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Abstract 

To reduce program risks, engineering methods capitalizing on modeling and machine 

assistance have been extensively investigated within systems engineering (and more 

specifically requirements engineering) literature over the past 20 years. However, there 

are few quantitative comparisons between model-based approaches and legacy 

document-centric approaches. Studies have shown that the lack of data regarding 

improvements of modeling has decelerated the adoption of model-based practices. To 

help address this gap, a screening experiment was conducted to compare the effects of 

modeling on an engineerôs ability to determine if a system has met its originating 

requirements. First, a notional acquisition program was created based on an unmanned 

aerial system, including originating requirements as well as both document and model-

based design artifacts. Requirements were captured in both a traditional requirements 

document and a goal-oriented requirements engineering model. System implementation 

data was captured in both traditional document artifacts and a SysML model. Participants 

of varying experience levels used randomized combinations of document and model-

based approaches to determine whether the notional system met its requirements. The 

experiment measured the review duration and accuracy, permitting analysis of the effects 

of model-based approaches for both requirements and system implementation data. The 

results of the experiment showed that use of a requirements model did not statistically 

affect the review. A system implementation model was shown to improve novice 

participantsô reviews but did not statistically affect experienced participants. The results 

of this research should inform future research on the use of models, particularly the return 

on the modeling investment. 
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Glossary 

Requirement Model:  A physical, mathematical, or otherwise logical 

representation of a set of requirements used as the primary 

artifact of the systems engineering process. 

Stakeholder:  A person or an organization that has a potential interest in 

the system to be developed.  

Stakeholder Goals (SG):  A stakeholder intention with regard to the objectives, 

properties, or use of a system  

Stakeholder Requirement (StR): A formal agreement between the originating 

stakeholders and the system developers defining a 

condition or capability that must be met or possessed by a 

system to satisfy SGs. 

System Model:  A physical, mathematical, or otherwise logical 

representation of the set of system data used as the 

primary artifact of the systems engineering process. 

System/subsystem/component requirement (SysR): A condition or capability that must be 

met or possessed by a system or system component to 

satisfy a formal agreement between the originating 

stakeholders and the system developers
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1 Introduction  

1.1 Background and Motivation 

Use of models to support engineering activities has become increasingly commonplace, 

especially in the defense and aerospace industries. Modern model-based digital 

engineering tools connect a wide variety of engineering data together with explicit 

linkages, allowing engineers from widely varying disciplines to coordinate rapidly and 

accurately. Traditionally, system development programs (including large complex system 

acquisitions) have utilized a series of weakly connected documents including reports, 

checklists, requirement databases, and verification matrices to communicate important 

information with stakeholders. Multiple researchers, including [1], [2], and [3], showed 

that document-based approaches increase program risk because of inconsistencies in 

language, differences in assumptions and semantics, and reliance on inconsistent, out-of-

date, disconnected documentation. Therefore, checking for correctness or ensuring an 

unambiguous statement of needs becomes infeasible. [1]  

To combat these problems, the engineering community has developed the concept of 

Model-Based Systems Engineering (MBSE). According to INCOSE, MBSE should result 

in the following benefits [4]: 

¶ Improved communications among the development stakeholders 

¶ Increased ability to manage system complexity 
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¶ Improved product quality by providing an unambiguous and precise model of the 

system that can be evaluated for consistency, correctness and completeness 

¶ Enhanced knowledge capture and reuse of information by capturing information 

in more standardized ways 

¶ Improved ability to teach and learn SE fundamentals 

Virtually all major engineering organizations, including the Department of Defense 

(DoD), have stated the imperative to move towards model-based approaches. In the 

DoDôs Digital Engineering Strategy, the DoD stated the desire to ñconduct engineering in 

more integrated virtual environments to increase customer and vendor engagement, 

improve threat response timelines, foster infusion of technology, reduce cost of 

documentation, and impact sustainment affordability.ò [5] Key among the goals of this 

strategy is the promotion of ñthe use of digital representations of systems and 

components and the use of digital artifacts as a technical means of communication across 

a diverse set of stakeholders.ò [5] 

Despite this, ñrecent studies have shown that engineers continue to spend inordinate 

amounts of time searching for information and assembling reports.ò [1] Some studies 

(including [6]) have even shown that a subset of stakeholders continue to prefer 

document-based approaches. So why is this? 

1.2 Problem Statement 

Part of the reason is that there is a severe lack of scientific analyses on the effects of 

specific modeling approaches compared to alternative processes. During this researchôs 
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initial concept definition phase (summarized later in this dissertation), a variety of model-

based techniques related to communicating key system information was surveyed. 

However, as the research concept matured, it became difficult to justify specific areas for 

improvement due to the lack of available quantitative data. The question was not ñcan 

modeling helpò but rather ñshow how much modeling in this way helps a particular 

problem.ò While previous research has indicated that modeling in general results in a 

return on investment, survey based studies [7] and the authorsô experience have shown 

that decision makers often lack sufficient details to make tactical decisions such as the 

model level of detail, tool selection, breadth of tool adoption in an organization, and 

reliance of the model as the sole source of truth for engineering data.  

1.3 Research Objective 

The research objective of this dissertation was:  

¶ Research Objective: To understand the quantitative differences demonstrated by 

use of models to communicate requirements and system implementation details to 

key stakeholders.  

1.4 Research Questions and Hypotheses 

The initial literature review (described in detail in Chapter 2) led to multiple specific 

research questions. One of the primary challenges in communication regarding 

requirements is establishing common understanding on the actual need, usually in the 

form of unambiguous requirements. The literature postulated that maintaining a formal 

requirements model as the authoritative source of truth for requirements would improve 
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communication in general but did not specifically measure the improvements. In order to 

appropriately capture quantitative data, a particular type of communication had to be 

selected. In the case of this research, the ability for a user of the system data to determine 

whether a requirement was satisfied was selected as the measurement of successful 

communication. Determining requirement satisfaction required that the user understand 

both the requirement and the system data. To address requirements communication, 

Research Question 1 was posed: 

¶ Research Question 1: What effect does the presence of a requirements model have 

on the userôs ability to accurately determine whether a requirement was satisfied? 

The following hypotheses were developed to support Research Question 1: 

¶ Hypothesis 1: When a requirement model is present, a user will be able to more 

accurately determine that a requirement was satisfied. 

¶ Hypothesis 2: When a requirement model is present, a user will determine 

requirement satisfaction faster. 

A key aspect of the determining whether the requirements model improves performance 

is understanding the baseline to which it is measured. Interestingly, the current state of 

DoD systems engineering is a mixture of model-based engineering techniques (where the 

model is the authoritative source of truth) and legacy techniques that leverage static 

domain artifacts (i.e., ódocumentsô). These static domain artifacts, while intended to be 

connected and consistent, often become disconnected over time for many reasons. The 

literature has shown that use of a system model could reduce ambiguity over the systemôs 
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key properties but has not shown rigorous quantitative improvement. To address this, 

Research Question 2 was posed: 

¶ Research Question 2: What effect does the presence of a system implementation 

model have on the userôs ability to accurately determine whether a requirement 

was satisfied? 

The following hypotheses were developed to support Research Question 2: 

¶ Hypothesis 3: When a system implementation model is present, a user will be able 

to more accurately determine that a requirement was satisfied. 

¶ Hypothesis 4: When a system implementation model is present, a user will 

determine requirement satisfaction faster. 

In addition to the primary model-based questions, there are other factors that may affect 

the communication of requirement and system data. Of critical importance is the model 

userôs ability to comprehend the data being presented, which in turn is dependent on 

many potential factors. For this initial screening experiment, two factors were evaluated 

to begin the characterization process: (1) User Experience, and (2) Requirement 

Complexity. Research Question 3 corresponds to User Experience: 

¶ Research Question 3: What effect does user experience have on the userôs ability 

to accurately determine whether a requirement was satisfied? 

The following hypotheses were developed to support Research Question 3: 
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¶ Hypothesis 5: Experienced users will show less difference in accuracy between 

model-based and document-based approaches than novice users. 

¶ Hypothesis 6: Experienced users will show less difference in review time between 

model-based and document-based approaches than novice users. 

Research Question 4 corresponds to Requirement Complexity: 

¶ Research Question 4: What effect does requirement complexity have on the userôs 

ability to accurately determine whether a requirement was satisfied? 

The following hypotheses were developed to support Research Question 4: 

¶ Hypothesis 7: The difference in accuracy between model-based and document-

based approaches will increase as requirement complexity increases. 

¶ Hypothesis 8: The difference in review time between model-based and document-

based approaches will increase as requirement complexity increases. 

There many more potential variables (and corresponding research questions) that could 

be investigated related to this subject. However, the lack of available data makes it 

challenging to identify what factors may be relevant to investigate further. This research 

is intended to serve as a form of initial screening to help identify what factors may 

warrant further investigation, based on their interaction with the primary factors. 

1.5 Dissertation Structure 

This dissertation describes the effort to evaluate the effects of a particular technique 

(connecting formal requirements to the system model) using a controlled challenge 

problem, including: 



7 
 

¶ A Review of Requirements-Modeling Literature (Chapter 2), including common 

definitions, formal requirements modeling, documenting system instances using 

models, and a notional approach using both requirements and system models. 

¶ A description of the experiment conducted during the dissertation (Chapter 3) 

¶ The experimental results (Chapter 4) 

¶ Analysis of the results, experimental limitations, and conclusions (Chapter 5) 

¶ Recommendations for additional research and next steps (Chapter 6) 

This dissertation is of specific interest to those who want to improve the speed and 

accuracy of requirements evaluation by using formal requirements modeling. In addition, 

this dissertation should provide insights to those who want to conduct quantitative 

research into the effects of modeling on engineering problems.  
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2 Review of Requirements-Modeling Literature  

2.1 Overview 

The literature reviewed as part of this dissertation included a wide variety of areas, 

including: 

¶ Key definitions related to requirements, including the features of ógoodô 

requirements and the requirement context used for the experiment. 

¶ The concept of a ñModelò 

¶ The development and use of model-based requirements 

¶ The development and use of system implementation models 

¶ The use of models that integrate requirements models and system models 

These key areas are summarized in Chapter 2, and then referenced throughout the 

dissertation. 

2.2 Requirements and Communication of Requirements 

2.2.1 Key Terms 

The overloaded use of the term órequirementô has been a topic of much study and 

discussion within research communities of both the systems engineering and 

requirements engineering fields. To reduce ambiguity, many authors have created terms 

that provide additional context and guidance. However, Ryan and Wheatcraft [8] note 
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that ñéfor those that do not quote a standard, the definitions [of requirements] tend to be 

unique to the writers and it is rare that any two agree.ò They found 26 unique definitions 

of the term requirement. This produces challenges because unless the author either 

explicitly defines terms or states a common standard, the reader is left to make 

assumptions about the implied context intended by the author. In some cases, the 

ambiguity can lead to significant issues during system execution. For example, many 

engineers that work primarily in aerospace or building construction view requirements as 

rigid, formal communications between the person paying for the effort and the people 

executing it. In this world, changing requirements takes significant technical, financial 

and legal efforts ï and as such is generally discouraged once the program begins. In 

contrast, commercial software developers (especially Agile or DevOps practitioners) 

often view requirements as extremely fluid, often changing based on feedback from a 

rapid ódesign-build-testô cycle. Neither approach is inherently wrong, but if stakeholders 

make conflicting assumptions, there can be significant challenges in structuring the 

system development program. 

This research followed [8]ôs recommendation and explicitly defines several key terms 

that are used throughout the following research, including: 

¶ Stakeholder 

¶ System Developer 

¶ Stakeholder Goals 

¶ Stakeholder Requirements 
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¶ System Requirements 

Definitions for other terms are included in the Glossary. 

The first key term, stakeholder, helps to establish the context of the system. Pohl states 

that a stakeholder is ñeither a person or an organization that has a potential interest in the 

system to be developed. A stakeholder typically has their own requirements for the 

system.ò [9] NASA makes this relationship more concrete, stating that a stakeholder is 

ñA group or individual who is affected by or is in some way accountable for the outcome 

of an undertaking. The term ñrelevant stakeholderò is a subset of the term ñstakeholderò 

and describes the people identified to contribute to a specific task.ò [10] Stakeholders 

represent a wide variety of potential people/organizations; including customers, 

developers, support personnel, testers, regulatory bodies, and more. As Pohl notes, each 

stakeholder has their own perspective of what they expect to gain from the system. 

Stakeholder: A person or an organization that has a potential interest in the system 

to be developed.  

There are multiple different terms that represent these expectations. NASA uses the term 

Stakeholder Expectations, described as:  ñA statement of needs, desires, capabilities, and 

wants that are not expressed as a requirement (not expressed as a ñshallò statement)ò [10] 

INCOSE describes Stakeholder Needs as ñneeds determined from communication with 

external and internal stakeholders in understanding their expectations, needs, 

requirements, values, problems, issues and perceived risks and opportunities.ò [4] Pohl 

has a more generic version of goals, describing a goal as ñan intention with regard to the 
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objectives, properties or use of a system.ò [9]  To make terms consistent within this 

dissertation, the following definition is used throughout: 

Stakeholder Goals (SG): A stakeholder intention with regard to the objectives, 

properties, or use of a system (modified from [9]). 

Using SGs to directly constrain the development of a system (as opposed to using 

requirements) presents many problems to developers. For most systems, SGs come from 

many diverse stakeholders who have different expectations that may conflict or overlap, 

leading to confusion in execution. In addition, goals are often expressed by non-technical 

stakeholders from the stakeholderôs perspective (rather than the systemôs). To more 

effectively constrain system development, the SGs are analyzed, and requirements are 

created. INCOSE defines Stakeholder Requirements as ñrequirements from various 

stakeholders that will govern the project, including required system capabilities, 

functions, and/or services; quality standards; system constraints; and cost and schedule 

constraints.ò [4] Pohl describes a requirement as: ñA condition or capability that must be 

met by a system or system component to satisfy a contract, standard, specification or 

other formally imposed documents.ò [9] These definitions were combined to make the 

following definition of stakeholder requirement used throughout this dissertation: 

Stakeholder requirement (StR): A formal agreement between the originating 

stakeholders and the system developers defining a condition or capability that 

must be met or possessed by a system to satisfy SGs. 

