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ABSTRACT 
 
 
 

ENHANCING FLIGHT TESTING LEVERAGING SOFTWARE TESTING TECHNIQUES 

IMPLEMENTED IN MODEL-BASED SYSTEMS ENGINEERING 

 
 
 

The Department of Defense (DoD) is significantly shifting toward digital engineering 

across all systems engineering lifecycle phases. A vital aspect of this transformation is the adoption 

of model-based testing methodologies within the Test and Evaluation (T&E) processes. This 

dissertation investigates a grey box Model-Driven Test Design (MDTD) approach that leverages 

model-based systems engineering (MBSE) artifacts to create flight test scenarios and plans and 

compares this novel approach to the traditional document-centric methods. The study utilizes the 

Systems Modeling Language (SysML) to represent artifacts, enabling a comparative analysis 

between traditional and MDTD processes. Through a case study involving a training system used 

by the Air Force Operational Test and Evaluation Center (AFOTEC), the dissertation evaluates 

the MDTD process's effectiveness in generating validated test scenarios and plans that align with 

established methods. Two additional case studies demonstrate the reuse of SysML elements across 

different systems under test (SUT), highlighting the benefits, costs, and practical applications of 

this approach in operational flight testing. The findings include metrics such as Model Reuse 

Percentage (MR%), Reuse Value Added (RVA), and System Usability Survey (SUS) scores, 

which measure the reusability of model artifacts and the usability and effectiveness of the 

“AFOTEC Methodology” model approach in generating flight test plans. This research 

underscores the importance of model-based testing in operational flight testing and supports the 

DoD T&E community's ongoing move toward a fully integrated digital engineering ecosystem. 
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CHAPTER 1  - INTRODUCTION 

 
 
 

1.1 Context 

The Department of Defense (DoD) leadership constantly needs timely information and 

accurate assessments of “real-world” threats to make crucial decisions. The urgency of this need 

cannot be overstated.  DoD needs weapon systems that can promptly execute these decisions. The 

Pentagon, home to the five military branches, creates acquisition programs that develop the 

systems to meet the DoD’s demands for sophisticated multi-role weapons necessary to combat 

these “real-world” threats. Therefore, DoD leadership requires system performance and 

demonstrated capabilities to define and assess the parameters needed to make these decisions. The 

Director of Operational Test and Evaluation (DOT&E) advises DoD leadership by reporting 

required system performance and demonstrated capabilities for weapons systems currently in the 

acquisition process. 

The DoD acquisition strategy has produced world-leading military systems that have 

proven capable of executing the mission for which they were designed. Advances in technology 

and the integration of sophisticated cyber-physical and software-enabled functions have become 

central to these weapon systems, making them more complicated to design, manufacture, test, and 

sustain.  More sophisticated weapon systems require escalated timelines and costs to build and 

make them available to the warfighter. The current acquisition process has reached an 

unsustainable level in which it takes decades to produce modern weapon systems plagued by cost 

overruns, late schedules, and unsatisfied expectations. “The current acquisition process uses a 

linear acquisition strategy known as the ‘waterfall’ method that gave military planners the illusion 

of stability, as firm end-requirements would be determined early in the development process. As 
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a result, key development decisions would be made before sufficient knowledge was available to 

make accurate assessments” [1]. This default, serial approach drives long cycle times, makes it 

challenging to incorporate warfighter experiences and feedback, lacks the flexibility for timely 

insertion of emerging technologies, and is further plagued by budget instabilities during the long 

procurement timeline by being subjected to schedule changes, cost increases, and new 

requirements. 

1.2 Funding and Support 

The proposed research aligns with work to support the Air Force Operational Test and 

Evaluation Center (AFOTEC), Detachment 5, located at Edwards AFB, California, funded by the 

Defense Acquisition Workforce Development Fund (DAWDF) program. This funding is 

administered by the Department of the Air Force (DAF) civilian Scientist and Engineer (S&E) 

career field that allows approved government civilians selected through a competitive process to 

utilize the Science, Technology, Engineering, Mathematics, plus Management (STEM+M) 

program maintained by the Air Force Civilian Center (AFPC) Career Field team located at 

Randolph AFB, Texas, to pursue a second masters or doctoral degree as a full-time assignment for 

a selected period. 

1.3 Limitations and Constraints 

The ANSI/IEEE 1059 standard [2] defines software testing as analyzing a software item to 

detect the differences between existing and required conditions (that is, defects/errors/bugs) and 

to evaluate the features of the software item. Software testing has many facets and broad 

applications that can be used in multiple scenarios. Testing applications in which everything is 

known about the application is known as “white box” testing. In this area, inputs, outputs, and 

internal processes can be monitored or manipulated during testing to see how the application 
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responds to stimuli. Another type of testing is “black box” testing, which is a method of testing an 

application without knowing the internal structure, design, or implementation. Thus, the only 

functions that can be observed and measured are the application inputs and related outputs. Then, 

there is the “grey box,” where partial knowledge of the application’s internal structure is known. 

These approaches can and are often automated in software applications and run multiple times to 

create a rich data set from which to compare and derive statistics.  

Flight testing, a form of black box testing, presents unique challenges due to the limited 

insight into the internal structure, design, or implementation of the system under test (SUT). While 

testers and operators may occasionally gain some insight into the SUT’s design and process flow 

during initial development, flight tests are primarily categorized as black box or grey box testing. 

As a result, the techniques, tools, and metrics used in flight testing are constrained to those 

applicable to black box and grey box testing. Moreover, the nature of flight tests, which aim to 

control variables, makes it challenging to replicate each experiment consistently.  

Adding to the complexity, there are situations in which testing focuses on understanding 

the behavior or performance of the system under different inputs. Once again, to constrain the 

problem set, only those techniques, tools, and metrics used in a controlled environment will be 

considered for this research.  This subset of T&E is called “controlled testing” and is defined in 

two ways: a test can constrain certain variables while allowing others to vary to see what effects 

the fluctuating variables have on the system, or a test that defines the variables during the initial 

start of the test and allows them to vary throughout the test to understand how the SUT interacts 

with other systems or in a given environment. 
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1.4 Structure of this Dissertation 

This research aims to develop a model-based process for utilizing and extracting 

documentation and artifacts from a given SUT model. The goal is to design, develop, and generate 

a flight test plan that can be executed to collect the necessary data for analyzing and evaluating the 

SUT's performance. 

The structure of this dissertation is as follows: Chapter 2 provides a background discussion 

outlining the DoD acquisition process and the flight test process used to verify and validate the 

system performance of a SUT. The chapter highlights the DoD’s digital engineering strategy with 

a brief discussion of MBSE as it applies to this dissertation. Chapter 3 reviews the research 

questions and tasks associated with this dissertation, while Chapter 4 discusses the literature 

research conducted and used as a basis for this dissertation. Chapter 5 focuses on Research 

Question 1, which explores the software testing techniques discovered during the literature review 

that can be implemented in flight tests. The chapter introduces the first MBSE model used as a test 

case for applying and assessing the software testing techniques identified. Chapter 6 centers on 

Research Question 2, which introduces two other MBSE models used as test cases to discuss model 

artifacts and the metrics associated with measuring artifact reusability. Chapter 7 focuses on and 

presents the survey results used to analyze and assess the usefulness, effectiveness, and usability 

of generated test plans from information and artifacts contained within the test case models. 

Finally, Chapter 8 summarizes each subsequent chapter's discussions and research contributions 

and provides concluding remarks and prospective avenues for further exploration. This dissertation 

contains works published in journals or presented at conferences. In these cases, the works are 

reproduced within this dissertation and have been reformatted to meet the dissertation style 

guidelines. The content has not been altered. 



   

5 

CHAPTER 2  – BACKGROUND 

 
 
 

2.1 Motivation 

The Department of Defense (DoD) defines the Test and Evaluation (T&E) process as the 

planning, conduct, and reporting of a SUT to independently evaluate system performance through 

developmental and operational T&E with minimal contractor influence. The overarching functions 

of T&E are to mature system designs, manage risks, identify and help resolve deficiencies as early 

as possible, and ensure systems are operationally mission capable [3]. T&E is essential in verifying 

and validating systems using representative articles and ensuring models are well-positioned to 

meet future production and sustainability needs. Acquisition programs benefit from integrating 

developmental and operational T&E, including testers, for the acquisition process and the end of 

the acquisition life cycle. Thus, testers serve not only to support verification, validation, and 

accreditation but also to provide expertise in building and maturing the models used for various 

purposes [4].  

Threat modeling and simulated combat environments seek to be operationally 

representative, and verifying and validating the resulting models is an ongoing process throughout 

system development [4]. Developing a model of the SUT is crucial to designing adequate and 

appropriate tests of both the model and the system, as well as how the model will be used in the 

T&E process for the physical system. When coupled with validated data, these models create a 

digital twin. A Digital Twin is a virtual replica of a process, product, or service. It compares against 

the physical counterpart for modeling, prognosis, or analysis, thus connecting the physical and 

digital realms. [5]. T&E feeds into the authoritative source of truth for validating or calibrating 

digital twins.  T&E supports continuous evaluation and decision-making throughout a system’s 
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lifecycle by taking requirements and data from a system’s digital twin and testing the models, 

prototypes, and physical articles to provide performance data to support the verification and 

validation along with the accreditation of the digital twin [6]. 

In a typical “model-test-validate” cycle, models of physical systems are used to provide 

initial estimates of system performance and to inform test plans by identifying what data needs to 

be collected and how to collect it. Data collected during tests in various environments (such as 

installed system test facilities or open-air ranges) demonstrate system performance and is fed back 

into the modeling process to validate or update models. These validated models then form the basis 

for refining system designs or informing other M&S requirements, such as determining how 

system performance contributes to the mission and campaign-level effectiveness [6]. In summary, 

precise validation and verification (V&V) abilities, which effectively quantify capabilities, 

limitations, and uncertainties, are essential for ensuring the long-term success of the Department 

of Defense's missions. 

The DoD’s acquisition process consists of an event-based progression in which a program 

proceeds through phases, milestones, and reviews. A milestone is the culmination of progressions 

that are executed during a given phase to determine if a program can proceed to the next segment 

[7]. Figure 1 illustrates the progression of a significant acquisition system life cycle. 
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Figure 1. Major Capability Acquisition Process 

The structure of DoD acquisition programs is based on strategies that provide oversight that 
include program information, acquisition phase content, timing and scope of decision reviews, and 
decision levels that are based on the specifics of the product being acquired, including complexity, 
risk factors, and required timelines to satisfy validated capability requirements [7] 

 

The focus of this research is on the processes after milestone B.  The Engineering and 

Manufacturing Development (EMD) phase is where a system is developed and designed before 

production. EMD starts after the successful completion of milestone B and is where system 

integration, interoperability, supportability, safety, and utility are demonstrated. During EMD, a 

demonstration of reliability, availability, maintainability, and sustainability is also performed and 

evaluated in the design of the system [8]. The EMD phase of a program is considered complete 

once the system capability requirements and the availability of industrial production capabilities 

have been demonstrated and the manufacturing and software sustainment processes are functional. 

Once a system has matured enough to create a prototype, the program will begin 

Developmental Test and Evaluation (DT&E), where system integration, interoperability, 

supportability, safety, and utility are tested. DT&E activities include the demonstration that the 

engineering design and development process is complete, that the design risks have been 

minimized, and that the system will meet specifications [9]. Program management is informed of 

the status of hardware and software development progress and product compliance using Key 
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Performance Parameters (KPPs) and Key System Attributes (KSAs) and how these metrics are 

being satisfied [8]. At this point, Milestone C is granted, and the next stage of the acquisition 

process is entered. 

