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Introduction

1.1. Background and Motivation

In its Agenda 2025 Document, the European Space Agency (ESA) highlights the increasing trend towards
more advanced space missions, developed by cross-disciplinary project teams, that address some of
today’s most pressing global issues. To effectively manage the growing scope and complexity of such
missions, creating digital continuity throughout the project life cycle is identified as a key enabler for
efficient project and engineering management. [18]

One approach that supports this goal is Model-Based Systems Engineering (MBSE). MBSE promises
to contribute to faster, less error-prone, and more cost-effective design, development, deployment,
and verification of space systems [20]. Over the last few years, the shift from document-centric to
model-centric engineering has been driven by increasing system complexity and the need for coordinated
integration of information across the whole life cycle of a mission [4]. In this context, MBSE constitutes
a response to the limitations of traditional, document-centric approaches and enables the creation and
maintenance of a digital thread throughout the project life cycle [4].

The application of MBSE for performing systems engineering activities that dominate the early stages of
a space project’s life cycle has been widely researched and adopted in recent years. In contrast, systems
engineering activities related to later project phases, such as Assembly, Integration and Testing (AIT)
and Verification and Validation (V&V), have not received comparable attention [57].

1.2. Problem Statement

There is a growing interest within the space domain to leverage MBSE beyond the initial design stages,
particularly in the later phases of projects where the benefits of model-based approaches can provide
significant value. However, extending MBSE for projects in the AIT / V&V phase presents additional
challenges as MBSE implementation remains fragmented and inconsistent across tools, methods, and
organizations [4]. This lack of a structured approach to align methods and tools explicitly for the
systems engineering processes related to AIT and V&V presents a significant challenge for the adoption
of MBSE over the full project life cycle.

As AIT and V&V activities dominate the later stages of space projects and are characterized by complex,
document-centric processes, the absence of a structured MBSE approach tailored to these activities
represents a critical gap. Addressing this gap is essential to enable the extension of digital engineering
practices into the post-CDR phase and to fully realize the benefits of MBSE across the entire system life
cycle.

1.3. Objectives of the Thesis

This thesis investigates how MBSE can be effectively applied in the later stages of the project life cycle,
using the DaVinci Satellite (DVS) student team as the primary application case. As a multidisciplinary,
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student-led satellite project, currently in the post-CDR phase, DVS provides a representative example of
the challenges and opportunities associated with applying MBSE beyond the early design stages. Over
the course of the research, this thesis will explore how a tailored MBSE methodology can support the
planning, execution, and evaluation of assembly, integration, and verification activities to make use
of the benefits of a digitalized way of working through the application of MBSE. The thesis aims to
demonstrate the feasibility of the developed approach in a representative project context to showcase
the ability to extend MBSE into the AIV domain, enabling end-to-end traceability through the creation
of a digital thread.

1.4. Thesis Structure

This thesis introduces a model-based methodology to perform Assembly, Integration, and Verification
(AIV) of Space Systems within later project phases. This document provides an overview of the
research objectives and questions of the thesis project, the development process and application of the
methodology, and an evaluation of the approach. This section serves as an overview to the reader and
describes the structure of the document. Next to the document, the models created during the thesis
research are also made available.

Chapter 2 reviews relevant literature on Systems Engineering, life cycle models, AIV practices, and
MBSE, establishing that AIV activities dominate the post-CDR phase and are characterized by complex,
document-centric working processes. Based on this analysis, a research gap is identified regarding
the application of MBSE to cater to these later life cycle stages, particularly in the absence of a
dedicated methodology for AIV work. The reviewed literature on MBSE provides guidance on how the
development of the MBSE AIV methodology is conducted.

Building on the literature review, Chapter 3 describes the research approach taken in this project,
including the definition of research objective and questions.

Chapter 4 describes the core contribution of this thesis: the development of a tailored MBSE AIV
methodology for application in post-CDR satellite projects. The chapter is structured in two main parts.
First, Section 4.1 derives the methodological foundation by translating literature insights into stakeholder
needs, use cases, and a set of requirements that the methodology must fulfill. These elements define
the problem space and establish the criteria for a successful approach. The main contribution is then
presented in Section 4.2, where the MBSE AIV methodology is designed to address these requirements.
The methodology is structured into key components, including an ontology defining the core AIV
concepts, a process describing AIV planning and execution, and supporting modeling methods and
framework elements that enable consistent application. In addition, the selection of modeling tool
and language is addressed. The methodology and its implementation in SysML v1 is demonstrated,
showing the methodology’s applicability to a small demonstration example and providing a concrete
realization of the proposed approach.

Chapter 5 evaluates the developed methodology through a structured verification and validation
approach. Verification assesses the internal consistency of the methodology, its compliance with the
defined requirements, and its alignment with relevant standards such as ISO/IEC/IEEE 24641 and
ECSS documentation requirements. Validation is performed through application to a representative
CubeSat payload case study, demonstrating the feasibility and usefulness of the approach in a realistic
project context.

Finally, Chapter 6 discusses the key results, benefits, and limitations of the proposed methodology,
and reflects on its implications for the application of MBSE in post-CDR satellite projects. The chapter
concludes by answering the research questions and outlining directions for future work. Together, these
chapters provide a coherent argument that MBSE can be successfully extended beyond early design
phases and applied to support AIV activities in later stages of the system life cycle.



[Literature Review

2.1. Literature Review Structure

This section gives an overview of the main structure and flow of the literature review chapter by
motivating the sub-chapters based on the research objective and research questions.

This thesis aims to investigate the implementation and use of Model-Based Systems Engineering in
satellite projects after Critical Design Review (CDR). The first section of the literature review defines
terms which are relevant to understand the topic of this thesis.

The next section provides an understanding of the concept of Systems Engineering and Project Life Cycle
Models, by reviewing general and space-industry specific sources, including standards, handbooks, and
academic publications on the topics. The term "post-CDR" is explained in detail, by comparing different
life cycle models. The section looks in detail into how the work of a systems engineer changes after
CDR. As a result, the section establishes that a significant amount of the Systems Engineering effort
after CDR is spent on performing tasks related to Assembly, Integration, and Verification (AIV) of the
Product. This directly motivates the literature research on the topic of AIV.

The following section dives into detail on aspects related to satellite AIV and its relation to Systems
Engineering and the life cycle models. A special focus is put on the typical documentation generated
during the testing phase of product development. This serves to provide an understanding of the
typical information and artifacts that need to be managed by the Systems Engineering and AIV team,
regardless of whether the work is following a traditional, or a model-based approach.

Lastly, literature on MBSE is presented and summarized. The section starts with a discussion of the
definition, motivation, and potential benefits that MBSE can provide. Afterwards, the constituents of an
MBSE Methodology are introduced, as well as their relation to each other. After the components of
an MBSE methodology are established in theory, some common MBSE methodologies are presented,
including methodologies developed for the development of space systems.

2.2. Systems Engineering

This thesis aims to investigate the application of MBSE for the later stages of the project life cycle, i.e.
"post-CDR". This chapter will define the term Systems Engineering, as well as present and compare
different life cycle models from literature and the related Systems Engineering activities per life cycle
stage.

To understand the scope of this thesis and how it relates to the overall context of a space project,
subsection 2.2.2 looks at the role of a systems engineer over different life cycle models found in literature
and provides a big picture overview of the responsibilities of a Systems Engineer over the course of a
(space) project. Generic life cycle models and life cycle model for space projects will be compared, to
provide an understanding of the meaning of the term "post-CDR" in the context of space missions.

In subsection 2.2.3 the relation between engineering work that is performed in the post-CDR life cycle

3
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stage and other life cycle stages is presented following the generic ISO and INCOSE life cycle models
and the space mission specific life cycle models of ECSS and NASA.

Finally, subsection 2.2.4 will provide a detailed overview of the major deliverables and reviews that
frame the work of Systems Engineers and the whole project in the post-CDR phase.

2.2.1. Definition and Benefits of Systems Engineering
Many definitions of Systems Engineering can be found in literature, which present large overlaps. The
following section will discuss some definitions and highlight commonalities and differences.

The International Council on Systems Engineering (INCOSE) defines Systems Engineering as a transdis-
ciplinary and integrative approach to enable the successful realization, use, and retirement of engineered
systems, using systems principles and concepts, and scientific, technological, and management meth-
ods [34]. While INCOSE makes use of this definition, it acknowledges the existence and validity of
other definitions, highlighting common characteristics mentioned in the different definitions. Some of
the commonalities are the interdisciplinary and iterative nature of Systems Engineering, the focus on
sociotechnical aspects and the goal to maintain a holistic perspective. It is simultaneously a perspective,
a process, and a profession. [63]

The European Cooperation for Space Standardization (ECSS) defines Systems Engineering as an
interdisciplinary approach governing the total technical effort required to transform requirements into a
system solution [12]. This definition is adopted by the ECSS from the IEEE P1220 - Standard for Systems
Engineering [32]. Similarly to the previously mentioned definitions, the IEEE considers both technical
aspects and managerial aspects part of systems engineering work, covering the complete system life
cycle and striving for a balanced overall system solution. Under systems engineering management, the
IEEE understands planning of technical efforts and controlling the technical baseline for the project. This
controlling task includes among others, Technical Review planning, Risk Management, and Interface
Control. [32]

The definition of systems engineering provided by the ISO standard ISO/IEC/IEEE 15288:2023 extends
the definition of the IEEE by stating that systems engineering is a "trans-disciplinary and integrative
approach to enable successful realization, use, and retirement of engineered systems using systems
principles and concepts and scientific, technological and management methods" [37]. That standard has
been adjusted from its original form to align with the IEEE P1220 standard and the IEEE was involved in
these activities [8]. The definition in the ISO standard is based on and references the INCOSE definition
presented above.

The next definitions come from Sanford Friedenthal, Oliver Alt, Tim Weilkiens and Jon Holt. Sanford
Friedenthal is an independent consultant and industry leader in Model-Based Systems Engineering.
As a Lockheed Martin Fellow, he led the company’s initiative to institutionalize Model-Based Systems
Development (MBSD) and advanced engineering practices across the company, providing direct MBSE
support to numerous programs. He has applied systems engineering across the full system life cycle
and served as a systems engineering department manager. Furthermore, he was a key contributor to
the development of the Object-Oriented Systems Engineering Method and also led the industry team
responsible for creating SysML (v1) and guiding its adoption by the Object Management Group. He is
recognized as an INCOSE Fellow for his contributions in the field of MBSE and Systems Engineering,
expertise in MBSE methods, extensive publications, and international teaching engagements in graduate
systems engineering programs. [25] Dr.-Ing. Oliver Alt is a trainer and consultant at LieberLieber
Software GmbH for MBSE. His credibility in the field of Model-Based Systems Engineering (MBSE) is
underpinned by his previous work as a systems engineer at Continental Teves, where he developed a
SysML-based MBSE approach that has been applied for several years. He also wrote and collaborated
several books on the application of MBSE with SysML [59]. Tim Weilkiens is a board member at the
German consulting firm oose, an experienced MBSE coach, and a key contributor to the SysML standard
as a co-author of the initial specification and co-chair of the SysML v2 finalization task force. His active
involvement in OMG and INCOSE, combined with industry coaching across various domains, makes
him a credible source in the field of MBSE [47]. Prof. Jon Holt, INCOSE Fellow and systems engineering
professor at Cranfield University, is internationally recognized as a leading expert in MBSE, with over
30 years of practical experience and authorship of 17 books on the subject. His deep involvement in



Chapter 2. Literature Review 2.2. Systems Engineering 5

MBSE education and implementation across industries, along with his recognition as one of INCOSE’s
25 most influential systems engineers, underscores his authority in the field [29].

In his book A practical guide to SysML Friedenthal, Moore and Steiner define Systems Engineering as a
multidisciplinary approach with the goal to arrive at a balanced system solution that answers to a set
of diverse stakeholder needs. A systems engineer employs both technical and managerial processes
to balance development cost, schedule, technical performance and risk to ensure the success of the
project. The technical work of a systems engineer includes analysis, system design and specification,
integration, and verification. The managerial aspects of systems engineering encompass planning the
technical effort, monitoring technical performance, managing risk, and controlling the system technical
baseline. [25]

For Oliver Alt, Systems Engineering represents all development activities that are required to develop a
system. Systems Engineering, according to Alt, is a set of techniques and methods which aim to reduce
misunderstanding between people involved in the development process. The second, related goal of
applying systems engineering is to clearly define system boundaries, subsystems, and system contexts.
This definition puts similar emphasis on the importance of ensuring effective communication within a
project as the other ones. However, it does not explicitly include the management aspects of systems
engineering which are mentioned in other definitions. Furthermore, Alt states system requirements,
system architecture, and system behavior as the three building blocks of systems engineering, which
are iteratively defined for different abstraction levels of the system. [2]

Tim Weilkiens definition of systems engineering mostly agrees with the one from INCOSE and
Friedenthal, explicitly stating verification and validation as part of systems engineering and summarizes
systems engineering as an interdisciplinary approach that integrates all other relevant engineering
disciplines and accounts for technical and economic aspects of a given project. [67]

According to Jon Holt, Systems Engineering is concerned with solving problems while handling the
project’s complexity and ensuring effective communication over the whole project life cycle. In addition
to this one, a second, more concise definition is offered stating that Systems Engineering is in essence
the implementation of common sense into any engineering endeavor. [30]

This last definition hints towards the need for systems engineering as stated in literature. According
to Holt, there are three common causes for issues that may arise in the development process of any
complex technical system, which can lead to failure of the overall project if not considered. These are:

¢ alack of management of the complexity of the project,
¢ alack of communication or inefficient communication, and

¢ alack of understanding.

These problems may occur at any stage of the project and will amplify each other and will likely lead
to an unsuccessful system / project if left unchecked. This is labeled as the "vicious triangle of evil
in engineering" [31]. Systems Engineering aims to provide a methodology to cope with these threats
and minimize the programmatic and technical risks that could lead to project failure in all project
phases. [30, 31]

Another reason for the necessity of systems engineering in engineering projects is the typical distribution
of life cycle costs over time, as shown in Figure 2.1. The figure shows that a large share of the total
project costs are committed already early on in the design process with decisions made in these project
phases, while the actual money that is spent in an early project stage remains relatively low. This means
that errors that are only found in production or operation stages are much more expensive to fix than
errors that are found earlier. Systems Engineering enables a more rigorous concept exploration, by
ensuring a solid information baseline and logical trade-off processes. This reduces the risk of hasty
decisions and helps to avoid mistakes. [63]

Friedenthal and the ESA Agenda 2025 state coordination and technical effort management of cross-
disciplinary teams as an additional driver to implement system engineering in projects [25, 21].