Both SG and StR are generally considered to be included within the concept of ógoalsô 

defined by Pohl [9]. Both represent the intended objectives, properties, or use of the 
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system. However, a SG represents one of a potentially large set of related stakeholder 

intentions, whereas the StRs represent the defined and documented goals that the 

development team is obligated to satisfy. In addition, SGs are often characterized by less 

maturity and greater potential conflict than StRs. StRs can be driven by external 

stakeholders (e.g., contractual requirements) or by higher levels of leadership within the 

development organization (e.g., management directed development). StRs are 

traditionally the benchmark for system level verification activities because they 

consolidate and refine SGs but still allow for flexibility in system implementations. 

While StRs are generally intended to be solution agnostic, stakeholders may choose to 

add additional constraints [11]. For example, stakeholders may constrain the interface 

implementations to achieve interoperability with external systems. However, StRs should 

only limit solutions when the limitation provides defined benefit to stakeholders. 

StRs, by their nature, are optimized to facilitate communication with a large stakeholder 

audience. However, most system also require additional specificity for the specific 

purpose of communicating within a subset of the development team. The form lower 

level requirements, defined as: 

System/subsystem/component requirement (SysR): A condition or capability that 

must be met or possessed by a system or system component to satisfy a formal 

agreement between the originating stakeholders and the system developers 

(Modified from [9] and [11]). 

In contrast to StRs, SysRs are the decomposed requirements (from either StRs or higher 

level SysRs) that the development team matures during system design. They are 
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fundamentally different from StRs in that the development team owns them and they are 

increasingly tailored toward specific solutions as the system design matures. The 

development team has full authority to mature and decompose the SysRs based on the 

emerging design to best manage optimization across system development activities. For 

example, the system may have an StR constraining the weight of the system. During 

development, the system developer may take the System weight StR and break it into 

smaller weight requirements for lower-level components such as a System::Vehicle 

weight SysR and System::Payloads weight SysR. The system developer then determines 

how much weight they allow for each component based on their design concept. Because 

they are SysRs, the specific breakdown between the System::Vehicle and 

System::Payloads weight SysRs should not concern stakeholders. If stakeholders were 

concerned with the weight of the payloads (for example), there would be a corresponding 

StR associated with payload weights. This continues down the system, resulting in 

decompositions such as weight requirements System::Payloads::Camera and 

System::Payloads::Mission Computer. 

This can (and often does) result in SysR drift between designs over time or from different 

teams based on each teamôs interpretation of the most efficient method of system 

decomposition. Continuing the example, during development the developer could realize 

that camera data processing could be handled on the mission computer rather than a 

separate camera computer as originally planned. This would enable the 

System::Payloads::Camera weight SysR to be decreased (i.e., a more stringent SysR), 

allowing for additional weight growth in another component (i.e. a relaxed weight SysR) 

in the design. This type of tradeoff can occur with SysRs because they are not formally 
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agreed to by stakeholders, meaning that formal agreement (and negotiation between 

stakeholders) is not required for them to be modified. 

2.2.2 Types of Requirements 

The definitions of StR and SysR above provide a general categorization of system needs, 

but do not really describe what a requirement is at a practical level. To better capture this, 

a variety of different requirement ontologies were surveyed that provide greater insight 

into the practical application of requirements, both StR and SysR. Similar to virtually 

everything about requirements, there exists many different requirement ontologies in the 

extant literature. During their survey, Ryan and Wheatcraft [8] found 25 separate 

definitions of requirement types, ranging from very simple (three types) to complex (over 

16 unique types). The following discussion surveys some examples of different 

requirement type definitions and relates it to the rest of the research. 

Table 1 shows a very high-level breakdown of requirement types as defined by Pohl. [9] 

Table 1: Types of Requirements (from [9] ) 

Types of System 

Requirement 

Description 

Functional 

Requirements 

Specifies the functionality that a system shall provide to its users. 

Quality Defines a quality property of the entire system or of a system 

component, service, or function. Quality properties include 

availability, efficiency, flexibility, integrity, interoperability, 

reliability, robustness, usability, maintainability, portability, 

reusability, and testability. 

Constraints An organization or technological requirement that restricts the way 

in which a system will be developed. 

Table 2 shows a requirement type breakdown taken from the Defense Acquisition 

Universityôs (DAU) Systems Engineering Fundamentals guide. [12] 
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Table 2: DAUôs Requirement Categorization 

Types of System 

Requirement 

Description 

Functional 

Requirements 

The necessary task, action or activity that must be accomplished. 

Functional (what has to be done) requirements identified in 

requirements analysis will be used as the top level functions for 

functional analysis. 

Performance 

Requirements 

The extent to which a mission or function must be executed; 

generally measured in terms of quantity, quality, coverage, 

timeliness or readiness. During requirements analysis, performance 

(how well does it have to be done)requirements will be interactively 

developed across all identified functions based on system life cycle 

factors; and characterized in terms of the degree of certainty in their 

estimate, the degree of criticality to system success, and their 

relationship to other requirements. 

Design 

Requirements 

The ñbuild to,ò ñcode to,ò and ñbuy toò requirements for products 

and ñhow to executeò requirements for processes expressed in 

technical data packages and technical manuals. 

Derived 

Requirements 

Requirements that are implied or transformed from higher-level 

requirement. For example, a requirement for long range or high 

speed may result in a design requirement for low weight. 

Allocated 

Requirements 

A requirement that is established by dividing or otherwise 

allocating a high-level requirement into multiple lower-level 

requirements. 

Some of the DAU definitions map well to Pohlôs concepts. Both have Functional 

Requirements, and the two sources generally agree on the definition. DAUôs Design 

Requirements align broadly with Pohlôs definition of Quality, although the use of the 

term óqualityô in DAUôs definition implies a much narrower use than how Pohl uses the 

term. However, the additional terms in DAUôs definition of Design Requirement fit 

within the quality properties Pohl refers to (readiness generally relates to 

availability/reliability, etc..). DAUôs Design Requirements also aligns with Pohlôs 

Constraints. It is unclear how DAUôs additions (Derived and Allocated Requirements) 

are in fact separate from the other three types. They both speak more to how a 

requirement is created rather than its other attributes. For example, in DAUôs own 

example of a high-speed requirement resulting in a derived requirement for low weight, 
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the low weight is in reality a Design Requirement itself in that it is a ñbuild toò 

requirement for the system. In practice, both Derived and Allocated Requirements are 

generally associated with SysRs rather than StRs. 

Table 3 a more in-depth set of definitions, provided by the Systems Engineering Body of 

Knowledge (SEBoK). [13] 

Table 3: SEBoK System Requirement Categorization 

Types of System 

Requirement 

Description 

Functional 

Requirements 

Describe qualitatively the system functions or tasks to be 

performed in operation. 

Performance 

Requirements 

Define quantitatively the extent, or how well and under what 

conditions a function or task is to be performed (e.g., rates, 

velocities). These are quantitative requirements of system 

performance and are verifiable individually. Note that there may 

be more than one performance requirement associated with a 

single function, functional requirement, or task. 

Usability 

Requirements 

Define the quality of system use (e.g., measurable effectiveness, 

efficiency, and satisfaction criteria). 

Interfa ce 

Requirements 

Define how the system is required to interact or to exchange 

material, energy, or information with external systems (external 

interface), or how system elements within the system, including 

human elements, interact with each other (internal interface). 

Interface requirements include physical connections (physical 

interfaces) with external systems or internal system elements 

supporting interactions or exchanges. 

Operational 

Requirements 

Define the operational conditions or properties that are required 

for the system to operate or exist. This type of requirement 

includes: human factors, ergonomics, availability, maintainability, 

reliability, and security. 

Modes and/or 

States 

Requirements 

Define the various operational modes of the system in use and 

events conducting to transitions of modes. 

Adaptability 

Requirements 

Define potential extension, growth, or scalability during the life of 

the system. 

Physical 

Constraints 

Define constraints on weight, volume, and dimension applicable 

to the system elements that compose the system. 

Design 

Constraints 

Define the limits on the options that are available to a designer of 

a solution by imposing immovable boundaries and limits (e.g., the 
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system shall incorporate a legacy or provided system element, or 

certain data shall be maintained in an online repository). 

Environmental 

Conditions 

Define the environmental conditions to be encountered by the 

system in its different operational modes. This should address the 

natural environment (e.g. wind, rain, temperature, fauna, salt, 

dust, radiation, etc.), induced and/or self-induced environmental 

effects (e.g. motion, shock, noise, electromagnetism, thermal, 

etc.), and threats to societal environment (e.g. legal, political, 

economic, social, business, etc.). 

Logistical 

Requirements 

Define the logistical conditions needed by the continuous 

utilization of the system. These requirements include sustainment 

(provision of facilities, level support, support personnel, spare 

parts, training, technical documentation, etc.), packaging, 

handling, shipping, transportation. 

Policies and 

Regulations 

Define relevant and applicable organizational policies or 

regulatory requirements that could affect the operation or 

performance of the system (e.g. labor policies, reports to 

regulatory agency, health or safety criteria, etc.). 

Cost and Schedule 

Constraints 

Define, for example, the cost of a single exemplar of the system, 

the expected delivery date of the first exemplar, etc. 

The SEBoK continues the trend of including Functional Requirements, and the definition 

aligns well with both Pohl and DAU. The rest of SEBoKôs requirement types are harder 

to align. For example, Design Constraints in listed in both DAU and SEBoK, but DAUôs 

definition seems to be much broader than SEBoK. SEBoK calls out Physical Constraints 

as separate from Design Constraints, while DAU includes physical constraints as part of 

Design Constraints. Similarly, while SEBoK uses the term Performance Requirement, it 

also includes additional requirement types such as Usability, Operational, and 

Adaptability that would be included under Pohlôs Quality Requirementôs or DAUôs 

Performance Requirements.  

The categories described in this section provide context to the discussion of requirements, 

including providing guidelines for what types of requirements should be considered when 

defining a system. This information was critical for the research for two reasons: 
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1. It helped guide the literature review by permitting greater understanding of 

requirement context when reading other research. In many cases, understanding 

the authorôs intent required going to primary source citations to understand the 

original definition of a term. 

2. It guided the development of the notional program described in Chapter 3.4 

During the initial research into requirement type, the intent was to gain insight into 

requirement complexity and identify trends in complexity by type. However, the existing 

requirement type definitions did not provide sufficient insight into complexity by 

themselves. So, the next phase of the research focused on the content of the requirements 

themselves and how they were written.  

2.2.3 Writing Requirements 

In addition to the various types of requirements, there are multiple opinions on what 

constitutes a ógoodô requirement. Ryan and Wheatcraft [8] noted 33 different sets of 

desirable requirement characteristics from a wide range of sources. 

According to NASA, the ñ[a]cceptable form for a requirement statement is: individually 

clear, correct, feasible to obtain, unambiguous in meaning, and can be validated at the 

level of the system structure at which stated.ò [10]  

In the same document, NASA expanded on this list by adding characteristics for sets of 

requirements: ñIn pairs of requirement statements or as a set, collectively, they are not 

redundant, are adequately related with respect to terms used, and are not in conflict with 

one another.ò  
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INCOSE [4] adds some other important characteristics of a ógoodô requirement, including 

that a requirement should be: 

¶ Necessary; meaning that only requirements that support achieving SGs should be 

included. Unnecessary requirements drive additional cost and complexity. 

¶ Implementation Independent; meaning that ñthe requirement should specify 

ñwhatò is to be done at that level, not ñhowò it is to be done at that level.ò [4] 

¶ Complete; meaning that the requirement should not require further amplification 

outside of its definition. 

¶ Singular; meaning that a requirement should contain one and only one 

requirement. 

¶ Achievable; meaning that the requirement must be technically achievable within 

the constraints provided. 

Van Lamsweerde provides the following [14] requirement attributes:  

¶ Completeness. The needs addressed by the new system must be fully covered by 

the requirement set, without any undesirable outcomes. For a single requirement, 

its definition must fully describe all potential conditions that would affect the 

desired output. Note that van Lamsweerde primarily discusses software 

requirements, but the concept is generally applicable. 

¶ Consistency. The requirements must be compatible with each other, including all 

assumptions and domain properties. In other words, the requirements must be 
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consistent as a set, and each requirement must be internally consistent with all of 

its assumptions and properties. 

¶ Adequacy. The requirements must address the actual needs for a new system, 

either explicit (traced to stakeholder goals) or implicit.  

¶ Unambiguity. The requirements (and associated properties/assumptions) must be 

utilized in a way that precludes different interpretations. Specifically, van 

Lamsweerde notes that every term must be defined and used consistently. 

¶ Measurability. The requirements must be formulated at ña level of precision that 

enables analysts to evaluate alternative options against them, developers to test or 

verify whether an implementation satisfies them, and users to determines whether 

they are met or not in the system under operations.ò [14] This definition also 

helps to identify how the requirement will be evaluated against an actual system. 

¶ Pertinence. The requirements must all contribute to the system-to-be satisfying its 

objectives. In van Lamsweerdeôs words, the ñmust capture elements of the 

problem world rather than elements of the machine solution.ò [14] This is similar 

to INCOSEôs requirement for implementation independence. 

¶ Feasibility. The requirements must be ñrealizable in view of the budget, schedule 

and technology constraints.ò [14] 

¶ Comprehensibility. The requirements must be able to be understood by the people 

who need to use them. 
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¶ Good Structuring. The requirements should be ñorganized in such a way that 

highlights the structural links among its elements.ò [14] He specifically calls outs 

out refinement, dependency, cause-effect, and definition-use as links of interest. 

He does not (in the definition) specify that models are the only way to achieve 

good structuring.  

¶ Modifiability. The set of requirements should be able to be revised, adapted, 

extended, or contracted through modifications that ñare as local as possible.ò [14] 

¶ Traceability. Van Lamsweerde describes two types of traceability: context and 

impact. It ñshould be easy to retrieveò the context of a requirement, including its 

rationale for creation, modification, or use. It should also be ñeasy to assessò the 

impact of creating, modifying, or deleting a requirement.  