The next stage, the Production and Development (PD) Phase, is where the program is 

allowed to begin low-rate initial production (LRIP) and Operation Test and Evaluation (OT&E) 

[10]. OT&E’s purpose is to test a system in an actual or simulated environment for which it was 

designed with users of the system in a realistic operating condition to determine operational 

effectiveness, suitability, and combat survivability [11]. Operational testing is conducted by an 

organization that is independent of the development agency [11] and reports directly to the Director 

of Operational Test and Evaluation (DOT&E) of the Department of Defense. For example, the Air 

Force Operational Test Agency (OTA) is the Air Force Operational Test and Evaluation Center 

(AFOTEC), which is chartered to conduct operational testing for the United States Air Force 

(USAF). AFOTEC assesses the capability of new systems to meet warfighter needs by planning, 

executing, and reporting independent operational evaluations. From concept development through 

system employment, AFOTEC provides effectiveness, suitability, and operational impact 

expertise in the battlespace environment [12].  

2.2 DoD Digital Engineering Strategy 

According to former Secretary of Defense Donald Rumsfeld, “The DoD (Department of 

Defense) acquisition process is not getting new systems to the field quickly enough. The current 

average acquisition response time is ten years, which is longer for major weapon systems. We are 

delivering technology that is at least a generation old. To reverse this trend, we must change our 

ways of doing business…” [13]. Furthermore, Dr. Will Roper, the Assistant Secretary of the Air 

Force for Acquisition, Technology, and Logistics, described the concept of the “digital trinity,” 
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comprising digital engineering and management, combined with agile software and open 

architecture, as the next significant paradigm shift for military tech dominance. He detailed that 

digital design technologies will lead to a faster, more agile, and more competitive weapons-buying 

process and escape the traditional defense acquisition process [14]. In response to these challenges, 

the Department of Defense published the Defense Digital Engineering Strategy in June of 2018 to 

modernize how the Department designs, develops, delivers, operates, and sustains systems. 

DoD defines digital engineering as an integrated digital approach that uses authoritative 

sources of system data and models as a continuum across disciplines to support lifecycle activities 

from concept through disposal. This approach connects processes, data, and capabilities that will 

enable the use of models to digitally represent the system of interest throughout its lifecycle and 

provide the following expected benefits [15]: 

a. Informed decision-making and greater insight through increased transparency. 

b. Enhanced communication. 

c. Increased understanding is intended for greater flexibility and adaptability in 

design. 

d. Increased confidence that the capability will perform as expected. 

e. Increased efficiency in engineering and acquisition practices. 

This strategy, graphically depicted in Figure 2, outlines five elements the department 

deems essential for a digital engineering ecosystem to succeed [15]: 

a. Formalize the development, integration, and use of models to inform enterprise 

and program decision-making. 

b. Provide an enduring, authoritative source of truth. 

c. Incorporate technological innovation to improve engineering practice. 
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d. Establish a supporting infrastructure and environment to perform activities, 

collaborate, and communicate with stakeholders. 

e. Transform the culture and workforce to adopt and support digital engineering 

across the life cycle. 

 

 

Figure 2. Five Elements of the DoD Defense Digital Engineering Strategy. 

 The DoD Defense Digital Engineering Strategy’s five elements are what the department deems 
essential for a digital engineering ecosystem to succeed and how the department develops and 

sustains systems. 

 

The goal of the first strategy is to establish formal planning, development, and use of 

models as an integral part of performing engineering activities as a continuum across the lifecycle, 

while the second strategy’s goal is to move from a document-centric system to digital models with 

a standard set of data that is current, authoritative, and consistent. The third strategy extends 

beyond the traditional model-based approaches to incorporate technological improvements and 

support the speedy implementation of modernizations within the connected digital enterprise. The 

goal of the fourth strategy is to establish and transform the environment by establishing a robust 

infrastructure that supports digital engineering goals. The fifth strategy incorporates best practices 
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of change management and strategic communications to transform the culture and workforce [15]. 

Thus, the current acquisition process will be converted to a more cooperative integrated 

information exchange throughout the lifecycle of the SUT.  

 

2.3 Flight-Testing Process 

Flight testing is of interest to this research effort.  It comprises two distinct stages. The first 

stage of flight testing occurs once a program reaches milestone B and a representative prototype 

is manufactured. DT&E, as stated in the previous section, is where system integration, 

interoperability, supportability, safety, and utility are tested, and its goal is to demonstrate that the 

engineering design and development process is complete, the design risks have been minimized, 

and the system will meet specifications. The second stage of flight testing is when a program 

reaches the PD Phase and begins LRIP. OT&E’s purpose is to determine the operational 

effectiveness, suitability, and combat survivability of a SUT in an actual or simulated environment 

for which it was designed to operate with users of the system in a realistic operating condition. 

DT&E flight testing is primarily conducted by the Air Force Flight Test Center (AFTC), 

where comprehensive test plans are assembled and authored “to communicate technical detail and 

logistics required to execute and report results of flight, ground, and laboratory test of air vehicles, 

subsystems, and components” [16]. Once these test plans and their associated safety planning are 

approved, test execution begins, and data is collected for analysis and reporting.  

AFOTEC’s flight testing is broken up into two sections: Initial Operational Test and 

Evaluation (IOT&E), which is primarily done when a significant system composed of multiple 

sub-systems is first developed by the Air Force such as a fighter, bomber, or transport aircraft, and 

Follow-On Test and Evaluation (FOT&E) which is conducted when a part of a significant system 



   

12 

is either being replaced, upgraded, or discovered deficiencies are corrected. Since FOT&E only 

focuses on subsystems or parts of a sub-system, regression testing on the system must ensure that 

functions and capabilities have not been compromised or degraded, making regression testing 

accountable for existing capabilities' overall stability and functionality. Regression Testing is 

defined as testing that is accomplished to check that recent changes do not adversely affect existing 

features. Regression Testing can be executed as a whole, or a partial selection of already executed 

test cases can be re-executed to ensure existing functionalities work. Both DT&E and OT&E 

usually conduct FOT&E together to reduce the logistics and assets required for testing and increase 

data sharing and analysis for quicker reporting of results. 

Test planning is conducted no matter which category the proposed testing falls into; thus, 

many resources are constantly being tasked with accomplishing previous testing to ensure the 

functionality of the SUT. Since verification of the capability or performance of a SUT is currently 

being performed using previous test plans, significant and insignificant tests are executed, and the 

collected data are compared to previous results. Time and budget influence how much regression 

testing can be accomplished; thus, limited test points and data are collected during recurring 

regression test execution.  

The primary statistical measure used to verify the capability or performance of an SUT is 

the calculation of confidence intervals based on a given significance level. The current AFTC and 

AFOTEC decision-making process asks: Does the performance specification fall within the 

interval? How does the new data set compare with the old data set and its confidence interval? A 

flow diagram of this process is shown in Figure 3. Analysts must deal with the difference in the 

sample sizes of the two data sets since accomplishing limited test conditions leads to different 

sample sizes of test data being gathered between previous and present data sets. A much smaller 
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sample data set than the old one increases sample uncertainty and the associated confidence 

interval. 

 

 

Figure 3. A Statistical Measure of the Verification of a Capability or Performance. 

This flow chart describes the process used to determine a capability or performance 
measurement using the Design of Experiments (DOE) to provide a statistical value to make 

decisions about an SUT’s effectiveness or suitability.  

 

As SUTs evolve and the acquisition community is pressured to field systems quicker, re-

performing an entire previous test plan for regression testing will become unfeasible. Thus, 

techniques found in Design of Experiments (DOE) are being explored to sample the SUT 

capability and performance envelope to gain a better data set with smaller sample sizes while still 

getting suitable confidence intervals at high significance levels. But once again, this is a tradeoff 

between time and cost versus the amount of data needed to answer the questions.  
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2.4 Model-Based Systems Engineering (MBSE) Approach 

2.4.1 General Concepts of a System 

The International Council on Systems Engineering (INCOSE) describes a system as “… 

an integrated set of elements, subsystems, or assemblies that accomplish a defined objective. These 

elements include products (hardware, software, firmware), processes, people, information, 

techniques, facilities, services, and other support elements” [17]. Furthermore, the concept of the 

functionality of a “system is typically expressed in terms of the interactions of the system with its 

operating environment, especially the users,” which leads to the concept of system architecture, 

which is “defined as the fundamental concepts or properties of a system in its environment 

embodied in its elements, relationships, and in the principles of its design and evolution” [17]. 

Specific vocabulary in systems engineering is summarized in Table 1 [17]. In software 

engineering, system elements, referred to as software objects, have processes or operations in 

addition to attributes that have binary logical values that can be either idle or executing; thus, to 

describe the state of a system, it requires that both attributes and processes be assigned values [17]. 

Two broad categories of behavior are defined within the software engineering community and are 

discussed in Table 2 [17]. Furthermore, the concept of the black box/white box system 

representation is used for problem-solving, which is defined as follows: “Black box representation 

is based on an external view of the system (attributes).” In contrast, “white box representation is 

based on an internal view of the system (attributes and structure of the elements)” [17].  

It's essential to comprehend the connection between the two concepts, with the system 

being represented by both its external attributes and its internal attributes and structures [17]. 
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Table 1. Borrowed Scientific Community Vocabulary Used in Systems Engineering 

“The repeatability of experiments demanded by science is critical for delivering practical 
engineering solutions having commercial value. Engineering in general and SE draw heavily 

from the terminology and concepts of science” [17]. 

Terminology Definition 

Attribute (or system 
element) 

Observable characteristic or property of the system (or system element). 
Attributes are represented symbolically by variables. 

Variable 
Symbol or name that identifies an attribute. Every variable has a domain, 
which could be but is not necessarily measurable. 

Measurement 
The outcome of a process in which the system of interest (SOI) interacts with 
an observation system under specified conditions. 

Value The outcome of a measurement is assigned to a variable. 

State 
When a system under an assigned value(s) to its attributes remains constant or 
steady for a meaningful period. 

 

Table 2. Behaviors that are Defined Within the Community of Software Engineering 

“A complete description of a system state requires values to be assigned to both attributes and 
processes” [17]. 

Behavior Definition 

Dynamic The time evolution of the system state. 

Emergent The system behavior cannot be understood exclusively in terms of the behavior of the 
individual system elements. 

 
2.4.2 Hierarchy within a System 

The Institute of Electrical and Electronics Engineers (IEEE) defines a system element as 

either atomic (in which it cannot be further decomposed) or as a system of merit (which can be 

decomposed into further subordinate system elements) [17]. In either case, “the integration of the 

system elements must establish the relationship between the effects that organizing the elements 

has on their interactions and how these effects enable the system to achieve its purpose” [17]. 
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When defining the elements of a system and their interconnections, “… a set of distinct system 

elements with regard only to their relation to the whole (system) by suppressing details of their 

interactions and interrelations … is referred to as a partitioning of the system…”, and “… at any 

given level, the elements are grouped into distinct subsets of elements subordinated to a higher-

level system” [17]. This is illustrated in Figure 4. 

 

 

Figure 4. Concept of a System Hierarchy 

The concept of a system hierarchy is adapted from ISO/IEC/IEEE 15288:2015, in which the 
system life cycle processes … are described as a system composed of a set of interacting system 

elements, each of which can be implemented to fulfill its specified requirements. [17]. 