The structure of the Systems Engineering Process can be visualized and described with different, so
called Life Cycle Model Approaches, according to the INCOSE Handbook and the ISO 14748-2. These can
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Figure 2.1: Committed Life Cycle Cost against Time [63]

be categorized in Sequential approaches, Incremental Approaches, and Evolutionary Approaches. [63,
40]

The Vee Model is an example for a model that describes a sequential approach to Systems Engineering.
It was first described by Forsberg and Mooz, 1991, in [23]. The process model is visualized in Figure 2.2.
The Vee model consists of two main parts, the left arm and the right arm of the Vee, the first one
corresponding to the specification of the system, while the latter corresponds to the assembly, integration,
verification, and validation of the system. The Vee model highlights the necessity to conduct validation
against stakeholder needs and planning for verification already early on in the life cycle. A typical
project would start at the top left of the Vee with the stakeholder needs and requirements definition,
then move along the arm of the Vee to generate the system architecture and more detailed specifications
of the system elements. These elements are then implemented at the bottom of the V. The right side
of the Vee represents the sequential integration and verification of system elements, first on lower
components and subsystem levels, and eventually for the whole system, finishing with validation of the
final system at the top right side of the Vee. [63]

e
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Figure 2.2: Vee model visualization, adapted from [63]

An example for an incremental approach is the spiral model, shown in Figure 2.3. Each rotation
of the spiral results in the generation of a prototype of the final system. For some systems, these
prototypes could possibly already be brought to market. While the Vee model highlights the need to
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conduct verification and validation over all phases of the project, the spiral model adopts a risk-based
philosophy. At any time of the process, the system elements and the interfaces between these elements
must be known, requiring a well defined system architecture as a baseline. All decisions, trade-offs,
and analyses must be driven primarily with the objective to reduce the overall risk of the project and
consider the complete system life cycle. For each design cycle, or rotation, the goals and constraints of
the stakeholders must be defined and considered. Each design cycle investigates different system and
process alternatives, as well as manages risks and uncertainties. In order to proceed from one design
cycle to the next one, all stakeholders must agree on a plan to continue. [28]

Gujarathi et al. state the increased focus on risk identification and mitigation as one of the main benefits
of the spiral model. They mention the interfaces as one of the major sources for risks within complex
projects and highlight the ability of the spiral model to manage those risks. Similarly to the Vee model,
the spiral model also envisions stakeholder integration into the process for purposes and alignment on
the project plans. The spiral model can be considered a relatively flexible life cycle model approach, as
it allows to integrate different life cycle models for different rotations around the spiral. Lastly, they
mention that spiral development aligns well with modern trends in product development, such as
digitalization, Model-Based Systems Engineering, and agile hardware prototyping. [28]
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Figure 2.3: Spiral model visualization, adapted from [28]

2.2.2. SE Life Cycle Models

To understand the evolution of engineering, and especially systems engineering tasks over the project
life cycle, three life cycle models from literature are compared, the generic life cycle model described in
multiple ISO standards, the ECSS life cycle model used in ESA projects, and the NASA life cycle model.
The sources used to create the description for the different life cycles are presented in an overview in
Table 2.1.
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Table 2.1: Overview of Literature Sources on Life Cycle Processes and Systems Engineering

Model/Standard

Source

Focus and Contribution

Generic ISO Life Cycle
Model

ISO 24748-1:2024 [39]

Guidelines for life cycle management: defines life cycle concepts and
stages, with the purpose to ensuring consistency in terminology and
application across domains. Includes pointers to other ISO standards.

ISO 24748-2:2018 [40]

Guidelines for Application of ISO/IEC/IEEE 15288 aligns with ISO
24748-1 to provide a detailed explanation and tailoring of life cycle
stages for Systems Engineering.

1SO 24748-4:2016 [41]

Systems engineering planning: describes the process of planning and
management for the Systems Engineering domain aligned with ISO
15288, 24748-1, and 24748-2.

1SO 15288:2023 [37]

System life cycle processes: provides a framework of processes using a
systems engineering approach.

1SO 24641:2023 [38]

Methods and tools for model-based systems and software engineering:
supports systems engineering and software engineering processes
during digital transformation, from both process and cognitive
modeling perspectives.

INCOSE SE
Handbook [63]

Codifies “good practices” in SE, consistent with ISO 15288 and
SEBoK, including life cycle process integration.

ISO Life Cycle for Space
Projects

ISO 14300-1:2023 [36]

Structuring of a Space Project: defines requirements for structuring and
managing space projects within a standardized programme
management framework. Focus on balancing performance, costs, and
schedules with risks across all phases of a space project’s life cycle
and provides a space project specific description of life cycle stages,
consistent with the generic ISO life cycle model.

ESA/ECSS Life Cycle
Model

ECSS-M-ST-10C Rev.
1[14]

Space project planning and implementation: life cycle structure
tailored to space projects.

ECSS-M-30-01A [13]

Review processes: management and conduct of formal reviews across
life cycle phases.

ECSS-E-ST-10C Rev.
1[12]

System Engineering general requirements: aligns engineering
activities with ECSS life cycle model.

NAGSA Life Cycle Model

NASA SE
Handbook [50]

Overview of NASA's life cycle and SE approach: combines
programmatic and technical perspectives. Emphasizes tailoring,
integration, and iterative nature of SE processes through the life cycle.

Generic ISO Life Cycle Model
According to ISO 15288 [37], the life cycle of a project is the "evolution of a system, product, service,
project, or other human-made entity from conception through retirement". For each of these human-
made entities, the progress along the life cycle can be described using a life cycle model. The ISO
standard 24748-1 [39] describes a generic system life cycle model. The purpose of defining such a life
cycle model is to provide a starting point for planning efforts to realize, operate or support the System of
Interest by segmenting the complete life cycle of the system into so called life cycle stages. The generic
life cycle stages from [39] are:

. Concept
. Development
. Production

. Utilization

91 &= W N =

. Support

6. Retirement

This segmentation is often used to insert decision-making gates in the development process to reduce
risk. Different processes, procedures, methods, and tools might be appropriate for different life cycle
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stages. With the segmentation, these aspects can be selected and reevaluated for each stage. The life
cycle stages as per ISO 24748-1 are shown in Figure 2.4 and are explained further in the following.

Concept Production Utilization Retirement
D D D S
Support
Stage

Figure 2.4: ISO Life Cycle Model

Concept Stage

The concept stage is the initial phase of the system life cycle and begins with the definition of
needs towards the end product, which could be either a completely new system-of-interest (Sol) or a
modification to an existing one. This stage is dedicated to early exploration and planning. It involves
identifying potential business opportunities or mission requirements and assessing their feasibility
from technical, economic, strategic, and market perspectives.

During this stage, multiple alternative concepts are developed and evaluated making use of trade-off
studies, risk assessments, cost and schedule estimations, and early prototypes where necessary. These
concepts may be entirely new or derived from existing systems. The role of enabling systems across the
entire life cycle has to be considered in the solution evaluation process.

The concept stage also results in a clearer understanding of stakeholder needs and preliminary
requirements, along with at least one feasible early-stage system architecture and operational concept.
It establishes the foundation for all subsequent stages. At the end of the concept stage, a decision is
made whether to proceed with system development.

Key outcomes of the concept stage include:

e Identification of new system concepts. These concepts might offer benefits such as new capabilities,
improved performance, or reduced costs to stakeholders.

Feasibility assessment of the concepts, including initial system architecture and requirements for
crucial enabling systems in later life cycle stages.

¢ Preliminary high level requirements.

¢ Cost estimates and defined outcomes, and entry/exit criteria for all subsequent life cycle stages.

Risk management strategies applicable throughout the life cycle.

Development Stage

The development stage focuses on transforming stakeholder requirements and system concepts into
a completely defined and feasible system-of-interest that meets the stakeholder requirements. This
includes specifying, designing, integrating, and evaluating hardware, software, human, process, and
facility components. At this stage, either a prototype or an operational system (potentially being adapted)
is developed to support future utilization.

The development process takes into account constraints and requirements from future life cycle stages
regarding production, utilization, support, and retirement. Technical and stakeholder feedback is
gathered through reviews to guide design and integration decisions.

Key outcomes of the development stage include:

¢ Complete architecture models and system design for the Sol.
* A structured Sol composed of system elements and interfaces.

¢ Verification and validation (V&V) results with supporting evidence to demonstrate compliance
with requirements.

¢ Planning and preparation for operational deployment, including training and operational proce-
dures.
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Confirmation that the Sol is producible, operable, supportable, and ready for retirement as needed.

Refined requirements for enabling systems and traceability tools for managing system requirements
and development artifacts.

Availability of a prototype or an operable Sol.

Updated cost estimates and refined outcomes for the subsequent stages.

Production Stage

The production stage is where the finalized system is manufactured, assembled, and tested for
deployment. For complex systems, like satellites, this could mean the production of the final flight
model and performing acceptance testing to confirm readiness.

Depending on the project, there may be some overlap between development and production activities.
During this stage, the system is produced in its operational form, support tools are finalized, and
everything is prepared for system delivery. The output is a system ready for deployment, along with
refined plans and cost estimates for operational use and eventual retirement.

Key outcomes of the production stage include:

e The production process is qualified, ensuring consistent delivery of systems that meet all
specifications.

¢ All necessary resources, i.e. materials, services, supporting systems and system elements, are
available and known to support the production of the Sol.

¢ A fully operable system is produced, and the acquirer formally accepts the verified and validated
system.

* Completed systems are packaged and delivered to the acquirer.

Utilization Stage

In the utilization stage, the system is put into operation in its intended environment. This is where the
system starts delivering its designed services or capabilities to users. The stage begins with installation
and transition into active use, which may include tasks like operator training.

The primary focus during utilization is to ensure the system performs reliably and continues to meet
user expectations. Feedback from this stage can lead to improvements or enhancements to the system.
It’s also common to monitor performance data and usage patterns to inform future development or
updates.

Key outcomes of the utilization stage include:

¢ Training of personnel for operations
¢ Solis installed in operational environment and capable of being operated

* New opportunities for Sol enhancements are identified through stakeholder feedback.

Support Stage

Running in parallel with the utilization stage, the support stage ensures that the system continues
to function effectively over time. It includes activities such as routine maintenance, troubleshooting,
software updates, and logistical support. Depending on the system, the support stage can be crucial for
sustaining service availability and user satisfaction.

Support also involves correcting any deficiencies that may arise, as well as updating documentation and
procedures based on operational experience. Well-planned support strategies can significantly extend
the life of a system and reduce total ownership costs.

Key outcomes of the support stage include:

¢ Trained personnel to perform supporting activities

¢ Organizational and support system interfaces are provided that allow to resolve problems and
perform corrective actions.
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e Problems and deficiencies are identified and corrected.

Retirement Stage

Eventually, every system reaches the end of its useful life. The retirement stage involves the planned
and responsible removal of the system from its operational environment, as well as discontinuation of
related operational and support services. This includes decommissioning activities, such as dismantling
equipment, archiving data, and restoring the operational environment, if necessary.

Planning for retirement often begins well before the actual end of service, especially for systems with
environmental, safety, or legal implications. The focus is on ensuring a smooth and secure retirement,
minimizing disruptions, and documenting lessons learned for future projects.

Key outcomes of the retirement stage include:

¢ Enabling systems and services to remove the Sol from its operational environment are available.
¢ The operational environment is returned to its original or an agreed state

¢ Sol is removed from its operational environment and all related enabling systems and services are
discontinued.

ISO Life Cycle Processes

ISO 15288 defines Systems Engineering processes that can be applied in each stage of the life cycle.
The processes are further organized into the categories: Agreement processes, Organizational project-
enabling processes, Technical management processes, and technical processes. Table 2.2 provides an
overview of the life cycle processes found in ISO 15288. The life cycle processes define more detailed the
systems engineering work that is performed, while the life cycle model provides an overview of the
purpose and the main outcomes for each stage / phase in the life cycle. This means that the framework
provided in the ISO 24748-1 is only loosely linked to the exact definition of systems engineering processes
in ISO 15288. The selection of which life cycle processes will be applied during which life cycle stages
has to be made individually for each project and usually will be agreed upon between the project
management and the customer [37]. This selection and agreement of life cycle processes is guided by
the specific purpose and expected outcomes for each life cycle stage and the life cycle stage entry and
exit criteria, keeping in mind the overall risk posture for the project.
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Table 2.2: ISO/IEC/IEEE 15288 System Life Cycle Processes Overview

Category Process
Acquisiti

Agreement Processes cquiston
Supply

Organizational
Project-Enabling Processes

Life Cycle Model Management
Infrastructure Management
Portfolio Management

Human Resource Management
Quality Management
Knowledge Management

Technical
Management Processes

Project Planning

Project Assessment and Control
Decision Management

Risk Management
Configuration Management
Information Management
Measurement

Quality Assurance

Technical Processes

Business or Mission Analysis
Stakeholder Needs and Requirements
Definition

System Requirements Definition
Architecture Definition

Design Definition

System Analysis
Implementation

Integration

Verification

Transition

Validation

Operation

Maintenance

Disposal

The agreement processes, organizational project-enabling processes and technical management processes
are applied throughout all life cycle stages. For technical processes, the ISO 24748-2 [40] and the INCOSE
Systems Engineering Handbook [63] both provide some general guidelines which processes might be
applied during the different stages, while still emphasizing the importance of tailoring the selection
to the specific project needs. The technical processes that are used during system development relate
closely to the typical work packages of a systems engineer and can be further categorized in the following

manner [40, 63]:
Understand Needs:

* Business or Mission Analysis

¢ Stakeholder Needs and Requirements Definition

¢ System Requirements Definition
Define the Solution:

e Architecture Definition
¢ Design Definition

Realize the Solution:
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¢ Implementation
¢ Integration

® Verification

¢ Transition

e Validation

The System Analysis Process runs concurrently to all other processes during the development of the
system, while Operation, Maintenance and Disposal Processes are invoked after the system has been
developed. This categorization is consistent with the typical Vee model presented in subsection 2.2.1.
The left side of the Vee corresponds to the processes in the categories Understand Needs and Define the
Solution. The bottom of the Vee corresponds to the Implementation process and the right side of the Vee
corresponds to the Integration, Verification, Validation and Transition Processes. To understand how
these life cycle processes are applied throughout the life cycle of space projects specifically, first, the
individual technical processes will be described briefly, and then the life cycle models of typical ESA
and NASA missions will be discussed with the goal of mapping the technical processes from ISO 15288
to the ESA and NASA life cycle models.

ECSS Life Cycle Model
The ECSS life cycle model consists of 7 major phases, as shown in Figure 2.5. Phase 0 is also referred
to as Pre-Phase A. After each phase, a review is held to evaluate the project status and confirm the

readiness to move into the next project phase. Each of the phases presented in the following are further
described in [13, 14, 12].

Fhase 0 Fhase A Phase B Phase C Phase D Phase E Fhase F
Mission Analysis Prelimina Operations /
and Needs Feasibility Definit o Dietailed Definition Qualification and Praduction LTI' fi Disposal
Identification Ehnitan fiization
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< MDR. = <2 PRR e |5RR. " PDR 2 < CDR. = = QR | “ oRR— 2 ELR = < MCR =
< FRE<CRR™
< LRR ™|
Figure 2.5: ECSS Life Cycle Model
Phase 0

This phase marks the starting point of an ESA project life cycle and is dedicated to identifying and
articulating the mission’s fundamental needs, objectives, and constraints. The primary goal of this
phase is to determine the overall feasibility of the mission concept and lay the foundation for further
technical and programmatic development.

During Phase 0, a comprehensive analysis is carried out to translate user needs into high-level
mission requirements. This involves collaborating with the customer to understand the intended
mission outcomes and required performance, as well as to identify environmental, technological, and
operational constraints for the mission.

