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ABSTRACT 

 Requirements management is essential to the success of any project or product. 

Currently, requirements derived from users’ needs are often document-centric and 

expressed in textual statements. Conventional requirements management techniques, 

although widely used, are known to have various shortcomings. A model-based systems 

engineering (MBSE) approach to requirements management, using models to capture and 

represent system requirements, has emerged with promise. This thesis explored the 

application of MBSE to requirements management with the goal of achieving improved 

communications, increased reusability, and better traceability. A model was created to 

transform a sample set of text-based requirements into a model-based representation. 

From this model, an evaluation of its effectiveness was conducted based on the 

performance metrics defined. Results showed that an MBSE approach had fulfilled the 

measures of effectiveness and met the goal of improving requirements management. 

However, for the successful implementation of MBSE on requirements management, 

there are hurdles to overcome and future work to be explored. 
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EXECUTIVE SUMMARY 

Effective requirements management is a critical aspect of successful system 

development, ensuring that the system meets the needs and expectations of stakeholders. 

Traditionally, this process involved documenting requirements in textual formats, leading 

to potential challenges such as ambiguity, inconsistency, high error rates, and difficulty in 

traceability. Model-based system engineering (MBSE) has emerged as an approach with 

promise, to enhance the requirements management processes by utilizing models as a 

means of capturing, analyzing, and communicating requirements. These models provide a 

clear and intuitive representation of system components, their relationships, and their 

behavior, enabling stakeholders to better understand and communicate complex 

requirements. 

This thesis seeks to explore the effectiveness of applying MBSE to requirements 

management and, in the process, identify any associated key challenges and benefits. 

This is achieved by identifying three research objectives with specific metrics to 

determine their effectiveness. The three research objectives are improved 

communications, increased reusability, and better traceability. This thesis focuses on the 

requirements from formulated requirements at the design phase. Therefore, the quality of 

the requirements and formulation of requirements would not be addressed. 

Using Innoslate, a model was developed to represent designated requirements for 

the integrated bridge-platform management system (IBPMS) of a naval ship. From this 

model, a range of constructs for representing requirements was generated, including 

requirements diagrams, action diagrams, spider diagrams, hierarchy diagrams, and 

traceability matrices. These constructs allowed the model to be evaluated to determine 

the effectiveness of the MBSE methodology. 

The first research objective of improved communications among stakeholders was 

fulfilled by MBSE’s capability to generate multiple views to communicate with different 

stakeholders with the assurance that the underlying information is derived from the same 

dataset. Depending on needs, a stakeholder has the option of selecting the view(s) most 

NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU

_________________________________________________________



xvi 

appropriate for the desired task. All these views, together with other system-related 

information, are “stored and configuration-managed in a central repository” (Madni and 

Sievers 2018, 172). Any amendments to the model will be tracked and made aware to all 

members. This ensures all stakeholders have access to the latest and most up-to-date 

information, enabling real-time collaboration and promoting transparency, thereby 

leading to significant improvements in communications. 

The second research objective of increased reusability was achieved by creating a 

standardized approach to requirements development and management. Requirement 

templates that capture common requirements structures or patterns, including their 

attributes, relationships, and properties, can be created and reused across multiple 

projects. Furthermore, MBSE allows requirement libraries or repositories to be created 

for storing and maintaining the requirements templates and reusable requirements. Lastly, 

a key advantage of an MBSE approach is the ability for the whole requirement model to 

be imported from one project into another, effectively reusing the entire model or 

significant portions of it. 

The third research objective of better traceability is achieved by leveraging MBSE 

elements like providing a centralized repository, establishing a hierarchical structure, 

enabling traceability links, and supporting impact analysis. This enhances the ability to 

track, manage, and validate requirements throughout the system development process, 

promoting consistency, transparency, and effective decision-making. 

In summary, this thesis suggests requirements management using MBSE brings 

substantial improvements to the system development process. By harnessing visual 

models, improvements to traceability, communication, and reusability can be realized, 

leading to enhancements in the efficiency, effectiveness, and quality of requirements 

management, ultimately contributing to the successful delivery of complex systems. 

Further refinement of MBSE’s modeling approach to requirements management 

can be carried out by exploring additional performance metrics and evaluating their 

applicability in other major systems on naval platforms. Future work can be conducted to 
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explore integrating requirements management with other engineering disciplines, 

promoting consistency, coherence, and alignment across system development activities. 
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I. INTRODUCTION 

A. BACKGROUND 

Current approaches to requirements management involve a linear process of 

gathering requirements, documenting them in a requirements document, and then 

verifying and validating them through various testing techniques. The requirements are 

often text-based, expressing the needs of the user in specific statements. Although 

conventional requirements management techniques are extensively used, they have 

various shortcomings, such as inadequate traceability, inconsistency, incompleteness, and 

high error rates. 

Model-based systems engineering (MBSE) has emerged as an approach with 

promise, to enhance requirements management using models that can be analyzed, 

simulated, and validated, enabling stakeholders to capture and represent system 

requirements. However, there are various factors, such as the quality of the models, cost, 

and receptiveness to adopt by the stakeholders, that may limit the effectiveness of MBSE 

in requirements management. This research seeks to gain a better understanding of the 

effectiveness of MBSE in requirements management, as well as identify the and benefits 

associated with this approach. 

B. RESEARCH QUESTION AND OBJECTIVES 

The goal of this research is to improve requirements management through the use 

of MBSE. That goal will answer the following question: Based on appropriate measures 

of success, are there applications of specific MBSE products that clearly result in 

improvements to the requirements management process?  The specific research 

objectives that will be assessed in support of that question are: 

1. Improved Communications 

MBSE enables better communication among stakeholders by providing a 

common language and framework for expressing requirements. This helps ensure that 

everyone is on the same page, which can reduce misunderstandings and conflicts. 
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2. Increased Reusability  

MBSE can increase the reusability of requirements by enabling them to be stored 

and reused in different contexts. This can save time and effort in future projects and 

reduce the risk of errors. 

3. Better Traceability 

MBSE provides better traceability of requirements by enabling stakeholders to 

trace requirements from origin to implementation. This can help ensure that all 

requirements are met and provide better insight into the impact of changes. 

Overall, using MBSE for requirements management can improve the 

effectiveness and efficiency of any organization, leading to better systems and a more 

efficient development process. 

C. METHODOLOGY AND THESIS ORGANIZATION 

Requirements management is essential to the success of any project or product 

(Hood et al. 2008). A set of requirements for an integrated bridge-platform management 

system (IBPMS) is modeled to transform it from a standalone text-based form to a 

model-based form. This modeling process explores the benefits of using MBSE for 

requirements management. 

The organization of this thesis is as follows. Chapter II presents the literature 

review, which discusses the current approaches to requirements management and their 

effectiveness. Chapter III details the proposed enhancement to the requirements 

management process with a discussion on the potential measures of effectiveness (MOE). 

In Chapter IV, the results and observations from the application of MBSE are discussed, 

and Chapter V presents the conclusion and possible future work/research areas. 

This thesis focuses on the requirements from formulated requirements at the 

design phase. We do not address the quality of requirements and formulation of 

requirements. 
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II. LITERATURE REVIEW 

Requirements management refers to the process of identifying, analyzing, 

documenting, validating, and controlling the requirements for a system or product. This 

process involves gathering requirements from stakeholders and translating them into 

specific, measurable, and testable criteria the system must meet. Effective requirements 

management is critical to the success of a project (Zhang and Zhang 2020), as it helps to 

ensure that the system meets the needs of the user, is developed on time and within 

budget, and meets any applicable regulatory or quality standards. Requirements 

management typically involves using tools and techniques to track changes to the 

requirements, manage dependencies between requirements, and ensure that the 

requirements are consistent, complete, and unambiguous. It is an ongoing process that 

requires collaboration between stakeholders throughout the development lifecycle to 

ensure that the system meets the needs of all stakeholders. 

The foundation of this research into the improvement of requirements 

management involves a review of current approaches to requirements management, an 

overview of relevant applications of MBSE, and a summary of the system being 

examined to demonstrate the proposed approach’s benefits. Therefore, this literature 

review focuses on three main areas, a) requirements management techniques, b) 

effectiveness of MBSE, and c) challengers of shipboard systems requirements. 

A. REQUIREMENTS MANAGEMENT TECHNIQUES 

Contemporary requirements management often utilizes text-based methods to 

document stakeholders’ requirements and track changes in the requirements throughout 

the product lifecycle. One of the key activities of requirements management is 

traceability. 

Improper requirements management caused by requirement traceability issues is 

one of the reasons for project failure based on the STANDISH Report (Satyarthi and 

Pandey 2017, 904). To address this issue, Satyarthi and Pandey proposed a requirements 

management framework comprising three phases—Planning, Execution, and 
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Management. These three phases combined to manage the requirements of all the various 

stakeholders. The key apparatus within the framework that links the three phases is the 

requirement traceability matrix (RTM) which links the requirements from the initial to 

the final stage (Satyarthi and Pandey 2017, 906). Although it is a good practice to 

implement requirement traceability for requirements management, the RTM is still 

mainly text-based, leaving it susceptible to incompleteness or inconsistencies. 