 
2.4.3 Definition of Systems of Systems 

A system of systems (SoS), as defined by INCOSE, “is an SOI (system of interest) whose 

elements are managerially and operationally independent systems. These interoperating and 

integrated collections of constituent systems usually produce results unachievable by the 

individual systems alone” [17]. Since an SoS is a system within itself, a choice to address it as 
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either a system as a whole or as an SoS depends on which perspective is better suited to address 

the problem, and the following characteristics can be used to decide which tactic is better [17]: 

a. Operational independence of constituent systems 

b. Managerial independence of constituent systems 

c. Geographical distribution 

d. Emergent behavior 

e. Evolutionary development processes 

Figure 5 illustrates the concept of an SoS by defining the air transport system as an SoS 

comprising multiple aircraft, airports, air traffic control systems, and ticketing systems. Other 

systems, such as security and financial systems, facilitate passenger transportation [17]. 
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Figure 5. Example of a System of Systems of an Operational Base 

An Air Force operational base is an SoS comprising multiple aircraft, aircrews, squadrons, 
maintenance, base support systems, and security systems that facilitate Airspace surveillance and 

protection. 

 

Since an SoS is composed of independent component structures, SoS’s poses challenges in 

conducting end-to-end SoS testing, and unless there is an understanding of the SoS-level 

expectations and measures, it can be problematic to evaluate the level of performance, determining 

areas that need attention, and confirming the capabilities and limitations of the SoS to the users 

[17]. Despite having a clear understanding of the objectives and metrics, depending on the SoS 

context, there may be multiple factors that make it difficult, if not impossible, such as financial 

limitations to SoS testing, when multiple constituent systems within the SoS development cycles 

are asynchronous, or when an SoS is large and diverse, making complete end-to-end testing 

challenging or prohibitively costly [17]. “Often, the only way to get a good measure of SoS 

performance is from data collected from actual operations or through estimates based on modeling, 

simulation, and analysis” [17]. 
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2.4.4 MBSE Overview 

INCOSE states that MBSE is a “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” [17]. The MBSE 

process improves the ability to capture, analyze, share, and manage information associated with 

the specification of a product and results in the following improvements and enhancements [17]: 

a. Communication among the development stakeholders. 

b. Ability to manage system complexity by permitting a system model to be examined 

from various viewpoints and analyze the impacts of changes to the system. 

c. Ensure product quality by furnishing a system model that enables assessment for 

consistency, correctness, and completeness. 

d. Capturing and reusing knowledge involves standardizing information capture and 

utilizing model-driven methods to streamline the design modification process, 

ultimately reducing cycle time and cutting maintenance expenses. 

With a traditional document-based systems engineering (SE) approach, considerable 

information is produced about the system, such as specifications, interface control documents 

(ICDs), system description documents (SDDs), trade studies, analysis reports, and verification 

plans, procedures, and reports, that contain information that is often difficult to maintain, 

synchronize, and assess in terms of its quality [17]. With an MBSE approach, since the information 

is depicted in a system model or set of models, this information is maintained throughout the life 

cycle and results in significant improvements in system requirements, architecture, and design 

quality, lowering the risk and costs of system development, enhancing productivity through reuse 
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of system artifacts, and improving communications among the system development participants 

[17]. 

Since the MBSE methodology is a collection of related processes, methods, and tools 

organized in a “model-based” or “model-driven” context used to support a specific product or SoS, 

many different MBSE approaches have been proposed. In 2008, an INCOSE technical publication 

published a survey of MBSE methodologies. Six candidate MBSE methodologies were surveyed: 

INCOSE Object‐Oriented Systems Engineering Method (OOSEM), IBM Rational Telelogic 

Harmony-SE, IBM Rational Unified Process for Systems Engineering (RUP-SE), Vitech MBSE 

Methodology, JPL State Analysis (SA), and Dori Object-Process Methodology (OPM) [17]. Of 

these six approaches, the OOSEM methodology is best suited for regression testing since it 

“integrates object‐oriented concepts with model‐based and traditional SE methods to help architect 

flexible and extensible systems that accommodate evolving technologies and changing 

requirements” and is consistent with the typical “Vee” SE process shown in Figure 6, and can be 

applied recursively and iteratively at each level of the system hierarchy [17]. 
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Figure 6. Systems Engineering Vee Model 

The Vee model, introduced in 1991, is a sequential method used to visualize various critical 
areas for SE focus, particularly during the concept and development stages. The Vee highlights 
the need for continuous validation with the stakeholders, the need to define verification plans 

during requirements development, and the importance of constant risk and opportunity 
assessment [17]. 
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CHAPTER 3  – RESEARCH QUESTIONS AND TASKS 

 
 
 

3.1 Overview 

The overarching purpose of DoD T&E is to provide information to decision-makers to 

determine whether to field a weapon system. In this context, finding the right balance in T&E is 

crucial, enabling swift planning and execution of test phases and events. These activities should 

generate statistically relevant data, facilitating independent analysis, evaluation, and reporting to 

fulfill the DoD's objective of swiftly introducing new capabilities. 

New Air Force acquisition programs are mandated to follow and use an MBSE approach. 

Currently, the T&E community must abandon relying solely on traditional document-centric 

methods and embrace a model-centric approach. This shift is vital for managing program 

complexities and seamlessly integrating technologies and design strategies to achieve all 

stakeholders' developmental and operational test objectives within the existing system 

development resources. Furthermore, test planning personnel need to create and modify test plans 

as requirements mature to verify specifications and mission objectives that can be statistically 

defendable to inform senior leaders of system performance and how parameters affect system 

effectiveness, suitability, and maintainability. 

3.2  Problem Statement 

This research proposes and develops a methodology implemented in an MBSE construct 

that provides inputs to the AFOTEC test planning processes. Using systems engineering artifacts, 

such as mission domain elements, requirements, use cases, and activities, as a trustworthy source 

for all stakeholders improves the reuse of previous data and test plans, helps the flight test 
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community improve test point efficiency, and aids in data analysis. This implementation within 

the MBSE paradigm was analyzed for its ability to improve communications between developers 

and users, improve quality, and enhance knowledge transfer throughout the lifecycle of the SUT. 

3.3 Research Focus 

This dissertation identified software testing techniques and defined what capabilities from 

the software testing suite can be implemented in an MBSE construct to provide inputs to the flight 

test planning process and help AFOTEC realize the benefits of MBSE. Specifically, it contributes 

to model reusability, provides a trustworthy source for all stakeholders, and helps the flight test 

community support efficient acquisition planning. This research analyzed software testing 

methods and metrics to enable flight test planning of hardware and software testing using MBSE. 

3.4 Research Questions and Task List 

The following research questions address the proposed problem statement above. 

3.4.1 Research Question 1 

What software testing techniques are translatable to flight testing? 

The software and flight test communities have distinct requirements for conducting testing 

in their respective realms; this research question describes their similarities and differences to help 

better conduct testing or focus efforts to improve current testing approaches. To address this 

research question, this research effort attempted to identify translatable techniques that allow the 

flight test community to define and implement identified software regression testing techniques.   

3.4.1.1 Research Question 1 Task 1 

Perform a narrative review of the vocabulary used in software testing and map it to 

the vocabulary used in flight testing. 
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This task focused on translating the concepts and definitions between the two different 

areas of knowledge and allowing testers from the flight test community to understand the notions 

from the software community and how they correlate. A review of software testing textbooks and 

a survey of scholarly articles was used to create a dictionary of commonly used software testing 

terms and their associated definitions. Using the AFOTEC’s Analyst Test Guide and Measures 

Guide as a model, a glossary of commonly used flight-testing terms and their associated definitions 

was created to compare and correlate related terms within the two disciplines. 

3.4.1.2 Research Question 1 Task 2 

Identify the software testing techniques used in controlled software test and 

evaluation. 

This task reviewed the software T&E techniques applied to controlled testing.  The task 

was to conduct a trade space analysis to realize the critical components, discover relationships, 

and make available methods to testers from the flight test community. The collection of software 

techniques was reviewed and analyzed to see if the flight test community could adopt the processes 

identified in flight testing. Examples of black box testing techniques that were extracted from the 

software testing literature include Boundary Value analysis, Orthogonal Array testing, 

Equivalence Partitioning, Fuzz Testing, Graph-Based Testing, and State Transition Testing, and 

examples extracted from grey box testing techniques include matrix and regression testing [18].  

Only a few of these techniques have been applied to or considered in the context of flight testing, 

reinforcing the hypothesis that model-based flight testing could benefit from implementing 

software flight test techniques. 
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3.4.1.3 Research Question 1 Task 3 

Examine which software testing techniques can be modified for implementation in 

flight testing. 

This task used the software techniques cataloged from the previous functions to examine 

which testing methodologies were directly applicable or modified for flight testing. This collection 

of software techniques was assessed quantitatively (using a Pugh Decision Matrix or similar) to 

see if any of the identified methodologies could be adapted to a valid flight-testing approach. The 

approaches were analyzed to see how much modification each technique required. These 

techniques were compared to a list of AFOTEC flight testing procedures to identify the intersection 

and union of testing techniques. The approach with the most negligible modification was selected 

for implementation in Research Question 2. 

3.4.1.4 Research Question 1 Task 4 

Identify the metrics used in software testing used in controlled software 

experimentation. 

Whereas the previous task focused on the vocabulary and concepts of software testing, this 

task created a collection of software testing metrics used by the selected software testing 

techniques from research question 1 task 2 as they apply to controlled testing. The software metrics 

were reviewed and analyzed to see if the flight test community can adapt these metrics to the 

current flight test planning process.  Examples of metrics extracted from the software testing 

literature include test coverage, Defect Removal Efficiency, Requirement Volatility, Index, failed 

and executed test cases, and Requirement Traceability Matrix (RTM) [19].  These metrics were 

evaluated for their potential to support an improved flight-testing process, making testing more 
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accurate and efficient. These metrics were compared to the ones used in the AFOTEC flight testing 

procedures to identify the intersection and union of the test metrics. These metrics were then used 

to inform task 5.  

3.4.1.5 Research Question 1 Task 5 

Examine which metrics used in software testing are suitable for implementation in 

flight testing. 

This task involved a detailed examination of the metrics identified in research question 1 

task 4. The goal was to determine which of these metrics were appropriate for use in flight testing. 

A survey conducted with a panel of subject matter experts was used to assess a SUT's operational 

effectiveness and suitability for combat operations under realistic operational conditions. This 

process ensured that critical operational issues were addressed and provided additional information 

on the system's operational capabilities. The new metrics identified were then used to answer 

research question 2. 

3.4.2 Research Question 2 

What are the costs and benefits of the techniques associated with research question 1 

when implemented in an MBSE construct? 

3.4.2.1 Research Question 2 Task 1 

Define an MBSE model in which the techniques from research question 1 can be 

realized. 

This task created a simplified MBSE model that was used as a case study. The model 

represented a training system to train new Air Force Operational Test and Evaluation Center 

(AFOTEC) members in conducting operational test and evaluation (OT&E). A set of MBSE 
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diagrams, such as mission domain elements, requirements, use cases, and activities, were created 

to support the test case. The model developed, demonstrated, and evaluated a process that 

generated the required information as inputs to the AFOTEC test planning processes.  

3.4.2.2 Research Question 2 Task 2 

Measure the degree of data reuse for the proposed MBSE plan integration. 

The literature on MBSE states that data reuse, or model reuse, is a crucial method through 

which MBSE achieves process improvements. Therefore, this task used the MBSE model 

developed in research question 2, task 1, and two other models to demonstrate a model reuse 

process that measured the reuse of information and model artifacts. The software techniques 

developed in research question 1 task 3 were applied to these models, and their performance was 

analyzed for their effect on model component reuse. 

3.4.3 Research Question 3 

Compare the techniques associated with research question 2 with the current 

approach used in flight testing. 

3.4.3.1 Research Question 3 Task 1 

Characterize the current flight-testing approach and categorize the metrics 

implemented in flight testing. 