A key task in this phase is the generation of possible mission concepts that could fulfill the customer
needs. These concepts are evaluated with regards to technical feasibility, alignment with mission
objectives, and compatibility with existing technologies or technologies currently under development.
Alongside the technical considerations, preliminary assessments of programmatic aspects such as
mission cost, development timelines, and risk factors are also performed.

From a systems engineering (SE) perspective, this phase includes the derivation of mission-level
requirements from user needs, the generation of candidate system concepts, and the preparation of
documentation for the Mission Definition Review (MDR). The MDR is a decision gate to assess whether
the mission is sufficiently defined and ready to proceed to Phase A. It typically involves reviewing the
mission statement, validating the preliminary technical requirements, and confirming the programmatic
viability of the proposed concepts.
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Phase A

The overarching goal of this phase is to identify, compare and validate multiple technically and
programmatically viable solutions that can fulfill the mission requirements and serve as a baseline for
more detailed development in Phase B.

This phase includes evaluation of candidate concepts through detailed analysis of their technical and
life cycle implications. System architectures and operational approaches are defined and compared
against the mission objectives.

As part of the systems engineering effort, customer needs and mission requirements undergo further
refinement and validation. This ensures that the technical requirements derived from Phase 0 are
consistent with the actual expectations and constraints of the stakeholders. The system functionality is
then analyzed and decomposed into a functional tree, which supports early system architecture and
interfaces definition and lays the foundation for subsequent system design.

In parallel, preliminary plans are developed for how the project will be managed in the following phases.
This includes the preparation of the management plan, the systems engineering plan, and the product
assurance plan, as well as a preliminary verification approach.

The end of Phase A is marked by the Preliminary Requirements Review (PRR). At this stage, a preferred
system and operations concept is selected and baselined, and the initial verification strategy is reviewed.
Critical technical risks and items are identified and tracked, along with a revised assessment of
overall programmatic risk. The PRR confirms that the selected concept is both technically feasible and
programmatically viable, and that the project can proceed into the next phase.

Phase B

Phase B focuses on developing a solid and detailed planning for the full-scale development of the system
in the next phase. Building on the concept and baseline selected at the end of Phase A, this phase has
the goal to confirm that the chosen system concept is technically and programmatically sound. The
goal is to finalize key planning elements and prepare all aspects of the project for detailed design and
development.

A major activity in Phase B is the finalization of core planning documents. The project management,
systems engineering, and product assurance plans are completed, setting out how the rest of the project
will be organized and controlled. Alongside this, key project structures such as the master schedule, cost
baseline, work breakdown structure, organizational breakdown, and specification tree are established.

From a technical perspective, Phase B involves confirming the feasibility of the system concept and
selecting the preferred technical solutions. A preliminary design definition is created to describe the
system and its elements and interfaces. This includes defining external interfaces with other systems or
stakeholders and beginning development on any critical technologies that are necessary for the mission.
Long-lead items are identified and procurement may already begin during this phase.

Verification planning is also part of Phase B. A clear approach to system verification is developed,
including the overall model philosophy that will guide how prototypes, test models, and flight models
are used throughout the project. Business and technical agreements with suppliers may also be set up
at this point.

Two key milestones are part of Phase B. The first is the System Requirements Review (SRR), which
ensures that all system-level requirements are well defined and aligned with mission objectives. This
review leads to the release of the final technical requirements specifications. The second milestone is
the Preliminary Design Review (PDR). The successful completion of the PDR indicates that the system
design is ready to move into detailed development in Phase C.

By the end of Phase B, final versions of the planning documents, including the Systems Engineering
Management Plan, product breakdown structures, and the verification plan are released. The systems
engineering activities ensure that the chosen preliminary design is verified to meet technical requirements
and that there is a clear and consistent development and verification approach in place for the rest of
the life cycle.

Phase C
Phase C is dedicated to completing the detailed design of the system and preparing for its full-scale
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manufacturing and qualification in Phase D. It marks the transition from high-level architectural and
functional definitions to more detailed technical specifications and design definition. The activities
in this phase are guided by the model philosophy and verification strategy established in the earlier
phases.

A key objective of Phase C is to finalize the detailed system design. This involves defining all subsystems,
components, and interfaces in detail. Internal and external interfaces are reviewed and finalized to
ensure that the system can be integrated.

In parallel with the design effort, development testing is carried out on critical system elements
and components. This testing is supported by the creation of engineering models that are used to
verify design assumptions and reduce risk. The results of these tests provide important input to the
qualification and validation of the system.

During this phase, planning for assembly, integration, and testing (AIT) is also finalized. This includes
defining how subsystems will be assembled, how the integrated system will be tested, and the procedures
that will be followed for manufacturing and testing. Additionally, a preliminary version of the user
manual is prepared, describing how the system will be operated.

The final milestone of Phase C is the Critical Design Review (CDR). This review serves as a formal
approval of the complete system design. It also includes an evaluation of the AIT plans and the
preliminary user manual. The CDR confirms that the design is approved, that all interface definitions
are complete and compatible, and that the system is ready to move forward into production and
qualification in Phase D. It also assesses whether the verification and validation progress is on track
with the project timeline.

From a systems engineering perspective, Phase C ensures that the system design is fully defined and
that all technical requirements are addressed in a traceable and verifiable manner. The successful
completion of this phase means that the complete system design is in alignment with mission goals and
needs and the AIT plan and the planned V&V activities will provide the necessary proof that will lead
to complete Qualification and Acceptance of the System.

Phase D

Phase D focuses on completing the system’s qualification, producing the flight hardware and software,
and preparing the system for operational use. This phase moves the project from design to fully built
and tested components, ensuring everything is ready for delivery and launch.

The main technical goal is to finalize all verification activities, including qualification testing to
demonstrate that the system meets all applicable requirements. Manufacturing, assembly, and integration
of flight units and ground support equipment are carried out during this phase. Interoperability between
space and ground segments is also tested to confirm readiness for mission operations.

The Qualification Review (QR) confirms that the system has passed all required tests, and that verification
records are complete and accurate to prove final qualification of the system. The Acceptance Review
(AR) ensures the final product is free of workmanship errors, all deliverables are in place, and the
as-built system matches the as-designed system description. The Operational Readiness Review (ORR)
is conducted at the end of Phase D to confirm the readiness of the operations team and the compatibility
of operational procedures with the flight system. This review marks the transition to Operations

From a systems engineering perspective, this phase finalizes the development and conducts qualification
and acceptance testing of the system, while keeping full traceability between test results, design
definition, and requirements on all levels. Furthermore, the preparations for transition into operational
phase of the project are performed.

Phase E

Phase E focuses on executing the mission through launch, in-orbit verification, nominal and extended
operations, and preparations for eventual end-of-life activities. This phase begins with placing the
system into its operational environment and continues through the full utilization of the space and
ground segments, ensuring mission objectives are achieved.

The main technical goal is to perform the Launch and Early Orbit Phase (LEOP), complete on-orbit
verification and commissioning, and carry out routine mission operations. During this phase, the



Chapter 2. Literature Review 2.2. Systems Engineering 16

system’s performance in space is confirmed, and operational procedures are refined and executed.

The Flight Readiness Review (FRR) confirms the readiness of all flight and ground segments, including
communication, tracking, and safety systems, for launch. The Commissioning Result Review (CRR)
validates that the system meets its in-orbit performance requirements and confirms readiness for routine
operations, often marking the formal handover to the satellite operators. At the end of this phase, the
End-of-Life Review (ELR) verifies that the mission has completed its service and that the system is in a
safe configuration for disposal.

From a systems engineering perspective, this phase involves supporting the launch campaign, assisting
the operations team, participating in all major reviews, and providing technical support for any anomaly
investigation and resolution throughout the operational period as needed.

Phase F

Phase F focuses on the safe and controlled disposal of all space and ground assets at the end of the
mission. This includes the execution of the previously defined disposal plan, ensuring compliance with
applicable regulations and minimizing long-term risks to the space environment.

The phase concludes with the Mission Close-Out Review (MCR), which confirms that all disposal
activities have been properly completed and that the system has been safely decommissioned.

From a systems engineering perspective, this phase involves supporting the organization responsible
for disposal and supporting the completion of the MCR.

Mapping of ISO 15288 Processes to ESA Life Cycle Phases

Based on the description of the ECSS life cycle model a mapping is shown in Table 2.3. This mapping is
an indication of which technical processes from ISO 15288 are most relevant during the different ECSS
project phases. The ISO processes regarding technical management, organizational project-enabling,
and agreement processes are relevant during all project phases. Processes regarding the needs and
requirements definition and refinement are most important in the early stages, while architecture and
design definition processes are most dominant in phases A, B and C. System analysis is conducted
in all project stages, at different levels of detail, to support all other processes. As mentioned above,
the purpose of all reviews at the end of each project phase is to validate that the deliverables align
with the actual stakeholder needs, so validation is always performed in all phases. The verification
process starts already in Phase A. As can be seen in Table A-1: Systems engineering deliverable documents
of the ECSS-E-ST-10C Rev.1 [12], the verification plan is an expected deliverable for the Preliminary
Requirements Review (PRR) at the end of Phase A. While most of the implementation and manufacturing
of system components is started in Phase C and completed in Phase D, development of long-lead
components can already be started in Phase B. Even though previous phases are already concerned with
verification of models of the system and its components, as well as planning for the final verification
and validation approach, the majority of the work to actually perform verification and validation is
conducted during Phase D.
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Table 2.3: ECSS Phases to ISO 15288 technical processes mapping

ISO 15288 Technical Process|Phase 0 (Phase A |Phase B|Phase C |Phase D |Phase E |Phase F

Stakeholder Needs and .
Requirements Definition

System Requirements
Definition

System Architecture Definition

Design Definition

NEAER KRR

<

System Analysis

RNE KK KK

CYNCS S HES R ES LN

Implementation

NE &R KK

Integration
Verification
Validation
Transition
Operation
Maintenance

Disposal

NASA Life Cycle Model
The life cycle model for NASA missions, on a high level, is very similar to the ECSS one, with some
differences that can be seen when looking at it in a bit more detail.

Pre-Phase A Phase A Phase B Phase C Phase D Phase E Phase F
o . Systemn Assembly
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Figure 2.6: NASA Life Cycle Model

Like the ECSS model, the NASA life cycle model consists of 7 phases which follow the same naming
pattern, as shown in Figure 2.6. One notable difference is that the Key Decision Points to progress from
one phase to the next are not automatically connected to a review, but are separate milestones in the life
cycle (not shown in Figure 2.6). The purpose of the different project phases are so similar to the ECSS
description, that they will not be presented in detail in this thesis. The added value of considering the
NASA life cycle model in the literature review is given by the fact that similarly to the life cycle processes
in the ISO 15288 and the INCOSE Systems Engineering Handbook, the NASA Systems Engineering
Handbook also describes Technical Development Processes. These are organized into the categories of
System Design Processes which corresponds to activities on the left side of the Systems Engineering Vee
Model and Product Realization corresponding to the right side of the Vee. The processes are:
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¢ System Design Process

Stakeholder Expectation Definition

Requirement Definition

Logical Decomposition

Design Solution Definition

e Product Realization

Product Implementation

Project Integration

Product Verification
Product Validation

Product Transition

Additional processes are part of the Crosscutting Technical Management category which applies to all
project phases, similar to the technical management processes from ISO 15288. The NASA Systems
Engineering Handbook states that all Technical Development Processes should be applied during
pre-phase A, phase A, and phase B, for each system level, constituting one full Vee model cycle. Phase
C and Phase D together constitute a final Vee model cycle, where Phase C includes all activities from
the left side, as well as final implementation, while Phase D includes all activities from the right side
of the Vee model and finishes with the start of the preparations for operations. The CDR marks an
important milestone for the system, which occurs during Phase C, in order to confirm that the design
of the system conforms to requirements and stakeholder needs. A CDR should always be conducted
before any manufacturing or other implementation activities are started. On system level, the CDR
marks the transition from final design activities to full fabrication of the system.

Comparison

Figure 2.7 shows a side-by-side comparison of the presented life cycle models from ISO, ECSS and
NASA. To understand the scope of this thesis, it is important to define clearly what is meant by the term
"post-CDR" in the context of space missions. In both the ECSS and the NASA life cycle, the CDR marks
the final review of the system design. Passing CDR results in confirmation that the system design will
be able to meet system requirements and stakeholder needs. After CDR, the development activities
focus on fabrication, integration, verification, and validation of the system.

ISONEC/EEE 15288:2015 Concept Production Utilization Retirement
and INCOSE > Stage >> Developmentolins > Stage Stage >> Stage >

Support
Stage

E3A Phase 0 Phase A Phase B Phase C Phase D Phase E Phase F
Mission Analysis Prefimina Operations /
and Meeds Feasibility inary Detailed Definition ‘Qualification and Production peratio Disposal
e Definition Utilization
Identification
- -
NASA Pre-Phase A Phase A Phase B Phase C Phase D Phase E Phase F
- . System Assembly
) Concept and Preliminary Design y . N Integration & Test, Operations and
Concept Studies Technology and Technology Final Design and Fabrication h Closeout
Development Completion Launch and Sustainment
" a Checkout
1 1 [

Figure 2.7: Life Cycle Model Comparisons
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Requirements Volatility over Project Life cycle

Requirements volatility refers to the percentage of requirements that are added, deleted, or modified
over time. This includes requirements creep (i.e. increase in number or scope of requirements)
and requirements churn (instability due to frequent modifications). Such volatility is an inherent
characteristic of complex system development projects, driven by evolving stakeholder needs and
increasing system understanding over time [55].

Requirements volatility is strongly dependent on the system life cycle phase. In early project phases, a
relatively high level of volatility is expected and can even be considered beneficial, as requirements are
refined and system knowledge matures. As the project progresses toward later phases, the overall level
of volatility typically decreases, reflecting an increasing stabilization of the system baseline definition
and requirements. However, studies show that volatility does not decrease monotonically, but can
exhibit peaks at transitions between life cycle phases, where new insights, inconsistencies, or integration
challenges are uncovered [55].

While requirement changes in early phases can often be accommodated with limited effort, changes
introduced in later life cycle phases have significantly higher consequences. These changes may require
rework and thereby increasing both cost and schedule pressure [55]. This effect is consistent with
classical systems engineering observations that the cost and effort associated with changes increase
substantially as the system progresses through its life cycle, as presented earlier.

Furthermore, requirements volatility has been shown to directly impact systems engineering effort by
increasing the functional size of the system and inducing rework across engineering artefacts. Even
seemingly minor changes can propagate through multiple system elements due to interdependencies,
leading to cumulative effects on project performance. As a result, requirements volatility is recognized
as a major driver of project risk and a key factor influencing cost, schedule, and quality. [55]

This research on requirements volatility conducted by Mauricio Pefia and Ricardo Valerdi [55] shows
the importance of maintaining end-to-end traceability and managing system complexity are essential
throughout the entire project life cycle.

The increasing complexity of modern space systems and their tightly coupled architectures further
increases the effects of requirements volatility. Model-Based Systems Engineering (MBSE) approaches
have been proposed to address these challenges by enabling traceability, consistency, and impact analysis
across system artefacts [4]. This is particularly relevant in later lifecycle phases, where requirement
changes propagate across design and verification elements and can lead to significant rework.