Common themes among all of the surveyed attribute lists (including those explicitly 

listed in the preceding paragraphs and those described in [8]) are: 

¶ Ensuring that the intent of a requirement can be understood by a reader by 

methods such as minimizing ambiguous language, ensuring completeness of 

information, and structuring of the language. 

¶ Ensuring that a system can be built to satisfy the requirements. This includes 

verifying that each individual requirement can be achieved, but also that the set of 

requirements can be satisfied by a system as a whole. 

¶ Ensuring that a system built to the requirements can be verified to have satisfied 

the requirement without ambiguity. 
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¶ Ensuring that all requirements are necessary, meaning that they work to satisfy a 

SG 

These attributes apply whether the requirement is written in natural language (i.e., in a 

traditional ñshall statementò) or via more formal methods (as described later in this 

chapter). 

The attributes also present an interesting challenge: to be complete and unambiguous the 

requirement must contain all information necessary for the reader to understand its intent. 

At the same time, it must be singular, meaning that it should not combine multiple 

requirements within the single definition. Without further amplification and discussion, 

these attributes can appear to be conflicting: the information necessary to make a 

requirement ócompleteô may be in the form of constraints. For example, a camera may be 

required to have a certain level of performance (e.g., resolution) at a certain distance and 

lighting condition. At first, this can appear to be a non-singular requirement, because it 

requires multiple evaluations: the performance parameter and each of the conditions 

(distance and lighting). However, these conditions only apply in the context of the 

requirement (either StR or SysR) and not in terms of the overall system or a given 

component. In practice, explicitly addressing multiple conditions in prose can actually 

increase ambiguity rather than reducing it. This concept is explored further in Chapter 

2.4.2. 

2.2.4 Department of Defense Context 

The objective of this was research is directly related to communication of requirements 

and system implementation details, so defining ócommunicationô is extremely important. 
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At a high level it means that all stakeholders should have common understanding of the 

requirements and of the design of the system so that they can evaluate how the system 

implementation satisfies (or doesnôt) its set of StRs. To help guide the research, the DoD 

acquisition system was selected as the framing context for communication. It was 

selected due to the authorôs experience and also because it represents a well-documented 

process through which defined stakeholders are required to communicate.  

Within the DoD, a system program office (SPO) is usually the single source for 

developing, maturing, and owning StRs. As part of this effort, they receive SGs from 

military users (officially from the Joint Requirements Oversight Council, but often 

informally as well) and perform requirements engineering to formalize a set of StRs. 

Error! Reference source not found. shows how the Joint Capabilities Integration and 

Development System process produces two primary ñrequirements documents:ò the 

Initial Capabilities Document and the Capabilities Development Document. These 

actually represent documentation of SGs per the definitions provided above, in that they 

define the capabilities desired by the end user.  
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Figure 1: Defense Acquisition System Interactions (From [15] ) 

Using the capabilities documents (and other supporting inputs), the SPO creates a set of 

requirements that defines the system level functional and performance requirements in 

more engineering/technical terms. In an appropriate example of the ambiguity of 

requirement terminology, the DoD calls the resulting document the System Requirements 

Document (SRD), even though it is not in fact a set of SysRs per the definition above. 

Instead, it relates to the StRs. The SRD is the set of requirements that is included in an 

acquisition contract; the developer is contractually obligated to satisfy them. The system 

developer then decomposes the StRs from the SRD into a Weapon System Specification 

(WSS) that is the set of SysRs that they will use to design, develop, and manufacture the 

weapon system.  

During the lifecycle of a system program, its maturing design is evaluated against its 

StRs in multiple technical reviews. The reviews are defined in a series of DoD policies, 
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starting with the DoD Directive 5000.01, the Defense Acquisition System. The set of 

these policies are commonly referred to as the ñDoD 5000 series.ò Figure 2 shows a 

generic view of the process followed by the defense acquisition system. 

 

Figure 2: Decisions and Reviews within the Defense Acquisition System 

This process can be tailored (and often is) based on the needs of an individual program. 

The following technical reviews are common to the process and follow IEEE 5288.2 

ñStandard for Technical Reviews and Audits on Defense Programsò which is the standard 

for technical reviews for the US Department of Defense (DoD) and other defense 

agencies. [16] 

Table 4: Types of DoD Review, adapted from [16]  

Types of Review Purpose 

Alternative 

Systems Review 

(ASR) 

The ASR shall be conducted to help ensure the preferred materiel 

solution has the potential to affordably meet the user's needs and 

expectations, and that there is sufficient understanding of the 

technical maturity, feasibility, and risk of the proposed materiel 

solution. 

System 

Requirements 

Review (SRR) 

The SRR shall be conducted to help ensure the level of 

understanding of top-level system requirements is adequate to 

support further requirements analysis and design activities, and 

that the system can proceed into initial system design with 

acceptable risk. 
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System Functional 

Review (SFR) 

The SFR shall be conducted to help ensure that the system under 

review can proceed into preliminary design with acceptable risk 

and that all system requirements and functional performance 

requirements derived from the approved preliminary system 

specification are defined and are consistent with the program 

budget, program schedule, risk, and other program and system 

constraints. 

Preliminary 

Design Review 

(PDR) 

The PDR shall be conducted to help ensure the preliminary design 

for the system under review is sufficiently mature and ready to 

proceed into detailed design and can meet the stated performance 

requirements within program budget, schedule, risk, and other 

program and system constraints. 

Critical Design 

Review (CDR) 

The CDR shall be conducted to help ensure that the detailed 

design for the system under review is adequate to proceed into 

fabrication, system integration, demonstration and test and can 

meet stated performance requirements within budget, schedule, 

risk, and other system constraints. 

Test Readiness 

Review (TRR) 

The TRR shall be conducted to assess test objectives, test 

methods and procedures, test scope, safety, readiness for acquirer 

and supplier development test and evaluation (DT&E), and 

whether test resources have been properly identified and obtained. 

Functional 

Configuration 

Audit (FCA)  

The FCA shall be conducted to ascertain that a CIôs actual 

performance meets the requirements stated in the functional and 

allocated baseline documentation. 

System 

Verification 

Review (SVR) 

The SVR shall be conducted to verify that the as-tested system 

meets the requirements in the system functional baseline and is 

ready to proceed to the next phase with acceptable risk. 

Production 

Readiness Review 

(PRR) 

The PRR shall be conducted to ascertain that the system design is 

ready for production and that the supplier has accomplished 

adequate production planning for entering low-rate initial 

production (LRIP) or full-rate production (FRP). 

Physical 

Configuration 

Audit (PCA)  

The PCA shall be conducted to determine conformance of the as-

built configuration of a validated CI with its design 

documentation, and to verify the product baseline 

At each of these technical reviews, stakeholders (including the system developer) review 

data about the system and its requirements. The exact requirements for each phase are 

detailed in [16].  
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2.3 Defining óModelsô 

DoDAF is not alone in defining ómodelô as a generic term. A model has variously been 

described as: 

¶ a physical, mathematical, or otherwise logical representation of a system, entity, 

phenomenon, or process [17] 

¶ a representation of one or more concepts that may be realized in the physical 

world [2] 

¶ an abstraction of some portion of conceived reality (the system ñas-isò) or of a 

contemplated system (the system ñto-beò) expressed in some language [18] 

¶ documents, spreadsheets, dashboards, or other graphical representations [that] 

serve as a template for organizing and displaying data in a more easily understood 

format. [19] 

These definitions are extremely esoteric without additional context, and as such the term 

ñmodelò must be carefully used so as not to add confusion. In the context of systems 

engineering, INCOSE defines MBSE as ñthe formalized application of modeling to 

support system requirements, design, analysis, verification, and validation activities 

beginning in the conceptual design phase and continuing throughout development and 

later life cycle phases.ò [20] Used in this context, the term ñmodelò represents the 

requirement and/or system model that is used as the ñprimary artifact of the systems 

engineering process.ò [4]  
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Based on initial research, most requirements related MBSE research are divided into two 

major categories: 

¶ Research that uses models to formalize the relationship between SGs, StRs and 

iteratively decomposed requirements, enabling creation of a correct, complete, 

unambiguous source of truth for requirements. 

¶ Research that uses models to formalize the relationship between an StR or SysR 

and the component to which it is allocated, along with the properties of that 

component, becoming a part of the component source of truth and enabling 

accurate verification that the component meets its specification. 

The distinction between these two approaches is discussed throughout the remaining 

literature review. 

2.4 Documenting Requirement Relationships using Models 

Requirements Engineering has emerged as a discipline to perform ñtwo main groups of 

activities: i) requirements development, including activities such as eliciting, 

documenting, analyzing, and validating requirements, and ii) requirements management, 

including activities related to maintenance, such as tracing and change management of 

requirements.ò [21] Recent research (described in this chapter) has involved developing 

approaches that utilize modeling and machine assistance to improve the accuracy and 

consistency of requirement communication through both development and management 

activities.  
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2.4.1 Formal Requirement Definition 

Traditionally, requirements have been defined using natural language. Consider the 

requirement: ñThe system shall weigh less than 50 pounds.ò Van Lamsweerde defines 

this as ñfree documentation in unrestricted natural language.ò [14] This approach (using 

prose to document requirements) certainly has some benefits; it requires no special 

training and is virtually limitless in its ability to describe a requirement. However, it also 

has many limitations. In order to maximize expressiveness, natural languages are often 

complex (with many word options that have nuanced meaning) and imprecise. These 

properties mean that a natural language phase is subject to large amounts of 

interpretation, leading to the risk of ambiguity, missed understanding and difficulties in 

measurement. Another important concern is the fact that the ñabsence of formalization 

precludes any form of automated analysis.ò [14]  

To minimize the challenges incurred by unstructured language, researchers have 

developed a variety of formalization techniques including: 

¶ Controlled natural language approaches.  

¶ Mathematical relationships  

¶ Computational approaches  

To better facilitate analysis of requirements while retaining some of the benefit of natural 

language, researchers have applied various degrees of formalism to natural language 

itself. Some techniques focus on making the requirement more comprehensible to 

humans, such as the techniques Van Lamsweerde describes for organizing requirement 
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information, including tables, templates, and stylistic rules. [26] This approach balances 

the desire for human readability with constraints to facilitate more consistent 

descriptions, but it does not (necessarily) make it easier for machines to reason on the 

requirements. Other researchers have pursued more restrictive constraints, often called 

Controlled Natural Language (CNL). CNL is ña constructed language that is based on a 

certain natural language, being more restrictive concerning lexicon, syntax, and/or 

semantics, while preserving most of its natural properties.ò [22] Kuhn surveyed 100 

CNLs ranging from 1930 to 2014 and categorized them according to their precision, 

expressiveness, naturalness, and simplicity. Each category was rated from 1 to 5, with 5 

being the largest value and 1 the least. For example, standard English was described as 

P1E5N5S1, meaning a highly expressive, highly natural language with low precision and 

low simplicity. Kuhn shown in his survey that CNLs are used for a wide variety of 

purposes and represent ña widely scattered but connected cloud in the conceptual space 

between natural languages on the one end and formal languages on the other.ò [22]  

One example of the use of CNL for requirements analysis is a research program called 

Specification and Analysis of Requirements (SpeAR) [23], which leverages Past Linear 

Temporal Logic to constrain the natural language while still supporting the analysis of 

requirements through the use of model checking tools. An example of SpeARôs 

semantics is the requirement:  

If  signal greater than threshold then output equal to ON. 

SpeAR provides a limited lexicon of phrases that can be rapidly translated to computer 

code while still being understandable by a human with limited training. A separate tool 
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then takes the requirement and translates it to the appropriate code for ingestion into an 

analysis algorithm. 

Another option is to use mathematical language where the requirements are specified in 

mathematical equations using model properties as terms in the equation. This approach 

allows for very precise definition of the requirement, especially in the case of 

performance requirements that require mathematical evaluation of properties. However, it 

also has two major problems: 

1) It cannot be directly ingested into an analysis tool. Rather, it must be converted 

into some level of computer readable language. 

2) It requires knowledge of mathematical equations, which can be complex for some 

requirements. 

Because of these limitations, mathematical approaches have traditionally been used 

primarily to bridge the comprehension gap between natural language and computer-based 

approaches (described next). This approach is used by both Bernard [3] and Micouin 

[24].  

Finally, some approaches leverage requirements that are specified directly in machine 

readable source code. One example of this is shown in an earlier version of SpeAR 

described above, where the requirement shown above is written as:  

while signal > threshold :: always output == ON; 
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Another example of this using the Semantic Application Design Language is shown in 

[25]. These approaches show good promise for evaluating the quality of requirements 

because they integrate with existing computational solvers to rapidly evaluate the 

requirement space. However, they come at the expense of requiring significant domain 

expertise. This can make communicating with stakeholders very challenging, because 

most stakeholders are not experts in computer programming. 

For this dissertation, the mathematical approach was utilized to develop the logical 

mechanism for constraining the requirements, then the mathematical constraints were 

input into an existing commercially available modeling tool (described in Chapter 3). A 

mathematical approach was selected because it had the most robust support for 

integrating with systems modeling in the extant literature (for example, [3], [2], [26], 

[24], and [27]). Expanding on this technique, Bernard [3] stated that a properly formed 

requirement can be expressed as follows: 

ὙὩήȡὅᵼὺὥὰέȟὴ Ὠ 

Equation 1 

Where: 

 Req is the requirement identifier 

C is a condition linked to a state or an event occurrence, and d is the set of 

allowed values for the property p of an object o.  

Note that the natural language requirement described above does not have enough data on 

its own to be translated into the form defined in Equation 1; it is missing information 
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necessary to capture the C term. This is an example where the reader must imply what 

conditions should apply. In the System::Weight example, it is unclear what configuration 

the system should be in when it is evaluated. Is it in an operational configuration? Or is it 

evaluated in an alternate configuration (such as packaged for shipping)? Depending on 

context, both assumptions could be equally plausible.  

Bernard treated this as a constraint on a component, meaning that it constrained the 

component during the design process by limiting the set of allowed values for the given 

property. This property-based requirement pattern can also be extended to evaluating 

whether the properties of an already designed system meet the desired values. This can be 

modeled as follows: 

ὠ ‭ ὅ ᵼὺὥὰέȟὴ ὴ ᴼὄέέὰὩὥὲ 

Equation 2 

Where: 

VStR is the result of a verification of an StR. For this experiment, the value was 

constrained to be a Boolean value (TRUE for a passing value, FALSE for a 

failing one). 