A narrative summary of the current AFOTEC approach clarifies how the flight test 

community understands and interprets the information collected and used to develop various flight 

test plans. The AFOTEC test planning process represents the baseline and state of the art against 

which the novel process was measured.   
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3.4.3.2 Research Question 3 Task 2 

Compare the approach from research question 2 with the current approach defined 

in research question 3 task 1 and assess their benefits and costs in an example acquisition 

planning scenario. 

This task compared the approach from research question 2 with the current AFOTEC flight 

test approach to aid in and measure improvements in test planning. A survey was conducted using 

current AFTOEC personnel assigned to detachment 5 to assess the model-based test plan’s 

usefulness, effectiveness, and suitability. Furthermore, the survey asked the participants to provide 

an improvement metric based on their assessment of the information provided by the model-centric 

test plan.  
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CHAPTER 4  – LITERATURE REVIEW 

 
 
 

4.1 Introduction 

Testing for software and flight testing focuses on systems or sub-systems to ensure that 

functions and capabilities have not been compromised or degraded and the stability and 

functionality of existing capabilities. Like acquisition systems, software constantly evolves by 

correcting previously unknown issues and incorporating new functionalities and capabilities. The 

software community performs testing when changes are made to the software to provide 

confidence that the recent changes do not change the behaviors of the current unchanged parts of 

the software [20]. Similarly, the acquisition community is constantly planning, executing, and 

reporting on system and subsystem testing to ensure that functions and capabilities have not been 

degraded and to confirm the stability and functionality of existing capabilities. Since software 

testing has the same goals as flight test, it behooves the flight test community to explore and 

possibly appropriate attributes from software testing and apply them for FOT&E regression 

testing. 

Software testing focuses on identifying fault detection and safeguards against new defects 

being introduced into the extended code or specification changes. The ANSI/IEEE 1059 [1] 

standard defines software testing as analyzing a software item to detect the differences between 

existing and required conditions, such as defects, errors, or bugs, and to evaluate the features of 

the software item. Therefore, software testing usually consists of verification and validation. The 

following definitions are used in the software community to convey their intended meaning: 

Verification is the process of determining whether the product fulfills the requirements. 

The question commonly asked is, “Are we building the product right?” [21]. 
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Validation: This assessment ensures that products conform to their intended usage and 

meet customer expectations. The question commonly asked is, “Are we making the right product?” 

[21]. Verification is considered more technical since it relies on knowledge about the individual 

software artifacts, requirements, and specifications. Validation usually depends on familiarity with 

the application or operation for which the software is written. Other definitions used in the software 

community are that of a test requirement, which is a specific element of a software artifact that a 

test case must satisfy or cover, and coverage criterion, which is a rule or collection of rules that 

yield test requirements [22]. 

Software testing is a process that helps identify errors, faults, and failures in a system to 

make the software as efficient as possible. The purpose is to achieve a high level of reliability, 

maintainability, availability, security, survivability, portability, capability, efficiency, and integrity 

in the system [21]. Software testing is a way to guarantee that the system works as specified and 

provides as much functionality as specified. Software testing is of interest to developers, testers, 

organizations, and end-users [22]. 

4.2 Model-Driven Test Approach 

“Model-based testing (MBT) is the design of software tests using an abstract model that 

represents one or more aspects of the software” [22]. The model usually describes aspects of the 

intended behavior of the software.  These models are often described with UML diagrams and 

sometimes produce anticipated outputs based on the behavior of the software created during the 

design stage of development. Tests are then derived from abstract structures or software behavior 

diagrams to establish input values that will effectively test software. Developing tests can be 

divided into four discrete tasks: test design, test automation, test execution, and test evaluation 

[22]. 
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The model-driven approach to software development has garnered much attention from 

industry and academia. Model-based development using Unified Modeling Language (UML) 

diagrams, such as state machine diagrams, use-case diagrams, and sequence diagrams, has allowed 

many researchers and testers to generate test cases that are independent of any implementation of 

the design [23]. These ideas are the basis for a set of software development approaches that are 

known as model-driven development (MDD) that are used to define relationships between and 

define dependencies by which a solution was created and understand the implications of changes 

at any point in that process [24]. 

The Model-Driven Test Design (MDTD) process divides testing into tasks that simplify 

test generation to help test designers isolate tasks at a higher abstraction level and use mathematical 

engineering structures to design test values independently of the details of the software or design 

artifacts and test execution. The critical step to an MDTD test case design is to determine the 

primary factors in which a test successfully finds failures in the software. This process is shown in 

Figure 7, which shows test design activities above the line and other test activities below [22]. 
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Figure 7. Model-Driven Test Design 

MDTD lets test designers “raise the level of abstraction” so that a subset of testers can do the 
mathematical aspects of designing and developing tests. In contrast, traditional testers and 

programmers find values, automate, run, and evaluate the tests. 

 

The starting point in Figure 7 is at the software artifact, which could be a program source, 

a UML diagram, or a user manual. Criteria-based test design uses the artifact to create an abstract 

model of the software in the form of an input domain, a graph, logic expressions, or a syntax 

description to create test requirements, while a human-based test design uses the artifact to 

consider problems in the software and then creates requirements to test for those problems [22]. 

The process creates test requirements that describe the input values that satisfy the requirements, 

bringing the process down from the design abstraction level to the implementation abstraction 

level. 

Since the primary intent of Test-Driven Development (TDD) is to define the behavior of 

the software as opposed to evaluate whether the behavior is correct, which is the traditional role 

of testing, the major disadvantage of TDD is that it tends to focus on behavior that should happen 

under regular use and the tests developed are less likely to navigate confused-user paths or 

malicious-user paths, where users break through security barriers and abuse the software [22]. 
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Test engineers oversee the technical test activities that include the design of test inputs, 

producing test case values, running test scripts, analyzing results, and reporting results, as 

illustrated in Figure 8. 

 

 

Figure 8. Activities of Test Engineers 

Test engineers use requirements that are transformed into values and scripts that are used for 
execution. These executable tests are run against the software, denoted P in the Figure, and the 

results are evaluated to determine if the tests reveal a fault in the software [22]. 

 

Software engineers employ numerous techniques to address these challenges, the most 

foundational being using models and modeling. “Models provide abstractions of a physical system 

that allow engineers to reason about that system by ignoring extraneous details while focusing on 

the relevant ones. All forms of engineering rely on models as essential to understanding complex 

real-world systems” [24]. Since software testing is complicated and the goal of having the utterly 

correct software is unreachable, test engineers need to evaluate software based on its “behavior” 

to decide if it is acceptable within the consideration of many factors including reliability, 

maintainability, and efficiency [22]. Models predict system qualities, describe specific properties 

significantly when the system has changed, and communicate key system characteristics to various 
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stakeholders. The models can be created before implementing the physical system or derived from 

an existing or developing system to aid in understanding its behavior. [24]. 

Test cases can be designed with a “human-based” approach, where a test engineer uses 

domain knowledge of the software’s purpose and experience to create tests that will be effective 

at finding faults [22]. Human-based test design requires the tester to know the software’s 

application domain, testing, and user interfaces to create tests such that the software is stressed by 

providing very large or minimal values, boundary values, invalid values, or other values that the 

software may not expect during typical behavior, as well as explicitly consider actions the users 

might do, including unusual actions. 

Test cases can also be designed to satisfy well-defined engineering goals such as coverage 

criteria. Formal coverage criteria, a tool to decide what test inputs to use during testing, facilitate 

the likelihood of detecting problems in a program and guarantee that the software is of high quality 

and reliability by creating abstract models and manipulating them to design high-quality tests. 

These tests use requirements, specifications, design artifacts, or source code to develop test cases 

for execution. Coverage criteria provide a structured, practical way to search the input space with 

little overlap. Thus, the main advantage of using coverage criteria is the improvement of quality 

and reduction of the cost of test data generation by maximizing the “bang for the buck” with fewer 

tests that are effective at finding more faults [22]. More importantly, coverage criteria can provide 

stopping rules to know when to stop testing.  

4.3 Software Testing Methodologies 

After the code is developed, it is mandatory to test the software to identify and debug all 

errors before it is released. However, it is impossible to identify and debug all the errors in the 
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software at every phase. Although testing helps to find mistakes and bugs, it cannot conclude that 

the software is bug-free [21]. Figure 9 illustrates a hierarchy of software testing methodologies. 

 

 

Figure 9. Hierarchy of Software Testing Methodologies 

Software testing techniques can be categorized into two major groups: static and dynamic 
testing. The types of procedures employed in each group can then define each group. 

 
4.3.1  Static Analysis and Dynamic Testing 

Software testing techniques are generally categorized into static and dynamic testing. Static 

testing, also known as manual testing, refers to the method of testing where no code is executed. 

It is part of verification testing and usually starts with the initial phase of the Software 

Development Life Cycle (SDLC), where the main objective is to enhance the quality of the 

software product by helping identify and resolve errors early in the software development process 

[21]. Static testing reviews documents such as Software Requirement Specification (SRS), design 

documents, source code, test suites, and web page content and is accomplished before code 
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deployment. Static testing provides for the evaluation of code as well as documentation and 

includes techniques such as [21]: 

Inspection: This is primarily done to locate defects. Moderators conduct the code 

walkthrough. This type of formal review prepares a checklist to check the working document. 

Walkthrough: This is not a formal process. The authors lead it. The author advises the 

participants through the document according to their thought processes to achieve a common 

perception. It is helpful for higher-level documents like requirement specifications, etc. 

Technical Reviews: A review is conducted to ensure that the code aligns with technical 

specifications and standards, which may encompass test plans, test strategies, and test scripts. 

 Informal Reviews: This is the static testing technique in which the document is reviewed 

unofficially, and helpful comments are implemented. 

Dynamic testing, also known as automated testing, is a software testing technique in which 

the code's dynamic behavior is analyzed. It falls in the realm of validation testing, where the actual 

system is considered. Dynamic testing encompasses methods for assessing or approximating 

software quality by executing it with actual data and under real or simulated conditions. [25]. 

Dynamic testing encompasses testing the software with various input values and observing and 

analyzing the output values. This type of testing is divided into two groups: white box and black 

box testing. A third category, referred to as grey box testing, combines both box and black box 

testing. 

4.3.2  White Box Testing 

White box testing, also known as structural, code-based, precise, or glass box testing, is a 

testing process that focuses on examining the internal logic and structure of source code. This 
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testing process uses the internal logical arrangement of the software and can test all the 

independent paths of a module; every logical decision is exercised, all loops are checked at each 

boundary level, and internal data structures are exercised [18]. To properly design and test the 

executable source code, a tester must know the source code and the application’s internal workings. 

The most widely acknowledged white box software testing techniques are as follows: 

Control Flow Testing: A structural testing strategy uses the program control flow as a 

model control flow and favors more straightforward paths over fewer but complicated ones [26].  

Basis Path Testing: This type of testing allows the test case designer to produce a logical 

complexity measure of procedural design and then uses this measure to outline a basic set of 

execution paths [26]. Each independent path of code is selected for testing and is represented with 

flow graphs to characterize the control flow of the program [18]. 

Data Flow testing: In this type of testing, the control flow graph is annotated with 

information about how the program variables are defined and used [26]. 

Loop Testing: This technique focuses on the validity of the loop construct since most errors 

occur at the beginning or end of a loop and search for the possibility that the loop successfully 

ends [18]. 

Some of the advantages of white box testing include [27]: 

• All independent paths in a module are exercised at least once. 

• All logical decisions are exercised. 

• All loops at their boundaries are executed. 

• Internal data structures are exercised to maintain their validity. 

• Errors in hidden codes are revealed. 
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• Approximate partitioning is done by execution equivalence. 