2.2.3. Systems Engineering Activities after Critical Design Review

The different ISO life cycle processes and NASA development processes that are applied after CDR in
space projects provide an understanding of the role of systems engineering in these project stages. As
mentioned above, the main systems engineering activities that are still part of system development, but

are conducted after CDR are focusing on system integration, verification, validation, and transition. [63,
13, 50]

In real life projects, the CDR usually happens after implementation of some of the system elements has
already started [17, 69]. The end of the system development process is marked by the transition of the
final product to the end-user or operator. In the NASA life cycle model, successful transition is marked
by passing Operational Readiness Review (ORR). [50]

The INCOSE Systems Engineering Handbook provides an overview of all ISO life cycle processes (see
Table 2.2) and their interrelation with each other in the form of a large N2-Chart, which can be seen
in Figure C.1, in the annex, which has been modified from the diagram found in the INCOSE Systems
Engineering Handbook [64]. The relevant technical processes for post-CDR are indicated in red as
belonging to the "right side of the V". Each life cycle process is abbreviated with an acronym, the legend
explaining which acronym corresponds with which life cycle process can be found in Appendix C or in
the INCOSE Systems Engineering Handbook [64], which also includes a short description of the entities
flowing as inputs and outputs between the processes in Appendix E of the Handbook.
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Implementation

Purpose of the implementation process is to create the system elements according to their specifications.
This process starts with creating and defining the procedures, tools, and equipment to be used for
implementation of the system elements. The systems engineers collaborate with stakeholders and
domain expert engineers to document any constraints imposed on the system, that originate from the
concrete implementation strategy, as well as create implementation plans to ensure access to required
resources for implementation. Software and hardware is inspected and verified during implementation
to confirm correct functionality. An important decision related to the systems engineering work is
whether a system element shall be produced / coded in-house, bought from an external supplier, or
reused from previous projects. [63, 64, 50]

If the decision is to buy or reuse, the system element needs to be inspected carefully against the
specifications, and any required adaptions are done. For components that are produced in-house,
the development should be supported from a systems engineering perspective by keeping track of
implementation progress, especially for elements on the critical path in the implementation schedule. [63,
64]

The input and output relations to other ISO life cycle processes are shown in Table 2.4. The artifacts are
listed, with the source and target processes indicated by their acronyms in brackets.

Table 2.4: Inputs and Outputs for the Implementation Process, from [64]

Implementation Inputs Implementation Outputs

Life cycle concepts (BMA, SNRD) Implementation strategy/approach (PP)

System viewpoints, views and models (SRD, SAD, DD) System element (INT)

System architecture description (SAD) System element description (INT)

System architecture rationale (SAD) Training materials (TRAN)

System design description (DD) Constraints on solution (DM, BMA, SNRD, SRD, SAD, DD,

SA)

System design rationale (DD) Requirements imposed on enabling systems (ENAB)

System interface definition (SAD, DD, INT) Traceability mapping (ENAB)

System design characteristics (DD) Implementation report (PAC)

System element description (DD) Implementation records/artifacts (KM)
Integration

After implementation of the system elements from their specifications, the integration process focuses
on building up the Sol by combining its elements into one system. The system elements can be software,
hardware, or operational components. A major part of the work of a systems engineer during integration
is to make sure that the interfaces between system elements are correctly implemented and conforming
to interface requirements. This process runs in parallel to the verification process, to check interfaces,
functionality and critical characteristics before and during system integration. [64]

Typically, systems engineers are also tasked with tracking conformance to requirements during
integration and addressing any non-conformance that might come up. It is important that bidirectional
traceability is maintained during integration between the integrated system, the design definition, the
system requirements and the integration plans and procedures. [64, 50]

The input and output relations to other ISO life cycle processes are shown in Table 2.5. The artifacts are
listed, with the source and target processes indicated by their acronyms in brackets.
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Table 2.5: Inputs and Outputs for the Integration Process, from [64]

Integration Inputs Integration Outputs

Life cycle concepts (BMA, SNRD) Integration strategy/approach (PP)

System architecture description (SAD) Integration procedure (PAC)

System architecture rationale (SAD) Integrated system or system element (VER)

System design description (DD) System interface definition (INT, TRAN)

System design rationale (DD) Constraints on solution (DM, BMA, SNRD, SRD, SAD, DD,
SA)

System interface definition (SAD, DD, INT) Requirements imposed on enabling systems (ENAB)

System element (IMPL) Traceability mapping (ENAB)

System element description (DD) Integration report (PAC)

Accepted system or system element (ACQ) Integration records/artifacts (KM)

Reused system or system element (KM)

Verification
Purpose of verification is to generate evidence that the system conforms to its requirements and
characteristics [37]. The outputs of the verification process, according to [64] prove:

e that the system that was verified "has been made right", i.e. according to specifications [50, 64, 37],
¢ that no errors, defects, or faults are exhibited when operating the system.

e that the selected verification strategy, method, and procedures are suitable to detect any anomaly
in the system, should an anomaly occur.

Systems Engineers prepare for the verification process by identifying the verification scope, defining the
requirements to be verified during different verification activities, and supporting verification planning
and helping define the overall verification strategy. Each verification activity can consist of multiple
verification actions, while each verification action needs to specify at least one verification method and
associated success criteria. The ECSS specifies the following verification methods [9]:

¢ Test
* Analysis
¢ Review of Design

¢ Inspection

Depending on the life cycle stage, the verification method can differ for a given requirement. Space
systems go through different stages of verification, which adds another dimension to the verification
strategy. Typical verification stages include qualification, acceptance, pre-launch, and in-orbit /
commissioning verification. Depending on the verification stage, different test levels can be applied, e.g.
qualification levels and acceptance levels in a satellite mission. [9]

The input and output relations to other ISO life cycle processes are shown in Table 2.6. The artifacts are
listed, with the source and target processes indicated by their acronyms in brackets.
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Table 2.6: Inputs and Outputs for the Verification Process, from [64]

Verification Inputs Verification Outputs

Life cycle concepts (BMA, SNRD) Verification strategy /approach (PP)

Verification criteria (SNRD, SRD, VER) Verification criteria (VER)

System requirements (SRD) Verification procedure (PAC)

System architecture description (SAD) Verified system requirements (SRD)

System architecture rationale (SAD) Verified systems architecture and design (SAD, DD)

System design description (DD) Verified system (TRAN, VAL)

System design rationale (DD) Other verified artifacts (PAC)

System interface definition (SAD, DD) Constraints on solution (DM, BMA, SNRD, SRD, SAD, DD,
SA)

Integrated system or system element (INT) Requirements imposed on enabling systems (ENAB)

Integration report (INT) Traceability mapping (ENAB)

Verification report (PAC, TRAN, VAL)
Verification records/artifacts (KM)

Validation

In contrast to verification, the purpose of validation is to provide objective evidence that the system,
when used under operational conditions, fulfills its intended use, mission objectives, and stakeholder
needs and requirements [37]. Validation ensures that "the right system has been made," i.e., that the
delivered system performs as expected in its actual operational environment and delivers the outcomes
as desired by its stakeholders [64].

Similar to verification, the validation process begins with establishing a clear validation scope, identifying
the stakeholder needs and operational objectives to be validated in different validation activities. Any
additional constraints or objectives from the validation strategy that should be reflected within the
set of stakeholder requirements need to be identified and captured. Planning for validation includes
defining the steps to be performed for validation, the required enabling systems, ensuring access to the
operational environments, or suitable analogues, and selecting appropriate validation methods along
with associated success criteria. [50, 63, 64]

Each validation action typically corresponds to a specific system usage scenario and is realized through
the execution of one or more validation procedures. As in verification, these procedures must specify
the validation method, the conditions under which validation is successful, and the expected outcomes.
However, validation differs from verification in that validation always involves checking against
stakeholder needs. Validation activities are typically conducted at key milestones of the system life
cycle. [50, 63, 64]

Traditionally, the results of validation actions are captured in a validation report. Any identified defects,
deviations from expected behavior, or operational incidents must be tracked and resolved. Additionally,
traceability must be maintained between validated system elements and the associated validation
artifacts, such as procedures, results, and stakeholder requirements/needs, to ensure full coverage
across the system life cycle [37, 63, 64].

The input and output relations to other ISO life cycle processes are shown in Table 2.7. The artifacts are
listed, with the source and target processes indicated by their acronyms in brackets.
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Table 2.7: Inputs and Outputs for the Validation Process, from [64]

Validation Inputs Validation Outputs
Life cycle concepts (BMA, SNRD) Validation strategy/approach (PP)
Validation criteria (SNRD, VAL) Validation criteria (VAL)
Stakeholder needs and requirements definition (SNRD) Validation procedure (PAC)
System architecture description (SAD) Validated stakeholder needs and requirements (SNRD)
System architecture rationale (SAD) Validated system architecture and design (SAD, DD)
System design description (DD) Validated system (SUP, TRAN)
System design rationale (DD) Other validated artifacts (PAC)
System interface definition (SAD, DD) Constraints on solution (DM, BMA, SNRD, SRD, SAD, DD,
SA)
Verified system (VER) Requirements imposed on enabling systems (ENAB)
Verification report (VER) Traceability mapping (ENAB)
Installed system (TRAN) Validation report (PAC, TRAN)
Transition report (TRAN) Validation records/artifacts (KM)
Transition

Transition is the last step before the end system is being operated in its operational environment or a
lower level end product is integrated into a higher level system. All remaining necessary preparations
for operations or higher level integration are made during the transition process. At system level, the
transition process can include a handover from the developer to the end-user, e.g. from the satellite
developer to the satellite operator in the case of a satellite mission. Key documentation that is finalized
during the transition process is the operations manual. When the transition process is applied to lower
system levels, i.e. for subsystems and components, the transition for the subsystem effectively runs in
parallel with the preparations for the integration process at system level. [50]

The input and output relations to other ISO life cycle processes are shown in Table 2.8. The artifacts are
listed, with their source or target processes indicated by their acronyms in brackets.

Table 2.8: Inputs and Outputs for the Transition Process

Transition Inputs Transition Outputs

Life cycle concepts (BMA, SNRD) Transition strategy /approach (PP)

System interface definition (SAD, DD) Installation procedure (PAC)

Verified system (VER) Installed system (SUP, VAL, OPER)

Verification report (VER) Trained personnel (OPER, MAINT, DISP)

Validated system (VAL) Constraints on solution (DM, BMA, SNRD, SRD, SAD, DD,
SA)

Validation report (VAL) Requirements imposed on enabling systems (ENAB)

Training materials (IMPL) Traceability mapping (ENAB)

Transition report (PAC, VAL, OPER)
Transition records/artifacts (KM)

NASA Product Realization Processes Input-Output Relationships

Similarly to the input output relations presented in the INCOSE Handbook, the NASA Systems
Engineering Handbook also discusses the topic. Figure 2.6 shows a simplified flowchart like diagram
that indicates input output relations between the five technical processes related to realization of the
product. It shows clearly the purpose of the transition process to make a validated (sub)system available
for integration into the next system level. To this end, the transition process for example provides
enabling products for the next iteration of product realization processes.
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Figure 2.8: NASA Product Realization Processes, from [50], adapted by the author

2.2.4. Reviews after CDR

After passing CDR, the systems engineering work in space projects will focus on preparing for the next
reviews. In the ESA life cycle, the next reviews are the Qualification Review (QR), the Acceptance Review
(AR), and the Operational Readiness Review (ORR). In the NASA life cycle, the reviews following the
CDR are the Production Readiness Review (PRR), System Integration Review (SIR), System Acceptance
Review (SAR) and Operational Readiness Review (ORR). The purpose of the Reviews specified in
the ECSS and NASA literature is summarized in Table 2.9. The main difference between the reviews
specified in ECSS and NASA standards is that the ECSS specifies a Qualification Review, while at NASA,
there is a System Integration Review instead. The System Integration Reviews’ purpose is to confirm
that the system is ready to undergo integration. Such a review is not explicitly mentioned in the ECSS
life cycle process, but partially included in the CDR. The ECSS introduces the Qualification Review after
qualification testing is completed. A dedicated review for that purpose is not included in the NASA
life cycle by default, but covered during the Acceptance Review, which exists in both the ECSS and the
NAGSA life cycle. The Reviews from Table 2.9 focus primarily on the Assembly, Integration, Verification,
and Validation efforts of the project, which is consistent with the previously discussed project life cycle
models used at NASA and ESA.
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Table 2.9: ECSS and NASA Reviews description

ECSS NASA

Review Purpose Review Purpose

* Assess the qualification and validation

plans fc?r phase D il : * Product baseline, production plans, and
¢ Confirm compatibility with external verification plans an roved
CDR interfaces CDR erification plans are approve

* Authorization for system qualification

® Rel final desi . . .
elease final design testing and integration

* Release manufacturing, assembly,
integration, and test planning

¢ Integration Plans and procedures are on
track for completion

¢ Integration workflow is clearly defined
and documented.

¢ Allinterfaces have been tested to ensure
that integration can proceed successfully

SIR

¢ Confirm that verification process has
QR demonstrated that the design meets
applicable requirements.

e Tests show that system will perform in the
expected operational environment
¢ System meets acceptance criteria

¢ Confirm that product is free of
workmanship errors and ready for
operational use

AR . . . SAR * Lessons learned for organizational
* Verify the as-built product against . ;
. improvement and operations are captured
as-designed product o All 1 iable. showing th
« Authorize delivery of the product test results are available, showing that
Verification and Validation is passed
e Verify readiness of the operational ;Ofrir;?zmeizzto?;ﬁem is ready to assume
procedures and compatibility with the flight perat .
svstem ¢ All supporting systems and personnel is
ORR 4 ORR ready for operations

¢ Verify readiness of operations team
* Accept and release ground segment for
operations

® Operations plans, procedures and
schedules are consisten with mission
objectives.

ECSS and NASA defines the set of documents that are required for entering the Qualification Review.
These documents give an indication on what information is expected to be presented and discussed
during the reviews. For the ECSS, all the required documents are indicated in Table A-1 of the
ECSS-E-ST-10C Rev.1 [12], and for NASA reviews all documents are listed in Table 5-1 of the NPR
7123.1D NASA Procedural Requirements Document [51]. Both the ESA and NASA standards show
that each review after CDR is concerned with the same type of documents, just at different stages of
completion. For the purpose of this thesis, the focus will lie mostly on the reviews that are directly
following the CDR, meaning the Qualification Review in the ECSS and the System Integration Review
in the NASA standards. In both cases, important documents to be delivered include the Verification
Plan, Test Specifications, Procedures and Reports, and Documents for Verification Control. These will
be discussed further in subsection 2.3.2.

2.3. Assembly, Integration, Verification, and Validation

In space projects, the tasks related to verification, validation and testing are usually associated with
the role of an AIV Engineer. Even though the name AIV Engineering could be misinterpreted as being
involved only during the later phases of a project, when the system is assembled and tested, in reality
AIV Engineers are involved during all phases of the project life cycle. During the earlier stages, the most
amount of work is spent on planning and optimizing the V&V approach and planning and making use
of early (digital or physical) prototypes to conduct early verification of the system. Once the system
design is matured, the project is moving into the verification and testing phase in order to provide proof
that the developed system complies with requirements and is able to fulfill the customer needs. [69, 17]



Chapter 2. Literature Review 2.3. Assembly, Integration, Verification, and Validation 26

2.3.1. V&V common principles

There are common AIV principles stated in literature, that describe the working processes for AIV
engineering, which are applied during the whole project life cycle. These common principles and
processes are explained in the next section.

