedback loops are essential in mitigating the risks posed by emergent behaviors.

e Scale, Size, and Black-Box Nature: SoS projects are often massive in scale, incorporating multiple CSs that
are sometimes treated as black boxes. This means that the details of certain CSs, particularly those that are
mature or legacy systems, may not be fully understood or assessed in detail. Instead, these systems are often
managed based on predefined risk assessments, with quality measures applied to ensure their integration into
the larger SoS. The size and scale of the project add to its complexity, as the interactions between numerous
systems create intricate interdependencies that must be managed effectively.

e Connectivity and Interoperability: Effective management of interfaces between CSs is critical for the
success of any SoS project. This involves ensuring that different systems can communicate and operate
together seamlessly. Given that SoS projects may involve the integration of new CSs or the modification of
existing ones, maintaining dynamic interoperability is essential. This includes managing interface
requirements for each CS and ensuring that the SoS as a whole can function cohesively despite its diverse
components.

e Autonomy: Many CSs in an SoS project are not designed specifically for the project but are instead pre-
existing systems that must be adapted to meet project requirements. This creates a level of autonomy for
each system, which means the SoS project may have limited control over the design and configuration of
each CS. This autonomy can create challenges in defining the project’s requirements for each CS, as they
must often be tailored to meet the capabilities and constraints of systems that were not designed with the SoS
in mind.

o Different Product Lifecycles: Another challenge in managing SoS projects is the presence of systems that
have different lifecycles. Some CSs may have been developed many years ago, with outdated or incomplete
documentation. This presents a significant challenge for quality management, as older systems may not
comply with modern standards or regulatory requirements. The G-QMS in SoS must incorporate tools and
processes to ensure that legacy systems are integrated effectively into the SoS while still maintaining the
required quality standards.

The G-QMS in SoS must be designed to address these unique attributes. This means that traditional quality
management frameworks, which are based on standardized systems and processes, will need to be adapted to suit the
highly dynamic and complex nature of SoS projects. Furthermore, the G-QMS will need to embrace new strategies
and principles that reflect the complexity and uncertainty inherent in SoS.

2.1.3. A 3-Dimensional Quality Concept

The 3-Dimensional Quality Concept for G-QMS in SoS, as illustrated in Figure 3, is essential for managing the
quality across the various components and interfaces of a SoS. Each dimension focuses on a different aspect of quality
management, ensuring that the overall system functions as intended while maintaining high standards across the entire
project.
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Figure 4. Graphical structure of main QMS entities in G-QMS in SoS.

1. Quality First Dimension: This dimension focuses on ensuring that each CS adheres to quality standards set
by its individual organization’s QMS. It emphasizes that the quality of each component system must be
assessed and managed based on the existing QMS for that system. This ensures that the foundational quality
of each system is in place before addressing the interactions and overall performance of the entire SoS.

2. Quality Second Dimension: This dimension deals with the interfaces between CSs and the SoS. Effective
interface management is essential to ensure that the systems within the SoS can interact seamlessly, and that
any issues in interoperability are addressed. This dimension involves the QMS for managing these interfaces
and ensuring that the structure of the SoS is robust enough to accommodate these interactions without
introducing new risks or inefficiencies.

3. Quality Third Dimension: This dimension adds a layer of quality focused on the systemic attributes that
emerge when multiple CSs are integrated into the SoS. It addresses the configuration management (CM)
of each CS, as well as the overall CM of the SoS. In this dimension, the goal is to ensure that the collective
behavior of the SoS does not introduce systemic risks and that quality is maintained through the management
of configurations, system interactions, and overall design.

Together, these three dimensions provide a comprehensive framework for managing quality in SoS projects. Each
dimension focuses on a different layer of quality management, from individual components to the overall system,
ensuring that quality is maintained at every level of the project.