• The developer carefully gives reasons for implementation. 

• Maximum coverage is attained during test scenario writing. 

The disadvantages of white box testing are [27]: 

• Skilled testers are needed to carry out testing because knowledge of the internal 

structure of the code is required. 

• Many paths will remain untested as it is tough to investigate every bit of code to find 

hidden errors, which may create problems, failing the application. 

4.3.3  Black Box Testing 

Black box testing is conducted when testers do not have knowledge of internal design or 

access to the source code of the application or system, have some knowledge of the system 

architecture, and have access to requirements specifications or requirements. The testers only 

understand what the software is supposed to do but not how it does it. Thus, testers only know the 

set of inputs and specific outputs that describe the application, and this set of techniques is used to 

ensure that the application or system recognizes all inputs needed by the system and provides the 

correct output [18]. The most common black box testing methods used are: 

Equivalence Partitioning: This technique divides the input domain of a program into 

equivalent classes from which test cases can be derived. Equivalence partitioning can be used to 

minimize the number of test cases [21].  

Boundary Value Analysis: It targets the testing at borders or where the extreme boundary 

values are chosen. It comprises minimum, maximum, just inside/outside boundaries, error values, 

and typical values [21]  [26].  
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Fuzz Testing: This approach provides random input to the application using malformed or 

semi-malformed data injection in an automated or semi-automated session and is used for 

characterizing implementation bugs [26].  

Orthogonal Array Testing: Orthogonal array testing is a statistical way of sampling the 

input domain to reduce the number of test combinations. Columns and test cases represent rows 

that represent the variables. It is used when the input domain is minimal, but too extensive of an 

input domain can lead to exhaustive testing [26].  

Cause-Effect Graph: This testing technique begins by generating a graph and establishing 

the relation between effect and its causes [26].  

All Pair Testing: This technique is designed to execute all possible combinations of each 

couple of input parameters where the objective is to perform all possible combinations of each 

couple of input parameters [18] [26]. 

State Transition Testing: This testing approach is used in testing state machines and 

navigation of graphical user interfaces and is used to capture several types of system requirements 

and documented internal system design [18] [26].  

Some of the advantages of black box testing include [18] [26]: 

• Testers do not need to know specific programming languages. 

• Testing is done from a user's point of view.  

• It helps to discover any ambiguities or inconsistencies in the requirement 

specifications.  

• Programmers and validators are independent of each other. 

• By achieving reasonable testing, the number of test cases can be reduced. 
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• Well-suited technique and most efficient for large code segments. 

• No code access is required. 

The disadvantages of black box testing are [18] [26] [27]: 

• Test cases are complex to design without precise specifications or requirements. 

• Chances of having a repetition of tests that the programmer already does. 

• Some parts of the back end have not been tested at all. 

• There is some chance of having unidentified paths during this testing; only small 

numbers of possible inputs can be tested. 

4.3.4  Grey Box Testing 

Grey box testing is a software technique combining the benefits of black and white box 

testing. The tester has limited knowledge of the internal structure, such as internal logic or 

underlying code, and an understanding of fundamental aspects of the system [26]. It sometimes 

requires reverse engineering of the application or system to work out the boundary values [21]. 

Verification of both the output of the user interface and the process that leads to that user interface 

output is tested [26].  The gray box testing methodology is used to test software applications. It 

heavily depends on a host platform debugger to execute and validate the software under test [27]. 

The most widely known grey box software testing techniques are as follows: 

State-Model-Testing: It examines each method of an object, transition, and transition paths 

at each stage of an object [21].  

Class-Diagram Testing: It examines all the derived classes of the base class [21].  

Sequence-Diagram Testing: It examines all the methods occurring in the sequence diagram 

[21].  
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Thread-Based Testing: This approach takes all the classes of single-use cases and integrates 

them into a test. This approach continues until all the paths of all use cases have been considered 

[21].  

Use-Based Testing: This testing divides the classes into services that need something from 

other courses or into services that do not need something from other courses [21]. 

Orthogonal Array Testing: This testing technique is a systematic and statistical method that 

uses a subset of all possible combinations [26].  

Matrix Testing: In matrix testing, the status report of the project is stated [26]. 

Regression Testing: If new changes are made in software, regression testing implies 

running test cases [26]. 

Pattern Testing: Pattern testing verifies the excellent application for its architecture and 

design [26]. 

Some of the advantages of grey box testing include [18]: 

• This testing technique is implemented from the user’s point of view rather than from 

the designer’s point of view. 

• The tester designs efficient test scenarios. 

• Whenever possible, both the benefits of white box and black box testing should be 

given. 

• Developers carefully give reasons for implementation. 

Some of the disadvantages of grey box testing include [26]: 

• Test coverage is limited because of the unavailability to access source code.  
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• Many program paths remain untested.  

• The test cases can be redundant.  

4.3.5  Nonfunctional Testing Techniques 

Nonfunctional testing is accomplished to test various attributes of a system, such as stress 

and load, and is concerned with the requirements not related to the application’s functions but 

rather to assess the readiness of a system according to the various criteria not covered by functional 

testing [21]. The following techniques are employed in conducting nonfunctional testing [21]. 

Performance Testing assesses and evaluates the entire system's performance under a 

specific workload.  

Load testing: A load test is performed to ensure the load takes the capacity of a particular 

order. Load testing determines the system's behavior under normal and peak load conditions.  

Endurance testing determines the system's behavior after a particular time. For example, a 

method may work perfectly fine in the initial first hour, but its performance decreases after three 

hours of execution.  

Stress Testing: It is performed to determine the system performance beyond standard 

operational capacity, often to a breaking point. It is concerned with the system's load-taking ability.  

Security Testing: Security testing assesses whether the system is safe. It is a process that 

concerns whether an information system protects data and maintains functionality as intended.  

Recovery Testing: Recovery testing checks the system's recovery after a crash or hardware 

failure. In this type, the software is forced to fail under a given circumstance, and the recovery is 

subsequently tested.  



   

43 

Compatibility Testing: Compatibility testing is concerned with checking the system's 

compatibility with the rest of the environment. It checks the harmony of the developed system 

with the various other components such as hardware, additional software, database management 

system (DBMS), and operating system.  

4.3.6  Summary 

The knowledge gained during this literature review is that Model-based testing (MBT) uses 

abstract models to represent aspects of the system and describe the intended behavior by using 

UML diagrams; we can test abstract structures or behavior diagrams using a Model-Driven Test 

Design (MDTD) process to determine the factors for a successful test. Furthermore, software 

testing, which uses static and dynamic testing to perform verification and validation of software to 

achieve a high level of reliability, maintainability, survivability, and integrity in the system, is 

categorized into white, black, and grey box testing, which are dependent on the knowledge and 

skill of the tester. Ultimately, testing may also evaluate different aspects of a system, such as stress, 

which are unrelated to the application's functions. This evaluation, known as non-functional 

testing, assesses the system's readiness. Since the goal of both software and flight testing is to 

ensure that the functions and capabilities of a SUT have not degraded and safeguard the stability 

and functionality of existing capabilities, this comprehensive view has provided the ingredients 

needed to apply concepts from software and model-based testing as inputs into the next stage of 

this dissertation. 
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CHAPTER 5  – DEVELOPING MODEL-BASED FLIGHT TEST SCENARIOS 

 
 
 

5.1 Introduction 

This chapter addresses Research Question 1, which is restated as follows: What software 

testing techniques are translatable to flight testing?  

To answer this research question, the chapter begins with section 5.2, which presents a 

narrative review of the vocabulary used in software testing and maps the language used in flight 

testing.  Section 5.3 then identifies the types of software testing techniques used in controlled 

software experimentation and examines which software testing techniques can be modified for 

implementation in flight testing in the context of a CSARL grey box testing case study.  Section 

5.4 identifies the metrics that can be adopted from software testing to controlled software 

experimentation and assesses the suitability of those metrics for implementation in flight testing. 

5.2 Preliminary Work 

The following discussion contains the effort completed before my preliminary 

examination. This information was presented to my dissertation committee during the initial 

assessment, which detailed the work accomplished to answer research question 1, task 1. The 

discussion focuses on the types of software techniques used in the software testing domain and 

provides the background research required to prepare for my first publication. The results of this 

research illustrated the commonalities between flight testing and software testing. Furthermore, 

the results compared the terminology, techniques, and material that can be ported over from 

software testing to flight testing.  
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5.2.1 Research Question 1 Task 1 

While performing a narrative review of software testing textbooks and scholarly articles, a 

vocabulary of terms used in software testing was collected.  This provided knowledge of 

terminology and helped define the concepts in software testing. The findings were captured in a 

document containing the collected and its associated definition.  Similarly, terms commonly used 

in flight tests were collected, and the same treatment was applied. Related terms between the two 

disciplines were sorted, correlated, and arranged in an N-by-N matrix. Table 3 The table illustrates 

a sample of the basic terminology used in both disciplines and where it falls in the MBSE construct. 

It demonstrates the similarity between flight and software testing disciplines. 

Table 3. N-by-N Matrix of Software Testing Vocabulary and Flight-Testing Vocabulary 

The matrix classifies the vocabulary from software and flight testing to show their typical 
relationship. It allows for a common understanding between the two disciplines and how they 

relate to the MBSE construct. 

Function 
Software 

Traditional 

Flight Test Heritage 
Model-Based Systems 

Engineering 
Developmental Operational 

Define test 
Requirements 

Test Criterion Specific Objective MOP/MOS 
Operational Viewpoint 

Test to fulfill 
the requirement 

Verification General Objective COI 

Design the 
Experiment 

Condorcet 
Techniques DOE DOE 

Logical/Functional Viewpoint 

Test planning Test Case 

Physical Viewpoint Feedback from 
Test Data 

Variable Variable Variable 

 

Furthermore, using the hierarchy structure described in Figure 9, Table 4 was constructed 

as an example to categorize the types of interaction between flight and software testing techniques, 

highlighting which software techniques could be used to help answer research question 1, task 3. 
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Table 4. N-by-N Matrix of Software Techniques 

The matrix classifies the software testing techniques available and is categorized by the type of 
box testing the methods fall into. The check mark indicates which technique can be applied to 

the testing scenario. The asterisk indicates that these techniques are performed as laboratory tests 
and are not usually associated with flight testing. At the same time, the X denotes that the 

method does not apply to flight testing. 

Type of 
Testing 

Function Software Testing Technique 
Has been 

Applied to 
Flight Test? 

Static Verification 

Inspection X 
Walkthrough X 

Technical Review  

Informal Review  

Dynamic Validation 

White Box 

Basis Path X 

Control/Data Flow X 

Loop X 

Black Box 

Functional Based 

Boundary Value Analysis  

Orthogonal Array  

All Pairs  

Fuzz X 

Equivalence Partitioning  

Graph-Based X 

State Transition  

Non-Functional Based 

Performance  

Stress  

Recovery * 

Compatibility  

Load * 

Endurance  

Security * 

 State-Model  

 Class-Diagram  

Grey Box Sequence-Diagram  

 Thread-Based  

 Use-Based  

 Orthogonal Array  

 Matrix X 

 Regression  

 

As illustrated in Table 4, the green check marks indicate that the software method is already 

being used, and existing documentation and processes facilitate its implementation in flight testing 

practice. The yellow check marks signify that the related software procedure is also being used by 

the flight test field, but not to the extent in which software testing uses them due to limiting factors 
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such as the number of samples required to accomplish the task or the lack of a proper environment 

in which to test the SUT due to either constraint on assets needed for testing or the type of testing 

that might be sensitive in nature. The red check marks denote the practices that are not common 

or implemented by the flight test community and thus were not analyzed and evaluated for 

application to flight testing.  