ὴ   is the system attribute being verified. In the example above, x is the 

system weight. These attributes may range from static properties to more complex 

behavioral or stateful attributes. Note that in [28], each attribute is defined as a 

tuple with a name, value, and data type. 



34 
 

ὴ  the set of verification criteria associated with a given StR, i.e., the allowable 

set of values for attribute p. In the example, pStR is [0:50] pounds.  

‭ ὅ ᵼὺὥὰέȟὴ ὴ  is the function that determines whether the 

attribute of the system fall within the allowed range determined by requirement 

StR at the specified condition. In the example, if system weight < 50 pounds and 

the system is in condition CStR, ‭ ὝὶόὩ 

To perform this verification, the evaluator must correctly identify the system condition 

and parse the system property in a meaningful manner, which requires a surprising 

amount of context. For example, what is the system condition in this contextual usage? 

Does it mean the system as it prepares to take off? Does it include transportation 

equipment (e.g., a hardened case)? Does it include optional mission specific equipment 

(e.g., cameras, radios, and sensors) that may change between missions? How about fuel 

load which may change during a mission? Once the reviewer understands this context, he 

or she must find the system property data from verification artifacts and evaluate the 

function using both system property data and verification criteria. Using modeling 

approaches allows explicitly defining properties to establish this context. In addition, the 

model can relate the property to explicitly defined units (such as pound). Both the system 

attributes and the verification criteria refer to the same model element that defines pound. 

Thus, a modeling tool can quickly and accurately assess whether both properties are 

comparing the right types of values, as has been demonstrated by [24], [26], [3], and [27], 

among others. Most modeling languages allow this type of property definition.  
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There can be many types of evaluation functions. The most basic is a simple property 

comparison (is system::weight within the allowed range of [0:50] pounds in the takeoff 

state) to evaluate quality requirements. However, the evaluation function may also 

describe behaviors to evaluate more complex requirements, such as those where the 

properties change over time within a given condition. Much effort has focused on 

evaluating dynamic (i.e. requirements that evaluate parameter that change over time)  

requirements, including [29] using syntactic contract conditions, UML/SysML behavioral 

modeling [3], Very High-Speed Integrated Circuit Hardware Description Language 

behavioral models [26], and goal/quality attribute modeling [28].  

2.4.2 Capturing the Condition of the System 

Mathematical evaluation of the system conditions for a given requirement requires 

additional formalism. Bernard [3] provides one approach through the use of Object-

Oriented concepts. In his approach, the system conditions can be expressed as properties 

of the system as a whole. Continuing the System::Weight example, a condition could be 

that System::Mode must equal Operational (as opposed to Packed for Shipping). Through 

this lens, Equation 2 can be restated as: 

ὠ ‭ ȟ ὺὥὰὅ ὅ  ὥὲὨ ‭ ȟ ὺὥὰέȟὴ ὴ ᴼὄέέὰὩὥὲ 

Equation 3 

Where: 

‭ ȟ and ‭ ȟ are the evaluation functions for StRôs conditions and parameter, 

respectively. 
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ὅ  is the set of allowable system conditions for requirement StR. Note that CStR 

can be a single condition, or a set of conditions. Each condition can be a range of 

values. 

ὅ  is the actual system condition expressed in the context of requirement StR. 

Cactual will generally be determined during the StR verification activity through an 

approved verification method (e.g. direct measurement, analysis, etc.) 

This equation shows mathematically that the evaluation of a given requirement also 

depends on the conditions related to the verification. This concept will be explored 

further in the next section. 

2.4.3 Hierarchical Goals and Requirements 

In most cases evaluating the verification function for the system condition (‭ ȟ) may 

be complicated because it will likely necessitate evaluating large sets of system properties 

and verification criteria. One method which can be adopted under various cases involves 

the decomposition of condition into less complicated sub-evaluations that are easier to 

evaluate and then using compositional reasoning to relate the sub-evaluations together to 

evaluate the satisfaction of the original condition.  

Recent research in goal-oriented requirements engineering (GORE) has provided 

mathematical formalism to this process. As discussed above, goals are often ambiguous 

and conflicting, making analysis challenging. GORE research has utilized logic-based 

mathematical formalism to make reasoning on these types of challenges more effective, 

thus aiding in the translation from SGs to StR to SysRs. A common thread in this 
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research is the use of logic models (aka AND/OR trees) to document hierarchical 

relationships between goals. According to [30] ñ[g]oals and tasks are connected with 

each other using AND- and OR-decompositions. By AND-decomposing a goal into other 

goals or tasks, we imply that the satisfaction of each of its children is necessary for the 

decomposed goal to be fulfilled. If the goal is OR-decomposed into other goals or tasks, 

then the satisfaction of one of these goals or tasks suffices for the satisfaction of the 

parent goal.ò In this manner  

G = G1 AND G2 means that both G1 and G2 have to be satisfied for G to be 

considered to be satisfied. 

F = F1 OR F2 means that F is considered to be satisfied if either F1 or F2 is 

satisfied. 

This is shown graphically in Figure 3: 

 

Figure 3: Example of AND/OR relationships 

Goal models have been found to be effective in concisely capturing large numbers of 

alternative sets of low-level tasks, operations, and configurations that can fulfill high-

level stakeholder requirements. [30] This method has been used in various case studies, 
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including [31] for autonomous unmanned aerial vehicles, [32] for self-adaptive software 

systems, and [33] for the food service industry.  

Once built, the goal model can be mathematically evaluated in multiple ways for multiple 

purposes. For example, a goal model can be analyzed to help guide the design process by 

evaluating multiple configurations to determine a potentially optimal set of system 

attributes. It could also be utilized to identify conflicting or incomplete requirements [25]. 

Another use of this model is to evaluate whether the system satisfies the system condition 

specified for a given requirement. This will be described further in Section 3.4.1. 

2.5 Documenting System Instances Using Variation Models 

As stated above, evaluating whether a system meets its StRs requires parsing the system 

data and comparing it to the verification criteria. Effective parsing can be considerably 

challenging, especially for complex systems. MBSE has been developed to (among other 

things) improve the communication of system information both within the development 

team and between stakeholders. Of interest to requirements verification is the capture of 

system components, their properties, and the connections between them in 

mathematically rigorous ways. To do this, some MBSE methodologies (such as SysML) 

allow for the capture of requirements and the connections between a requirement and 

other system data.  

2.5.1 Modeling Components and Requirements 

A key activity common to almost all MBSE methodologies is the documentation of 

system components, their properties, and the associations within a digital model of the 
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system. Beyond this, specific MBSE methodologies store additional information within 

the model, including behaviors, functions, states, and requirements (among others). 

Capturing this information in a digital authoritative source of truth enables machine-

assisted verification of many aspects of the system. Depending on the methodology, these 

components may be called Blocks [34], Objects [18], Components [35], or other terms. 

The lack of standardization in the language and approach is itself a challenge of MBSE 

application; however, it is outside the scope of this research.  

SysML was primarily researched because of its wide adoption within the DoD and is 

documented in SE literature [20] and in practice in areas such as aerospace [36], naval 

systems [37], space systems [38], and medical fields [39]. The literature also includes 

case studies using other approaches, including Object Process Methodology ( [40] and 

[41]) and VHDL [26]. SysML has been widely discussed and documented and includes 

some very good documentation and training [2]. Some key SysML capabilities include 

clear definitions for components and their relationships and the use of property 

definitions that can be widely used throughout the models. In addition, SysML has a 

growing ability to model requirements, especially with the release of SysML 1.5.  

Blocks are the basic element of the SysML unit definition; they are the primary 

mechanism for defining the properties, connections, and boundaries of a component. Two 

SysML diagrams describe the relationships between components. The block definition 

diagram (BDD) defines the hierarchical relationship between components, especially 

when a component inherits part of its definition from a more generic component type.  ñIt 

captures the definition of blocks in terms of properties and operations, and relationships 

such as a system hierarchy or a system classification tree.ò [34] In contrast, an internal 
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block diagram (IBD) ñcaptures the internal structure of a block in terms of properties and 

connectors between properties.ò [34]  

Blocks can also be used to define requirements. Prior to SysML 1.5, requirement blocks 

were limited in what they could accomplish. They primarily were used to detail textual 

requirements and the configuration data associated with them. In most cases, the 

requirements themselves were managed externally (often in a tool like Rational DOORS). 

After the release of SysML 1.5, requirements can now have properties that can be shared, 

and the blocks can also be connected to other system blocks. Annex E.8 of the SysML 

1.5 standard [34] shows several examples. This is especially important because the 

properties encapsulated by requirement blocks can now be referenced in analysis tools. 

However, the current approaches are non-normative, meaning that tooling support is 

currently limited. This is a known issue, and work on SysML 2.0 can address this gap. 

To help better define components, SysML has multiple types of properties, including: 

¶ Part: A lower-level component owned by the component; 

¶ Reference: A lower-level component not owned by the component; and 

¶ Value: A quantifiable value with units and dimensions. It may also have probability 

distributions assigned. 

Value properties are particularly interesting because they enable precise definition of a 

property and precise comparison of multiple value properties using the same value type. 

In the system weight example discussed earlier, the property system::weight can have 

different meanings. Figure 4 shows an example for the maximum gross takeoff weight 

(MGTOW) of a UAS to add clarity to the air vehicle::takeoff weight property. In this 
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way, when other properties are compared to air vehicle::takeoff weight, the user can be 

assured they refer to the same type of values because they explicitly reference the same 

valueType definition. 

 

Figure 4: Example Use of Value Types 

Another powerful tool of a system model is the ability to generalize features of a 

component and then have specialized variants of the component that further refine it. This 

approach has been shown in general in various studies [42]. In addition, variation 

modeling has been used to model product lines where multiple instances of the same 

basic system are captured to explicitly trace the differences between each instance.  
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2.5.2 Tying Requirements to Components 

In addition to documenting the relationships between components, component blocks can 

be connected to requirements blocks via the <<satisfy>> relationship, which links a 

requirement to a system component designed to satisfy it. In legacy SysML versions (1.4 

and earlier) that only support textual requirements, checking this assertion required the 

reviewer to manually parse and understand the verification criteria within the requirement 

text and compare it to the properties contained within the system component associated 

with the requirement.  

Various studies, including [3] and [43] have shown that the lack of mathematical rigor 

makes analyzing satisfaction using legacy systems models challenging because the 

textual requirement can have ambiguous value type information. SysML 1.5 introduces 

the ability for requirement blocks to have additional properties, including verification 

criteria that can be typed according to existing valueTypes and connected to other system 

elements. The connection of components and properties allows MBSE tools to perform 

quantitative modeling of a system. In SysML, equations can be modeled using constraint 

blocks, which execute mathematical logic based on input value properties to create output 

value properties. The input and output properties are associated with block properties 

(including requirement blocks in SysML 1.5) through a binding connector so that the 

output values change when the input values are changed. These constraint blocks are 

connected through parametric diagrams, which are a subset of IBDs. This is shown in 

Figure 5, which uses a block for the Full Motion Video camera system that has a property 

called Resolution. The figure also includes a requirement block called Resolution, which 

an Evaluation Criteria property. The constraint block r1.1.2.1.4.2.1 then relates the Full 
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Motion Video::Resolution property to the Resolution::Evaluation Criteria property via a 

mathematical relationship that results in TRUE if Full Motion Video::Resolution < 

Resolution::Evaluation Criteria. An important distinction is that within SysML, the 

standard does not specify a particular format / language for defining these mathematical 

terms. Instead, users must establish their own best practice based on the particular tools 

they are using. 

In current practice, MBSE practitioners can use a combination of BDDs, IBDs, and 

parametric diagrams to calculate the values and use them to evaluate individual 

requirement satisfaction. The study by [27] showed one example of this approach, and 

their company No Magic, Inc., have worked to bring products to the market in this area. 

The authors selected this method over other methods (such as those described by [3] and 

[26]) because it provided the clearest path toward an overall integrated approach. Its 

benefits include the ability to retain an external requirements model (called cohabitating 

by [3]), enabling the treatment of requirements and systems models as separate 

experimental variables. The experiment leveraged this capability to evaluate individual 

StRs, as shown in Figure 5 for the evaluation of StR r1.1.2.1.4.2.1. 
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Figure 5: Use of Parametric Diagram and Constraint Blocks to Evaluate a System 

Requirement 

2.6 Integrated Model-Based Approach 

Researchers concerned with requirements models and researchers concerned with system 

models have each explored the formalization of an individual requirement, in some cases 

using mathematically rigorous semantics, enabling machine-assisted analysis. Despite the 

overlap in requirements formalization, little evidence exists in the extant literature of the 

convergence of model-based relationships between the original goal models and the 

resulting system models. In fact, multiple researchers (see [44], [40], [45]) have noted 
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resistance (both in practice and in academic research) to requirement/system model 

convergence.  

At least one study noted that some stakeholders prefer document-based requirements [6]. 

In that study, the authors stated that ñ[i]n todayôs industrial practice, we recognize that 

[requirement documents] are preferred and shared between stakeholders rather than 

requirements models.ò They posited that there are multiple factors influencing this 

position, including: 

¶ stakeholders very often work under time pressure or refuse technical support 

systems  

¶ it is easier for stakeholders with different level of expertise and domain 

knowledge to communicate simply with documents instead of technical models.  

¶ legal aspects, which are hard to formalize in models, become notably important 

when external stakeholders are involved. 

Consequently, research has primarily focused on either requirement-based models or 

systems implementation-based models. For example, requirement modeling research 

traditionally has focused on showing how the resulting specification is improved, with a 

discussion of how (or if) the system was modeled as a secondary concern. An example of 

this is [25], where the team used a Semantic Application Design Language-based 

approach to evaluate requirements coverage and establish test criteria rather than 

improving the model of the actual system. 
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In contrast, literature on systems modeling traditionally begins with a validated set of 

requirements, often in textual form. In Chapter 2.2.4 this was shown in the form of the 

SRD which contains a set of StRs that are provided as part of the RFP activity. The 

system developer takes the textual StRs from the SRD and creates system specification 

(in reality a set of system level SysRs). These SysRs are implemented in the model in 

association with components, the components being first class citizens.  