Book - Guide to Verification and Validation [69]

In their Book Guide to Verification and Validation, Wolfgang et al. define several stages to categorize the
verification and validation efforts. These stages are the Planning, Definition, Execution Stage, Reporting,
and Approval. They need to be considered throughout the project life cycle by the AIV Engineers.

The first step of Planning Stage for V&V is to establish the success criteria for the verification
and validation efforts. The success criteria can originate for example from stakeholder needs and
requirements, organizational standards, qualification, acceptance and certification requirements and the
design outputs. Another related and important aspect of V&V success criteria is to ensure that needs
statements and requirements are verifiable.

After the success criteria are established, the overall V&V strategy is determined or updated. A key
aspect in the strategy is to balance the insights achieved through testing with cost-effectiveness of the
overall approach. The authors suggest a risk-driven approach to deciding the depth and scope of
the V&V activities, taking into account possible impacts and uncertainties on product performance,
project schedule, and overall project cost. Furthermore, the V&V strategy needs to be aligned with any
external parties, like suppliers and facility providers. Other activities include setting up and updating
the verification and validation matrices, which provide means to control the status of verification and
close-out of requirements and to select the verification and validation methods to be used for each
requirement. The management of V&YV attributes is a crucial part of monitoring the V&V efforts of
a project. The authors recommend a digital tool that enables automation and mention MBSE as one
option for such a tool. According to the authors, parameters to track per requirement usually include
the following

¢ Need/requirement ID and description

® Success criteria

¢ Strategy reference

¢ Verification / Validation Method used

e Verification activity ID

¢ Event ID (for project schedule)

e Hardware maturity (e.g., development model, prototype, production)
¢ Preliminary or final activity status

* Integration level (in system architecture)

* Responsible organization/institution

e Priority from a stakeholder perspective (high, medium, low)

¢ Criticality (essential or not for the system to achieve its main purpose)
* Safety/security risk association

® Date and time when the activity is performed

¢ Serial numbers or other identifiers of any hardware used.

The Definition Stage of V&V ensures that each system element, subsystem, and interface of the
System of Interest (SOI) will be properly verified and validated before being integrated into higher-level
assemblies.

The authors recommend conducting V&V activities at each hierarchical level of the system architecture
prior to integration. This is especially critical for verifying interfaces, which are common sources of
integration failure. Model-Based Systems Engineering (MBSE) tools can support this effort by enabling
early modeling of interface behavior, and by revealing hidden interfaces and interactions.
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Each V&V activity must be formally documented. These Verification Activity Definitions form
the foundation for the development of corresponding verification or validation procedures. Each
activity definition includes key attributes such as the verification method, success criteria, responsible
organization. Verification activities are derived from the requirements that are to be verified or validated.
The description of the V&V activity also specifies the equipment and facilities used, data collection
and evidence recording protocols, and the roles and responsibilities of all participants. This forms the
basis for development of the V&V procedures. The procedures themselves clearly define steps and
actions, often in the form of checklists and may invoke other pre-existing procedures or routines (e.g.,
equipment power-up or configuration steps).

Each procedure is structured to gather the data necessary to demonstrate that the defined success criteria
have been achieved. Once developed, procedures are reviewed and, in more complex or safety-critical
situations, dry runs may be performed. Only after successful review and validation are the procedures
approved, baselined, and the V&V activity is performed.

The Execution Stage marks a crucial stage in the engineering development life cycle, as it involves
performing the actual verification and validation, following the previously defined procedures.

During this stage the project is faced with the practical realities of engineering, where design flaws and
other discrepancies and issues are expected to occur eventually. These deviations can range from minor
issues to significant failures in functionality or performance. When encountered, such discrepancies
must be documented, investigated, and resolved through corrective actions or compensatory measures.

Formal change impact analyses become essential when discrepancies arise that require design changes.
These analyses assess how modifications might affect verified or validated requirements and whether
re-verification or re-validation is necessary. For systems under strict configuration management, any
changes must be systematically tracked and justified.

Furthermore, when a system does not fully meet its success criteria, options include correcting the
design, modifying the requirement, or requesting a waiver or concession. These formal processes
typically involve internal quality assurance teams and may also require customer or regulatory approval,
particularly for safety-critical systems. The success of these requests depends on transparency, early
communication, and thorough impact assessment.

Ultimately, the execution stage is as much about governance as it is about engineering. The ability to
manage imperfections while maintaining stakeholder trust is an indicator of successful engineering
programs.

The Reporting Stage focuses on documenting the outcomes of all V&V activities. After executing the
procedures, results and evidence are recorded to establish a traceable record for each activity. This
documentation is crucial to confirm that the system-of-interest meets its requirements and stakeholder
needs, while also preventing costly re-testing later in the life cycle.

A key concept in this stage is the chain of evidence of compliance. For high-risk or safety-related needs,
extensive documentation may be necessary, often guided by predefined compliance report templates.

Compliance matrices are widely used to consolidate and visualize verification results. These matrices
link each requirement to its verification method, success criteria, evidence, and status. They provide
a comprehensive view of requirement coverage and are typically submitted as part of the final V&V
deliverables for certification or acceptance.

During the Approval Stage, the final acceptance of the System of Interest is issued after successfully
completing all verification and validation activities with no remaining open issues. Acceptance requires
documented evidence that the SOl meets all necessary requirements, with any exceptions and deviations
formally agreed upon by the approval authority.

Late changes, waivers, or non-compliances can complicate approval and should be minimized and
well-documented with impact assessments. Consistent systems engineering practices and open
communication with customers or regulators help ensure a smooth approval process. Ultimately, final
acceptance confirms that the SOI meets its intended needs.
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ECSS Verification Process [9]

The ECSS-E-ST-10-02C Standard on Verification specifies the high level process and activities as shown
in Figure 2.9. The overall purpose of this process is to demonstrate the qualification of the product, to
meet its requirements, that the product is free of workmanship defects, and able to fulfill its mission
objectives.

Verification Initial Verification
Product Planning - Control Document
Requirements Verification
T T Plan
Supplier Customer
Verification
»  Execution &
Additional technical > Reporting ¥
documentation to support Final Verification
Verification \Verification Controlf Control Document
& Closeout
Supplier
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Figure 2.9: Verification Process and Activities [9]

Verification Planning includes specification of the overall verification approach, verification tools,
methods, environment and facilities, and the corresponding costs and schedule estimates. The planning
process follows a What - How - When approach, starting with defining what products and requirements
are to be verified, then specifying how to verify them including which verification methods to use and
identifying the necessary Ground Support Equipment. Lastly, an overall timeline of all verification
activities is created and maintained. Additionally, the overall model philosophy is defined. This specifies
the number of additional models to be developed, next to the final flight model, for the system and for
system elements, as well as their purpose.

For each verification activity the following information needs to be specified:

 Verification Method: Test, Analysis, Review of Design, and/or Inspection
¢ Verification Level: corresponds to the system hierarchy level, e.g. system, subsystem, equipment.

e Verification Stage: life cycle stage in which the verification activity will take place. This can be for
example qualification, acceptance, or in-orbit.

Verification Execution and Reporting happens continuously while the verification activities are
performed. Usually this happens incrementally, starting at lower system levels following a bottom-up
approach. A more detailed overview of the usual documents for verification as per ECSS is given in
subsection 2.3.2.

Verification Control and Closeout The overall progress of the verification and validation activities
needs to be controlled and a holistic overview is kept using Verification Control Documents.

Verification, Validation, and Testing (VVT) Process [17]

The authors state the importance of effective Verification, Validation, and Testing (VVT) strategy to
ensuring the technical success of any development program. By initiating VVT activities early and
integrating them throughout the system life cycle, programmatic risks are reduced and costly rework is
minimized. Well-planned VVT helps avoid redundant testing, and thus lowering costs and conserving
resources. Additionally, continuous attention to VVT enables better control over quality and alignment
with project objectives. To that end, Engel presents the VVT methodology which is shown in Figure 2.10
and presented in the following.

The guiding philosophy behind VVT emphasizes the principle to conduct verification early and
continuously in the project. This mindset ensures that potential issues are identified and addressed
before they escalate. A successful VVT process harmonizes technical considerations with programmatic
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constraints, promoting efficient resource use and risk management. Ultimately, this approach supports
cost savings, maintains project schedules, strengthens component and subsystem integration through
robust interface validation, and fosters stakeholder confidence by validating true needs early enough to
enable meaningful course correction.
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Figure 2.10: Verification, Validation, and Testing (VVT) Methodology for Strategy and Planning, from [17]

VVT Strategy and Planning Steps

The VVT process begins with VVT Tailoring, where project and enterprise-specific factors are assessed
to adapt the VVT methodology to the organizational context, using lessons learned from past projects.
Next is Rough VVT Planning, which establishes a high-level VVT strategy early in the project by aligning
with business objectives, identifying potential risks, and addressing programmatic constraints. This
stage involves three key sub-steps: defining basic VVT characteristics to guide the strategy, setting up
the VVT strategy by selecting appropriate activities and verification methods, and establishing a VVT
process model that uses cost, time, and risk analyses to evaluate alternative strategies.

Following this, Detailed VVT Planning is conducted at the beginning of each lifecycle phase, refining
the overall plan and specifying the activities, tools, levels of effort, and the required formality for
execution. The VVT Execution phase implements the strategy across lifecycle stages through a structured
process: conducting a pre-VVT analysis to incorporate recent developments, executing the planned
VVT activities, and performing a post-VVT synthesis. Finally, the generated results are used as a basis
to inform and improve future VVT planning. This iterative approach ensures that VVT remains aligned
with evolving project needs and constraints throughout the system life cycle.

2.3.2. AIV Documentation
The following section discusses different documentation that is related to AIV and testing. First, the
relevant standards from the ECSS will be reviewed, followed by the IEEE-829-2008 [33].

Figure 2.5 shows all required documents that need to be delivered for the Qualification Review. As
mentioned in the previous chapter, the Qualification Review focuses primarily on the verification efforts
conducted, and is the next major review in the ECSS life cycle after CDR. As a result, there are multiple
documents involved in Qualification Review that directly relate to the verification, validation and testing
activities. These documents are highlighted in blue in Figure 2.5.
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Figure 2.11: ECSS - Documents required for Qualification Review (QR)

All documents shown in Figure 2.5 are explained further in Appendix A in section A.1, including also
the reference to the specific ECSS standard and the corresponding DRD.

The main documents related to testing and test execution are the AIV Plan, the Test Specification, the
Test Procedure, the Test Report, the GSE specification, and the Verification Control Document.

The AIV Plan provides the highest level overview over the verification approach for the project and how
compliance with requirements will be demonstrated overall. It specifies the model philosophy to be
used and explains the means to control verification and validation status throughout the project, i.e.
explains how the project specific VCD shall be used. The AIV Plan furthermore describes the timeline
and planning for all verification activities of the project, including logistics and scheduling. Additionally,
it includes requirements on all documentation that will be created during verification and testing, and
it provides an overview of organizational roles and responsibilities. The AIV Plan can either be one
document, or it can be split into a Verification Plan and an AIT Plan, which together contain the same
information. [9]

Based on the AIV Plan and for each planned test, a Test Specification is created that further describes
the activity. Note that this is only done for test and not for the verification methods Inspection, Review
of Design, or Analysis. The Test Specification defines the detailed requirements for the test activity.
This includes the purpose and overall approach for the test, all requirements that are to be verified, the
configuration of the item under test and any required Ground Support Equipment, instrumentation,
and applicable constraints on testing facilities. The required test conditions and a high level sequence of
steps performed during the test is defined, as well as other organizational aspects like the responsibilities
of different engineers involved, and scheduling of the test activity, in accordance with the AIV Plan. The
Test Specification serves as a baseline to define the detailed test procedures. [10]
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The Test Procedure provides detailed step-by-step instructions on how to execute the test activity.
Overlap between the Test Specification and Test Procedure should be avoided. Within the step-by-
step procedure, pass / fail criteria are included along the way, with the purpose of verifying single
requirements during the test. The Test Procedure is created in a way such that it can be filled out
while performing the test, by the AIV or the Quality Assurance Engineers, to become the "as-run" test
procedure. This "as-run" test procedure serves as a detailed record of everything that happened during
the test, including all observations made. Any deviations from the "as-written" test procedure need to
be clearly indicated and any deviation from expected results or any mishaps that occur are captured in
a Nonconformance Report (NCR) such that these aspects can be tracked until resolution. [10, 15]

After the test is conducted, the results are captured in the Test Report and a final verdict is made on the
closeout status of all requirements that were planned to be verified during the test. Any anomalies that
occurred during testing are mentioned in the test report and the Test Specification, Test Procedure and
any NCRs are referenced. Once the verification closeout status is determined, it can be updated in the
VCD. The VCD provides an overview over all requirements and their status of verification. It is created
in conjunction with the AIV Plan and continuously updated to reflect the progress of verification for the
whole project. VCDs are usually used in the ECSS life cycle phases C and later. [9]

The IEEE 829-2008 [33] Standard for Software and System Test Documentation, also specifies a similar set
of documents related to test planning execution and reporting. The documents and their relationships
are shown in Figure 2.12 and a table explaining all documents shown in the figure can be found in
section A.2. As in the ECSS, the IEEE 829 also specifies one Master Test Plan which includes the overall
test flow, organizational aspects like scheduling, prioritization of tests, roles and responsibilities, and
requirements on how to conduct documentation.

For each test level there is a dedicated Test Plan created, which defines the scope of the tests on that level,
the items required for the test and their configurations, what requirements and features are supposed to
be tested in the form of a traceability matrix, the concrete deliverables to be produced, pass/fail criteria
per test, and management and quality assurance aspects. These plans need to be kept consistent with
the Master Test Plan.

The tests that appear in the Test Plan can be further detailed by a Test Design document. The Test Design
describes for a set of related Test Cases, a more elaborate relation between them. This extra layer of
test planning can be used to specify structural and sequencing relations between Test Cases and might
include elaboration of technical details. In the context of satellite testing, a test design might be used to
plan an environmental test campaign which includes multiple test cases with different test setups.

Each Test Case defines a single test objective and how it will be evaluated. This includes inputs and
expected outputs of the test and a detailed description of the test environment and hardware and
software setup for the test. A Test Procedure provides the step-by-step description of how to execute
one or multiple test cases, this also covers all steps necessary to perform logging and measurements of
needed results. The results of a test are captured in Test Logs and Anomaly Reports. For each test level
and for the overall testing efforts, the results are eventually summarized.
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Figure 2.12: Software and System Test Documentation overview, adapted from [33]

2.4. Model-Based Systems Engineering
2.4.1. Definition and Benefits of MBSE

In the traditional systems engineering approach, information is usually captured in a set of documents.
In contrast to that, model-based systems engineering (MBSE) manages all relevant information in a
central, digital system model. The creation of this digital model is equivalent to developing the system
itself [2]. Alt defines the terms abstraction, view, and model as central concepts to explain MBSE. This
concept will be explained briefly below.