Zhang and Zhang (2020) introduced an integrated requirements management 

platform that applies semantic analysis on template, attribute and rules databases, and 

knowledge database established for a particular aircraft type. There are multiple levels of 

requirements for an aircraft, from the stakeholder needs at the top, followed by aircraft-

level requirements, system-level requirements, and sub-system requirements (Zhang and 

Zhang 2020). Their research proposed for different templates to be defined for each 

requirement level, with the templates containing all the various attributes of the 

requirements to form an attribute database. In addition, they proposed a rule database to 

automatically check for errors in the requirements for improved quality and development 

efficiency. They then further established a knowledge database to contain good 

requirements developed in the past. However, Zhang and Zhang highlighted that these 

good requirements are typically expressed in unstructured natural language, resulting in 

inconsistencies and ambiguities. A semantic analysis function is then employed to 

“improve the language expression quality of requirements” (5). Despite the potential 

improvements that the integrated requirements management platform could provide, it is 

still a text-based methodology. It continues to suffer from shortcomings like the inability 

to fully capture some requirements with text and the inability to visualize the linkages 

between requirements. 

Kravari, Antoniou, and Bassiliades (2021) also proposed using semantics in their 

SENSE framework. SENSE is a framework that utilizes “standardized expressions of 

natural language with well-defined semantics, called boilerplates, that support a flow-

down procedure for requirements management” (1). The aim was to standardize the 

requirements to minimize inconsistencies. 
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Apart from text-based methods, there are considerable recent developments in 

Agile requirement engineering methods (Vierlboeck and Nilchiani 2021). Agile 

requirement engineering is an iterative and collaborative approach to capturing and 

managing requirements in agile software development projects, which usually have 

shorter development cycles (Ramesh, Cao, and Baskerville 2010, 450). Ramesh, Cao, and 

Baskerville (2010) stated that Agile methods often suit rapidly changing software 

development as it supports the commencement of coding before requirements have been 

finalized. Instead, the requirements will be formed in tandem with the software 

development process. While this approach emphasizes flexibility, adaptability, and 

responsiveness to changing requirements and customer needs, it is not suited for the 

design of shipboard systems, where design work will only begin after requirements have 

been established. 

Furthermore, Agile methods call for stakeholders to constantly be engaged to 

review and refine requirements (Schon et al. 2017). This is not feasible for the typical 

naval shipbuilding project, which takes years to materialize as stakeholders will change 

throughout the project. For this reason, possessing the capability of requirements, 

traceability takes precedence over the need to be flexible and adaptable to rapidly 

changing requirements. 

B. MODEL-BASED SYSTEM ENGINEERING 

In the traditional approach, requirements are often expressed in text-based form, 

using natural language statements to describe the needs of the user or system. However, 

this can lead to ambiguity and inconsistency in the requirements, as different stakeholders 

may interpret the text differently. 

To address these issues, MBSE has emerged as a promising alternative approach 

to requirements management. MBSE is the “formalized application of modeling to 

support system requirements, design, analysis, verification, and validation, beginning in 

the conceptual design phase and continuing throughout development and later life cycle 

phases” (Friedenthal, Griego, and Sampson 2009, 6). Using models to represent the 
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system and its requirements, stakeholders can create a more precise, unambiguous, and 

consistent representation of them. 

In MBSE, the requirements are captured and represented using graphical or 

mathematical models, which can be analyzed, simulated, and validated to ensure that they 

meet the needs of the user or system. This approach can help to improve the quality of the 

requirements, reduce the risk of errors and misunderstandings, and streamline the systems 

engineering process. 

Subarna et al. introduced an MBSE approach to managing the requirements of an 

aerospace system using System Modeling Language (SysML) (Subarna et al. 2020). 

SysML is described by Friedenthal, Moore, and Steiner (2012) as “a general-purpose 

graphical modeling language that supports the analysis, specification, design, 

verification, and validation for complex systems” (29), making it a key enabler of MBSE. 

Subarna et al. applied an MBSE method to the fuel distribution system (FDS) of a 

conventional fixed-wing aircraft by modeling the life cycle of the FDS via a series of 

SysML Diagrams. These diagrams are visually associated with a validation and 

verification process to ensure better traceability from the eventual test results to the 

requirements. 

Lebeaupin and Rauzy (2020) proposed a hybrid model consisting of various 

collections of text-based requirements and model-based descriptions. The first part of 

their idea was to link text in requirements with elements of models to create a more 

comprehensive and interconnected system specification. Treating the requirements as a 

hypertext specification, as suggested by their article, makes it easier to navigate through 

the different parts of the specification and understand the relationships between the 

various components. To implement this approach, requirements were linked with blocks 

in a SysML internal block diagram using hyperlinks between the requirements and the 

models (Lebeaupin and Rauzy 2020). 

The second part of Lebeaupin and Rauzy’s idea is to produce parts of the 

requirements using controlled natural language (CNL) techniques to to ensure that the 

requirements are clear, concise, and unambiguous (Lebeaupin and Rauzy 2020). CNL is a 
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subset of natural language specially designed to facilitate communication among humans. 

Generating parts of requirements using CNL can ensure that the requirements are 

structured in a way that is easier to understand and accurately convey the intended 

meaning. This can help to eliminate ambiguity and reduce the risk of misinterpretation or 

misunderstanding. 

Overall, combining both parts of Lebeaupin and Rauzy’s method, the aim is to 

use CNL to make it easier to ensure that the requirements accurately capture the intended 

meaning so that different stakeholders can easily understand them. Concurrently, models 

linked to requirements via hyperlinks seek to improve the quality of both requirements 

and models. 

There are increasing studies on the adoption of MBSE, particularly in aerospace 

applications and platforms, with the objective of improving the accuracy, consistency, 

and traceability of the requirements. In contrast, studies on naval platforms and systems 

are less common. 

C. INTEGRATED BRIDGE AND PLATFORM MANAGEMENT SYSTEM 

The ship’s integrated bridge system (IBS) is a critical component of modern 

marine navigation, communication, and safety systems. It is a comprehensive and 

integrated platform that combines various navigation, communication, and monitoring 

systems to provide a centralized and streamlined bridge operation. The ship IBS is 

designed to enhance the safety, efficiency, and accuracy of vessel operations by 

providing real-time information and decision support tools to the ship’s crew. It enables 

seamless integration of various components such as radar, electronic chart display 

identification system (ECDIS), automatic identification system (AIS), global positioning 

system (GPS), voyage data recorder (VDR), and other critical navigation and 

communication systems, offering a single point of control for safe navigation (Figure 1). 

As such, the ship IBS is an essential system for modern maritime passage, and its proper 

installation, integration, and operation are critical to ensure the safety and efficiency of 

ship operations. 
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Figure 1. IBS typical architecture. Source: Anschutz (n.d.). 

All IBS sub-systems can be controlled and monitored from the consoles in the 

bridge of the ship (Figure 2). In addition, these consoles also house the workstations of 

integrated platform management system (IPMS). 
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Figure 2. Bridge consoles that house IBS and IPMS workstations. Adapted 

from OSI Maritime Systems (n.d.). 

The ship’s integrated platform management system (IPMS) is a crucial element of 

modern ship automation and control systems. It is a fully integrated digital platform 

consolidating and streamlining shipboard functions such as propulsion, power generation, 

and auxiliary systems control. The ship IPMS integrates various critical ship systems, 

such as engine management, fuel monitoring, heating, ventilation, and air conditioning 

(HVAC) system, closed-circuit television (CCTV), firefighting and damage control, and 

ballast control systems, providing a comprehensive and centralized control system 

(Figure 3). By automating and streamlining these shipboard functions, the ship IPMS 

enhances the efficiency, reliability, and safety of ship operations while reducing crew 

workload. The ship IPMS also provides real-time monitoring and diagnostics capabilities 

that enable predictive maintenance and fault detection, reducing downtime and enhancing 

operational reliability. Hence, the IPMS is a vital component of the modern vessel to 

ensure efficient and reliable operation. 
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Figure 3. IPMS typical architecture. Source: L3Harris (n.d.). 

There is a trend towards integrating ship’s integrated bridge systems (IBS) and 

ship’s integrated platform management systems (IPMS). The integration of these two 

systems creates a comprehensive ship automation and control platform that streamlines 

and centralizes shipboard functions, enhancing the efficiency and safety of ship 

operations. 

By integrating the IBS and IPMS, ship operators can leverage the capabilities of 

both systems to enhance situational awareness, optimize vessel performance, and reduce 

operational costs. For example, integrating the navigation and propulsion systems enables 

the ship to maintain a more precise course, speed, and fuel consumption, resulting in 

improved efficiency and reduced emissions. 

The need for greater efficiency and safety in maritime transportation drives the 

trend toward integrated IBS and IPMS systems. As shipping becomes more competitive 

and regulations become more stringent, ship operators seek ways to optimize their 

operations while maintaining high levels of safety and compliance. Integrating these two 

critical ship systems is one way to achieve these goals. This trend towards integrated IBS 

and IPMS systems is expected to continue as ship operators seek to improve the 

efficiency, safety, and sustainability of their operations. 
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The requirements of IBS and IPMS are complex and multifaceted, and managing 

them can present several challenges. Some of the key challenges include: 

• Complexity: These systems are highly complex and require a deep 

understanding of the technology and the operational environment in which 

they will be used. This complexity can make it challenging to define and 

manage the requirements effectively. 

• Integration: IBS and IPMS have a wide range of interconnected 

components, each with its specific requirements. Ensuring that all these 

components work together seamlessly can be a significant challenge. 

• Regulatory compliance: The maritime industry is subject to a range of 

regulatory requirements, including those related to safety and 

environmental protection. Ensuring that the IBS and IPMS meet all these 

requirements can be challenging. 

• Interdisciplinary teams: Developing and managing the IBS and IPMS 

typically require the involvement of interdisciplinary teams, including 

engineers, designers, and domain experts. Managing the requirements 

across these diverse teams can be challenging. 

• Changing requirements: The requirements for IBS and IPMS can change 

over time as technology evolves and new operational challenges arise. 