This means that the natural language to formal definition occurs during system 

development with the developer as lead rather than during requirements decomposition 

with the requirement owner as lead. This can bring challenges during execution if there 

are gaps in understanding, because the requirement owner and the developer will likely 

have different (and competing) interests that add bias to how they define requirements.  

While systems modeling research has begun to embrace property-based requirements (see 

[3], [26], [24]), systems-focused case studies rarely document relationships between 

requirements and the originating goals formally. Instead, each requirement is treated as a 

separate element and is considered independently of other requirements. Thus, systems 

models are evaluated in a manner agnostic to the method used to create the set of 

requirements. This makes it challenging to identify how goal and requirement modeling 

directly impact communication in downstream engineering activities (including system 

verification). 

Because the authors were not aware of any such approach, one was created for this 

research to serve as a placeholder for future mature integrated approaches. This is 

described further later in this dissertation. 
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3 Experiment 

3.1 Overview 

As part of the literature review, an attempt was made to locate an existing set of data that 

would permit quantitative comparison of the different approaches. Unsurprisingly, no 

single source of data contained sufficient data to address the stated research questions; 

furthermore, it would be very challenging and costly to develop a real program using 

multiple methodologies. In addition, the authors attempted to locate heterogeneous 

datasets that could be reasonably combined for analysis. Unfortunately, the available data 

were limited (most programs do not collect data regarding the accuracy or duration of a 

requirement review) and/or too heterogeneous (it is not reasonable to compare a large 

naval ship design with a small software only system). 

Because sufficient data was not available, the authors elected to conduct a designed 

experiment to collect sufficient data to begin answering of the research questions. It 

should be noted that the experiment was not designed to create high levels of statistical 

confidence. Rather, it was built to collect initial screening data to identify specific areas 

for future research into model-based approaches. 

To provide context in the experiment, a notional DoD program was developed and will 

be discussed in detail later in this dissertation. A DoD program was selected because of 

the DoDôs clearly defined acquisition process (with explicit communication points) [46], 

the authorsô experience, and the availability of a candidate experiment participant pool. 

The notional program simulated a DoD acquisition program called the Organic Tactical 
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Surveillance System ï Expeditionary (OTSS-E) intended to acquire a UAS. The Critical 

Design Review (described in Chapter 2.2.4) was selected as the communication scenario 

for the research because it provided the widest set of modeling practices to review, with a 

heavy emphasis on both requirements and system data. It also provided an unambiguous 

grading criteria: did the system (as expressed in the implementation artifacts) satisfy its 

requirements or not? As part of the scenario, the participants reviewed the notional 

Nomad system, described further in this chapter, system that was designed to satisfy the 

OTSS-E requirements.  

Design of the experiment was made challenging by two factors: the need to balance 

complexity against having the participants collect the maximum amount of data. Ideally, 

the participants would participate in multiple short trials to help control for experimental 

factors. In contrast, real reviews can take significant amounts of time. In the authorôs 

experience on real system reviews for the DoD, such a review can take weeks or even 

months for a complex aircraft system. Obviously, this was not feasible for the 

experiment, so a balance was struck by providing a less comprehensive (but still realistic) 

example. The example was made realistic by conforming to DoD guidance for 

requirements, as well as example artifacts that are available through DoD training. This 

guidance was summarized in Chapter 2.2.3.  

3.2 Participants 

Reviewers were selected from within the DoD and from the private industry based on 

their experience level and ability. Invitations were sent out to 47 candidates identified by 

DoD personnel at the Pentagon (DoD headquarters) and Wright-Patterson Air Force 
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Base. These discussions identified a total of 13 candidates from five organizations that 

volunteered and completed the experiment, with six novice and seven experienced 

reviewers. For this experiment, reviewers were considered ñexperiencedò if they had 

more than three years of experience in a DoD position that executed program reviews 

similar to those used in the research experiment. These included SPOs, research 

laboratories, developmental test units, or headquarters level plans and programs 

organizations. Experienced reviewers were primarily engineers or scientists but also 

included operational aircrew and program managers. All experienced reviewers had 

training in using models prior to the experiment, primarily through standardized DoD 

training that including DoDAF and SysML. Novice reviewers included junior level DoD 

(or DoD contractor) engineers and private industry members. None of the novice 

reviewers had prior experience with modeling in the context of system level engineering. 

Table 5 shows the general positions, DoD experience, and organization of each 

participant. Much of the information has been generalized to protect the anonymity of the 

participants. Throughout the experiment, participants were identified by a unique ID 

number randomized between 1 and 100. 

Table 5: Participant Demographic Information 

Reviewer 

ID 

Position Years DoD Experience Organization 

1 Test Engineer for a 

DoD SPO 

4 years military  

6 years DoD SPOs 

DoD SPO 

2 Senior Scientist 18 years DoD engineering 

support 

FFRDC1 

4 Chief Engineer 12 years DoD engineering 

support 

DoD Research 

Laboratory 

6 Senior Scientist 15 years DoD engineering 

support 

FFRDC 

10 Head of Training <2 years DoD ctr2 DoD Contractor 

C 
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11 Engineer <2 years DoD ctr DoD Contractor 

C 

15 Senior Application 

Engineer 

20+ years DoD related 

engineering 

DoD Contractor 

C 

24 Chief Executive 

Officer 

20+ government service, 

including engineering, test, 

and SES3 

DoD Contractor 

C 

30 Chief Operations 

Officer 

<2 years DoD ctr DoD Contractor 

C 

31 Program Support <2 years DoD ctr DoD Contractor 

C 

44 Application Engineer <2 years DoD ctr DoD Contractor 

C 

50 Application Engineer <3 years DoD ctr DoD Contractor 

C 

70 Program Manager 20+ years military 

10+ years DoD support Ctr 

DoD Research 

Laboratory 

1: Federally Funded Research and Development Corporation 

2: Contractor 

3: Senior Executive Service 

3.3 Experimental Design 

The experiment was designed to maximize data capture using volunteers that would need 

to fit the experiment around their existing work. To do this, a Design of Experiments 

(DOE) approach was developed that maximized the use of randomization throughout the 

experiment. A DOE based approach was selected based on its ability to detect effects 

using the minimum amount of experimental data. To answer the questions posed earlier 

in this dissertation, four experiment factors were selected, as shown in Table 6.  

Each requirement was reviewed as a unique trial and each requirement was categorized 

as one of two requirement types (RTs), as shown in Table 6. The óMetô RT referred to a 

requirement that necessitated the comparison a numerical system implementation value 

against a numerical constraint (e.g., less than, greater than, between, etcé). The 
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óPossessedô RT referred to a requirement that necessitated the identification of a 

particular feature, state or mode present within the system implementation.  

Using a two-level factor allowed the test to be executed in a cost-effective manner, while 

still enabling the detection of an effect due to requirement complexity (if present).  

Table 6: Experiment Factors 

Factor Level Description 

Requirement 

Documentation 

Method (RDM) 

Document Based 
The users were provided only the SRD, 

and no requirement model was provided. 

Model Based 
The users were shown the requirement 

model 

System 

Implementation 

Documentation 

Method (SIDM) 

Document Based 
The user was provided the set of static 

documents (See Table 7) only.  

Model Based 
The user was provided the system 

implementation data in model form.  

User Experience Level 

(UEL) 

Novice 
User had three years or less of DoD 

experience. 

Experienced 
User had greater than three years of DoD 

experience. 

Requirement Type 

(RT) 

Met 

The requirement requires the user to 

evaluate whether a property value meets 

a numerical criterion. 

Possessed 

The requirement requires the user to 

evaluate whether the system possesses a 

required property, trait, or behavior. 

Using these factors, the minimum DOE based experiment could be executed with 16 

trials (per a standard 24 factorial experiment). This could have been executed with a 

minimum of two participants (representing the two UEL experiment levels) each 

reviewing eight requirements. However, this would not appropriately mitigate the 

potential differences between individual reviewers and between different RTs. To 

increase confidence in the results, the experiment was repeated across multiple reviewers 

and each reviewer was provided the full set of 78 requirements. Conducting the 

experiment in this manner allowed high levels of replication at relatively low cost (in 
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time, since all participants were volunteers). Another concern is that the UEL is a within-

subject variable, meaning that it cannot be varied for a given participant. The number of 

participants for each UEL level is insufficient to gain robust statistical conclusions for the 

effect of the UEL. Ideally this would be addressed by adding additional participants to 

each of the UEL factor levels. However, such volunteers were not available during the 

experimental window. The effects of this will be discussed in Chapter 4.1.1 . 

Two response variables were selected to best capture the effects of each approach: (1) 

Accuracy and (2) active review time (ART). Note that these are both measured for the 

review of a single requirement. Accuracy captured whether the reviewer correctly 

identified the requirement as óSatisfiedô or óUnsatisfied.ô ART measured the amount of 

time the reviewer spent actively engaged in requirement review. A distinction was made 

between the active and total time because the reviewers were participating in the review 

around their normal work duties. To measure this time, each participant was required to 

log the time they were actively reviewing within the experiment software. Using a total 

time would have inaccurately penalized reviewers who could not volunteer a single large 

block of time to conduct the review. In addition, the reviewers were asked to identify the 

reasons why the requirement was unmet.  

During the experiment, each reviewer was provided the full list of 78 StRs to review; 

however, each StR was considered a separate experimental trial to best capture the 

differences between approaches. To support this, the experiment was designed such that 

every reviewer was presented a unique combination of trials that included random StR 

review order and a random combination of RDM and SIDM for each StR. Thus, a 

reviewer could review one StR using a purely document-based approach (seeing no 
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model-based data) followed by a requirement that leveraged modeling techniques. 

Accomplishing this required the development of a purpose-built experimental tool to 

control how the user accessed the model data and saved their reviews to ensure that they 

did not change a review intended for documents only. This tool (shown in Figure 6) 

presented the reviewer with a single StR at a time, presented the model information (if 

allowed for that review), and captured the review results in an encrypted save file. 

Existing model-based design tools (such as Sparx Enterprise Architect) were evaluated to 

determine if they could serve as experimental tools. However, these tools presented 

several limitations, including: (1) cost of procuring sufficient licenses for each 

participant, (2) complexity of use, (3) limited ability to restrict access to control 

experiment, and (4) challenges for installation on each participantôs machines. Instead, 

the authorsô created a custom tool that presented the model information in a summary 

property table similar to those used by existing modeling tools (Shown in Figure 6). Note 

that in Figure 6, the user is presented the model data for both requirements and 

implementations (representing an RDM=Model, SIDM=Model trial). In this view, the 

user is able to access other information including visual representations of the system 

model created by Enterprise Architect (Figure 14) via context menus within the tool, 

showing the power of having a fully connected model. In the óRequirement Dataô pane in 

Figure 6, the óTreeô column shows the hierarchy of the requirement, while the óTextô 

column shows the actual text of the requirement. The users could access a context menu 

by right clicking on a given requirement that would show the mathematical relationship 

with other requirements. Additionally, the óStatusô column shows whether the 

requirement was satisfied by linked system implementation data (shown in the 



54 
 

ñImplementation Dataò pane). This was only present when implementation data was 

available; if the user was not presented model-based implementation data, then the user 

had the ability to manually enter data from the document-based artifacts. Note that the 

colors on the left-hand side represent the toolôs evaluation. In this case, green means the 

StR has been evaluated as satisfied, while red means that at least one subordinate 

requirement in the StRM hierarchy has been explicitly determined to be unsatisfied. 

Yellow shows the user that the requirement could not be evaluated, likely because of 

missing data.  

 In the ñImplementation Dataò pane, the ñNameò column presented the name of the 

component or property (properties are annotated by an asterisk), the ñValueò column 

represents the numerical or Boolean value, and the ñValue Typeò presented the value 

type as defined in the model. When no system implementation model was presented to 

the user, the ñImplementation Dataò pane was either blank (when no requirements model 

was presented) or devoid of values (when a requirements model was present).  

Once the review of a requirement was completed, the reviewer could not return to that 

requirement and edit it. The test itself was conducted asynchronously for each reviewer. 

The reviewer was provided access to testing software through either a GitHub repository 

or an analysis virtual machine. Both contained all supporting data, including the tools and 

all documents and models, in encrypted files so that the user could not review the data 

outside of the tool. Each reviewer was also directly provided a unique encrypted 

experiment file that was used with the experiment tool, captured all of their data, and was 

returned to the experiment team upon completion of the review.
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Figure 6: Example View from Experiment User Interface
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3.4 Scenario 

To effectively capture the unique (and potentially independent) effects of capturing 

requirements and system data in a model, the authors developed the ability to present the 

data to the user in a model form. This required the development of a requirements model, 

a systems model, and an integrated model. This section describes the modeling 

approaches for each. Figure 7 shows a high-level DoDAF Operational View 1 overview 

of the OTSS-E system, as envisioned by the SPO. 

 

Figure 7: OTSS-E Operational View 1 

3.4.1 Requirements 

For the experiment, the authors created 78 unique StRs to specify the OTSS-E program. 

The requirements were documented in accordance with MIL-HDBK-520, System 

Requirements Document Guidance [47], which additionally specified the categories of 

requirements. For the experiment, the requirements were limited to static requirements to 
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more closely align with existing DoD programs during the experiment. Dynamic 

requirements were omitted because most DoD programs currently specify requirements 

comparing static properties or the results of system behavior rather than dynamic 

requirements. However, this dissertation will address some aspects of dynamic 

requirements where applicable. 

The notional program utilized a ólowest price technically acceptableô acquisition model. 

This model focuses on selecting the lowest price option that meets the minimum 

technical requirements defined in the solicitation. For OTSS-E, this meant that the 

developer did not receive any additional credit for exceeding a requirement threshold 

value, i.e., either the requirement was satisfied, or it was not. 