As a result of this work, new knowledge was developed to define a comprehensive set of 

software and flight-testing methods and what similarities exist between these two separate testing 

applications.  For example, one of the results of this process was the discovery of an opportunity 

to leverage many model-based testing procedures and concepts developed in software testing to 

the flight-testing regime. These procedures include state-model testing, class-diagram testing, 

thread-based, and use-based testing, all of which fall under the category of MDTD.  These findings 

support the concept that MBSE-enabled T&E would enable innovations in model-based testing 

applied to flight systems.  

This process has revealed the available methods and identified techniques adaptable for 

transplanting into flight test practices (as indicated by the red check marks). It aimed to develop 

novel approaches for testing SUTs within the discipline of flight testing. These initial findings laid 

the groundwork for evaluating the software testing techniques most suitable for integration into 

flight test procedures. 

5.3 Publication Details 

The following discussion contains the work from Reference [28] which was published in 

the International Test and Evaluation Association (ITEA) Journal of Test and Evaluation and 

presented at the Defense and Aerospace Test and Analysis Workshop (DATAWorks) conference 

in Alexandria, Virginia.  DATAWorks is sponsored by a multi-organization collaboration between 
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the Director of Operational Test & Evaluation (DOT&E) within the Office of the Secretary of 

Defense, National Aeronautics and Space Administration (NASA), the Institute for Defense 

Analyses (IDA), and the Section on Statistics in Defense and National Security (SDNS) of the 

American Statistical Association (ASA). The work is reproduced within this dissertation but has 

been reformatted to meet the dissertation style guidelines. The references within the publication 

have been incorporated into the reference section of this dissertation, but the content has not been 

altered. The publication details the work accomplished to answer research question 1, task 2, and 

3, along with research question 2, task 1. 

5.3.1 Abstract 

The Department of Defense (DoD) is undergoing a digital engineering transformation in 

every process of the systems engineering lifecycle. This transformation requires implementing 

DoD Test and Evaluation (T&E) processes and executing model-based testing methodologies. 

This paper describes and assesses a grey box model-driven test design (MDTD) approach to create 

flight test scenarios based on model-based systems engineering artifacts. To illustrate the 

methodology and evaluate the expected outcomes of the process in practice, a case study using a 

model representation of a training system utilized to train new Air Force Operational Test and 

Evaluation Center (AFOTEC) members in conducting operational test and evaluation (OT&E) is 

presented. The results of the grey box MDTD process are a set of activity diagrams that are 

validated to generate the same test scenario cases as the traditional document-centric approach. 

This paper will use artifacts represented in System Modeling Language (SysML) to discuss key 

comparisons between the conventional and MDTD processes.  This paper demonstrates the costs 

and benefits of model-based testing and their relevance in the context of operational flight testing. 
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5.3.2 Introduction 

The primary objective of DoD T&E is to provide decision-makers with essential 

information for assessing the suitability of a weapon system for fielding [13]. The T&E community 

must deliver defensible results that inform senior leaders about system performance and the impact 

of design parameters on effectiveness and maintainability. Traditional T&E flight test planning, 

conducted by the U.S. Air Force, follows a systematic, sequential document-centric, and human 

expert-driven approach integrated throughout a system's acquisition life cycle [29] [30] [31]. Flight 

test planning ensures the accuracy and reliability of data gathering that meets requirements for 

verification, validation, and thoroughness of system integration but relies heavily on document-

centric procedures, system matter experts (SME) process knowledge and technical expertise, and 

a sequential flow of approvals. Comprehensive safety and test plans detail the technical aspects 

and logistics necessary to execute and report flight, ground, and laboratory test results for air 

vehicles, subsystems, and components [13]. 

While well-established, the current T&E approach suffers from three significant 

drawbacks: 1) the need for constant manual updates to documents due to ongoing changes 

throughout the development lifecycle, 2) unwieldy and document-centric communication among 

stakeholders, and 3) the lack of ability to insert new technology or operational requirements due 

to the manual updates of documents and the requirement for multiple meetings of SMEs [4].  The 

process of devising test and safety plans is isolated from the design, development, and operation 

of the system under test (SUT).  This creates interdependent serial processes that result in long 

timelines for submission and approval, which are resistant to requirement changes. Developing a 

test plan can involve multiple numbers of SMEs and years of effort. Test products are developed, 

discussed, and refined through multiple meetings and iterations between SMEs, experienced 
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testers, and operators, ensuring all system behaviors are identified and addressed [32]. Experienced 

test engineers must possess intimate knowledge of the system and develop test scenarios that 

accurately identify the relevant measures of performance/suitability (MOP/S) for achieving 

mission objectives and conveying information about the system's structure. However, multiple 

meetings requiring these experienced engineers drive significant resources and extended timelines. 

These experienced test engineers require significant resources, extending timelines and creating 

isolationist thinking that is resistant to changes in requirements. The outcome of these activities is 

a set of detailed test plans and safety packages, presented in document form, which outlines the 

resources and test activities planned for the SUT to generate information for decision-makers.  

5.3.3 Motivation 

Dr. Will Roper, the Air Force for Acquisition, Technology, and Logistics Assistant 

Secretary, emphasized that embracing digital design technologies would lead to a faster, more 

agile, and more competitive weapons procurement process, departing from the traditional defense 

acquisition approach [14]. In acknowledgment and response, the DoD released the Defense Digital 

Engineering Strategy in June 2018 to modernize the entire lifecycle of system design, 

development, delivery, operation, test, and sustainment within the Department [15]. The flight test 

community is now charged with integrating model-based software engineering (MBSE) concepts 

and processes seamlessly as part of a community-wide paradigm shift toward model-based test 

engineering methodologies [4]. By aligning with MBSE principles, the flight test community seeks 

to enhance the efficiency and effectiveness of flight testing, gain a deeper understanding of system 

behavior, and foster better collaboration among stakeholders [14] through model-driven test 

planning. This transition has the potential to do four things: 1) aid in the management of program 

complexities by highlighting communication routes and easing data transfer, 2) help in the 
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integration of new technologies and design approaches by enabling data-based decision-making, 

3) enable re-planning on the fly to support changing mission scenarios, and 4) support the needs 

of stakeholders by tracking requirement flow-down [30] [33] [34]. 

In response to this declared need, this paper presents the creation of an MBSE framework 

that has been applied to the physical testing of a SUT that creates and defines test scenarios. A 

simple case study exemplifies the methodology and demonstrates the effectiveness of model-based 

flight test scenario development.  

5.3.4 Background 

5.3.4.1 Model-Based Testing 

The MBSE methodology encompasses a range of interconnected processes, methods, and 

tools that operate within a "model-based" or "model-driven" framework [35]. Various industries, 

including aerospace and software development, have embraced MBSE methodologies to 

streamline the creation of complex systems and products, including testing [36]. MBSE 

methodologies create models that are abstract representations of reality [37]. These artifacts can 

represent various aspects of the desired behavior of a physical SUT. Interconnected state machine 

diagrams, use-case diagrams, sequence diagrams, and mathematical models allow researchers and 

testers to generate independent test cases that are decoupled from specific design implementations 

[38] [23]. The model can be used to define test parameters further and generate the details of a test 

plan for a given test case, allowing for testing, investigation, and optimization without using the 

physical asset. 
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5.3.4.2 Model-Based Testing Techniques 

Models serve as essential abstractions of physical systems, enabling engineers to reason 

effectively by focusing on relevant details while ignoring extraneous complexities. All branches 

of engineering heavily rely on models to comprehend intricate real-world systems [24]. Model-

based testing allows test engineers to concentrate on evaluating software behavior models to 

determine their acceptability, considering factors like reliability, maintainability, and efficiency 

[22]. These tests may be developed as a preliminary step before implementing the physical system, 

or they may stem from an existing or in-development system [24]. 

This study adopts the philosophies of grey box testing to realize maximum value and 

compatibility with current operational flight test procedures.  In grey box testing, the tester 

combines the benefits of black and white box testing. White box testing involves a meticulous 

examination of the internal logic and structure of the source code, necessitating the tester to possess 

comprehensive knowledge of the source code and the application's internal workings [18]. Black 

box testing is conducted when access to internal design or source code is not possible. Black box 

testers only understand the intended functionality of the software and have access solely to 

requirements specifications [18]. Grey box testing combines the benefits of both black box and 

white box testing, where the tester possesses limited knowledge of the internal structure or 

underlying code and understands the fundamental aspects of the system [26]. Furthermore, non-

functional testing can be performed to assess various attributes of a system, such as stress testing, 

which is not directly related to the application's functions. Non-functional testing can evaluate the 

system's readiness [26]. 

All these testing techniques require an underlying process for executing the methods. 

Among the most common methods used for test case generation from SysML diagrams is coverage 
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criteria. Coverage criteria are defined as the set of conditions and rules enforcing a set of test 

requirements on a software test to enhance the generation of comprehensive test cases based on 

the number of elements to cover or visit within a diagram [39]. There are eight standard transition-

based coverage criteria used in test case generation, of which all-paths coverage specifies that each 

executable path should be followed at least once, and all-configuration coverage is required to visit 

every configuration of the MBSE models at least once [39].  

Leveraging some of these model-based testing techniques and tools to plan flight tests, the 

T&E community can gain new approaches to evaluate flight test programs better, verify system 

functionality, ensure compliance with specifications, and ascertain that SUTs can consistently 

deliver the intended performance in operational scenarios.  

5.3.5 The Flight Test Application 

Traditional flight testing commences once a program manufactures a representative 

prototype SUT. During this stage, developmental T&E (DT&E) tests the SUT for integration, 

interoperability, supportability, safety, and utility [11]. DT&E demonstrates that the engineering 

design and development process is complete, design risks have been minimized, and system 

specifications have been met [9]. DT&E flight testing is primarily overseen by the Air Force Flight 

Test Center (AFTC) which assembles and authors comprehensive test plans "to communicate 

technical detail and logistics required to execute and report results of flight, ground, and laboratory 

tests of air vehicles, subsystems, and components" [16]. AFOTEC is responsible for conducting 

integrated operational T&E (OT&E) throughout program development, with dedicated OT&E 

after the program enters Low-Rate Initial Production [29] [31] [11].  
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5.3.6 Methods 

5.3.6.1 Model-Driven Test Design 

By leveraging approaches such as MDTD and the capability to isolate and test individual 

components independently, a powerful approach to optimizing system test design can be realized. 

Through MDTD, relationships and dependencies that govern the creation of solutions ensure a 

comprehensive understanding of the repercussions of any changes made at any stage of the process 

by highlighting the broken relationships [24]. MDTD has demonstrated the ability to aid in 

efficient testing and significantly enhance the overall development process of software [24]. By 

embracing MDTD principles, flight test organizations may be able to achieve higher levels of 

precision and confidence in their testing and development endeavors [26]. Applying MDTD 

approaches to flight test has the potential to identify a system's reliability, maintainability, and 

survivability deficiencies and allow system designers to correct deficits quickly, thereby enhancing 

overall system quality [24].  

The MDTD process empowers test designers to define tests at higher levels of abstraction 

by simplifying test generation into a series of tasks. The tasks use mathematical engineering 

structures to define test values independent of the intricacies of the design artifacts present in the 

software. The abstraction of the MDTD process allows the early involvement of designers in the 

test planning process and incorporates the testing into the design [22]. The canonical MDTD 

process [22] (illustrated in Figure 10 by the smaller black boxes) initiates with a test product, which 

could be a design element, a SysML model, a user manual, or actual source code within a SUT 

model [22]. The design artifact can take the form of a graph, logic expression, or a syntax 

description establishing test requirements [22]. MDTD empowers test designers to "raise the level 

of abstraction," [22] allowing a subset of testers to handle the high-level, statistical, and 
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defensibility aspects of test design and development. Traditional testers and programmers can then 

focus on automating tests, collecting and measuring values while executing the tests, and 

evaluating the results. This division of tasks enhances efficiency and effectiveness in the testing 

process by accomplishing both design and test planning in parallel and enhancing communications 

between designers and test stakeholders [22]. 