Managing these changing requirements can be a significant challenge, 

particularly when the system is already in use. 

• Communication: Effective communication is critical to managing the 

requirements of these systems. Ensuring that all stakeholders understand 

the requirements and are able to communicate effectively can be a 

challenge, particularly when stakeholders are geographically dispersed or 

have different areas of expertise. 
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Managing the requirements of a ship’s IBS and IPMS requires a deep 

understanding of the technology, the operational environment, and the regulatory 

landscape, as well as effective communication and collaboration across interdisciplinary 

teams. 

The current approach for communicating ship requirements to shipbuilders is 

predominantly based on document-centric methods that rely on the Statement of Work 

(SOW) and Ship Technical Specification documents. The SOW outlines the work to be 

performed by the contractor, including any necessary specifications on how it should be 

executed. On the other hand, the Ship Technical Specification document outlines the 

technical performance requirements that the ship must meet. Also included in the Ship 

Technical Specification are functional requirements, non-functional requirements, and 

regulatory requirements from major regulatory bodies like International Maritime 

Organization (IMO), Safety of Life at Sea (SOLAS), Institute of Electrical and 

Electronics Engineers (IEEE), and military standard (MIL-STD). For IBS and IBPMS, 

some of the sub-systems are mandated due to requirements from the regulatory bodies. 

Altogether, these requirements can add up to hundreds of artifacts for a typical project. 

The traditional way of documenting these requirements in a contract-style list resulted in 

a very long list that is arduous to visualize and manipulate. The primitive method of using 

tables to create matrices for tracing requirements led to huge traceability matrices that are 

equally difficult to handle (Lerche 2019). As such, requirements management software 

tools were developed. 

 Most requirements management software uses requirements traceability matrix 

(RTM). RTM is a tool that helps to ensure that all requirements are met. It does this by 

tracking the requirements throughout the development process and ensuring they are 

linked to the corresponding design, implementation, and test artifacts (Clark 2006). 

However, this document-centric method is considered inefficient and susceptible 

to errors. MBSE can help the Navy and shipbuilders communicate requirements more 

effectively, leading to a more accurate and mutually agreed-upon contractual baseline 

(Tepper 2010). 
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III. PROPOSED ENHANCEMENT TO REQUIREMENTS 
MANAGEMENT 

A. SYSTEMS ENGINEERING 

Systems engineering is a vital discipline essential to designing, developing, and 

managing prevalent complex systems. It involves the integration of various engineering 

disciplines and other specialized fields to develop systems that meet the desired 

requirements, perform reliably, and are cost-effective. The application of systems 

engineering is widespread, and it is used in a variety of industries and domains. The 

benefits of systems engineering are numerous and can be observed at various stages of 

the system’s life cycle. Systems engineering plays a vital role in ensuring the safety, 

effectiveness, and reliability of the systems. 

B. CURRENT SYSTEM ENGINEERING APPROACH 

The systems engineering discipline recognizes the limitations of the document-

based approach to capture system specifications and design information. These artifacts 

encompass various elements such as “requirements, interface control documentation, and 

system architecture design descriptions” (SEBoK Contributors 2023, 22). However, there 

are no linkages between this information, which is contained in separate documents of 

different formats. Systems engineers have consistently utilized diverse types of models to 

enhance their work. Figure 4 and Figure 5 show the typical functional and physical 

hierarchy diagrams, respectively, which system engineers use to represent the functional 

and physical decomposition of a system. No linkage exists between these two diagrams. 
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Figure 4. A typical functional hierarchy diagram 

 

 
Figure 5. A typical physical hierarchy diagram 

This document-centric approach in systems engineering encounters challenges 

such as imprecise information, inconsistencies between artifacts, and limitations in the 

reusability and maintainability of information (SEBoK Contributors 2023). Additionally, 

the proliferation of highly complex systems that are interdisciplinary in nature further 

accentuates the need for a more effective systems engineering method to facilitate 

collaborative work across various engineering disciplines and operations (Subarna et al. 

2020). Furthermore, the emergence of more intelligent systems and products raises the 

demand for a paradigm shift towards a more integrated and collaborative approach. 
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C. APPLYING MODEL-BASED SYSTEMS ENGINEERING 

MBSE is a methodology that uses models to design and manage complex 

systems. This approach involves creating and analyzing models that represent various 

aspects of a system, including its requirements, design, behavior, and functionality. 

MBSE is a powerful approach to systems engineering that allows engineers and other 

stakeholders to collaborate more effectively by providing them with an integrated 

conceptual framework for understanding the system. 

One of the key advantages of MBSE is its ability to facilitate communication and 

collaboration between different engineering disciplines working on a project. By using 

models to represent the system, stakeholders from different disciplines can have a 

common understanding of the system’s design and behavior. This shared understanding 

helps to prevent misunderstandings and reduces the risk of errors and inconsistencies. It 

also allows stakeholders to provide feedback and make informed decisions about the 

system’s design, leading to a more effective and efficient system. 

Another benefit of using MBSE is improved reusability. By representing the 

system as a model, parts of the system can be reused in future designs. This leads to cost 

savings and reduces the time and effort required to design new systems. Additionally, 

reusing parts of the design that have already been tested and validated increases the 

reliability of the new system. 

Improved traceability is a third benefit of using MBSE. Tracing requirements, 

design decisions, and system behavior is easier when the system is represented as a 

model. This traceability helps to ensure that the system meets the desired requirements 

and goals. It also helps identify any issues arising during the design and implementation 

process, allowing for timely and effective solutions. 

Furthermore, MBSE offers a holistic approach to system design and analysis that 

enables engineers to consider the system as a whole rather than as disconnected 

components. The application of MBSE is particularly beneficial for complex system 

development, where keeping track of various components and interdependencies can 

become overwhelming without an integrated approach. 

NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU

_________________________________________________________



16 

In summary, MBSE is a methodology that uses models as a basis for the design, 

analysis, and implementation of complex systems. It has several benefits, including 

improved communication among stakeholders, better reusability, and enhanced 

traceability. These benefits help to ensure that the system meets the desired requirements 

and goals, leading to a more effective and efficient system. Therefore, they are used to 

gauge the effectiveness of the application of MBSE on requirements management. 

D. MEASURES OF EFFECTIVENESS 

In systems engineering, the measure of effectiveness (MOE) is a critical tool used 

to evaluate the effectiveness of a system in meeting its intended goals and objectives. The 

MOE is a quantitative measure that provides stakeholders with an objective assessment of 

the system’s performance and helps to identify areas where improvements can be made. 

In this thesis, MOE is used to define the key performance indicators that 

determine the effectiveness of adopting MBSE in handling the requirements of a complex 

system. INCOSE has presented numerous benefits of MBSE, including “improved 

communications,” “increased ability to manage system complexity,” “improved product 

quality,” improved traceability, and “enhanced knowledge capture” and reusability 

(Friedenthal, Griego, and Sampson 2009, 7). Out of these, three are selected as the 

research objectives with specific metrics to determine their effectiveness. 

1. Improved Communications between Stakeholders 

System modeling is a powerful method for comprehending and communicating 

complex systems. MBSE provides a significant advantage by facilitating clear 

communication among all stakeholders using a common language that is widely 

understood. Employing a unified system design language can overcome communication 

gaps between stakeholders with diverse backgrounds and levels of experience. The 

challenge of interpreting and clarifying requirements is frequently one of the most 

challenging aspects of the systems engineering process. MBSE can alleviate uncertainty 

and stimulate the entire program team to attain consistent thinking and communication 

(Tepper 2010). The ability to communicate clearly and effectively is critical to the 

success of any system design project. Using MBSE, engineers and stakeholders can work 
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together to develop a shared understanding of the system design and ensure everyone is 

on the same page regarding requirements, specifications, and priorities. This can help to 

mitigate ambiguity, promote consistency, and improve the quality of the system design, 

ultimately leading to a more efficient and effective system. Often, miscommunications 

arise between operators (i.e., the Navy and their representatives) and shipbuilders due to 

the ambiguity in the requirements. This issue can be mitigated with MBSE. 

It is challenging to establish a quantifiable metric for communication due to its 

subjective nature. One potential method is to conduct a stakeholder perception survey to 

gauge stakeholders’ views. Rating scales or structured survey questionnaires can be 

utilized to assign numerical values to stakeholders’ responses and derive quantitative 

insights. 

Besides a survey, other non-quantitative methods would also be helpful in the 

effectiveness analysis. Non-quantitative factors such as the accuracy of the information 

and linkage of different views would be studied to ascertain their impact on the 

communications among stakeholders. 

2. Reusability of Requirements 

INCOSE highlighted the ability of MBSE to “enhanced knowledge capture and 

reuse of the information by capturing information in more standardized ways” 

(Friedenthal, Griego, and Sampson 2009, 7). Information such as requirements can be 

modeled to create reusable requirement components or modules, making them more 

easily adaptable and reusable across different projects. 

In the design of a naval ship, it is of utmost importance to fulfill regulatory 

requirements. Compared to functional or system requirements, regulatory requirements 

are updated less frequently. Regulations like IMO, SOLAS, IEEE, etc., are also 

applicable for a range of ships of various classes and tonnages. Therefore, the developed 

requirements models will be platform-independent and possible for reuse across different 

naval shipbuilding projects. 
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Although functional or system requirements are more likely to experience rapid 

changes with technological advancement, the fundamentals of essential systems such as 

navigation systems are well established, and any changes are usually evolutionary rather 

than revolutionary. The addition of cybersecurity capabilities to a navigation radar system 

will lead to additional requirements, but it will not affect the baseline functional 

requirements of the system. 