As stated above, StRs are very similar to the general classification of goals. Therefore, 

the authors created a stakeholder requirements model (StRM) to capture all StRs listed in 

the SRD and clearly document the assumptions related to each StR. The StRM consisted 

of three types of elements: 

¶ StRs as stated in the SRD. The formally tracked StRs that must be evaluated and 

documented; 

¶ Hierarchical structure linking the StRs. The requirement elements that are created to 

document the AND/OR relationships of the GORE model but are not otherwise 

tracked. They correspond to the hierarchical paragraph structure from the SRD; and 

¶ Decomposed StRs. The formal expression of the parameter evaluation function 

(‭ ȟ) and the condition evaluation function (‭ ȟ) linked by an AND relationship. 
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Note that ‭ ȟ may represent multiple levels of additional GORE hierarchy to 

appropriately capture the complexity of the specified system Condition. 

Each StR was included in the model as both a textual representation and a mathematical 

representation. An example StR evaluated is r1.1.2.1.4.2: 

ñThe Full Motion Video system shall have a Ground Sample Distance (GSD) less 

than 0.50 during night operations.ò 

In the textual SRD, ónight operationsô was defined globally as an illuminance (a 

measurement of reflected light) value less than 1.0 lux. To avoid repeating this statement 

in every requirement, the SRD included this statement separately as a part of the glossary. 

This StR has was decomposed into two StRs: 

 r1.1.2.1.4.2.1: System::Payloads::Full Motion Video::Resolution < 0.50 m GSD 

 r1.1.2.1.4.2.2: System::Environment::Illuminance < 1.0 lux 

In the mathematical model, r1.1.2.1.4.2 was modeled as: r1.1.2.1.4.2.1 AND 

r1.1.2.1.4.2.2. Thus, both sub-requirements must be evaluated as TRUE for r1.1.2.1.4.2 to 

be considered to be satisfied. This approach was utilized for multiple performance 

requirements, especially in the area of payload performance. All StRs were linked 

together in one large AND/OR tree leveraging the hierarchy described in the SRD, 

beginning with r1, the full system requirement. This provided the capability to rapidly 

evaluate the satisfiability of all system requirements into a single evaluation function, if 

given a full set of system properties. While the full tree is too large to show here, the 

above example is shown in Figure 8, with the appropriate traces highlighted. 
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Figure 8: Stakeholder Requirement Model Excerpt 

For trials where the RDM was document based, the participants were provided a full 

copy of the SRD, so that they could make their own assessment of what other SRD 

statements were related to the requirement under evaluation. For trials where the RDM 

was model based, the participants were provided access to the full requirements model, as 

shown in Figure 9 and described above.



60 
 

 

Figure 9: Requirements User Interface
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When a system model was not present, the evaluator was still able to take advantage of 

the mathematical precision of the requirements model. However, to do so required the 

evaluators manually parse the system documents to locate the appropriate parameter data. 

This data could then be entered into the requirement model to support evaluation of the 

appropriate StR, with the provided tool performing the mathematical calculations. Figure 

10 shows this visually. The particular example in Figure 10 has only a single parameter 

manually input (Air Vehicle::Maximum Airspeed). On the left-hand side, a single StR 

has been evaluated as satisfied (r.1.1.1.1.1), showing that the maximum airspeed input by 

the evaluator satisfied the requirement.  
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Figure 10: Requirements User Interface without System Model
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3.4.2 System Data 

In the OTSS-E program, the fictitious XYZ Aerospace was developed, and the Nomad 

system was tested, which included an air vehicle, ground station, and support equipment. 

Nomad verification was conducted across multiple system configurations because of the 

following reasons: 

¶ Use of óoff-the-shelfô systems: the developer leverage previously completed testing 

and test artifacts to reduce cost; 

¶ Varying maturity: to accelerate schedule, flight performance was tested prior to the 

finalized payload and ground station designs; 

¶ Risk reduction: for certain tests (e.g., endurance testing), expensive equipment was 

removed to minimize loss in the event of a mishap. 

Therefore, the reviewers had to evaluate a total of six different Nomad configurations 

over a total of 28 verification events. The term verification event refers to a specific test 

designed to verify that the requirements have been realized by the system. One example 

of this from the notional program is the legacy flight testing. For the Nomad program, the 

developer presented data from testing of a previous design to show that the Nomad 

design met the appropriate flight performance requirements. This is separate from other 

events that showed satisfaction of payload or other requirements. To make the program as 

realistic as possible, various documents were generated for reviewers to analyze. These 

included the SRD and various design documents, presentations, and test reports.  
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Table 7: System Document Overview 

Document Name Document 

Type 

Pages/Slides 

Air Vehicle Summary MS 

PowerPoint 

6 

Control Software Summary MS 

PowerPoint 

9 

Ground Control Station Overview MS 

PowerPoint 

6 

Payloads Overview MS 

PowerPoint 

6 

Program Overview MS 

PowerPoint 

8 

System Configurations MS Word 8 

Test Reports   

01 ï Legacy Flight Performance Testing MS Word 9 

02 ï Nomad Flight Performance 

Expansion 

MS Word 7 

03 ï Initial Payload Testing MS Word 8 

04 ï Final Payload Testing MS Word 10 

05 ï Deployment Testing MS Word 6 

The artifacts were developed based on the authorsô experience performing similar 

reviews in the DoD, with input from other experienced DoD professionals. The OTSS-E 

program implemented a variation modeling that represents the commonalities and 

variabilities of systems together in the same model. This method was described by [48] 

and [49] as an integrated variability documentation approach. It uses tree-like structures 

that represent both the commonality and variability features of products in a product line. 

Each feature model comprises a root that is the product family and leaves that are the 

instances of the family. The OTSS-E program utilized this concept to document the 

various configurations of the system that were tested as part of the verification effort as 

shown in Figure 11.
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Figure 11: Nomad System Configurations
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Each of the five configurations are instances of the Nomad::System family (SysML 

Class). The root block, Nomad::System, contains a full tree structure of components that 

each have a full set of system properties. Each instance could have a unique value for a 

given property, but it has to conform to the valueType defined by the root block structure. 

Thus, the model permits explicit formal reasoning on the differences between system 

configurations. The authors extended this approach to capture test data, creating system 

verification instances (SVI) of each system configuration to capture the unique 

environmental data associated with each test as properties within the model. This data 

was used as part of the system verification analysis described below. In Figure 11, the 

SVIs are shown vertically underneath each system configuration. Their replicated system 

component hierarchy is omitted for clarity (and space). 

To capture the system data for each SVI, the authors created a SysML model of the 

system (BDD shown in Figure 12). This model captured the decomposed elements of the 

system, including properties for each system element and relationships between them. 

The same BDD was repeated for each SVI, thus allowing for standardized analysis to be 

rapidly repeated for each instance.
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Figure 12: OTSS-E Block Definition Diagram
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For trials where the SIDM was document based, the participants were provided access to 

the design documentation described in Table 7. For trials were the SIDM was model 

based, the participants were provided access to the system model, as shown in the left 

side of Figure 13. 

The data provided to the user included a summarized table of all of the system properties, 

organized hierarchically in accordance with the SysML BDD shown in Figure 12, similar 

to summary tables provided in commercially available MBSE tools. The provided data 

included the parameter value as well as its unit type. The right-hand side of Figure 13 

shows the view presented to the user when no system model was available, and no 

requirements model was available. 
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Figure 13: System Implementation User Interface
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3.4.3 Integrated Requirements-System Model 

To explore the experiment state space in detail, the authors built an integrated model to 

enable the use of both a requirement model and a system implementation model in the 

same trial. The conceptual approach developed by the authors linked the requirements 

and systems models described above into a single model called the Integrated 

Requirements-System Model (IRSM). As part of this effort, the StRM described above 

was implemented within SysML. Because SysML currently has limited support for 

formal logic in the requirements diagrams, this implementation occurred primarily 

through a parametric diagram. Each StR was modeled as a constraint block that compared 

two or more inputs from decomposed requirements and returned evaluation results to the 

next level of requirements. For OTSS-E, all requirements were either satisfied or 

unsatisfied. Thus, the StR constraint equation was a Boolean evaluation. The concept 

could be expanded to support additional logic (e.g., algorithms to support scalable 

preference) if desired.  

Each leaf level StR was modeled as a requirement block, with the associated evaluation 

criteria typed by an appropriate valueType. The evaluation function for each requirement 

was modeled within a constraint block, which enables the system attributes and 

verification criteria to be referenced and evaluated mathematically using one of many 

analysis tools. Figure 14 shows how the StRM is related to the StR constraint blocks. 

Note that the r1.1.2.1.4.2 block is logic representing the AND relationship between 

r1.1.2.1.4.2.1 and r1.1.2.1.4.2.2 from the StRM described above, with r1.1.2.1.4.2.1 

representing the parameter evaluation function and r1.1.2.1.4.2.2 representing the 

condition evaluation function. 
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Figure 14: Relationship between Stakeholder Requirement Constraint Blocks and System 

Requirement Constraint Blocks 

The accuracy of evaluating the StR satisfaction in this way is predicated on the concept 

that all conditions are explicitly defined in the context of the StR. Any condition not 

explicitly defined in this way (i.e., as children of the StR in the GORE model) are not 

considered.  

In many cases, it is extremely challenging to exhaustively define all potential conditions 

that could affect a given StR, especially when the StRs are defined prior to the system 

design process. As the condition complexity increases, there is a greater chance that the 

requirement writers miss important conditions. Meaning that an evaluator looking only at 

subordinate (i.e., decomposed) requirements may wrongly consider an StR to be satisfied 

when it would not in fact result in delivering the appropriate capability. To minimize this 
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risk, the authors developed an approach that rapidly reviewed the entire StRM for each 

requirement. In this way, the evaluator was presented a clear automated evaluation of the 

specific StR. If the StR evaluated as ñTRUEò then the evaluator could be confident that 

the StR and its explicitly defined conditions were met. In addition, the reviewer was 

presented the evaluation of the entire StRM for the same SVI. The intent of this process 

was to alert the evaluator to potential implicit conditions, by showing where other StRs 

were violated by system properties expressed in the SVI. In these cases, the full StRM 

would be evaluated as FALSE, and the evaluator was alerted to the specific StRs that 

were unsatisfied. In this way, the evaluator could make a determination about whether the 

failure represented an implicit condition (meaning that a requirement failure) or was an 

acceptable violation.  

For example, in the OTSS-E scenario, testing of the Nomad system was conducted in 

multiple phases. Early in the notional program (and prior to the final payload 

configuration), the flight performance of the system was demonstrated through a series of 

flight tests. Later phases of the program demonstrated the performance of the payloads 

but did not repeat all flight test points from the previous phases. Because of this, 

evaluators had to be very careful to consider the effects of design drift on the previously 

demonstrated flight test capabilities. In at least one case, the flight performance actually 

decreased based on changes to the design later in the program. The evaluator would have 

to be knowledgeable enough to catch the design change and understand its impact. In the 

documents, this required the evaluator to read not only the test report associated with the 

payload StR, but also cross-reference the test data with other documents such as the 

System Configuration report and previous test reports. In contrast, with the integrated 
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approach, despite the fact that the payload StR evaluated as FALSE, the full StRM 

evaluated as FALSE by considering other data within the SVI model. 

This concept can be described mathematically by updating Equation 3 considering the 

review of a single requirement against a single system implementation. 

ὠ ‌ ὛὠὍ ὃὔὈ ‭ ὛὠὍȟὅ ȟὴ ᴼὄέέὰὩὥὲ 

Equation 4 

Where: 

ὠ  is the results of the evaluation of a single requirement (StR) 

SVIStR, CStR, and pStR are the SVI, condition and parameter of the StR 

‭ ὛὠὍȟὅ ȟὴ  is the evaluation of the parameter and the explicitly 

defined conditions associated with it at the given SVIStR. 

‌ ὛὠὍ is the qualitative evaluation of the entire StRM against SVIStR. 

This will result in either: 

True: The analyst believes that any unsatisfied StRs do not affect the 

satisfaction of StR-Target or 

False: The analyst believes that one or more unsatisfied StRs cause StR-

Target to be considered unsatisfied. 

An interesting application of this challenge is the evaluation of system resilience 

requirements, where the system is perturbed in one or more variables and the response of 

the entire system is measured. For example, OTSS-E StR r1.6.3.4 states that the system 
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shall be resilient to GPS jamming. To the OTSS-E SPO, resilience in this context meant 

that the system would operate as normal (satisfy the remaining StRs) even in the presence 

of jamming. 

Rather than restating all system requirements as children of this requirement (which 

would require significant duplication), the SPO decided to clearly identify which 

requirements would be relaxed in the presence of GPS jamming. To do this, they used 

OR relationships and a GPS jamming environmental variable. Throughout the 

requirements model, the team identified StRs that would be impacted and decomposed 

them into sub-requirements joined by OR relationships. For example: the SPO 

decomposed StR r1.1.1.3.1, i.e., position accuracy, into three sub-requirements:  

r1.1.1.3.1.1 establishes the maximum position error for a stationary vehicle 

r1.1.1.3.1.2 establishes the maximum position error for a moving vehicle 

r1.1.1.3.1.3 establishes the maximum position error for a vehicle experiencing 

GPS jamming 

These three requirements essentially establish a state machine based on two variables: 

velocity of the air vehicle and the GPS jamming state.  
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Table 8: Position Accuracy Requirement of the State Machine 

 System::Air Vehicle::Velocity  

< 1 fps > 1 fps 

System:: 

Air Vehicle::  

Navigation:: 

GPS 

Jamming 

FALSE 

r1.1.1.3.1.1 

 

System::Air 

Vehicle::Navigation::Latitude 

Error < 0.1 second 

System::Air 

Vehicle::Navigation::Longitude 

Error < 0.1 second 

System::Air 

Vehicle::Navigation::Vertical 

Error < 10 feet 

r1.1.1.3.1.2 

System::Air 

Vehicle::Navigation::Latitude 

Error < 0.05 second 

System::Air 

Vehicle::Navigation::Longitude 

Error < 0.05 second 

System::Air 

Vehicle::Navigation::Vertical 

Error < 5 feet 

TRUE 

 

r1.1.1.3.1.3 

System::Air Vehicle::Navigation::Latitude Error < 0.2 second 

System::Air Vehicle::Navigation::Longitude Error < 0.2 second 

System::Air Vehicle::Navigation::Vertical Error < 10 feet 

 

These three requirements are linked via OR relationships, which means that requirement 

r1.1.1.3.1 is satisfied if any of its sub-requirements are satisfied. Each sub-requirement is 

further decomposed to allow single parameter comparison. This is shown in Figure 15.
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Figure 15: Decomposed Requirement Showing OR Relationships
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When r1.6.3.4 is reviewed, the reviewer first evaluates the term 

‭ ὺὥὰὛὠὍȟὴ ὴ  in Equation 4. In this case, the SVI is 

Nomad-0101-0402, which corresponds to Test 04-02 (a specific GPS jamming test), 

which was conducted with configuration Nomad-0101. ὴ  is the value for 

System::Environment::GPS Jamming shown in Test 04-02 (in this case TRUE). 