The flight test planning process can take advantage of the parallelism afforded by the 

MDTD process directly, as depicted by the yellow boxes in Figure 10. In flight testing, the design 

artifact can be defined as a requirement, function, or capability to be evaluated. Flight test design 

evaluates a design artifact and develops test scenarios at the design abstraction level. The test 

scenarios create detailed test plans at the implementation abstraction level that will be executed to 

collect the data required to evaluate the design artifact. The superimposed process results in test 

requirements that test the design artifact through the detailed test plan, bridging the gap between 

the design and implementation abstraction levels.  
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Figure 10. Model-Driven Test Design (black boxes) Super-Imposed with the Flight Test 
Planning Process (yellow boxes) 

 
5.3.7 Existing Test Scenario Generation Process  

At present, flight testing primarily involves authoring comprehensive test cases and safety 

plans, assembled to effectively communicate the technical details and logistics required for 

executing and reporting the results of flight, ground, and laboratory tests involving air vehicles, 

subsystems, and components [8]. The challenge with this established test planning practice is its 

document-centric approach and the relationships between stakeholders. Successful test planning 

is based on actual human relationships between stakeholders that are difficult to abstract and 

control. The process requires experienced individuals with in-depth system knowledge to create 

test scenarios. The process is usually accomplished through numerous meetings and iterations to 

identify and address all air vehicle behaviors. The relevant MOP/S correspond to the achievement 

of mission objectives. The MOP/S conveys information about the SUT structure and how it will 

perform in its operational environment.  
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5.3.7.1 Innovative Test Scenario Generation Process  

The importance of test scenarios cannot be overstated, as they play a pivotal role in 

identifying and communicating the conditions to be implemented during testing. They serve as a 

critical means to verify the successful and acceptable implementation of product requirements 

[40]. Test scenarios are devised to determine the essential measures (MOP/S) required to verify 

the successful and acceptable implementation of product requirements [40]. The MOP/S aligns 

with the mission objectives for the warfighter and provides insights into the system's structure and 

usability in the field [32]. Using an MBSE structure through various diagrams, the generation of 

test scenarios can be realized, facilitating the initiation of the testing process parallelizing with 

design and guiding the testing methodology [16].  

A practical approach to creating test scenarios can be realized by beginning with the use 

case diagram to generate scenarios, followed by the activity diagrams to define flows, and finally, 

the sequence diagrams to provide the detail required by the test plan. By implementing grey box 

testing techniques borrowed from software implemented within an MBSE construct, the result 

provides an alternative to the document-centric test planning process. The process is illustrated in 

Figure 11. As a result, these diagrams guide developers in designing the system and provide testers 

with essential information for conducting thorough testing [16]. 
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Figure 11. Grey Box Implementation of the Test Scenario Generation Process 

 

Borrowing from the MDTD process and using the grey box test scenario generation process 

illustrated in Figure 11, along with the use case diagram depicted in Figure 13, a basic flow can be 

generated using the use case diagram to model a series of dialogs. The generation of test scenarios 

relies significantly on the flow of events, which can be divided into two parts: the main flow of 

events and the alternate flows of events that can be extracted from either the use-case or activity 

diagram. The main flow of events represents the "normal" happenings when the task is performed, 

while the alternate flows of events encompass optional or exceptional case flows relative to normal 

behavior [20]. Some alternate flows may return to the basic flow of events, while others designated 

as exceptions may reach an endpoint. Both the basic flow of events and the alternate flows can be 

further organized into steps or sub-flows [40]. A SysML diagram requires significant detail to fully 

specify a use case and define the flows between the system and its actors. These details can be 

developed into steps, explaining the actions of both the actor and the system in response that are 

realized in the number of unique test scenarios [40]. 

Test scenarios are then designed using a structured and practical approach that explores the 

input space with minimal overlap. Reduction in overlap aids in cost reduction by maximizing the 

effectiveness of tests [22]. Using the coverage criteria approach and a proper SysML model with 

sufficiently detailed use-case, activity, and sequence diagrams, we can apply coverage criteria 

techniques to derive test scenarios. 
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5.3.8 Case Study Using Grey Box Test Scenario Generation Process 

To execute and assess the proposed MDTD processes, the following case study was 

produced using SysML implemented in MBSE with the Dassault Systemes’ Cameo Systems 

Modeler™ software package following the method illustrated in Figure 11. The case study model 

was created from a design and development point of view that did not consider any inputs from 

the testing community. The model was developed by one person over approximately four months 

using the system description document (SDD), capability design document (CDD), and initial 

capabilities document (ICD) products, while the document-centric test plan and its associated 

process required multiple SMEs and a timeline of approximately six months to accomplish.     

This case study focuses on AFOTEC’s Combat Search and Rescue Locator (CSARL) 

system.  CSARL is a fictional system developed as a training case for flight test personnel learning 

to create test plans. It is well documented and has a thorough reference test plan that has been 

redeveloped. This study will be an example system to demonstrate the proposed flight-test relevant 

test plan generation methods. Since the system is well documented and all AFOTEC personnel are 

familiar with the material, it makes a good benchmark for applying the grey box-inspired testing 

technique implemented in an MBSE environment to create a flight test scenario procedure without 

direct SME intervention. Moreover, it provides a means to compare outputs between the model-

centric and document-centric processes. 

The SUT for the case study is the CSARL system, which is a portable hand-held Global 

Positioning System (GPS) receiver system offering enhanced digital moving maps and real-time 

navigational capabilities for downed aircrew and search and rescue (SAR) forces during combat 

and peacetime survival scenarios. Its purpose is to complement current GPS-integrated survival 

radios, enhancing existing survival and rescue navigation capabilities without relying on 
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traditional map-and-compass techniques [41].  Documentation used in planning and testing the 

system, such as the CDD, ICD, SDD, and detailed test plan (DTP), illustrate the existing test 

scenario generation process. Figure 12 is an excerpt from the document-centric DTP and shows 

the table of contents highlighting the major headings of the information contained in the document. 

 

  

Figure 12. Excerpt of Table of Contents from CSARL Detailed Test Plan 

 

To implement the MBSE approach, a SysML model was created using the Dassault 

Systemes’ Cameo Systems Modeler™ software to represent the existing CSARL system and 

incorporate the system requirements from the SDD and descriptions defined in the ICD and the 

CDD. Figure 13 depicts the system's use case diagram and Figure 14 and Figure 15 illustrate the 

activity and sequence diagrams, respectively.
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Figure 13. SysML Use Case Diagram of the Combat Search and Rescue Locator (CSARL) System used in the Case Study. 
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Figure 14. SysML Activity Diagram of the Combat Search and Rescue Locator (CSARL) System Used in the Case Study with 
Identified Path Flows. 
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Figure 15. SysML Sequence Diagram of the Combat Search and Rescue Locator (CSARL) System used in the Case Study.
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The interaction between the SUT and people engaged in the process (actors) [40] is 

documented in an activity diagram (Figure 14). The dialogs explain the actor’s inputs or actions 

and the system interactions that are created in response [40]. For our CSARL example, the 

primary or essential flow is illustrated by the red path in Figure 14, which diagrams the situation 

where an aircraft experiences a critical mechanical failure, and the aircrew must eject.  

The basic flow designates the aircrew as being injured and immobile and can be 

summarized as: 

1.  Call for help: The aircrew, now designated as isolated personnel (IP), initiates a call for 

help and provides secured GPS coordinates.  

2. Generate Rescue Coordinates: The Joint Rescue Coordination Center (JRCC) 

authenticates the IP, relays the status and location information, and directs the search and rescue 

(SAR) forces to the IP’s location. 

3.  Input coordinates: The SAR forces team enters a pre-designated point(s) where the IP 

has indicated their location. 

4.  Circumnavigate: The SAR forces circumnavigate to the designated IP coordinates for 

rescue and extraction. 

In our CSARL case study, we have two alternate flows that can be executed, one by the 

aircrew personnel or IP and the other by the SAR forces. The first alternate flow designates the 

aircrew as able-bodied and able to proceed to a designated pick-up point (PUP). The blue path in 

Figure 14 illustrates alternate flow 1. The scenario is described as the JRCC directing both the IP 

and the SAR forces to a designated PUP coordinate where both parties circumnavigate for rescue 

and extraction. The second alternate flow is the case of imminent capture of the aircrew, where 
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they must perform a zeroized procedure that renders the handheld radio (HHR) inoperative. This 

is shown as the green path in Figure 14. 

Once all flows have been identified in the SysML activity diagram, a table of all possible 

flows is created by applying the all-paths and all-configurations coverage criteria to generate all 

possible combinations using the grey box test scenario generation process and the basic flow and 

each alternate flow. For our example, Table 5 lists all the generated possible flows and 

configurations. Figure 16 illustrates the grey box test scenario generation process by using scenario 

1 from Table 5 to generate the test procedure that outlines the steps required to execute the SAR 

team circumnavigation of the IP test case.  

Table 5. All Configurations of Flows are Arranged into Various Scenarios 

Document-Centric 

Scenario Name 
Model-Centric 

Scenario Name 
Starting 

Flow 
Alternate 

Flow 
Exceptions 

Flow 

Scenario 1 
Rescue Team Navigation 
and Recovery 

Scenario 1 
SAR Team Circumnavigate 
to IP  

Basic flow   

Scenario 2 
Isolated Personnel 
Navigation and Recovery 

Scenario 2 
IP & SAR Team 
Circumnavigate to PUP 

Basic flow Alternate flow 1  

Scenario 3  
Zeroize HHR 

Scenario 3 
Perform Zeroize Procedure 

Basic flow  Alternate flow 2 
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Figure 16. Activity Diagram of Scenario 1 Illustrating the Test Procedure that Outlines the Steps 
Required to Execute the SAR Team Circumnavigate to IP Test Case. 

 

The case study illustrates that employing an MBSE framework in tandem with specific 

grey box testing techniques makes it possible to construct test scenarios efficiently. These 

generated test scenarios can then be seamlessly integrated into comprehensive test plans aimed at 

evaluating a system's capabilities [22]. The case study also shows the SysML model can effectively 

fulfill the need for well-defined documents outlining test scenarios tailored to the flight test 

objectives mandated by the acquisition process. Furthermore, the MDTD process can produce 

these essential documents with a level of reliability equal to the current document-centric method, 

yielding comparable elements crucial for successful testing [18]. The case study underscores the 

proposed approach as a viable method for generating test scenarios that contribute significantly to 

the test planning process. 
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5.3.9 Results and Discussion 

This case study now allows a comparison between document-centric and model-centric 

processes.  

5.3.9.1 Comparison of Processes Using Coverage Criteria  

The results of the model-based test scenario-generating method show that this method is 

effective in creating detailed test scenarios for use in the generation of detailed test plan documents 

(DTP)1. Comparing the results between the document-centric and model-centric processes reveals 

that the model-based method generates a comparable number of test scenarios as the document-

centric process, as illustrated by contrasting the contents of Table 5 with the table of contents from 

the DTP illustrated in Figure 15. Similar outputs between the model-based test scenario and 

document-centric approaches provide confidence that both processes can generate similar 

documentation for testing SUTs. 