The reusability of requirements would be examined through some of the 

subsystems in the IBPMS. This assessment would explore the number of reusable 

requirements. 

3. Traceability of Requirements 

Requirements traceability is an essential aspect of the MBSE process, ensuring 

that each requirement is accounted for throughout the system development lifecycle. 

Traceability allows tracking individual requirements from initial conception to the system 

design, implementation, testing, and final deployment. This ensures that all requirements 

are satisfied, and potential issues are identified and addressed early on. 

Throughout the construction phase of a naval ship, numerous tests and trials are 

conducted at different phases and milestones as checkpoints before proceeding to the next 

stage. For each trial, an approved test procedure is used for conducting the test and 

verifying that the system under test functions as intended and meets the operational 

requirements of the ship. One of the most critical checkpoints is the sea acceptance trial 

(SAT) which is conducted on the open sea to evaluate the performance, functionality, and 

reliability of the ship and its associated systems. During the SAT, the ship and its systems 

are subjected to a range of operational conditions, including different sea states, weather 

conditions, and operating scenarios, to verify that they meet the required performance and 

safety standards. 

The importance of the SAT cannot be overstated, as it is the final step in ensuring 

that the ship and its systems meet the required standards for safety and performance. By 

conducting a thorough SAT, shipbuilders, and operators can ensure that the ship and its 
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systems are safe and reliable and that the operational requirements of the ship and its 

crew are met. 

However, the scope of the sea trial is typically formulated following historical 

trial procedures established years ago based on experience and refined throughout the 

years from lessons learned. With the evolution of requirements over time, these trial 

procedures may no longer be adequate to capture all the required tests unless proper 

linkages are established between the tests to the requirements. The application of MBSE 

to provide a linkage, allowing verification tests to be traced back to the requirements, is 

explored. 

The effectiveness of the linkage between a requirement and its corresponding 

verification test is evaluated using MBSE tools within Innoslate. Tools such as 

traceability matrix and appropriate diagrams would map requirements to verification 

tests. The MOE is based on the completeness of the traceability matrix by measuring the 

percentage of requirements successfully linked to corresponding verification tests. 

E. APPLICATION OF MBSE TO REQUIREMENTS MANAGEMENT 

The design of ships has generally followed a document-based approach which 

entails creating textual technical specifications, design drawings, and design and interface 

control documents to capture all the system requirements (Tepper 2010). Given the 

complexity of an extensive system like a ship, the requirements and system specifications 

are usually documented in a contract-style document. This document is segregated into 

different sections, which are managed by design engineers who are the subject matter 

expert in the respective sections. The design engineers are responsible for managing the 

documents, establishing their accuracy, completeness, and consistency, and ensuring they 

fulfill the requirements. Typically, requirements management software tools are used for 

the task of managing the requirements. However, it can be simply based on the individual 

design engineer’s prerogative and experience without a well-defined methodology or 

process, which can vary from project to project. 

The current manual traceability process between requirements and ship design is 

inefficient and error-prone. The requirements database does not have any linkage to the 
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design documents forcing engineers to manually track requirements across multiple 

documents. This can be time-consuming and error-prone, as it is easy for information to 

be lost or misinterpreted. 

In addition, the document-based approach makes it difficult to understand the 

overall system architecture and challenging to trace changes and assess the associated 

impact. This can lead to costly mistakes during the design and construction process. 

In the next section, MBSE methodology will be used to examine how the 

requirements for the IBPMS of a naval ship could be modeled in Innoslate and explore 

whether the model could benefit from the advantages of MBSE. 

F. DEVELOPING THE SYSTEM MODEL 

Naval ships are complex machines that require advanced technological systems to 

operate efficiently and safely. To develop these advanced technological systems for naval 

ships, models can be utilized to evaluate and optimize designs before implementation and 

assist with design by managing requirements and the relationships between them. 

Traditional ship design techniques have been successful. However, with the increasing 

complexity of modern naval ships, a modeling approach could be adopted to alleviate the 

burden on the ship designer. This modeling approach is realized through Innoslate, an 

MBSE tool. 

1. Innoslate 

Innoslate is a powerful systems engineering software tool developed by SPEC 

Innovations. It is designed to support the entire system lifecycle, from concept 

development and requirements engineering to design, verification, and validation (SPEC 

Innovations 2022). The capabilities of Innoslate include creating and managing 

requirements, developing system architectures, conducting trade studies, generating test 

plans, tracking defects, and managing risks. This comprehensive approach to systems 

engineering aims to ensure that all aspects of the system are accounted for and integrated 

throughout the entire lifecycle, leading to better system performance and reduced risk of 

errors or oversights. Innoslate provides a single platform for all aspects of systems 
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engineering to promote collaboration and communication across teams, helping to 

streamline processes and increase efficiency. 

A “Dashboard” will be created for each Innoslate project (Figure 6). The 

Innoslate Dashboard is a central component within the Innoslate platform that serves as a 

command center for users to access and manage their projects efficiently. It provides a 

visually intuitive and customizable interface that offers a comprehensive overview of the 

project’s key information and metrics. The Dashboard acts as a hub, allowing the 

monitoring of project progress, tracking milestones, and staying up to date with the latest 

activities. The Innoslate Dashboard enables workflow to be streamlined by providing 

easy access to essential project elements, such as task lists, requirements status, system 

architecture, test coverage, and risk assessment. By default, the “Activity Feed” widget 

will appear on the right of the Dashboard. It displays all recent activities with the latest 

updates and changes made within the project, allowing all authorized users to stay 

informed about ongoing activities. 

 
Figure 6. Innoslate Dashboard provides information for monitoring status. 

Innoslate offers a robust project-sharing function that enables seamless 

collaboration and communication among project stakeholders. The project-sharing 
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function provides various capabilities and controls to manage project access and 

permissions. Users can specify the level of access granted to each user, such as read-only, 

edit, or administrator rights. This ensures that sensitive or critical project information is 

protected while allowing collaborators to contribute effectively. Users granted access to a 

shared project can view and edit project artifacts, make comments, and track project 

changes in real-time. Innoslate offers version control to track and manage different 

project iterations, allowing users to revert to previous versions if needed. Furthermore, 

Innoslate supports concurrent collaboration, allowing multiple users to work on the same 

project simultaneously. This enables teams to collaborate efficiently, avoiding conflicts 

and ensuring that everyone is working on the most up-to-date version of the project. 

Innoslate utilizes two modeling languages, “the Lifecycle Modeling Language 

(LML) and Systems Modeling Language (SysML), to describe its concepts and diagrams. 

LML was developed to simplify the elements, relationships, attributes, and diagrams used 

in systems engineering and project management” (SPEC Innovations 2022). This 

facilitates the understanding and communication of complex systems engineering 

concepts and processes. SysML is capable of providing a standardized way to visualize 

diagrams. By using these modeling languages, Innoslate can represent and communicate 

system information and behavior in a consistent and standardized way. 

The “V” diagram in Figure 7 represents the systems engineering process. 

Although MBSE can be utilized to replicate this model to represent a system’s entire 

lifecycle, this thesis only focuses on the system-level and sub-system requirements. 
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Figure 7. Systems engineering “V” diagram 

A modified “V” diagram, shown in Figure 8, illustrates the scope of the model to 

be developed. From the system-level and sub-system requirements in the initial system 

engineering “V” diagram, the modified “V” diagram focuses only on requirements and 

expands to include project and regulatory requirements. 
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Figure 8. Modified “V” diagram 

2. Methodology for Model Development 

A full fledge model of the IBPMS extends beyond the scope of this thesis. 

Instead, a simplified model with the majority of IBPMS sub-systems, which covers most 

of the critical functions, is developed to explore the feasibility of MBSE in meeting the 

MOEs. 

An LML model is first created in Innoslate within the project’s database. This 

LML model is constructed in the background and is accessible to each view within 

Innoslate, which can interpret and display the information in various formats. All 

diagrams, documents, and other components created or edited are captured and updated 

into the LML model. The LML model being generated consists mainly of seven 

categories of entities (Figure 9) that establish the foundation of any system design. 
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Figure 9. Innoslate system architecture. Source: SPEC Innovations (2022). 

The element definitions from the LML specification are as follows (SPEC 

Innovations 2022): 

• A ”Requirement” entity captures the desired capabilities, functionalities, 

constraints, and performance criteria the system or its components must 

satisfy. Requirements define what the system should do or how it should 

behave. 

• An ”Artifact” entity represents any tangible or intangible item associated 

with the system. It can include documents, drawings, models, software, or 

any other deliverable or work product created during the system’s 

development or operation. 
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• An ”Action” entity represents the behaviors or actions performed by the 

system or its components. It includes processes, operations, algorithms, or 

any other form of activity that contributes to the system’s functionality. 

• An ”Asset” entity specifies the physical or virtual resources utilized by the 

system to perform an action. It can include equipment, materials, data, 

information, or any other resource that has value within the context of the 

system. 

• An ”Input/Output” entity captures the inputs and outputs of the system or 

its components. It represents the data, signals, or information the system 

receives as input and the results, outputs, or responses produced by the 

system. 

• A ”Conduit” entity specifies the channels, paths, or mediums through 

which information, energy, or material flows within the system. It includes 

communication channels, physical connections, interfaces, or any other 

means of transfer or exchange. 

• A ”Characteristic” entity describes the qualities, attributes, or properties 

associated with the system or its components. It can include both 

qualitative and quantitative characteristics, such as reliability, 

performance, safety, usability, or any other relevant attribute. 