ὴ  represents the allowable value, i.e., TRUE. Thus, this term is satisfied. 

However, the other term of Equation 4 requires the evaluation of the entire SVI 

requirement tree, including the position accuracy StR (r1.1.1.3.1). Because GPS Jamming 

is TRUE, r1.1.1.3.1 could be considered satisfied with a latitude error of 0.15 second. If 

all other requirements are satisfied, then r1.6.3.4 is considered to be satisfied. This type 

of analysis is currently done manually in many cases; however, explicitly linking the 

requirement model to the system model enables this type of analysis in an automated 

fashion. Figure 16 shows the user view of the IRSM for a given requirement. When both 

models are present, the tool automatically provides the system implementation data to the 

evaluator, with no manual input required. However, the evaluator must still review the 

data (including implied conditions), determine whether the requirement was satisfied and 

manually input his/her result into the tool.
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Figure 16: User Interface with Full Model Approach
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3.5 Error Seeding 

The experiment was executed on the OTSS-E challenge problem, with multiple artifacts 

produced for the participants to review. These included design documents, test reports, 

and programmatic overviews. The errors were seeded throughout the scenario in both 

documents and models, resulting in the system satisfying 43 out of the 78 requirements. 

The errors were based on the authorsô experience, and included the following: 

¶ The primary parameter fell outside the evaluation criteria; 

¶ A condition fell outside of the evaluation criteria; 

¶ The necessary data were omitted by the developer; and 

¶ Reviewer was required to calculate or understand conflicting data. 

The experiment did not differentiate between different types of errors. The authors 

considered using error type as an experimental factor, but decided against it for multiple 

reasons, including challenges randomizing the error seeding for each reviewer and the 

requirement for additional samples to maintain statistical confidence. In general, the 

errors were replicated in both document and model approaches. Two deviations were 

allowed: 

¶ Data missing from the documents were explicitly addressed in the model (in all cases 

marked with either a 0 or FALSE). This was allowed because in a real scenario, the 

model would be evaluated for completeness prior to being accepted for evaluation. 

This is impossible for documents because there is no efficient method to analyze the 

document for completeness before the review. 
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¶ Unit conversions were completed in the model. In a real scenario, these would 

ideally be completed during pre-processing (if the tools allow). This scenario 

assumed that the necessary tools existed in the SPO to accomplish this activity. 

  



81 
 

4 Experimental Results 

4.1 Overall 

The 13 participating users reviewed a total of 562 requirements, leading to an average of 

43 requirements per reviewer. In general, the data collection proceeded smoothly, with no 

major problems. Some minor issues that occurred were related to making sure that the 

experiment software could run on each usersô computer, which required troubleshooting 

in some cases. There were also some issues related to sending and receiving the files 

because the unique encrypted files were blocked by some usersô security software. In 

those cases, the files were made available via Google drive rather than email. The only 

issue that affected data was that 24 runs had a value of 0.0 for the ART. This could have 

been caused by many factors, including inadvertent input by the user. To avoid 

compromising the experiment, these runs were omitted from the ART analysis below. 

The runs were retained for accuracy analysis because the accuracy data were unaffected.  

For the results described below, the authors utilized Design Expert 12 to perform two 

primary types of analyses: (1) direct analysis of data, and (2) DoE effects models. Direct 

analysis of the data was accomplished using both summary statistics and graphical 

methods. In this analysis, subsets of data were created by segregating the overall data set 

based on the variable(s) of interest. Then the response variables were averaged across the 

data subsets. This is shown graphically in the figures in Chapter 4.3. In addition, the 

authors created DoE effects models for each of the response variables. Multiple potential 

models (including various combinations of main effects and multi-factor interactions) 

were evaluated using an Analysis of Variance (ANOVA), resulting in a single model 
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being developed for each response variable. The use of DoE and ANOVA enabled the 

authors to evaluate the statistical significance of each factor on the responses. 

4.1.1 Data Sufficiency 

The experiment was designed to utilize replication to increase the confidence in the 

results. However, the fact that all participants were volunteers with varying levels of 

available time for the experiment resulted in challenges during experiment execution. The 

authors planned for this by planning for additional replication to ensure sufficient test 

coverage. However, this also created an unbalanced design, as shown in Table 9. A 

balanced design has an equal number of observations for all possible combinations of 

factor levels. In contrast, an unbalanced design has an unequal number of observations. 

Generally, DOE techniques prefer a balanced design because it will have a larger 

statistical power and because it is less susceptible to departures from the underlying 

statistical assumptions.  

Table 9: Experimental Replication of Individual Factors 

  Experience Novice 

  Document Model Document Model 

Met 

Document 26 33 19 26 

Model 34 22 24 18 

Possessed 

Document 53 56 51 34 

Model 63 45 31 27 

The table shows that the experiment had a minimum replication of 18, with specific 

factor combinations possessing additional data based on the individual reviewerôs 
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performance. To account for the unbalanced design, the authors utilized regression 

analysis rather than analyzing the original experimental design. As described in the 

experimental design section, the authors recognized that there were not enough 

participants to fully account for within-subject experimental factors. This limited the 

ability to make statistically confident predictions based on the experimental data, and this 

is taken into account during the discussion of results related to experience. 

4.1.2 Overall Results 

Out of the 562 reviewed requirements, the participants correctly reviewed (i.e., they 

correctly determined whether the requirement was satisfied or not satisfied) 402, giving 

an accuracy of 71.5%. Comparison of these results to actual programs is challenging 

because most programs do not document the errors encountered during their review. In 

general, errors are only documented when there is a protest or some other irregularity in 

the review. The use of the DOE based experiment, with document based approaches 

included as factors, was intended to enable comparison model based approaches to 

document based ones. 

On average, each user spent approximately 3.5 hours of ART. Considering that each 

participant was a volunteer, this amount of effort was highly appreciated. Comparing the 

time commitment to a normal program was difficult because no data were available 

tracking ART for real programs. From the authorsô experience and conversations with 

experienced experiment participants, reviewers generally spend 40+ total hours on a 

review; this time considerably varied depending on the size of the program, program 

strategy, and other factors. To help control for this variability, the OTSS-E experiment 
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measured the ART for each requirement for all review methods. This helps understand 

the effect of the selected factors on a single requirement for the notional program, and 

would likely be useful for other programs of the same general complexity and type.  The 

results should not be used to predict the actual time spent on review of a general program 

but could help inform the relative improvement (or decrement) expected by different 

approaches. A predictive model for general use would need to account for the complexity 

of the overall program among other potential factors. 

4.2 Model Development 

To appropriately handle the binary responses for the Accuracy DoE model, a logistic 

regression transform was selected, thereby enabling the authors to appropriately model 

the probability that the participant would accurately review a given requirement. For the 

ART model, the data also required a Log10 transform to account for poor linearity in the 

normal plot of residuals, which indicated that errors in the unmodified data were not 

normally distributed. The techniques selected for the analysis were based on a normal 

distribution of errors for accurate results. Upon using a Log10 transform, the errors 

displayed a normal distribution, and a correspondingly linear normal plot of residuals (as 

show in Figure 17).  
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Figure 17: ART Model Diagnostic Tests 
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4.3 Effect Comparison 

4.3.1 RDM Main Effect 

Surprisingly, the results showed that documenting requirements using a model actually 

led to a decrease in the average accuracy and an increase in the time taken to review a 

requirement. A total of 298 requirements were reviewed using Document-based 

requirements, and 264 using models. Upon analysis of the data the difference in accuracy 

was determined to be statistically insignificant for this experiment (see Figure 18). This 

analysis was conducted by evaluating multiple potential DoE effects models and 

performing ANOVA on each candidate model. In no cases did the ANOVA show 

significance for the RDM main effect on Accuracy (p-values generally around 0.80). 

Note that even though the main effect for RDM on Accuracy was insignificant, multi-

factor interactions involving RDM were investigated and will be discussed below.  

In contrast, the increase in review time when using a requirements model was both large 

(~24% increase) and statistically significant. Again, ANOVA was performed on multiple 

candidate DoE effects models, with the significance of the overall model evaluated for 

each candidate. Figure 18 shows the most significant model identified by the authors, 

with a p-value less than 0.0001 and an F-value of 12.63.  In this model, the RDM main 

effect factor had a p-value of 0.0048, denoting that the effect of the requirement model 

played a significant role in the overall ART. 
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Figure 18: Requirements Documentation Method: Accuracy Effect (top) and ART Effect 

(bottom) 
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4.3.2 SIDM Main Effect 

The use of a systems model both significantly improved the accuracy and significantly 

decreased the time for a review. A total of 301 requirements were reviewed with 

document-based system data, and 261 with model based system data. Without accounting 

for other factor interactions, the use of the system model increased the average accuracy 

from 70% to 79% (a 9% improvement) and decreased the review time by 21% during the 

experiment. For the accuracy DoE effect model, the best model resulted in an overall 

model p-value of less than 0.0001, and a SIDM main factor p-value of 0.0166. For the 

ART effect model, the overall model p-value was again less than 0.0001 and the SIDM 

main factor p-value was 0.0030. For both effects models, the SIDM showed strong 

statistical confidence.  
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Figure 19: System Implementation Documentation Method: Accuracy Effect (top) and 

ART Effect (bottom) 
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4.3.3 RDM-UEL and SIDM-UEL Two Factor Effects 

Next, the authors examined how UEL affected both accuracy and review time. Figure 20 

shows that there is no real interactive effect on Accuracy between UEL and either RDM 

or SIDM in the data. This means that while the use of a systems model increases 

accuracy (shown by the main effect described above), the data do not show any 

difference in effect for experienced users versus inexperienced users. For accuracy effect 

model, the ANOVA showed a p-value of 0.6473 for the RDM-UEL, and 0.1359 for 

SIDM-UEL, meaning that neither term was significant to the response variables.  
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Figure 20: Interactive Accuracy Effect between RDM and UEL (top) and between SIDM 

and UEL (bottom) 

 

The ART showed very different behavior for users based both on their experience level 

and the use of a systems model. Experienced users showed virtually no difference (the 

difference was both small and insignificant ï p-values = 0.29) between document-based 
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and model-based approaches for requirements. In contrast, inexperienced users showed a 

dramatic decrease (~40%) in ART when using a system model. This factor interaction 

was also significant to the model, with a p-value of 0.0008. However, it should also be 

noted that any inferences based on UEL related effects should take into account the low 

number of discrete participants in the experiment. This will be discussed further in the 

Conclusions. 
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Figure 21: Interactive ART Effect between RDM and UEL (top) & between SIDM and 

UEL (bottom) 

Interestingly, the authors found that the multi-factor interactions between documentation 

method (for either requirements or systems) and requirement type were insignificant for 
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both the Accuracy and ART response models. The p-values for the tests involving these 

interactions are shown in Table 10. 

Table 10: Summary of RT Interactions 

Response Multi -Factor 

Interaction  

P-Value 

Accuracy 

RDM-RT 0.70 

SIDM-RT 0.75 

ART 

RDM-RT 0.98 

SIDM-RT 0.11 

4.3.4 SIDM-UEL-RT Three Factor Effect 

The differences between SIDM methods were highlighted further when accounting for 

the interaction effects between SIDM, UEL and RTs. When evaluating requirements 

using unconnected system documents, an inexperienced user took, on an average, 127% 

longer to review a requirement that necessitated comparing values (RT = 0 in Figure 22) 

versus simply determining if a system had a given property (RT = 1 in Figure 22). When 

a system model was available, the inexperienced user still look longer to review, but only 

20% longer compared to 127%. In contrast experienced users showed no difference 

between using a system model or documents for either RTs. The three-factor interaction 

of SIDM-UEL-RT is statistically significant (p-value = 0.0186) when the two factor 

interactions involving RT are not statistically significant.  
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Figure 22: Interactive ART Effect between SIDM, UEL and RT (Inexperienced Users on 

top) 
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5 Analysis, Limitations and Conclusions 

This Chapter will discuss how the results supported the Research Questions, the 

limitations of the research, and conclusions of the effort. 

5.1 Hypothesis Analysis 

5.1.1 Hypothesis 1 

When a requirement model is present, a user will be able to more accurately determine 

that a requirement was satisfied. 

This hypothesis was not supported by the data. The experiment was not able to detect any 

significant difference in accuracy between trials using a requirement model and trials 

using only traditional requirement documents. 

5.1.2 Hypothesis 2 

When a requirement model is present, a user will determine requirement satisfaction 

faster. 

This hypothesis was not supported by the data. The experiment actually found that users 

took more time to review requirements when they used a requirement model versus when 

they used only traditional requirement documents. 

5.1.3 Hypothesis 3 

When a system implementation model is present, a user will be able to more accurately 

determine that a requirement was satisfied. 
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This hypothesis was supported by the data. When a system implementation model was 

used, the average accuracy increase from 70% to 79% (a 9% improvement). In addition, 

the DOE model showed that the SIDM main effect was statistically significant as 

described in Chapter 4.3.2 

5.1.4 Hypothesis 4 

When a system implementation model is present, a user will determine requirement 

satisfaction faster. 

This hypothesis was supported by the data. When a system implementation model was 

used, the ART decreased by 21%. In addition, the DOE model showed that the SIDM 

main effect was statistically significant as described in Chapter 4.3.2 

5.1.5 Hypothesis 5 

Experienced users will show less difference in accuracy between model-based and 

document-based approaches than novice users. 