The concept of abstraction means to Alt the targeted action of omitting irrelevant information. In the
context of model-based development, abstraction allows to focus on the essential characteristics of a
system. [2]

A view contains only certain information that is relevant for a specific observer, who aims to consult
the model to gain insights into a distinct aspect of the system. In other words, the observer looks at
the system model from their own perspective and the model view uses the concept of abstraction to
provide only the relevant information to the observer. [2]

Lastly, Alt defines the MBSE model as an abstract and formal description of reality, that can be used to
automatically generate other artifacts. The information within an MBSE model can be interpreted and
processed by a computer. [2]

INCOSE defines MBSE as a specific kind of systems engineering, which formalizes the use of models
over the course of a complete development process to perform systems engineering tasks [35, 25].
Weilkiens adds to this that MBSE models represent the system and its environment using a modeling
language that covers systems engineering concepts and agrees with Alt, that applying MBSE means
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that information is documented in a way that is interpretable by computers [68, 66]. In comparison to
the definition of MBSE provided by Alt, the definitions by INCOSE, Friedenthal, and Weilkiens include
the fact that MBSE can be applied throughout all project life cycle phases directly in the definition of
the term MBSE. Alt also acknowledges the need to consider verification and validation activities in his
publications, with the small distinction that this is not explicitly stated in his definitions of systems
engineering and MBSE.

Delligatti highlights that in both the traditional, document-based systems engineering approach and
the model-based approach, the systems engineers perform the same life cycle activities and produce the
same set of deliverables. The main difference between the approaches lies in the way these deliverables
are documented. While applying MBSE, the deliverables are not created as stand-alone artifacts, but are
integrated into a coherent and consistent system model, using a dedicated modeling tool. Documents
and other artefacts are then generated from the MBSE model automatically. [7]

In this thesis, the definition of MBSE according to INCOSE, Friedenthal, and Weilkiens will be used,
defining MBSE as the "formalized application of modeling to support system requirements, design,
analysis, verification, and validation activities beginning in the conceptual design phase and continuing
throughout development and later life cycle phases". Application of MBSE produces a coherent system
model that constitutes the engineering baseline [34, 25, 66]. This definition makes it clear that applying
MBSE means to do Systems Engineering tasks in a specific way. The underlying tasks and responsibilities
of a Systems Engineer do not change, whether they use MBSE or a traditional approach to Systems
Engineering.

Benefits of MBSE

As described above, applying MBSE differs from traditional Systems Engineering approaches in the
sense that it places integrated models of the System of Interest at the center of the development
process [7]. When correctly applied, MBSE can provide key benefits during the development of systems
as compared to document-based systems engineering approaches. These benefits, as described by
Friedenthal, Delligatti, and INCOSE, are discussed in this section.

Improved Product Quality Through Rigorously Enforced Modeling Process

MBSE improves the quality of the developed system by enforcing a more disciplined and integrated
design approach. With a central system model capturing all design elements, design decisions can be
explicitly documented and linked, ensuring consistency and traceability of all model elements across
the entire system model. This significantly improves the ability to manage the increasing complexity
of technical systems [24]. Applying MBSE allows for a more consistent capture of information within
the team, leading to less ambiguous, more precise system model that can be evaluated for consistency,
correctness, and completeness [63].

Enhanced Communication Through a Shared System Model

Instead of disconnected documents, MBSE provides a shared, centralized system model. A common,
consistent source of information provides a baseline for efficient and effective communication and
provides a shared understanding of the system between stakeholders. This shared information
baseline reduces misunderstandings, aligns expectations, and supports more informed decision-making
throughout the life cycle process. [24, 63]

Reduced Development Risk

During the development of the system, the MBSE model can be checked continuously, from the earliest
stages of the life cycle process. This additional insight, though continuous model review, analysis, and
simulation, can reduce the risk of expensive reworks later on. Design alternatives can be evaluated
systematically to guide the design and arrive at a balanced overall solution. [24]

Increased Productivity Through Automation and Reuse

MBSE can boost efficiency of engineers by automating the generation of documentation from the system
model, enabling reuse of model elements and entire aspects of models, and enabling faster, more
thorough impact analysis. Instead of manually updating multiple documents, engineers make changes
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in the model, which are then propagated throughout all derived system artifacts. This saves time, by
reducing manual effort, and reduces errors, which in turn speeds up the development. [24]

Improved Knowledge Capture and Transfer

MBSE enables and requires the explicit capture of domain knowledge within the system model, which
can then be used, shared, and understood across teams and projects. This can reduce the dependence
on individual experts, by making critical system knowledge accessible and persistent. This has the
potential to enhance learning, onboarding, training, and long-term knowledge preservation within a
project or organization. [24, 63]

Constituents of an MBSE Methodology

There are different explanations found in literature what constitutes an MBSE methodology. These
sources will be presented, compared, and finally combined to derive an understanding of important
elements for an MBSE methodology which will be used for this thesis.

Delligatti defines three pillars of MBSE. These pillars are the modeling language, the modeling method,
and the modeling tool. All three aspects must be coordinated with each other and with the specific
MBSE project and the environment in which this project takes place. [7]

The modeling language is a standardized notation for system elements and relations between them.
The language is used to standardize communication within the MBSE project. Examples of modeling
languages are Systems Modeling Language (SysML) [53], Unified Modeling Language (UML) [54],
Business Process Model and Notation (BPMN) [52]. The modeling method defines a specific way of
modeling. The modeling tasks, their sequence, and how the modeling tasks are to be solved using the
modeling language and the modeling tool are defined in the method. A modeling tool is a software
tool that allows you to work with one or more modeling languages and supports the creation of MBSE
models. [7]

According to Walden et al. in the INCOSE Systems Engineering Handbook, an MBSE methodology
describes how MBSE is used to capture the necessary information within the system’s model and its
associated artifacts. The methodology needs to be compliant with the particular needs of the project
and organization. To ensure that this is the case, an appropriate life cycle model needs to be defined,
including a tailored set of activities and work products which align with the project scope and modeling
objectives. Furthermore, an MBSE methodology needs to specify the appropriate tools to create and
manage models and any other related data. [63]

In his paper Survey of Model-Based Systems Engineering (MBSE) Methodologies, Estefan uses the definition
of the term methodology as defined in [46] as a collection of processes, methods, and tools, to explain
and compare different MBSE methodologies and how they support systems engineering by using a
model-based approach [22]. In contrast to Delligatti, Estefan emphasizes the hierarchical relationship
between MBSE processes and methods. In this context, a process is a sequence of tasks that need to
be fulfilled to perform systems engineering work, describing what needs to be done, but not how it is
supposed to be done. The individual process steps are carried out with the help of methods, whereby a
method describes how each task should be performed. He adds that a method can itself be viewed
as a process at a lower level of abstraction, since it is also made up of individual tasks that describe
what needs to be done and can have another lower level method explaining how each task should
be performed [22]. Tools facilitate the execution of methods and processes and are usually software
applications. Furthermore, external factors such as social, cultural, or organizational aspects must also
be taken into account, as these can significantly influence the execution of methods [22]. The relation
between process, method, tools, and environment are illustrated in Figure 2.13.

Next to this process view on MBSE, Estefan also mentions the importance of a so-called Information View
or Information Model, using the definition of the term by Baker et al. [3]. It should be noted that Baker
et al. use the term Model Driven System Design (MDSD) instead of Model-Based Systems Engineering
(MBSE), while Estefan considers the two terms as largely synonymous [22]. This Information Model
shows what information needs to be present in a model (or in documents, in case of a traditional approach
to Systems Engineering) and defines the directional relation between these kinds of information [22].
The contents of this Information Model can differ depending on the stage in the life cycle of the project,
as the kind of information that is relevant also differs over the life cycle of a project [3].
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Figure 2.13: Concepts of a MBSE Methodology, according to Estefan [22]

This aspect of different kinds of information and the relationship between them represents a second
important aspect of an MBSE methodology, distinct from the process view on systems engineering and
MBSE. Many different terms can be found in literature to refer to this part of an MBSE methodology,
some of them are: Schema, Information Model, Conceptual Model, Metamodel, and Ontology. While
some of the quoted sources use these terms interchangeably or in different ways, there are theoretical
differences between the terms, which are shortly explained, following the definition of [6, 27] !

Ontology refers to a structured and formal representation of the key concepts and knowledge of a
certain domain. The term originates from philosophy. Usually, the goal of an ontology is to represent a
conceptualization of a domain (or a universe of discourse) completely and accurately. In [27], there
is a further distinction between foundational ontologies that define very general, high-level concepts
that apply across all possible domains, and domain ontologies that define all concepts specifically
for a particular domain. A conceptual model is equal to a reference ontology, which is a sub-type
of domain ontology that is created using highly expressive languages to approximate the theoretical
ideal domain ontology as accurately as possible. The counterpart to this reference ontology would be
a lightweight ontology which should be derived from the reference ontology with the goal to create
desirable computational properties, and are created using languages like OWL and LINGO. [27]

Metamodel is a description of a language’s abstract syntax. This means a metamodel defines a set
of elements of a language, as well as the rules for combining these elements into valid models in
the language. Furthermore, a metamodel is a specification of the conceptual model that underlies a
modeling language, meaning that it describes what the elements of the language represent in the real
world. The difference between a metamodel and an ontology lies their purpose. While an ontology aims
to describe a conceptualization of a domain, a metamodel aims to define the concepts of a language
used to create models of things in the real world. [27]

Information Model and Schema refer to an organization of data as a blueprint of a database architecture [6].

There are multiple reasons why thinking about Ontologies and Metamodels is important when discussing
the implementation and application of MBSE. According to Friedenthal, two criteria to judge the quality
of an MBSE model are wether the model is "well-formed", and wether modeling conventions are
documented and used consistently [25]. Defining well-formedness rules for a language is part of the
languages syntax and thus can be done with a metamodel [27]. An ontology can be used as a basis to
define and enforce modeling conventions, which then contributes to creating better MBSE models [25].
Additionally, ontologies and metamodels provide a set of standard elements to be used during modelling
and thus create structure and consistency in the model and its connection to associated products [30].

David Long argues that Metamodels are necessary when digitizing systems engineering as a discipline,
because they capture knowledge about a domain explicitly, which would usually exist only implicitly in
the minds of the domain experts. If this knowledge is instead captured explicitly and in a computer-

1David Longs elaborates his views in a presentation held at the 2021 annual INCOSE international workshop:
VitechCorp. (2020, December 3). Schema and Metamodels and Ontologies, Oh My! with David Long [Video]. YouTube.
https:/ /www.youtube.com/watch?v=47qCVelLiUE
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understandable way, it forms the basis to connecting Systems Engineering with other engineering
domains through semantically meaningful and aligned metamodels. [6]

The ISO/IEC/IEEE 24641 [38] uses very similar definitions of the terms Ontology and Metamodel
as [27] to define the main building blocks of a Model-Based Systems and Software Engineering (MBSSE)
Methodology. The standard extends the definition of MBSE by INCOSE to include software engineering.
MBSE can be considered a subset of MBSSE, which means the standard is relevant and applicable in
this case.

First, defining an accurate ontology of the relevant domain(s) serves to establish the main concepts for
the MBSSE approach. Second, one should define the languages that are to be used for modeling and
define or adapt the underlying meta-models to the specific needs of the MBSSE context. The standard
underlines the importance of the above mentioned duality of an MBS(S)E methodology by Estefan,
including a conceptual view of the domain (i.e. ontological view) and a process view, as well as the
importance of relating the two views to each other. The concept view defines key concepts of the domain,
which are of interest to the stakeholders, and the relation between the concepts, and the process view
describes how those key concepts are modeled to accomplish stakeholder objectives. [38]

The relations between Process, Method, Ontology, Meta-Model, Modeling Language, Modeling Tool, etc.
are visualized in Figure 2.14. One aspect that is missing in the visualization, but nevertheless described
in the standard, is the direct relation between metamodel and modeling language. The metamodel
specifies the abstract syntax and semantics of the model elements which are used for modeling the
system, as a way to customize (or "profile") the modeling language to specific stakeholder needs.

System Process
Vabstracts
v is represented by
Describes the sequence of & .
< activities producing ‘ supports
Method L
K
describes Asupports
. ’ ‘ visualizes - supports
concepts in N Model Modelling Tool
ode < Language |* 00
] «f visualizes
Analytical Descriptive |
' supports
Ontology is template for View
i ‘
describes concepts in organizes
Meta-Model > B View Point [« < Framework

Figure 2.14: Relationship between relevant terms in an MBS(S)E methodology, according to ISO 24641 [38].

Logan, et al. [45] present this connection between the concept view with the process view on a practical
example, covering a subset of the complete life cycle process described in ISO 15288 [37].

The standard also mentions that the selection of the used modeling tools is critical and introduces
requirements that should be met by an MBS(S)E modeling tool [38]. These are:

1. Allow customization of the tool to fit specific needs of the methodology. an example for a modeling
language which has this capability is SysML v1, with its profiling mechanism, allowing modelers
to define their own stereotypes [25, 53].

2. Allow for verification of the model,

3. Allow to execute models, such that logical errors can be mitigated.
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For the purpose of this thesis, the following terminology will be used to talk about and compare MBSE
methodologies, based on [25, 38, 27, 22]:

* Ontology: Explains abstract SE and domain engineering concepts and their relations, capturing
the underlying understanding and interpretation of systems engineering adopted by the MBSE
methodology.

¢ Metamodel: Shows how abstract SE concepts from the Ontology are mapped to the conceptual
elements of the modeling language. The Metamodel describes the abstract syntax of the used
modeling language. By mapping the Ontology elements onto a more concrete metamodel of the
modeling language, two things are achieved. Firstly, since the metamodel is the definition of the
modeling language, the mapping to the domain ontology connects the existing model elements
to real life concepts. Secondly, defining a metamodel separate from an ontology can allow to
explicitly exclude elements from the domain from the modeling language definition.

* Process: Sequence of work packages / tasks to be performed to do the SE work at a high level.
Similarly to the Ontology, this captures the understanding of the systems engineering process
which underlies the methodology description.

* Methods: Detailed descriptions of how the modeling tool, language, including the metamodel
customizations should be used to create the actual model of the system, i.e. to perform tasks in
the Process.

* Framework: Shows a kind of skeletal structure of an MBSE model that defines suggested artifacts,
views, and viewpoints. The MBSE framework organizes model information into viewpoints and
views, relates model views to method and metamodel elements and forms the basis for model
templates and model organization.

¢ Tools: Tools used to apply the MBSE methodology according to the Process and Method, allowing
the user to create a model using the modeling language.

* Language: Language(s) used while applying the MBSE methodology according to the Process
and Method. The model elements are described in the Metamodel.

¢ Environment: Any other, external factors which might influence the successful application of the
MBSE methodology.

2.4.2. Systems Modeling Language

The Systems Modeling Language version 1 (SysML v1) is used as a modeling language in the frame of this
thesis. SysML is a graphical modeling language, developed by the Object Management Group (OMG)
for specification, analysis, design, and verification of complex, multidisciplinary systems [53]. With
SysML it is possible to express aspects of systems engineering, like requirements, product structures,
and product behavior in a formal and unified way [31].

The Unified Modeling Language (UML) was created for software development in 1997 and forms the
basis for SysML v1. As shown in Figure 2.15, SysML v1 is based on a part of UML and extends it with
additional concepts for Systems Engineering. Because of this, SysML v1 can be seen as an extension of
UML [31].