The critical view to be developed in Innoslate is the requirement diagram to 

illustrate how requirements can be modeled. Accompanying the requirement diagram are 

“hierarchy chart,” action diagram, and “traceability matrix.” 

3. Modeling the Requirements 

The SysML specification defines a requirement as a statement that “specifies a 

capability or condition that must be satisfied, a function that a system must perform, or a 

performance condition a system must achieve” (Friedenthal, Moore, and Steiner 2012, 

317). Requirements can also specify performance conditions that a system must achieve. 
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In the context of systems engineering, requirements play a critical role in ensuring 

that the final product or system meets the needs and expectations of stakeholders. 

Requirements can be elicited from various sources, including customer needs, 

regulations, standards, and design constraints. 

Requirements are typically captured in a requirements document, which may 

include a list of high-level system requirements and more detailed requirements that 

specify the behavior and performance of individual system components. These 

requirements serve as a basis for system design, testing, and verification, and they are 

used throughout the system development lifecycle to ensure that the system meets its 

intended objectives. 

Innoslate provides a range of constructs for representing requirements, including 

requirements diagrams, requirement documents, and requirement relationships. These 

constructs are designed to provide a comprehensive representation of a system’s 

specifications and constraints. The requirements modeling capability in Innoslate allows 

requirements to be modeled and visualized in a structured and systematic way, making it 

easier to manage complex requirements and ensure that they are consistent, complete, and 

traceable throughout the system development lifecycle. Requirements can be linked to 

specific system elements and components, allowing the impact of changes to be analyzed 

and traced back to their source. 

Using Innoslate’s capability to manage the requirements and their configurations 

ensure that the requirements are always aligned to the system model. Changes to the 

requirements can be tracked and managed, and the impact of those changes on the system 

model can be analyzed and managed accordingly. This helps to ensure that the system 

development process remains on track and that the final system meets its intended 

objectives and requirements. 

To capture all the requirements for IBPMS would be too enormous for this thesis. 

Instead, three sub-systems within the IBS were selected, and their requirements were 

imported into the database of Innoslate. The three selected sub-systems are the warship 

electronic chart display identification system (WECDIS), autopilot, and navigation radar 
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system (NRS). Also included are the high-level regulatory standards the IBS must 

conform to. These imported requirements can be displayed in the document view, as 

shown in Figure 10. The organizational structure within Innoslate utilizes labels to 

arrange the requirement models. Each model can be tagged to multiple labels. The 

regulatory requirements are labeled under the category of Safety Requirement as the 

regulations are generally associated with safety-related standards. Other requirements can 

be labeled as Environmental Requirement, Functional Requirement, Interface 

Requirement, Performance Requirement, Reliability Requirement, Safety Requirement, 

Verification Requirement, or a combination of them. Figure 11 shows one of the 

requirements for “Heading Keeping Mode,” which describes the autopilot system and has 

two labels. For a complex system, such as a ship, with thousands of requirements, having 

a highly organized structure is very important during model development. 
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Figure 10. Innoslate requirements document view showing the list of requirements 

 
Figure 11. Autopilot requirement with multiple labels
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While the document view would be useful for adding labels and conducting 

quality checks to the requirements (outside this thesis’s scope), other views graphically 

depict the requirements in various diagrams. These diagrams can illustrate the 

requirements and their relationship to one another. 

4. Requirement Diagram 

The parent-child relationship is an important aspect of requirements management 

as it organizes and structures requirements hierarchically (Dam 2023). Higher-level 

requirements act as parents for more specific and detailed child requirements in this 

relationship. Innoslate creates this relationship automatically by generating the 

requirement diagram using the imported requirements already residing in the Innoslate 

database. Figure 12 shows the requirement diagram of IBS as the parent requirement with 

four child requirements. The requirement diagram provides a visual representation to 

facilitate understanding and analysis of the relationships between requirements within a 

system. It provides a graphical view of how requirements are interconnected and how 

they contribute to the overall system functionality. 

 
Figure 12. Requirement diagram of IBS 
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In the requirement diagram, the “requirement construct” refers to representing 

individual requirements as elements within the diagram. Each requirement construct 

represents a specific requirement within the system being modeled. The requirement 

construct (Figure 13) consists of a block that contains information related to the 

requirement. The name of the requirement is shown in the top section, and the identifier, 

text, and rationale associated with the requirement are shown in the bottom section 

(SPEC Innovations 2022). 

  
Figure 13. A requirement construct with information on the requirement 

The identifier, text, and rationale in the Requirement Construct are essential 

components that provide valuable information and serve specific purposes. The identifier 

is a unique identifier assigned to each requirement. It helps in uniquely identifying and 

referencing a specific requirement within the system. It also shows the relationship to its 

parent or child requirement, making it easier for stakeholders to communicate and track 

requirements across different diagrams and documents. The text component of the 

requirement construct represents the actual requirement statement or description. The 

rationale provides the reasoning or justification behind the requirement. The rationale 

helps stakeholders understand the purpose and significance of the requirement, giving 

context and guiding decision-making processes. 

Moreover, it provides a place for the reasoning and consideration to be 

documented whenever there are amendments to requirements. This is useful for tracking 
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changes, especially when the requirements are being reused for subsequent projects. It 

can also lead to better communications among stakeholders as any new team member can 

view and understand based on the rationale provided. 

5. LML Diagrams 

The IBPMS was modeled using LML diagrams to realize the benefits of MBSE. 

One of the LML diagrams is the action diagram, which depicts the functional elements of 

the system. It provides a visual representation of the sequence of actions and activities 

within a system. The action diagram can analyze the flow of actions, their dependencies, 

and the overall behavior of the system. Figure 14 shows the action diagram of IBPMS 

with Action and Input/Output (I/O) entities represented by blocks and green 

parallelograms, respectively. The action diagram also allows the actions to be assigned to 

the assets that perform the actions. At the highest level, the IBPMS model consists of IBS 

and IPMS, the two assets that perform the “Navigate” and “Manage Platform” actions. 

Both actions are decomposed further to provide more resolution to the system. The 

decomposed action diagrams are shown in Appendix B. 
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Figure 14. Action diagram of IBPMS 

There are three main groups of data exchanges between IBS and IPMS, as shown 

by the three I/O entities between them. The dotted lines with arrows represent the data 

flow from one Action block to the other. Various navigation systems within the IBS 

(Figure 1) integrate to perform the Navigate action. Each navigation system will output 

an alarm when a fault occurs and send this alarm to IPMS to be recorded in the error log. 

This is an essential data transfer from IBS to IPMS, and it would be used to demonstrate 

the traceability feature of MBSE. Both CCTV data and conning display data are 

transferred from IPMS to IBS. The combat management system (CMS) tracks, and NR 

videos refer to data exchanged between the CMS and IBS. CMS is not modeled as it is an 

external system, and modeling the input and output data to IBS is sufficient to capture the 

major functions. The CMS tracks refer to targets acquired by the combat management 

system, which are sent to IBS for display on the radar picture display at the bridge. NR 

videos are navigation radar pictures that are sent to CMS. 

Another LML diagram is the “spider” diagram (Figure 15), which is a type of 

hierarchical organizational chart used for visualizing traceability. The blocks in this 
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diagram represent the various entities, such as Actions, physical Assets, and Input/

Output. The relationships between the blocks are represented by the lines with the color 

denoting the relation type. All the relationships depicted in Figure 14 are derived from 

the database and shown in Figure 15 (blue and purple lines). The blocks in green are I/O 

entities that exactly correspond to the parallelograms in the action diagram, with the blue 

and purple lines representing the relationship between the I/O entities and Action entities. 

The Action entities are denoted by their ID with the prefix A. The spider diagram also 

shows the physical Assets (yellow boxes) that perform the actions. Apart from showing 

the relationships across various entities, the spider diagram shows the decomposition of 

each entity type from the top to the lowest level. The decomposition of Action entities 

from IBPMS to the next two levels is shown in Figure 15. The spider diagram can be 

further expanded to the lowest level to display all entities and their linkages, as shown in 

Appendix D. This diagram facilitates traceability by allowing the ease of identifying the 

connection among the entities. It also improves impact assessment when changes to any 

entities arise. While the spider diagram unveils the underlying relationship among all the 

entities, another tool displays the link between the requirements and the entities. 
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Figure 15. Spider diagram depicting the relationship of the entities 

6. Traceability Matrix 

The traceability matrix is used for visualizing the relationships and traceability 

between the different elements of the system model. It provides a structured overview of 

how various artifacts, such as requirements, actions, assets, and characteristics, are linked 

to one another. It is particularly useful for establishing traceability between requirements 

and other entities. 
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The traceability matrix consists of a grid-like structure, with the rows representing 

the source artifacts and the columns representing the target artifacts. Each cell in the 

matrix indicates the traceability relationship between a specific source and target artifact. 

Figure 16 shows a traceability matrix, tracing the link between Requirements in the rows 

and Actions in the columns. The crosses indicate the Actions “traced to” the 

corresponding Requirements. 

 
Figure 16. Traceability matrix of WECDIS requirements vs. Actions 

Apart from tracing the relationship to Action, a traceability matrix can also be 

generated to trace the requirements to Assets in the model. Figure 17 shows the 
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traceability matrix for WECDIS requirements against Assets. The complete traceability 

matrixes are shown in Appendix F. 

 
Figure 17. Traceability matrix of WECDIS requirements vs. Assets 

7. Verification and Validation 

The Test Center is a dedicated module within the Innoslate MBSE platform that 

supports the management and execution of testing activities for verification and 

validation (V&V) purposes. Test planning and management are conducted to create and 

manage test plans and define the scope, objectives, and strategies for testing. Test cases, 

test procedures, and test scripts are specified and organized into test suites for efficient 

test execution. The Test Center provides a centralized location to document and track all 

testing-related information. Figure 18. shows a view of the Test Center with the SAT plan 
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for autopilot. Each row represents a test case for the verification of the system 

requirements. 