3. Conclusions and Contributions

This manuscript introduces a comprehensive conceptual model for G-QMS in SoS (Global Quality Management
System in Systems of Systems), providing a thorough exploration of its core principles and QMS entity structures.
It emphasizes the dynamic interactions between these entities, along with their relationship to external elements,
including the client commissioning the SoS and the broader global organizational structure associated with the SoS
project. The model is framed within the context of transdisciplinary management, requiring high levels of expertise
in quality management and an independent organizational structure.

A key feature of the model is the proposed method for operationalizing quality management through the creation of
an Integrated Project Team (IPT) work concept, offering a practical approach to managing quality across multiple,
interconnected systems. Additionally, the QMS entities, which include QMSCSs (Quality Management Systems for
Constituent Systems), are integral to the model, with the classification key serving as an essential quality management
tool.
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The model extends traditional QMS frameworks—which are generally aligned with international QMS standards—
by incorporating necessary adjustments that are specific to SoS projects. It integrates processes from Systems
Engineering and Systems Thinking methodologies, reflecting the complex and evolving nature of SoS environments.
The outcome is a cohesive framework for implementing G-QMS in SoS, which is crucial for the success of SoS
projects and makes meaningful contributions to the field of quality management in SoS projects.

This conceptual model serves as a guide for quality management bodies seeking to establish a G-QMS for SoS
projects. It highlights critical, yet often underexplored, domains of quality management that, if further developed,
could significantly enhance the quality contributions in SoS initiatives. The model also provides insights into
structuring the G-organizational and functional architecture of SoS projects, with particular emphasis on the role
of the SoS G-QMS CORE leader within the project’s chief management trio.

With the completion of this model and its connections to the G-QMS of the G-organization of SoS model, we now
have a well-defined conceptual framework for G-QMS in Sectors of SoS.

Research Limitations and Directions for Future Research

The development of this pioneering conceptual model for G-QMS in Sectors of SoS marks the beginning of an
exciting new avenue for research. Several areas warrant further exploration to expand on the foundation laid in this
study.

1. Further Exploration of Model Elements: Future research could delve deeper into the various components
of the model. This would provide detailed guidance for relevant organizational quality bodies, contributing
to the establishment of updated QMS standards. For instance, further work could focus on the development
of QMSinteg and its associated QMSint entities. Tools from Systems Thinking, such as Causal Loop
Diagrams (CLD) or Systemigrams, could provide valuable insights into these aspects.

2. Development of Specialized Tools: The model introduces several extended quality management tools
specific to the SoS domain, as well as an illustration of a conceptual quality process structure for SoS
projects. Future studies could focus on identifying and developing additional quality tools that can enhance
the model’s applicability. These advancements could not only benefit G-QMS in Sectors of SoS but also
extend to other sectors that implement similar G-QMS frameworks.

3. Case Studies and Sector-Specific Models: Given the adaptability of the G-QMS in SoS model to various
G-organizations and SoS projects, future research could include case studies of specific projects,
organizations, or sectors. These case studies could enrich the model by tailoring it to the unique
characteristics and challenges of individual projects or industries. Insights from these cases could lead to
refinements of the model, improving its effectiveness across different contexts.

4. Quantitative Validation: While the current model was developed through qualitative research methods,
future studies could build on this work by validating the model using quantitative approaches. Techniques
such as Bayesian machine learning models and Bayesian algorithms could be utilized to enhance the
accuracy of quality management systems and data analysis. These models would provide more precise
insights into the functioning of the G-QMS in SoS and could support decision-making with greater
confidence.

5. Atrtificial Intelligence (Al) Integration: With the rapid advancements in Artificial Intelligence (Al), future
research could explore the integration of Al technologies into the quality management process for SoS
projects. Al could assist in managing and analyzing large volumes of qualitative data, improving the
efficiency and accuracy of data collection and analysis. Moreover, Al could be employed to enhance the
quality of research methodologies themselves, leading to more robust findings and further advancing the
field.

In conclusion, while this work lays the groundwork for a robust G-QMS in SoS model, future research will be
instrumental in refining the model and broadening its applicability across various sectors and organizational contexts.
The integration of new tools, methodologies, and technologies will likely play a crucial role in the evolution of this
emerging field of study.
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