Since UML is used for modeling object oriented software, also SysML v1 shows aspects of the object
oriented approach. UML defines classes and instances of these classes, called objects. Additionally,
UML Parts exists, which are special kind of instances owned by a class, and which can only exist within
the context of the owning class. In SysML v1, the SysML Block are an extension of UML Classes,
instance specifications in SysML v1 extend UML Objects, and Part Properties extend the concept of
UML Parts.
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Figure 2.15: Relationship between UML and SysML v1 [31]

The SysML v1 diagrams present a specific view on the model and constitute the interface between the
model user and the model [2]. As shown in Figure 2.16, the diagrams were either directly taken from
UML, or modified from it, or newly introduced for SysML v1. [2]
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Figure 2.16: Relationship between UML and SysML v1 [31]

New concepts in SysML v1, in addition to requirement diagrams and parametric diagrams, include
tools for modeling flows of matter, data, or energy between ports, as well as the concept of allocation [31,
24]. SysML v1 is not intended to replace existing, specialized tools within the development process,
but rather to complement them. The goal is to define a common foundation from which detailed
development can be carried out in specialized tools. Using SysML v1, domain-specific and cross-domain
information can be linked based on this shared foundation, enabling a consistent and traceable system
development process [2].

In the following, some important concepts of SysML v1 will be explained.
SysML v1 Block

A SysML Block is a general modeling element in SysML that is used to represent architectural elements.
Such elements may include complete systems or system components, such as hardware and software.
Furthermore, a Block can also represent an entity that is transported between two structural elements.

A Block can have multiple features that define its structure or behavior. Structural features are defined
using Part Properties, which represent the elements of which the Block is composed. Part Properties are
instances of other Blocks and inherit their characteristics. In general, Blocks and Properties follow a
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pattern in which Blocks define a structural element, while Properties represent the usage of this element
within a specific context, for example within a higher-level structure.

In addition to Part Properties, Reference Properties can be defined, which refer to elements that exist
outside the owning instance of a Block. Unlike Part Properties, Reference Properties are not deleted
when the owning instance that contains them is deleted.

Value Properties are used to model quantifiable characteristics of a Block. Analogous to Part Properties
and Blocks, which define structure, a Value Property is based on a Value Type, which defines the set
of possible values. For example, a Value Property named “mass” can be assigned the Value Type
“kilogram” and take real, non-negative values [24].

A Block Definition Diagram (BDD) shows Blocks, their features, and the relationships between Blocks, for
example to define structural hierarchies [24, 53].

An Internal Block Diagram (IBD) describes the internal relationships between Part Properties and Reference
Properties using Connectors. A Connector is a UML modeling element that connects two Properties and
allows them to interact, without specifying how this interaction is implemented [24].

SysML v1 Activity

Next to structural components, a SysML Block can also have a modeled behavior. One option to describe
such behavior is through the use of Activities displayed in activity diagrams. A SysML v1 Activity
specifies the transformation of a set of inputs to a set of outputs. This is achieved by a sequence of
actions owned by the activity. Actions can themselves call other activities. This mechanism allows to
create an interconnected functional breakdown of the system behavior in the model.

Figure 2.17 shows an example activity diagram for a SysML v1 Activity. This Activity contains a SysML
v1 Action, which is itself referencing / calling another activity. This is indicated in the name of the
element with the name followed by a double colon, and the name of the called behavior. It should be
noted that this representation is common also for other model elements that reference, instantiate, or
call another model element. One example is the inputs and outputs of the activity, which are named
input / output and are typed by the model elements Typeln / TypeOut. The inputs and outputs are
modeled using parameters owned by the activity, and they are represented in the diagram by Activity
Parameter Nodes, shown at the borders of the diagram.

The action in the example diagram is placed within a so-called swimlane. This creates a "hidden"
SysML v1 relationship between the element in the swim lane and the element referenced at the top of
the swim lane. In the later presented examples, this swim lane representation will be used to indicate
the allocation between actions and part properties. Since the Action within the swimlane is calling
another activity from the model, the parameters of that Activity are represented as pins of the Action.
Conceptually, the pins have a similar job to the Activity Parameter Nodes to represent the parameters of
the Activity.
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Figure 2.17: Example Activity Diagram
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SysML Relationships

SysML provides a variety of relationships that can be modeled between elements. Some are adopted
from UML, while others are newly introduced or extended in SysML. The following presents a selection
of relationships relevant to this work as seen in Figure 2.18).

bdd [Model] Model [ SyshL Beziehungen ]/J
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Figure 2.18: Relations in SysML v1 [31]

The first three relationships are Associations, with the first two being special types:

Composition is used to represent hierarchical relationships between Blocks. It models a “consists
of” relationship, defining the parts of a Block. Composition ensures that parts are instantiated as
Part Properties of the parent Block and that their existence depends on the parent. It is denoted by
a filled (black) diamond at the beginning of the line [31].

Aggregation is another form of “consists of” relationship. In this case, the relationship creates
Reference Properties for the contained Blocks, and the parts are not deleted when the parent Block
is deleted. Aggregation is represented by an open (white) diamond [31].

A general Association can be either unidirectional or bidirectional. Associations represent
dependencies between Blocks and result in Reference Properties. The ends of Associations can
have a multiplicity, specifying how many elements are referenced. For example, a Composition
between two Blocks can indicate that one instance consists of one or more instances of another
Block [31].

In addition to “consists of” relationships, inheritance can be modeled using Generalization. This
relationship is indicated by a hollow triangular arrowhead. It implies that a derived Block inherits all
features of a base Block and may define additional features, or redefine inherited ones [31].

Another relationship is the Dependency, which indicates that a dependency exists between two model
elements. It is the weakest relationship, as it only indicates the existence of a dependency without
specifying its nature.

For working with requirements in SysML, specialized Dependencies exist:

«derive»: indicates that one element is derived from another element, typically through analysis
or transformation

«refine»: indicates that one element describes another element in more detail

«allocate»: indicates that an element is assigned to another element for implementation,
execution, or responsibility, e.g. a behavior is allocated to a structural element.
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* «trace»: indicates a general dependency between elements to support traceability without
implying a specific semantic meaning

* «satisfy»: indicates that a model element fulfills (or must fulfill) a linked requirement
e «verify»: indicates that a model element confirms that a linked requirement is met

¢ «deriveReqt»: indicates that a requirement is derived from another requirement

These relationships are represented by stereotypes placed above the dependency arrow [31, 53]. The
relation between these relationships, i.e. how they are defined and derived from each other is shown
in Figure 2.19. Generalization, Association, Dependency, Abstraction, Derive, and Refine relations
originate from UML. Trace, Allocate, Satisty, Verify, and DeriveReqt are SysML-specific extensions [53].
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Figure 2.19: Relations in SysML v1 [31]

2.4.3. Methodologies found in Literature
OOSEM method [25]

OOSEM provides an integrated framework that combines object-oriented techniques, model-based
design, and traditional top-down systems engineering practices. Initially developed around UML
modeling, OOSEM was realigned with SysML in 2006 and has since been widely promoted as an example
of MBSE best practice. A detailed description is available through INCOSE. OOSEM has also been
aligned with the standard ISO/IEC/IEEE 15288, linking the methodology to internationally recognized
systems engineering life cycle processes. This alignment helps identify the sequence of processes
required to develop and deliver the main system artifacts. Within this context, systems engineering
processes are commonly organized into groups such as agreement, organizational project-enabling,
technical management, and technical processes. This makes OOSEM relevant not only as a modeling
approach, but also as a process-oriented methodology for guiding system development across the life
cycle.

Friedenthal presents a simplified MBSE method for applying SysML in [25]. A high level description of
the method is shown in Figure 2.20.
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Figure 2.20: OOSEM method [25]

MagicGrid [1]

MagicGrid provides a SysML-based framework that helps guide engineers through the structured
development of system models by organizing the modeling activities within a matrix-style model
template. The framework divides the system development into three distinct domains: the Problem
domain, the Solution domain, and the Implementation domain.

Each domain is represented as a row in the matrix, with the Problem domain further split into a
black-box and white-box view, reflecting different levels of abstraction. The Solution domain is broken
into multiple rows to represent varying levels of detail in the system’s architecture. In contrast, the
Implementation domain is less detailed and falls largely outside the scope of MBSE, except for the
specification of implementation requirements.

The columns of the MagicGrid matrix correspond to the four fundamental types of diagrams of SysML,
also referred to as the Four Pillars of SysML: Requirements, Structure, Behavior, and Parametric
Diagrams. A combination of row (domain) and column (Pillar of SysML) represents a certain view
onto the model. These views help engineers document and understand the system from different
perspectives.

ESA MBSE Solution (formerly ESA SysML Solution) [26]

The ESA MBSE Solution is a tailored approach to applying MBSE, developed specifically for space
missions and in compliance with standards provided by the European Cooperation for Space Stan-
dardization (ECSS) and systems engineering practices at the European Space Agency (ESA). Similarly
to the MagicGrid framework, the ESA SysML Solution can also be organized in a grid-like overview,
separating Mission Specification, System of Interest Specification (Problem Space), and Functional
Design and Physical Design (Solution Space) into rows. The columns categorize the different views on
the model per row into breakdown views, architecture views, states and modes views, and scenarios
views. In parallel to these different horizontal layers, the methodology also provides concepts to model
aspects of Verification and Validation, Stakeholders, External Systems, Exchange Items, and Textual
Requirements as cross-cutting elements in the methodology.

Concurrent Engineering with CDP4-COMET [58]
CDP4-COMET is an open-source software tool designed to support Model-Based Systems Engineering
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(MBSE) through the Concurrent Design method. It enables multidisciplinary teams to collaboratively
develop integrated system models, allowing stakeholders to modify design parameters and assess the
system’s performance against its requirements. By organizing the system into a modular structure,
CDP4-COMET helps teams analyze key design challenges and trade-offs early in the process. The model
serves as a single point of truth, ensuring all team members have access to the up-to-date information
they require for their domain of expertise. Systems Engineers can generate typical Systems Engineering
deliverables, like technical budget reports, directly from the model. The tool supports both co-located
and geographically distributed teams, ensuring clear role assignments and access controls to the central
data repository.

Arcadia/Capella [61]

ARCADIA provides a method dedicated to systems and architecture engineering, supported by the
Capella modeling tool. The framework defines a structured process that helps stakeholders understand
the customer’s real needs, define and share the product architecture, validate the design early, and
manage Integration, Validation, Verification, and Qualification.

ARCADIA is applied to complex systems, hardware, and software architectures, particularly those
requiring reconciliation of constraints such as cost, performance, safety, and security.

The methodology divides system development into five core engineering activities:

® Operational Analysis (OA)

* System Need Analysis (SA)

* Logical Architecture Design (LA)
* Physical Architecture Design (PA)
¢ Building Strategy Definition (BS)

Each activity contributes to a detailed system model, with each engineering activity represented as a
distinct perspective of the model, ensuring all aspects of the system are accounted for and aligned.

Arcadia/Capella offers good support for architecture-driven IVV planning and traceability, particularly
through its explicit modeling of operational needs, functional chains, scenarios, logical and physical
architectures, interfaces, and allocation relationships. These capabilities make it well suited for deriving
verification concerns from the system architecture and for supporting integration reasoning across
functions, components, and interfaces.

However, the main emphasis of Arcadia/Capella remains on architecture definition, justification, and
consistency across engineering perspectives. The methodology provides less direct support for the
detailed post-CDR AIV execution workflows, such as explicit evidence management, criterion-based
verdict assignment, procedure execution, verification close-out, non-conformance handling, and ECSS-
aligned AIV reporting. Furthermore, Arcadia/Capella provides a tool-specific modeling process, which
would require a separate mapping between the proposed AIV ontology and the Arcadia/Capella
metamodel. For this reason, it is considered as relevant related work and a potential future research
direction to align the Arcadia/Capella approach with the developed methodology discussed in this
thesis.

Data Driven Systems Engineering (DDSE) with ValiSpace [44]

Data-Driven Systems Engineering moves away from document-centric approaches by focusing on
working with data points within a single source of truth application, such as Valispace.

In this approach, all data is stored, accessed, and managed in a central database, eliminating the need
for duplication and increasing data consistency. Engineers can reference data points in real-time from
anywhere, ensuring consistent, up-to-date information across the entire development process.

DDSE enables decisions and trade-offs to be made with the latest project data, which is automatically
propagated throughout the system when altered. Reports in DDSE link directly to live data, always
reflecting the current state of development and easily shareable with stakeholders in real-time.
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2.4.4. Application of MBSE for Verification, Validation, and Testing
There are a few sources in literature that discuss the application of MBSE for Verification, Validation,
and Testing.

OOSEM methodology [25]

Verification is briefly mentioned in the OOSEM methodology, by Friedenthal, discussing an implemen-
tation using SysML, which is compatible with the rest of the methodology. The verification scope is
modeled using a SysML block, and the verification context is captured in a block definition diagram,
defining different context elements, like the System under Test, the Test Operator and supporting
systems. The test case itself is captured as an activity and specified in an activity diagram, owned by
the context block. This activity diagram shows a high-level test procedure or test sequence, as well as
inputs and outputs of the involved SysML actions. It is mentioned that the test case and scope should
be traced in the model to use cases and requirements. [25]

The process of how to model the test cases themselves is clearly defined, but only shown on a very small
example case. Other aspects of the systems engineering and AIT engineering work, like verification
planning and control are not considered explicitly.

V&V Strategy Pattern [56, 42]

In their work, Alejandro Salado, et al. present the use of network graphs to model verification strategies
of complex systems. They introduce an approach to capture verification activities and system parameters
as nodes of a mathematical graph, with their interrelation represented as the edges of the graph. This
mathematical formulation of the verification strategy allows to identify various fundamental and
recurring patterns in the verification strategy of engineered systems. Based on these patterns, engineers
are enabled to reason about critical aspects of the work of systems engineering and AIV engineering
from another perspective, with the goal to reduce the effect of cognitive biases and other subconscious
effects that might lead the adoption of sub-optimal verification approaches.

In their paper [43], Kannan and Salado discuss a mathematical formalization of Verification and
Validation into a theoretical framework using formal logic. Even though this publication is not
discussing a methodology for application of MBSE, it provides a sharpened interpretation of different
conceptual devices often used in verification and validation. The main definitions adopted for the
purpose of this thesis are the definitions of verification activity, verification criterion, and verification
evidence. The presented interpretation of V&V activities as knowledge-building activities is adopted in
this thesis. This basically means that every activity, whether it is a test, analysis, etc. aims to contribute
to gain knowledge about the system of interest.

Verification criteria define the conditions under which a requirement is considered satisfied. Rather than
only prescribing verification methods, verification criteria specify measurable or observable conditions,
which helps limiting the otherwise infinite set of possible observations that could be gathered to make
claims about the satisfaction of a requirement. In the context of space systems engineering, these
criteria translate a requirements statement into a clearly evaluable criterion within the context of a
verification activity. A verification activity is an event through which an agent acquires knowledge
about verification evidence. Verification evidence represents the data or information obtained from
performing the activity. The acquisition of this evidence enables the agent to form a justified belief
about whether an associated criterion is satisfied.