 
Figure 18. SAT plan for autopilot 

The Test Center supports traceability between test cases and requirements, 

ensuring that each requirement is adequately tested. Traceability links are established 

between test cases and the corresponding requirements, allowing the coverage of 

requirements to be tracked through testing. The traceability links are demonstrated by the 

relationships between the entities shown in the spider diagram (Figure 19). Alternatively, 

the linkage between test cases and requirements can also be depicted in the form of a 

traceability matrix (Figure 20). These links help ensure all requirements are tested and 

validated during the testing phase. 
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Figure 19. Spider diagram linking autopilot test entities to requirements 

NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU

_________________________________________________________



40 

 
Figure 20. Traceability matrix of autopilot SAT test cases vs. requirements 
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IV. RESULTS AND OBSERVATIONS 

This thesis explores using MBSE to improve requirements management. Three 

research objectives that support this goal are as follows: 

• Improved communications 

• Increased reusability 

• Better traceability 

Each research objective was evaluated based on its respective MOE to determine 

whether the goal had been met. 

A. IMPROVED COMMUNICATIONS 

There are several ways the MBSE approach improves communications among 

stakeholders compared to a document-centric approach. Two methods are discussed in 

the following paragraphs. 

1. Multiple Views 

A model-based approach allows a more effective understanding of a complex 

system than a document-centric one. The main reason is that a model consists of 

“multiple complementary, mutually compatible perspectives” needed to address the 

concerns of various stakeholders (Madni and Sievers 2018, 172). 

MBSE has the capability to generate multiple views to communicate with 

different stakeholders with the assurance that the underlying information is derived from 

the same dataset. A stakeholder has the option to view the requirements in the form of a 

requirement diagram, spider diagram, or “tree” diagram (Appendix G.), depending on the 

needs. When an amendment is made to a requirement in any of the diagrams, the change 

will be updated accordingly in the other diagrams, ensuring that the information is 

accurate and up-to-date regardless of the selected view. The typical shipbuilding project 

takes years to complete. Inevitably, there will be personnel change. Instead of dealing 
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with several documents in silos, a model will facilitate the new project member to 

visualize the requirements and communicate better with other members. 

Four organizations consisting of industry, government, defense, and research were 

interviewed in a survey conducted by Huldt and Stenius (2019) to evaluate the state of 

practice of MBSE. Analysis of their survey results indicates “that a model-based 

approach increases the capability to communicate” between different stakeholders (Huldt 

and Stenius 2019, 141). The majority of the respondents agreed (Table 1) that using an 

MBSE approach resulted in improvements when introducing new members to the project 

(142). 

Table 1. Survey results – Introduce new members to system. Source: Huldt 
and Stenius (2019). 

 

 

2. Centralized Database 

MBSE brings significant value by storing and managing all system-related 

information in a central repository. A central repository for system-related information 

significantly improves communications by providing a shared platform for stakeholders 

to access and contribute to the information. 

All stakeholders have access to the latest and most up-to-date information. 

Required information can be retrieved anytime, regardless of physical location or time 

zone. This ensures all members work with the same information set, reducing 

misunderstandings and discrepancies. As shown in Innoslate, the Dashboard tracks the 

changes made by every authorized user allowing all members to be made aware of all 
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amendments and the person initiating the change. This contributes to improving the 

communications among stakeholders as the model will make them all known. 

The central repository enables real-time collaboration among team members. 

Multiple stakeholders can simultaneously work on the same information, making updates, 

adding comments, or proposing changes. This promotes a collaborative environment 

where ideas can be shared, discussed, and refined promptly. 

A central repository also promotes transparency by providing visibility into the 

system-related information. Stakeholders can easily review and understand the current 

state of the system, including its requirements, design, characteristics, and 

documentation. This transparency fosters better communication and shared understanding 

among team members. In the same survey conducted by Huldt and Stenius (2019), most 

respondents agreed (Table 2) that the MBSE approach had improved the ability of the 

stakeholders to gain a unified understanding of the system (142). 

Table 2. Survey results – Establish unified understanding of system. 
Source: Huldt and Stenius (2019). 

 
 

Furthermore, there are mechanisms to provide notifications and alerts to keep 

stakeholders informed about updates or changes to the system requirements. This ensures 

that stakeholders stay informed and can participate in relevant discussions or decision-

making processes. These relevant discussions within the central repository are recorded 

and documented, becoming part of the system’s history, and can be referenced later (as 

shown in Figure 10 and Figure 13). 
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A stakeholder perception survey would have been useful in verifying the 

enhancements in communication between stakeholders. However, the survey is beyond 

the intended scope of this thesis, and considering the time limitations, it is not 

undertaken. Nevertheless, it is believed that if a survey were conducted, the results would 

be similar to those obtained by Huldt and Stenius (2019). 

B. INCREASED REUSABILITY 

MBSE can improve reusability through the modeling of requirements by creating 

a standardized approach to requirements development and management. By using models 

to represent system requirements, designers and engineers can create a set of standardized 

requirements that can be easily adapted and reused across different projects (Subarna et 

al. 2020, 7). 

1. Reusable Requirement Templates 

One of the primary ways that MBSE improves reusability through the modeling 

of requirements is by facilitating the creation of requirement templates that capture 

common requirements structures or patterns, including their attributes, relationships, and 

properties. These templates and patterns can be reused across multiple projects or 

systems, providing a consistent approach to requirement development, and fostering 

requirements reusability. 

This is illustrated by the requirements diagram and requirement construct created 

in Innoslate (Figure 12 and Figure 13), where attributes such as labels, rationale, ID, etc., 

can be carried over to a new project together with the requirement. This applies to the 

parent-child relationship of the requirement as well. The relationship will remain if a 

parent requirement is reused with partial or all its child requirements. 

2. Requirement Repositories 

MBSE allows requirement libraries or repositories to be created and maintained. 

The requirements templates and reusable requirements can be stored in these centralized 

repositories. By organizing and categorizing requirements in the repositories, the 
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requirements can be easily accessed and incorporated into the requirements diagrams in 

different projects or system models. 

For the initial implementation of MBSE, the requirements of the first project can 

serve as the baseline for the repository to be reused in the next project. Requirements and 

templates can be created in subsequent projects and added to the repository. 

3. Reusable Requirement Model 

The degree and extent of requirements’ reusability are examined using the sample 

list of requirements for WECDIS, autopilot, NRS, and IBS regulatory requirements in 

Appendix A. In total, the list consists of 69 requirements that are made up of safety, 

functional, and performance requirements. Of the 69 requirements, 57 were assessed as 

fully reusable, and 12 could be reused with minimum modifications. The 57 reusable 

requirements are predominately safety and functional requirements that apply to most 

surface naval ships. Safety requirements that address nautical safety standards typically 

do not undergo frequent changes. This stability in safety requirements is primarily due to 

the critical nature of safety in the maritime industry and the need for consistent standards 

to ensure the well-being of vessels, crew, and passengers. The naval sector operates under 

well-established international regulations and conventions, such as those developed by 

IMO. Changes to these regulations often require thorough consideration, research, and 

consultation among stakeholders. Therefore, the reusability for safety requirements is 

very high. 

The requirements that need modifications are mainly performance and interface 

requirements. These two groups of requirements tend to encounter more frequent 

changes. This is primarily driven by the rapid advancements in navigation technologies 

and systems. Since navigation systems are tightly integrated with other ship systems, 

such as combat systems, communications, and automation systems, as these systems 

undergo upgrades or changes, performance requirements for navigation systems may 

need to be adjusted to ensure seamless integration, interoperability, and compatibility 

with the updated ship systems. Conversely, some customers will trade off higher 
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performance for cost and/or reliability. Moreover, evolving naval operations and mission 

profiles also cause performance and interface requirements to be revised. 

What has been discussed in the previous paragraphs are textual modifications to 

the statements representing the requirements. While it is important to consider them, 

another critical factor must be considered when assessing the reusability of requirements 

in the context of MBSE. The other key consideration is the ability of the model to be 

reused for future projects. Instead of retrieving requirements templates and reusable 

requirements stored in the centralized repositories, the whole requirement model can be 

imported from one project into another, effectively reusing the entire model or specific 

portions of it. This facilitates the reuse of requirements across different projects or 

systems, reducing duplication and promoting consistency. 

By leveraging requirement repository, templates, and import/export functionality, 

MBSE promotes the reusability of requirements. This enhancement in reusability led to 

reduced duplication, improved consistency, and increased efficiency in managing 

requirements across different projects or systems. 

C. BETTER TRACEABILITY 

Innoslate has been utilized to demonstrate how MBSE principles and practices 

enhance the traceability of requirements. MBSE provides graphical representations, such 

as requirement diagrams, spider diagrams, and traceability graphs, which visually depict 

the traceability paths and relationships. The following paragraphs detail how traceability 

can be enhanced. 

1. Centralized Repository 

Besides improving communications and increasing usability, the centralized 

repository leads to better traceability. This repository serves as a single source of truth for 

the system model, ensuring that requirements are consistently captured, organized, and 

accessible. The centralized repository enables easy navigation and retrieval of 

requirements, enhancing traceability. 
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2. Hierarchical Structure 

A hierarchical structure can be established for requirements, defining parent-child 

relationships. This hierarchical structure provides a clear and organized representation of 

requirements, enabling traceability from high-level system requirements to detailed sub-

requirements. The parent-child relationships establish traceability links and help maintain 

consistency and alignment throughout the requirement hierarchy. These hierarchical 

relationships are best illustrated by the requirement diagrams (Figure 12), hierarchy 

diagrams (Appendix E), and tree diagram (Appendix G). 