This hypothesis was not supported by the data. There was no statistical difference in 

accuracy between model-based and document-based approaches for either experienced or 

novice reviewers. This is shown in Chapter 4.3.3 

5.1.6 Hypothesis 6 

Experienced users will show less difference in review time between model-based and 

document-based approaches than novice users. 
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This hypothesis is partially supported by the data. When using a requirements model, 

there was no statistically significant difference in ART between model-based and 

document-based approaches for either experienced or novice users. 

When using a system implementation model, experienced users saw no statistically 

significant difference in ART between model-based and document-based approaches. 

However, novice users saw a decrease in ART that appears to be statistically significant 

based on the experimental data. However, it is important to note that the sample size of 

users was small for this experiment. This will be discussed further in the Limitations 

section later in this chapter. 

5.1.7 Hypothesis 7 

The difference in accuracy between model-based and document-based approaches will 

increase as requirement complexity increases. 

This hypothesis was not supported by the data. The experiment did not detect any 

statistically significant between model-based and document-based approaches for either 

requirement types, meaning that no difference could be detected as complexity increases. 

5.1.8 Hypothesis 8 

The difference in review time between model-based and document-based approaches will 

increase as requirement complexity increases. 

This hypothesis was not supported by the data. The experiment did not detect any 

statistically significant between model-based and document-based approaches for either 

requirement types, meaning that no difference could be detected as complexity increases. 
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5.2 Research Question Analysis 

Table 11: Research Question Analysis 

Research 

Question 

Research Question Answered 

by 

Research 

Supporting 

Hypotheses 

1 

What effect does the presence of a 

requirements model have on the userôs ability 

to accurately determine whether a 

requirement was satisfied? 

Yes 1,2 

2 

What effect does the presence of a system 

implementation model have on the userôs 

ability to accurately determine whether a 

requirement was satisfied? 

Yes 3,4 

3 

What effect does user experience have on the 

userôs ability to accurately determine whether 

a requirement was satisfied? 

Partially, 

with low 

confidence 

5,6 

4 

What effect does requirement complexity 

have on the userôs ability to accurately 

determine whether a requirement was 

satisfied? 

Partially 7,8 

5.2.1 Research Question 1 

What effect does the presence of a requirements model have on the userôs ability to 

accurately determine whether a requirement was satisfied? 

From a purely statistical perspective, the data described above show that the use of a 

requirements model does not create a significant difference from the legacy document-

based approach. In addition, the data show that the requirements model actually increases 

the time taken for review. While important, the statistics alone tell only part of the story, 

as the experience level of the participants with requirements modeling likely affected the 

outcome 

During informal interviews, participants stated that the use of requirements models 

confused them more than helped them. Participants described a lack of clarity on what 
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the requirements models were for and how to use them to review individual requirements. 

Multiple participants (including both experienced and inexperienced participants) 

expressed confusion regarding why the entire requirement tree was being presented to 

them when they were only reviewing a single requirement. This was especially true for 

relatively simple requirements (e.g., ópossessedô or RT=1 requirements), where the 

amount of time it took to understand the tree was longer than it would take to find the 

attribute. Considering that such requirements were in the majority, users experienced this 

additional time sink repeatedly, leading to confusion and frustration. In general, this is 

likely a result of a logical disconnect between the órequirement contextô and the ósystem 

context.ô The requirement model is intended to represent the needs of the system, and its 

structure is based on the most efficient way to describe the requirements. Its structure 

does not necessarily correspond to the structure used by the system model, which is an 

expression of the implementation of the system. This was most apparent when looking at 

requirements such as the one shown in Figure 14, where a requirement for ñIlluminanceò 

was shown in close relationship with a payload performance requirement. In the 

requirement model it makes perfect sense for these to be co-located in the hierarchy. 

However, in a system model these values are unlikely to be organized close together. In 

fact, the system model located the payload parameter at Nomad::System::Payloads::Full 

Motion Video::Resolution, and the illuminance parameter at 

Nomad::System::Environment::Illuminance. Experienced participants all had prior 

training in the use of system models, with all having experience with DoDAF in practice. 

Most had at least some practical experience with SysML. However, only two had any 

training or experience with requirements modeling. 
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In post experiment discussions, multiple users expressed that additional training, 

documentation, and tool improvements specific to requirements modeling (as opposed to 

system modeling) would make the requirement model much more useful. Among these 

recommendations, the most important was natural language description of the analysis 

results, providing clarity to the model within the modeling tool. In other words, the 

participants needed the tool to explicitly explain itself in words that a layperson could 

understand. Additionally, note that the learning curve was intentionally limited to support 

the experiment. Users were presented random configurations of verification methods, 

which improved statistical confidence but limited their ability to get comfortable with 

unfamiliar approaches. This was intentional, because it ensured that each participant 

reviewed the last requirement with the same relative experience as the first requirement. 

Combined with the immaturity of tools and training, this likely contributed to the less 

than expected performance of the requirements model. 

5.2.2 Research Question 2 

What effect does the presence of a system implementation model have on the userôs 

ability to accurately determine whether a requirement was satisfied? 

The system implementation model improved user accuracy and reduced the time needed 

to review a requirement. As shown above, the presence of a systems implementation 

model resulted in an average improvement of accuracy by 12.9% and a 21% reduction in 

review time.  
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5.2.3 Research Question 3 

What effect does user experience have on the userôs ability to accurately determine 

whether a requirement was satisfied? 

The results show that in general, experienced users were both more accurate and took 

more time in analysis than inexperienced reviewers. From post experiment discussions, 

experienced users stated that regardless of the verification approach, they spent time with 

the documents verifying the model. This may explain the increased time for experienced 

reviewers. Informal feedback from novice users was that they had little understanding of 

the technical terms, concepts, and measures specific to the small UAS example. Some 

experienced users also stated that they did not have experience with the technical jargon 

of small UASs, but they felt more comfortable gaining the necessary information through 

other means (often through the internet), contributing to both their extended review time 

and greater accuracy. 

In addition to the primary effects, the experiment showed interactive effects in the ART 

model between the SIDM and UEL. Experienced users observed limited difference in 

review time between document- and model-based review methods. Inexperienced users, 

however, observed a reduction in review time that was both large and statistically 

significant. This improvement (i.e., reduced review time) was even more marked for 

requirements that required comparison of technical values (RT = 0). In this case, the 

interactive effects between SIDM, UEL, and RT showed that the largest time reduction 

was experienced by inexperienced users reviewing ómetô requirements using system 

implementation models. Novice users expressed frustration with even the relatively 

simplistic program documentation, highlighting the fact they were required to cross 
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reference data from multiple independent documents to verify a requirement. In addition, 

multiple users were challenged by having to convert developer supplied data to the 

format/structure used by the requirements. One cited example was the challenge in 

converting feet to longitude seconds to assess the position error requirement. Having the 

conversion automatically done for every review (using the model) enabled greater 

confidence that the novice user had the correct value. 

As has been stated previously, the authors are careful to point out that these results cannot 

be considered conclusive due to the relatively small sample size. Thus the most that can 

be said (for now) is that the data tends to indicate that inexperienced may benefit more 

from model-based approaches than experienced reviews. Additional experimentation is 

required have greater confidence in this concept. 

5.2.4 Research Question 4 

What effect does requirement complexity have on the userôs ability to accurately 

determine whether a requirement was satisfied? 

Based on this experiment, the type of requirement by itself does not play a large role in 

the requirement evaluation. However, the results imply that the complexity of a 

requirement may interact with other factors (UEL in this case) to become more 

significant. The authors believe that this means that care should be taken in future 

experiments to understand, and more importantly control for, differences in requirement 

complexity because interactive effects may unexpectedly emerge. 
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5.3 Research Objective Analysis 

Research Objective: To understand the quantitative differences demonstrated by use of 

models to communicate requirements and system implementation details to key 

stakeholders. 

The research described throughout this section generally met the research objective. For 

each research question, the work described in this dissertation provided a strong 

foundation for future research (as described in Chapter 6) by identifying areas where the 

use of models to communicate produced quantifiable differences. However, it was also 

subject to the limitations described in the next section. 

5.4 Limitations 

While the research successfully accomplished its primary objectives, it also had 

limitations in its scope and execution. First, the research lacked sufficient participants to 

create statistically significant predictive metrics for the effect of professional experience 

of review performance. This means that while the research implies that modeling may 

have a greater benefit for less experienced users, it cannot confidently predict that this 

will be true in practice. Another limitation was that the requirements (while realistic) did 

not include more complex dynamic requirements. The authors made this choice for many 

reasons, including managing the cost and duration of the experiment as well as the need 

to train participants. Because of this, care should be taken when extrapolating the results 

of this experiment to more complex dynamic requirements.  
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Lastly, is there was no identification of the degree of experience any of the participants 

had with requirements modeling as distinct from the more widely utilized systems 

modeling. As discussed in Chapter 2, the concepts of requirement modeling are very 

different from those of systems modeling, including the types of semantics and tools 

used. During participant selection, users responded with their level of modeling 

knowledge, but no specific questions were asked about requirements modeling. During 

exit interviews, no participants identified themselves as having previous requirements 

modeling experience, so it is possible (even likely) that this had an impact on the 

requirements modeling performance. 

5.5 Conclusions 

In general, the experiment results enabled to answering of the research questions with 

sufficient confidence to identify areas of further research. However, the sample size 

(especially regarding cross-user interactions) was not large enough to develop predictions 

on performance for future programs.  
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6 Recommendations and Next Steps 

6.1 Larger Sample Size 

The single largest recommendation is to increase the participant pool to enable greater 

statistical confidence for factors that relate to a particular participant, such as their 

individual talent, training and experience. Factors specific to their experience will be 

discussed in more detail in Chapter 6.3 

6.2 Requirements Modeling 

One major topic that emerged from the experiment was that effective tools and training 

are absolutely required when interacting with requirements models. The data showed that 

users were not confident with the purpose or capabilities of these models mainly because 

the experiment tool was optimized for data collection rather than usability, which 

hampered the participantsô performance. This result aligns with other qualitative studies, 

including [50], as well as with the authorsô experience on recent research programs for 

the DoD (including the DARPA Cyber Assured Systems Engineering program). Post 

experiment discussions with OTSS-E experiment participants highlighted the following 

areas of improvement for requirements modeling tools: 

¶ Understanding of requirements model capabilities. Participants asked for better 

clarity regarding the ówhyô of using these models for system verification. After 

post experiment explanations, multiple users stated that if they had understood the 

purpose better during the experiment, they would have been able to more 

effectively use the tools. 
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¶ Interpretation of results. Participants noted that the model by itself was 

insufficient for analysis, especially for users who had limited previous modeling 

experience. This was especially true when the full requirements model displayed a 

result of óunsatisfiedô even when a particular requirement was satisfied. In the 

flow of the experiment, participants were confused by how to interpret this result 

even when they generally understood the concept. The use of the natural language 

result summaries and in-tool help documentation were proposed as partial 

methods to address this concern. 

These improvements should be considered both for adoption in production engineering 

environments, but also for future quantitative experiments. The OTSS-E experiment 

showed that it is challenging to balance the requirements of experimentation control with 

the fact that poor tools can also impact the experimental results. Because these impacts 

are so pronounced in the application of modeling, future experiments should account for 

tool usability during experimentation.  

6.3 The Effect of User Professional Experience 

The difference in the improvement between experienced and inexperienced reviewers is 

an important result because it may (at least partially) explain the slow adoption of 

modeling practices by practicing engineers. Model-based engineering advocates have 

frequently asserted that the slow adoption is because experienced engineers (who are 

often decision makers) are resistant to change and do not understand the true benefit of 

models. The results of the OTSS-E experiment show that these experienced engineers 

may actually be correct about the limited benefit for their peer group. However, this 
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position omits the benefit to less experienced reviewers (who are rarely included in 

process improvement decisions) and other benefits that have not been quantified.  

Based on the OTSS-E experiment, the authors recommend that:  

1. Addition research be conducted to better understand the effects of user experience 

on the benefits of modeling (both requirements and systems). Rather than a 

simple binary factor used in this research, additional experimentation should take 

into account factors such as education, domain experience, previous modeling 

experience (including different domains of modeling to include requirements 

modeling), and experience with certain tools. 

2. Decision-makers considering using a model-based verification approach should 

consider the impact for all potential users, with modeling-approaches tailored 

towards the potential benefit of enabling inexperienced users to succeed faster. At 

the tactical level, this means that tools should be designed for the novice, rather 

than the expert, in mind. The adoption of modeling practices should also be 

incorporated into early professional education, including new employee on-

boarding, at all phases of practice. 

6.4 Requirement Complexity 

While the OTSS-E experiment was successful and produced results that apply to current 

DoD (and similar) programs, the authors believe that expanding the research to include 

more complex requirements is an important next step. The experiment showed that 

models produced greater improvements for complex requirements (such as comparison of 
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dissimilar values). Future studies should investigate the requirements for complex 

quantitative assessments. Specifically, the addition of StRs that take advantage of 

behavioral modeling to better capture stakeholder intent should be analyzed. Behavioral 

requirements have shown promise in the extant literature but have not been widely 

adopted in system acquisition, in part due to the challenge of consistent evaluation across 

competing designs. The authors believe that the additional consistency provided by 

automated verification may add sufficient confidence to expand their adoption.  

6.5 Quality of the Model 

Multiple participants noted that their ability to interpret the modeling data affected their 

ability to successfully execute the experiment, especially in regards to requirement 

modeling. While no quantitative data on this effect was collected, informal discussions 

with participants showed that they had varying levels of comfort reasoning on the models 

themselves. This phenomenon has been previously discussed in information systems and 

conceptual modeling related research such as [51]. Because of these effects, the authors 

recommend that future research take into account different modeling techniques to 

increase the robustness of these conclusions to models of varying quality. In addition, it 

would be beneficial to capture participants experience with different modeling paradigms 

as an experimental variable separate from professional experience. This would include 

breaking down the specific domain of their modeling experience, including (but not 

limited to requirements modeling).  
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8 Appendix A: OTSS-E System Requirement Document 
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9 Appendix B: Nomad System Implementation Documents 

9.1 Program Overview 
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