Verification and Validation for MagicGrid [48]

Morkevicius et al. developed an approach to extend the existing MagicGrid framework [1] to enable
capturing of Verification and Validation concepts in the model. The approach is using pure SysML v1,
similarly to the approach of Friedenthal. Test context and scope are defined in a block definition diagram
and test cases are captured as behavior of the context block in SysML. The difference to Friedenthal
is that in the MagicGrid approach, the test case is modelled using a sequence diagram rather than an
activity diagram to show interactions between test context elements. This presents a clear way how
the traceability to requirements is captured in the model and how the result of the modeled test is
captured. The result is captured in a dedicated value property of the context block, and can be related
to the system behavior through parametric relations. The authors further describe the value of creating
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dedicated user interfaces inside the used modeling tool Cameo Systems Modeler, to allow for easier
simulation of the test procedure and the modeled system behavior. [48]

The publication focuses on introducing Verification and Validation aspects into MagicGrid, to enable
early V&V with MagicGrid and Cameo Systems Modeler. The presented approach does not describe
how to exploit the model to address important information like requirements coverage or compliance
status. There is no description how to handle, how to relate the information in the model to actual test
procedures or other practical matters, like dedicated views showing the overall AIV flow for the system.

ESA MBSE Solution [19]

The ESA MBSE Solution provides a methodology to model verification and validation using MBSE.
The main concepts related to V&V in the ESA methodology are the Verification Scenario Scenario
and Verification Activity. A Verification Scenario defines a series of steps to be executed together
or sequentially verify one or more requirements. A verification activity describes one step within a
verification scenario and has the purpose of demonstrating the verification of a requirement.

A verification scenario is further modeled in SysML (v1) either by means of an activity diagram or a
sequence diagram. Each verification scenario can verify a number of requirement and each requirement
can be verified by multiple verification scenarios, which is indicated using a "verify" relationship. A
verification scenario can involve model elements that represent products (including subsystems and
the system of interest) and external systems. These systems exhibit behavior during the verification
activity which is specified in the model using verification activities that are allocated to the system that
performs them. The ESA MBSE solution also describes a metamodel and a framework definition with
views and viewpoints, which is consistent with the ISO standards described constituents of an MBSE
methodology, but it is lacking a complete process and methods definition. The ESA MBSE solution is
one of the few MBSE approaches that explicitly contain AIV related aspects as concrete model elements,
while also involving a significant share of the constituents of an MBSE methodology, as described in the
ISO standards.

Paper: PERFORMING VERIFICATION AND VALIDATION ACTIVITIES IN A MODEL-BASED ENVI-
RONMENT [49]

The paper by Rebecca Mulholland, et. al., published in October 2025, describes a methodology
for performing verification and validation in a model-based environment. In contrast to the other
approaches found in literature, this work defines a metamodel, its implementation in SysML v1, and
process model that provides guidance for the application and tailoring of the approach. The authors
cover needs and requirements verification as well as the integration, verification and validation of
designed systems. While this publication certainly covers much more than any other reviewed sources
in terms of the work of AIV engineers, and maturity of MBSE methodology definition, the authors
mention only informal linking and traceability between activities and test setups. Since the applied
terminology and metamodel definitions presented in the paper are directly derived from INCOSE
sources, they are not immediately transferable to the space domain. For full application for performing
AIV work in a space systems development project, a formal traceability between verification activities
and setups is needed and the terms verification activity, event, and evaluation verdict need to be aligned
with ECSS standards.

The authors argue the importance that the model-based approach is able to establish a digital thread
from requirements to objective evidence that is collected in the verification activities. The stated,
potential benefits of the model-based approach are enhanced traceability between V&V attributes and
system needs and requirements, improved test coverage across the design, and support for the reuse of
verification activities throughout the life cycle. In addition, this paper introduces the idea of integrating
aspects of V&V planning, management, and execution results handling within a single environment,
from which consolidated verification plans and procedures can be generated in the future.

2.5. Chapter Summary

This chapter reviews existing literature to position the thesis within the topics of systems engineering,
space project life cycle management, AIV, and MBSE. First, systems engineering is introduced as an
interdisciplinary and integrative approach for managing technical complexity, coordinating multidis-
ciplinary work, and maintaining consistency across the complete system life cycle. By comparing
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generic ISO life cycle models with ECSS and NASA space project life cycles, the chapter establishes that
the Critical Design Review marks a transition from detailed design toward integration, verification,
validation, and transition activities. In this project stage, typical activities are grouped under the label
of Assembly, Integration, and Verification activities.

Although verification planning starts much earlier, the post-CDR phase is characterized by the practical
execution and control of AIV work, including integration, testing, verification close-out, non-conformance
handling, and preparation for qualification, acceptance, and operational readiness reviews. The review
of AIV literature and standards shows that AIV is not only a test development and execution activity,
but a life cycle-spanning engineering discipline concerned with planning, defining, executing, and
reporting verification and validation activities. As a discipline, AIV sits in the interface between
technical work, quality assurance, and project management. The interpretation of the AIV process as a
knowledge-building process, as discussed by Kannan and Salado in [43] is adopted for this thesis.

ECSS and IEEE documentation standards further clarify the key artefacts that are generated and
managed during AIV, including AIV plans, verification plans, test specifications, test procedures, test
reports, non-conformance reports, and verification control documents. Finally, the chapter reviews
MBSE as a model-centered approach to performing systems engineering and discusses its expected
benefits, including improved traceability, consistency, communication, automation, and knowledge
capture.

The analysis of MBSE methodology constituents, following ISO standards structure, shows that a
complete methodology requires not only a modeling language and tool, but also an ontology, metamodel,
process, methods, framework, and consideration of the organizational environment. Existing MBSE
methodologies and AlV-oriented approaches provide useful concepts for modeling requirements,
architectures, test contexts, verification activities, and traceability, but they only partially address the
practical needs of post-CDR AIV in space projects.

In particular, the literature shows a gap in integrated methodological support for ECSS-aligned
AIV planning, execution, evidence management, verification control, procedure handling, and non-
conformance tracking within a coherent MBSE framework. This gap motivates the development of the
post-CDR MBSE AIV methodology presented in the following chapters.



Research Design

3.1. Synthesis of Literature Review

The first part of the literature review, subsection 2.2.2, establishes Systems Engineering as a critical
discipline for the development of highly complex systems, common for the space domain. Multiple
sources are presented, including INCOSE publications, ISO standards, ESA and ECSS resources and
NASA sources, that connect the common life cycle models to the activities performed by systems
engineers during the different life cycle stages. It is established that product realization processes
(Implementation, Integration, Verification, Validation, and Transition, as described in the INCOSE
Systems Engineering Handbook [63]) form the most prominent type of systems engineering work in
later stages of the life cycle. Table 2.3 shows the relevance of these systems engineering processes in
relation to the ECSS life cycle model.

Further study of these INCOSE systems engineering processes in subsection 2.2.3 details the work
for systems engineers during later life cycle stages. The processes of Implementation, Integration,
Verification, Validation, and Transition are not isolated activities, but form a highly interdependent and
iterative set of processes with extensive input-output relationships, as highlighted by the NASA and
INCOSE sources [63, 50]. The complexity of this combination of processes creates the need to coordinate
project management, systems engineering, and domain engineering activities carefully. This tightly
coupled set of product realization processes aligns closely with the discipline commonly referred to in
the space domain as Assembly, Integration, and Verification or AIV. While terminology differs slightly
across sources such as ESA, NASA, and INCOSE, the underlying activities described in the literature are
conceptually equivalent.

The subsection 2.3.1 introduces the common principles shared among various literature sources, with
an extended focus on the description of the work process. The section demonstrates that the AIV
domain is marked by technical / engineering work but also management and programmatic tasks. The
presented process models for this work highlight the need for AIV engineers to align the technical
challenges, defects, and other problems discovered during the execution of verification activities,
with the programmatic constraints of a project [63, 50, 69]. Such programmatic constraints are for
example scheduling and timeline management, managing stakeholders, keeping project information
and documentation consistent, and preparing for formal reviews and decision gates. Traditionally, the
complexity of the tasks managed by AIV engineers has required a high degree of documentation to be
created and maintained manually. The typical AIV related documents are discussed in subsection 2.3.2.
The section further underscores the complexity that is introduced into a project, just by the need to
manage all this documentation. In addition, this section provides a bounded scope for the work of AIV
engineers, differentiating the work of an AIV engineer from the work of Systems Engineering in early
life cycle stages. In this context, AIV engineering is distinguished from early-phase systems engineering
by its primary focus on the realization, integration, verification, and validation of an already defined
system, rather than on requirements definition, concept development, and system architecture design [9,
12].

47
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Given the inherently complex and document-centric AIV processes, and the potential upsides of MBSE
mentioned in the introduction, MBSE related literature is reviewed. This aims to investigate the extent
to which existing approaches in literature address the work related to AIV. section 2.4 of the literature
review first introduces the basics of MBSE and its benefits cited in literature. Furthermore, the section
provides an overview of the best practices on how to structure an MBSE approach following the ISO
24641 standard [38]. In the last part of the section, a selection of existing MBSE approaches are presented
with an additional focus on approaches that include aspects of verification and validation work.

3.2. Research Gap and Objective

While the literature provides extensive descriptions of Systems Engineering processes in post-CDR
stages and highlights the complexity of AIV activities, a clear gap emerges when comparing these
insights with existing MBSE methodologies. Current MBSE approaches predominantly focus on early
life cycle phases, such as requirements definition and system architecture design, and provide limited
support for the explicit modeling of AIV-specific concepts such as verification activities, test setups,
verification control, and verification evidence management.

As a result, the later life cycle stages remain largely document-centric, despite their high complexity,
strong interdependencies, and critical role in ensuring system compliance. This lack of methodological
support for applying MBSE in post-CDR phases limits the realization of a consistent digital thread
across the whole system life cycle and reduces the potential benefits of MBSE in the real world.

Therefore, there is a need to investigate how the application of MBSE can be extended or tailored to
effectively support Systems Engineering and AIV activities in post-CDR project stages. This leads
directly to the research objective of the thesis to develop an MBSE Methodology to support Systems
Engineering and Assembly, Integration and Verification in post-CDR project stages. To show that the
approach is suitable for practical application, the second objective is to implement the approach in part
of a real-world project.

3.3. Research Questions

Based on the identified gap between the complexity of AIV processes and the limited support provided
by existing MBSE methodologies for post-CDR stages and the defined research objective, three research
questions are formulated. For each research question, a hypothesis is formulated and later evaluated to
provide answers to the questions and guide the research activities in the process. The research questions
and hypotheses are presented in Table 3.1.

Table 3.1: Research Questions

ID Research Topic / Research Question

RO Develop an MBSE Methodology for Systems Engineering and Assembly, Integration and Verification in
post-CDR project stages and implement it in part of a project.

RQ-1 How and to what extent do current MBSE approaches in literature address the post-CDR stage of projects?

HYP-1 Most MBSE approaches described in literature are focused on SE activities until CDR, while most of the SE

concepts for post-CDR described in relevant SE standards and literature, such as AIV planning,
verification control, and test specifications, are not covered in MBSE Methodologies found in literature.

RQ-2 How can an MBSE methodology be defined and implemented to effectively support Systems Engineering
and AIV activities in post-CDR project stages?

HYP-2 It is possible to define and implement an MBSE methodology tailored to post-CDR project needs that
supports Systems Engineering and AIV activities by focusing on requirements traceability, explicit
modeling of verification activities, collected evidence, setups, and verification control.

RQ-3 What benefits and limitations can be observed when applying MBSE to the post-CDR phase of a project
such as the Da Vinci Satellite?

HYP-3 Applying the MBSE approach results in improved consistency and traceability of requirements to other
information, better planning and overview over the AIV process, and increased stakeholder confidence in
the system definition and verification control, compared to a conventional document-centric approach.
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The three research questions are addressed through a sequential research approach, where the outcome
of each step informs the subsequent one.

RQ-11is addressed through an analysis of existing MBSE methodologies identified in the literature review.
These methodologies are evaluated with respect to their coverage of post-CDR Systems Engineering
and AlV-related concepts.

RQ-2 builds directly on the findings of RQ-1. Based on the identified gaps and the previously established
understanding of post-CDR Systems Engineering and AIV processes, a tailored MBSE methodology is
developed. This includes the definition of an ontology, modeling approach, and supporting framework
that explicitly incorporates AlV-related concepts and enables end-to-end traceability in the AIV process.
The scope of the methodology is defined by selecting the elements that are most relevant for post-CDR
stages. The suitability of this scope is used to evaluate HYP-2.

RQ-3 is addressed through the application of the developed MBSE methodology to a case study, namely
the Da Vinci Satellite project. The implementation focuses on selected AIV processes and artifacts,
allowing for an assessment of the practical applicability of the approach. The evaluation compares the
model-based approach to the existing document-based practices in terms of traceability, consistency,
and transparency of AIV planning and verification control. Observed benefits and limitations are used
to evaluate HYP-3.

3.4. Chapter Summary

This chapter defines the research design of this thesis project by synthesizing the findings of the
literature review into a concrete research gap, research objective, research questions, and hypotheses.
The synthesis shows that post-CDR systems engineering work is dominated by highly interdependent
product realization processes, especially implementation, integration, verification, validation, and
transition. In the space domain, these activities closely correspond to the discipline of Assembly,
Integration, and Verification. The literature further shows that AIV is not only a technical testing activity,
but also includes planning, coordination, documentation, verification control, review preparation, and
non-conformance handling.

The chapter identifies a gap between the complexity of post-CDR AIV work and the support provided
by existing MBSE methodologies. Current MBSE approaches mainly focus on earlier life cycle activities
such as requirements definition, system architecture, and design, while AIV-specific concepts are
only partially addressed. This motivates the research objective: to develop and implement an MBSE
methodology that supports Systems Engineering and AIV activities in post-CDR project stages.

Based on this objective, three research questions are formulated. RQ-1 investigates how existing MBSE
approaches address post-CDR project stages. RQ-2 focuses on how an MBSE methodology can be
defined and implemented to support post-CDR Systems Engineering and AIV work. RQ-3 evaluates
the observed benefits and limitations of applying the developed approach in the context of the Da Vinci
Satellite project. Together, these questions structure the research approach from literature analysis, to
methodology development, to practical case study application and evaluation.



Development of the MBSE AIV
Methodology

4.1. Requirements Elicitation

4.11. Stakeholder Analysis and Stakeholder Needs Definition

In this section the stakeholders, stakeholder needs, and requirements for the MBSE AIV Methodology
will be presented. They will serve as a baseline for the Methodology development and the verification
and validation approach of the methodology. First, the main stakeholders and their needs will be
derived from the literature study section. Then, the stakeholder needs will be mapped to the main use
cases that the methodology must provide. The Use Cases will provide a rough description on how the
different stakeholders could make use of the MBSE AIV methodology to perform (parts of) the work
they are usually expected to perform.

Furthermore, the stakeholder needs are grouped into four categories. These categories are based on the
three high-level processes related to the AIV discipline mentioned in [9], which are Verification Planning,
Verification Execution and Reporting, and Verification Control and Closeout. Additionally, there is
an added category capturing the specific needs to ensure traceability and documentation consistency
which can be understoo