3. Traceability Links 

Innoslate supports the creation of traceability links between requirements and 

other system entities, such as design elements, Actions, and test cases. Bidirectional 

traceability links can be established to capture dependencies, relationships, and impacts 

between requirements and different entities. This is shown in Figure 21, where the 

autopilot requirements are linked to their corresponding test cases, Actions, and Assets. 

In addition, the type of relationship between the entities is also stated in the diagram. 

These traceability links facilitate the tracking of requirements and enable the impact of 

changes on the entire system to be assessed. 

Figure 22 shows a requirement diagram with three Action entities added to 

connect the activities required to satisfy the requirements. It demonstrated that a model 

could leverage the benefits of traceability links and hierarchical structure together. 

Entities can be used in the requirement diagram to derive the relationship between the 

entity and the requirements and maintain the hierarchical structure. 

4. Impact Analysis 

Impact analysis based on the established traceability links can be conducted. The 

spider diagram helps users assess the impact of changes or updates to the system. By 

visualizing the relationships between entities, elements that may be affected by a change 

can be quickly identified, enabling informed decisions to be made and better management 

of potential risks. 
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Figure 21. Traceability links between requirements and other artifacts 
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Figure 22. Requirement diagram link to Actions 

By leveraging MBSE principles, the traceability of requirements was improved by 

providing a centralized repository, establishing hierarchical structures, enabling 

traceability links, and supporting impact analysis. This enhances the ability to track, 

manage, and validate requirements throughout the system development process, 

promoting consistency, transparency, and effective decision-making. 

Using the autopilot sub-system as an example, all requirements are linked to their 

corresponding verification test by Innoslate’s Test Center (Figure 18). The Test Center 

integrates seamlessly with the requirements and designs aspects of the system model to 

link test cases to specific requirements and design elements, establishing traceability and 

ensuring that all system components are verifiable. 
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V. CONCLUSIONS AND FUTURE WORK 

A. SUMMARY 

Conventionally, the users’ needs are expressed in text-based requirement 

statements that often suffer from shortcomings that can impact the effectiveness of 

requirements management. This thesis explored the benefits of utilizing MBSE for 

requirements management with the goal of addressing these shortcomings by achieving 

improvements in communications, enhanced reusability, and better traceability. Innoslate 

was the tool selected to implement the MBSE approach to requirements management by 

modeling a set of requirements that were extracted from the requirements of IBPMS of a 

naval vessel. 

The requirements model was developed with various diagrams generated to 

represent the different views that facilitate the stakeholders’ understanding of the system. 

The virtues of each diagram were assessed to determine its advantage over the traditional 

document-centric approach. The benefits of MBSE were evaluated to ascertain if the 

MOEs were fulfilled. 

B. CONCLUSIONS 

The MOE established in Chapter III, along with the benefits discussed, serves as a 

critical framework for evaluating the impact of MBSE on requirements management. In 

Chapter IV, the discussions presented showed compelling evidence of MBSE capabilities 

in meeting the MOE and the overall research goal to improve requirements management 

through the use of MBSE. 

Overall, requirements management using MBSE offers numerous advantages. 

MBSE provides a systematic and model-centric approach to capturing, analyzing, and 

managing requirements during the design phase of the system lifecycle. By leveraging 

visual models and notations, MBSE facilitates a clear and concise representation of 

system requirements, promoting better stakeholder communication and understanding. 
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One key benefit of MBSE in requirements management is the ability to create 

dynamic and interconnected models that capture the complex relationships between 

requirements, system elements, and constraints. These models enable comprehensive 

traceability, allowing for effective impact analysis and change management. Furthermore, 

MBSE supports the requirements validation and verification processes, ensuring all 

requirements are traced to their corresponding test. 

Another advantage of MBSE in requirements management is its ability to enhance 

collaboration and foster effective communications among geographically dispersed 

teams. With MBSE, diverse stakeholders can contribute to a single, integrated model, 

which anyone can access and modify with the proper permissions. The use of visual 

models facilitates shared understanding, reducing ambiguity for any existing and new 

member of the team. 

MBSE’s modeling approach can significantly improve reusability through the 

modeling of requirements by creating modular, flexible, and standardized requirement 

components that can be easily adapted and reused across different projects. By reducing 

the time and effort required for requirements development, MBSE can help to increase 

efficiency and reduce costs while also improving the overall quality and performance of 

the system. 

However, it is important to note that successful implementation of MBSE for 

requirements management requires proper planning, training, and infrastructure. The 

management must embrace the paradigm shift brought about by MBSE as the current 

reliance on document-centric methods impedes the adoption of MBSE in most 

organizations (Madni and Sievers 2018, 186). Also, other hurdles, such as workplace 

cultures, learning curves, and skillsets availability (Carroll and Malins 2016), inhibit the 

adoption of MBSE methods (Huldt and Stenius 2019). Organizations must invest in 

suitable modeling tools, establish robust processes, and ensure effective knowledge 

transfer to maximize the benefits of MBSE. 

In conclusion, requirements management using MBSE brings substantial 

improvements to the system development process. By harnessing visual models, 
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traceability, communication, and reusability are improved, leading to enhancements in 

the efficiency, effectiveness, and quality of requirements management, ultimately 

contributing to the successful delivery of complex systems. 

C. FUTURE WORK

Looking ahead, the author recognizes the need for continued research and

development to further refine and expand upon MBSE’s modeling approach to 

requirements management. The current work can be further refined by conducting a 

stakeholder perception survey to analyze the various enhancements to communication 

among stakeholders. 

Another metric that can be expanded upon is reusability. A study can be 

conducted to examine improvements in reusability through the modeling of requirements 

by providing a standardized approach to requirements testing and validation. With 

models to represent system requirements, designers and engineers can create simulation 

environments that can be used to test the system’s compliance with the requirements 

under different conditions. The study could examine whether these simulation 

environments can be easily adapted and reused for future projects, reducing the need for 

new simulation environments to be created. 

Future investigations should also explore additional performance metrics and 

evaluate their applicability in other major systems on naval platforms. A potential system 

is the naval combat management system, given its complexity and system of systems 

characteristics. 

Additionally, future work can be conducted to explore integrating requirements 

management with other engineering disciplines, such as architecture, design, and 

verification. These integrations possess great potential in promoting consistency, 

coherence, and alignment across system development activities, reducing the risk of 

errors and rework. 
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APPENDIX A.  SELECTED LIST OF REQUIREMENTS 

Table 3. List of requirements from selected systems 

Number Name Description Class 
1 Integrated Bridge System 

 
Statement 

1.1 IBS Regulatory 
Requirements 

 
Statement 

1.1.1 Type Approved The IBS shall be type approved. Requirement 
1.1.2 Compliance to ISO The IBS shall conform with the updated nautical safety standards as 

laid down in the International Standard (ISO8468). 
Requirement 

1.1.3 Compliance to Class Rules The IBS shall conform with the nautical safety standards as laid down 
in the class rules. 

Requirement 

1.1.4 Compliance to SOLAS The IBS shall conform with the nautical safety standards as laid down 
in SOLAS. 

Requirement 

1.1.5 Compliance to IMO The IBS shall conform with the nautical safety standards as laid down 
in the IMO. 

Requirement 

1.2 Warship Electronic Chart 
Display Identification System 
(WECDIS) 

 
Statement 

1.2.1 Display Charts The WECDIS shall serve as a navigational information system to 
display simultaneously the charts and the Vessel’s own position. 

Requirement 

1.2.2 Conform to International 
Standards 

The WECDIS shall conform to latest IMO, IHO and IEC Standard. Requirement 
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Number Name Description Class 
1.2.3 Chart Standards The system shall be able to accept and display sea charts of the 

following standards: 
a. Raster charts in the UK raster charts standard ARCS 
b. Vector charts in DX-90 standards. 

Requirement 

1.2.4 Type Approved The WECDIS shall be type-approved with a valid certificate covering 
the operation of the WECDIS and comes with dual-WECDIS system to 
support paperless navigation. 

Requirement 

1.2.5 Presentation Standards The WECDIS shall conform to presentation standards for WECDIS set 
by International Hydrographic Office (IHO). 

Requirement 

1.2.6 Content And Display Aspects The electronic chart information presented shall conform to the 
Specifications for Chart Content and Display Aspects of WECDIS set 
by IHO. 

Requirement 

1.2.7 Overlay Targets  The WECDIS shall be able to take in selected targets in real time from 
NRS and CMS and display them over the chart. 

Requirement 

1.2.8 Manual Fixing  The WECDIS shall support manual fixing and datum plotting. Requirement 
1.2.9 Route Planning The WECDIS shall have the ability to perform all route planning 

functions as laid out in the IMO Resolution. 
Requirement 

1.2.10 Projection and Dead 
Reckoning 

The WECDIS shall provide automatic dead reckoning features to 
display future positions with time markings. Extrapolation shall follow 
the assigned route or the last known course if no route has been 
assigned based on either Vessel’s logged speed or user defined speed. 

Requirement 

1.2.11 History Path The WECDIS shall show the history path of own Vessel and other 
tracked targets using dotted lines with the option to select a color to be 
assigned to the history paths.  

Requirement 

1.2.12 Chart Correction The WECDIS shall allow the operator to make chart correction. Requirement 
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Number Name Description Class 
1.2.13 Measurement Vector The WECDIS shall provide a measurement vector for the operator to 

measure range and bearing between two points.  
Requirement 

1.2.14 Planting of Temporary 
Reference Point, Datum and 
Hazard Marks 

The WECDIS shall allow the operator to add and delete on-line 
reference points, datum, and hazard marks.  

Requirement 

1.2.15 De-cluttering Features The WECDIS shall be able to de-clutter certain information not 
necessary for display. 

Requirement 
  

1.2.16 Display Alarms The WECDIS shall display warnings to the nearest navigation mark, 
hazard, or tracked targets.  

Requirement 

1.2.17 User Profiles and Layers WECDIS shall provide the creation of customized user profiles with 
password authorization logins. 

Requirement 

1.2.18 Software Update The WECDIS shall support chart and software update/upgrade via USB 
or DVD. 

Requirement 

1.2.19 Integration with Maritime 
Automatic Identification 
System (MAIS) 

The WECDIS shall be integrated with the MAIS and display at least 
1000 tracks from MAIS. 

Requirement 

1.2.20 Integration with Autopilot  The WECDIS shall integrate with the autopilot to facilitate the planting 
of route in autopiloting. 

Requirement 

1.3 Autopilot System 
 

Statement 
1.3.1 Navigate Vessel 

Automatically 
The autopilot system shall be capable of navigating the Vessel 
automatically on a pre-planned mode of operation under various 
conditions. 

Requirement 

1.3.2 Control Logic The control system logic of the autopilot shall be robust and shall be 
able to compensate for the following conditions: 
a. Up to Sea State 5 
b. Water current of up to 3 knots 

Requirement 
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Number Name Description Class 
1.3.3 Conform to International 

Standards 
The autopilot system shall conform to IMO Safety requirements and 
IEC Standard IEC 62065.  

Requirement 

1.3.4 Manual Override There shall be a manual override button to allow the operator to take 
over propulsion and steering control. 

Requirement 

1.3.5 Modes Transition Transition between different control modes shall not cause any sudden 
or unexpected movement of the Vessel. 

Requirement 

1.3.6 Heading Keeping Mode The autopilot system shall be capable of maintaining the Vessel at a 
constant heading at up to Sea State 5 with Heading deviation < 3°for 
90% of the time. 

Requirement 

1.3.7 Speed Keeping Mode The autopilot system shall be capable of maintaining the Vessel at a 
desired speed over water or a desired speed over ground or to a desired 
engine RPM entered by the operator. 

Requirement 

1.3.8 Speed Deviation The Speed Keeping Mode shall maintain speed deviation < 1 kts for 
90% of the time up to Sea State 5 conditions 

Requirement 

1.3.9 Track Keeping Mode The Track Keeping Mode shall automatically control the Vessel to 
receive and follow a track defined by waypoints planned on the 
WECDIS. 

Requirement 

1.3.10 Interface with GNSS The autopilot system shall interface with the GNSS to receive positional 
information. 

Requirement 

1.3.11 Interface with Other 
Navigation System 

The autopilot system shall interface with other navigation systems such 
as Inertial Navigation System (INS), speed log and Anemometer for 
dead-reckoning computations. 

Requirement 

1.3.12 Autopilot Alarms and Alerts Visual and audio alarms/alerts shall be provided all malfunctions or 
exceed of threshold. 

Requirement 
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Number Name Description Class 
1.4 Navigation Radar System 

(NRS) 

 
Statement 

1.4.1 X-Band Frequency The NRS shall be consist of X -band solid state navigation radars.  Requirement 

1.4.2 Radar Coverage The NRS shall provide all round coverage. Requirement 

1.4.3 ARPA Function The navigation radars shall have ARPA function. Requirement 

1.4.4 Guard Zone Function The navigation radars shall have guard zone function. Requirement 

1.4.5 Track Targets The NRS shall have ability to track 100 surface targets per scanner. Requirement 

1.4.6 System Redundancy The NRS shall have no single point of failure in terms of hardware and 
software. 

Requirement 

1.4.7 Operating Conditions The NRS shall be able to detect surface vessels, small boats, floating 
objects in congested waters in all weather conditions. 

Requirement 

1.4.8 Blanking Signal The NRS shall provide blanking signals to combat systems during 
transmission. 

Requirement 

1.4.9 Electromagnetic Interference The NRS shall not cause interference with other navigation radar. Requirement 

1.4.10 Compliance to IEC 62388 The NRS shall conform to IEC 62388 or equivalent for safe and 
effective performance at sea. 

Requirement 

1.4.11 Compliance to IMO 
Standards 

The NRS shall comply with International Maritime Organization (IMO) 
standards for collision avoidance: 

Requirement 

1.4.12 Man-Aloft Switch The NRS shall have a man-aloft switch to cut off power supply during 
emergency and maintenance. 

Requirement 

1.4.13 Power Up Time The power up time for the NRS from cold shall be less than 4 minutes 
and instantaneous from standby. 

Requirement 
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Number Name Description Class 
1.4.14 Common Reference Point The range and bearing of the reported track from the NRS shall be 

referenced to a common reference point to be finalized in the Design 
Review. 

Requirement 

1.4.15 Clutter Rejection The NRS shall have very good clutter rejection. Requirement 

1.4.16 Mitigate ducting artefacts The NRS shall have processing capabilities to reduce artefacts caused 
by ducting.  

Requirement 

1.4.17 Mitigate False Echoes The NRS shall be able to mitigate false echoes from large passing 
vessels.  

Requirement 

1.4.18 NRS Display The numbering of the tracks, the track symbols, the colors and other 
items displayed by the NRS shall adhere to the standard defined by the 
user. 

Requirement 

1.4.19 Display Range The radar range scale for the NRS display mimic shall be 0.25 nm, 0.50 
nm, 0.75 nm, 1.5 nm, 3.0 nm doubling to 48 nm. 

Requirement 

1.4.20 Variable Range Maker 
(VRM) 

The VRM shall provide the means to measure the range of a target or 
feature and a means to set a range reference from own Vessel for 
navigation. 

Requirement 

1.4.21  Electronic Bearing Line 
(EBL) 

The EBL shall provide the means to measure the bearing of a target or 
feature and a means to set a bearing reference from own Vessel for 
navigation and for basic collision avoidance. 

Requirement 

1.4.22 Electronic Range and Bearing 
Line (ERBL) 

The ERBL shall measure the range and bearing of one position on the 
display, relative to any other position, within the operation display area.  

Requirement 

1.4.23 Parallel Index (PI) A total of 4 independent PI lines shall be provided to set a beam range 
and bearing reference to own Vessel.  

Requirement 

1.4.24 Alarms and Indicators The NRS shall provide alarms and indications on the screen to signify 
total or partial failure with the respective message for the activated 
alarms. 

Requirement 
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Number Name Description Class 
1.4.25 Picture Freeze The NRS shall provide a means to alert the operator of “picture freeze.” Requirement 

1.4.26 CMS Tracks The NRS shall be able to receive tracks from the CMS and display them 
on the NRS mimic display via the Combat Management System. 
Number of tracks to be finalized in Design Review. 

Requirement 

1.4.27 Common Track Numbering 
Scheme  

The NRS shall enable the CMS and the NRS system to display the same 
track number for the same target. The scheme shall be finalized at 
Integration Review. 

Requirement 

1.4.28 NR Videos The NRS shall be able to send the NR videos to CMS. Requirement 

1.4.29 Interface with WECDIS The NRS shall interface with WECDIS to allow overlaying for chart 
display. 

Requirement 

1.4.30 Interface with MAIS The NRS shall be able to interface to a commercial AIS transponder, 
mandated by the 1974 International Convention for the Safety Of Life 
At Sea (SOLAS). 

Requirement 

1.4.31 Interface with VDR The NRS shall interface with the VDR to provide output of the display 
information.  

Requirement 

1.4.32 Interface with Other 
Navigation System 

The NRS shall interface with other navigation systems such as Inertial 
Navigation System (INS), GNSS and speed log. 

Requirement 
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APPENDIX B.  COMPLETE ACTION DIAGRAMS 

 
Figure 23. Action diagram of IPMS (decomposed from IBPMS) 
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Figure 24. Action diagram of IBS (decomposed from IBPMS) 
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Figure 25. Action diagram of “Compute Navigational Data” (decomposed 

from IBS) 
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Figure 26. Action diagram of “Provide Navigation” (decomposed from IBS) 
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APPENDIX C.  COMPLETE REQUIREMENT DIAGRAMS 

 
Figure 27. Requirement diagram for NRS
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Figure 28. Requirement diagram for autopilot system
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Figure 29. Requirement diagram for WECDIS 
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APPENDIX D.  SPIDER DIAGRAM 

 
Figure 30. Traceability paths between IBPMS Assets, Actions, and Input/Output signals 
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APPENDIX E.  HIERARCHY DIAGRAMS 

 
Figure 31. Functional hierarchy diagram of IBPMS generated from action 

diagram 
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Figure 32. Physical hierarchy diagram of IBPMS generated from action 

diagram
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APPENDIX F.  COMPLETE TRACEABILITY MATRIX 

 
Figure 33. Traceability matrix of requirements vs. Actions (Part 1 of 3) 
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Figure 34. Traceability matrix of requirements vs. Actions (Part 2 of 3) 
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Figure 35. Traceability matrix of requirements vs. Actions (Part 3 of 3) 
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Figure 36. Traceability matrix of requirements vs. Assets (Part 1 of 2) 
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Figure 37. Traceability matrix of requirements vs. Assets (Part 2 of 2) 
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APPENDIX G.  TREE DIAGRAM 

 
Figure 38. Tree diagram showing relationships between IBPMS requirements 
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