Comparing the subheadings from the table of contents in the training DTP shown in Figure 

12 with the steps outlined in the activity diagram in Figure 16, it is evident the model-based test 

scenario-generating method produces steps and content similar to the document-centric process. 

All the required steps from the training DTP have been accounted for and sufficient detail is 

presented in the SysML activity diagram (Figure 14) to generate a detailed DTP.  As illustrated in 

Table 6, there is a simple and defensible mapping between the DTP steps generated from each 

process.  Although the number of DTP steps and their level of detail is higher in the results of the 

 

1 Because the federal acquisition regulations (FAR) process is dictated by law, any new flight test process must create 

the equivalent documents for review and signature approval process required by the federal acquisition regulations, including the 

DTPs that are the output of this process.  
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model-centric process, Table 6 illustrates that the completeness and coverage of the model-centric 

test development process can be validated relative to the document-centric test development 

process.  

Table 6. Scenario 1 Comparison of the Document-Centric DTP Steps with the Model-Centric 
Process-Generated Steps Derived from the SysML Activity Diagram. 

Document-centric 

process 
Model-centric Process 

Remarks 

Scenario 1: Rescue Team 

Navigation and Recovery 

Scenario 1: SAR Team 

Circumnavigate to IP 

Build RCC & IP Waypoints Plan a route to rescue IP Both processes accomplish the same task. 
Plot Rescue Coordination Center 
(JRCC) 

Plot JRCC position Both processes accomplish the same task. 

Plot Isolated Personnel (IP) 
Waypoint 

Plot coordinates where SAR 
forces will find IP 

Both processes accomplish the same task. 

Plot Dry Run route from RCC to 
IP 

Plot Route from RCC to IP Both processes accomplish the same task. 

Plot Drop-Off Point (DOP) Plot DOP for SAR forces Both processes accomplish the same task. 
Build RCC to DOP Route 

Plot Route from RCC to IP 
The model-centric process combines all 
the document-centric steps into one phase. 

Create a Route from RCC to 
DOP. 
Create a Route from DOP to IP. 
Download Route from MPC to 
HHR 

Enter DOP Both processes accomplish the same task. 

Select RCC to IP Route 
Display Topographical Map 
based on DOP coordinates 

Both processes accomplish the same task. 

Select Drop Off Point (DOP) 
Route 

Display distance to DOP The document-centric process combines 
all the model-centric steps into one phase. 
The detailed steps are broken down into 
minor subheadings. 

Navigate to DOP 
Update Topographical map 
update distance to DOP 

Navigate to IP 

Enter IP coordinates Both processes accomplish the same task. 
Display Topographical Map 
based on IP coordinates The document-centric process combines 

all the model-centric steps into one phase. 
The detailed steps are broken down into 
minor subheadings. 

Display distance to IP 
Navigate to IP 
Update Topographical map 
update distance to IP 

Rescue IP Make Contact IP Both processes accomplish the same task. 
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5.3.9.2 Using Design-centric Models for Test Planning 

Although the developed testing plans using the document-centric and model-centric 

approaches define the same testing tasks, the model-driven process is not fault-free.  Because the 

MBSE model developed to represent CSARL was built from a design perspective, it does not 

represent every connection that would be important from a testing and evaluation point of view.   

For example, Figure 14 Illustrates two alternate flows: 1) test scenario 2: IP & SAR Team 

Circumnavigate to PUP, and 2) test scenario 3: Perform Zeroize Procedure. Focusing on test 

scenario 3, Figure 15 confirms that the alternate flow exists but does not provide details about the 

zeroing process. A comparison between the subheadings in the document-centric training DTP 

(Figure 12) and the steps in the model-centric process (Figure 15) demonstrates that the SysML 

activity diagram lacks sufficient detail to generate a detailed DTP for this case. A SysML activity 

diagram (Figure 17, which outlines the steps required to perform the zeroing process) is contained 

in the model, but this activity diagram is not explicitly referenced in the activity diagram of the 

CSARL system (Figure 14). 
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Figure 17. This Activity Diagram of Test Scenario 3 Illustrates the Test Procedure, which 
Outlines the Steps Required to Execute the “Perform Zeroize Procedure.” 

 

The explicit reference for the zeroing process is shown in Figure 17 should be shown as a fork 

in the zeroize task contained in the Figure 14 activity diagram. The model designer creates links 

in models. In the case study, the model designer approached the model design from the 

development perspective without tester input.   

The lack of tester input and review of the model leads to a lack of connectivity between 

the activity diagrams. Testers with SUT and MBSE software knowledge must provide oversight 

and input when creating the models. These testers serve as a quality control check to verify that all 

information required to produce quality test plans is available and documented in the model. 

Although the model-based approach can potentially eliminate the need for multiple SMEs and 

meetings to develop detailed test plans, the process must create written DTP documents controlled 

for quality through something like the traditional, expert-driven signature process.  

5.3.10 Conclusions  

The CSARL case study example shows that the novel, innovative grey box test scenario 

generation process can create the required documents at the same fidelity as the document-centric 

process [23] [18]. The case study shows the potential for efficient and valid use of SysML models 

for test plan design with MBSE and MDTD [35]. MBSE and grey box testing realize the promise 
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of digital transformation and constitute a stride toward modernizing testing methodologies to 

enhance system evaluation and validation [22] [39]. The CSARL case study exemplifies how 

adopting the MBSE method aids in formulating test scenarios and can contribute to comprehensive 

test plans for assessing a system's capabilities [39]. This enhancement can assist in the expedited 

development of test scenarios [18] [26] by being responsive to mission changes and technology 

changes that usually occur during a SUT acquisition life cycle.  Embracing the paradigm shift 

toward MBSE in flight test planning provides progress toward successfully implementing DoD’s 

Defense Digital Engineering Strategy [30] [33]. 

This exercise also provides evidence to support the idea that MBSE and MDTD do not 

replace the human element in test planning since the output quality depends on the test relevance 

and completeness of the model, which must be checked by capable personnel. This insight 

empowers testers to engage earlier in the architectural and design aspects of the model 

development [17]. Implementing MBSE and the concurrent generation of a testing and operational 

evaluation model allows the tester to embed testing information in the model of a SUT. Flight test 

planning and operational test planning can then occur without the physical asset, allowing test 

development earlier in the acquisition life cycle. Moreover, the creation of a digital test model 

leads to a digital test artifact that can be incorporated into a larger life-cycle model to capture the 

importance and value of flight and operational testing [35]. 

5.4 Remaining Tasks Associated with Research Question 1  

Research question 1 contained two other tasks not addressed in the publication. The tasks 

were to identify the metrics used in controlled software experimentation and examine which 

metrics used in software testing are suitable for implementation in flight testing. 
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5.4.1 Software Testing Metrics 

Organizations use metrics to obtain information to help improve productivity and reduce 

errors, products, and services [42]. Using metrics “throughout the testing effort leads to identifying 

risks and problems early in the test process, minimizing the impact of problems” [43]. Thus, 

metrics provide an avenue for identifying and tracking problems with a SUT’s development. Both 

the software and flight test community use metrics to effectively control costs and time, implement 

quality improvements, and reduce risk [43]. 

The metrics used by the software testing community fall into three categories: manual, 

production, and automated, but flight test is only concerned with those metrics that fall within the 

manual category and include [42]: 

• Defect Acceptance (DA): This metric determines the number of valid defects the testing 

team identified during execution. To get a better picture, the value of this metric can be 

compared with previous releases. 

• Defect Rejection (DR): This metric determines the number of defects rejected during 

execution. It gives the percentage of invalid defects the testing team has opened, which 

one can control, if necessary, in the future. 

• Test Execution Productivity (TEP): This metric gives the test cases execution 

productivity, which, on further analysis, can provide conclusive results. 

• Test Efficiency (TE): This metric determines the efficiency of the testing team in 

identifying defects. It also indicates which defects were missed during the testing phase 

and migrated to the next phase. 
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5.4.2 Metrics Suitable for Transfer to Flight Test   

The flight test community has developed its own set of metrics like those used by software 

testing and provides the same information as those described in task 4. Thus, no significant 

findings were found, and there were no major differences between what and how the software and 

flight test communities generate and report metrics. 

Despite the goal of both the software and flight-testing communities to discover correct 

errors and deficiencies, the two societies differ in how this task is accomplished. The software 

testing community uses beta testing and incremental rollout of capabilities to collect bugs and 

errors. These issues are then documented and tracked for resolution before mass deployment to the 

targeted population or remain unresolved if the problem does not impact the overall function of 

the SUT or is a minor inconvenience to the user. Any issues found do not affect life or property 

and only reduce or stop the operation of a SUT. Therefore, software testing is only concerned with 

operation and satisfying client requirements. 

Flight testing deals with one-of-a-kind or limited production of SUTs; thus, great care is 

taken not to damage or destroy an asset. Therefore, issues and problems discovered with a SUT 

are documented using a well-established process known as the Joint Deficiency Reporting System 

(JDRS) and are detailed in the Air Force’s technical order (T.O.) 00-35D-34 [44]. The USAF 

Deficiency Reporting, Investigation, and Resolution technical manual “provides the Air Force with 

a means of identifying deficiencies, resolving those deficiencies within the bounds of program 

resources and the appropriate acceptance of risk for those deficiencies that cannot be resolved 

promptly” [44]. Therefore, no significant findings were found, and the flight test community has 

an engrained process for dealing with discovered problems and issues. 
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5.5 Addressing Research Question 1  

After performing the above research tasks, I am equipped to address Research Question 1, 

which is restated as follows: What software testing techniques are translatable to flight testing? 

This review has determined that various testing methods and techniques from multiple 

software practices could be adapted for integration into flight testing, thereby enabling the 

development of innovative testing methodologies and approaches for flight SUTs. These methods 

are presented in Table 4. A subset of these techniques was operationalized with the CSARL case 

study, illustrating the implementation of a grey box approach using the Model-Based Testing and 

Development (MDTD) process within a Model-Based Systems Engineering (MBSE) framework.  

The research findings presented in this chapter have documented the testing methodologies 

presently employed in both software and flight testing. The research has summarized a collection 

of techniques originating from software testing engineering, but which have yet to find application 

in flight testing and are absent from the existing body of published flight-testing literature. The 

outcome of this review is an identification of numerous model-based testing procedures and 

concepts developed in software (such as state-model testing, class-diagram testing, thread-based 

testing, and use-based testing, all falling under the category of MBT and MDTD) that could 

contribute to model-based flight testing. These assessments support the idea that MBSE-enabled 

T&E will drive innovations in model-based testing as applied to flight systems. 
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CHAPTER 6  – A CASE STUDY-BASED ASSESSMENT OF A MODEL-DRIVEN 

TESTING METHODOLOGY AND METRICS OF MODEL REUSE 

 
 
 
6.1 Introduction 

This chapter addresses Research Question 2, which is restated as follows: What are the 

costs and benefits of the techniques associated with Research Question 1 when implemented in an 

MBSE construct?  

To answer this question, this chapter presents one baseline and two MBSE test case studies 

in which the MDTD is assessed for its cost and benefits regarding novel model and artifact 

reusability metrics.   

6.2 Publication Details 

The following discussion is based on my second publication, submitted to the International 

Test and Evaluation Association (ITEA) Journal of Test and Evaluation. The abstract was selected 

for presentation in the technical poster paper session of the annual International Test and 

Evaluation Symposium in Huntsville, Alabama, scheduled for November 2024. The annual ITEA 

Symposium is where organizations and professionals collaborate to advance and exchange 

technical, programmatic, and acquisition information among the T&E community. This work is 

fully replicated in this dissertation, with adjustments to conform to dissertation style guidelines. 

The publication's references have been integrated into the dissertation's reference section, though 

the content remains unchanged. The following discussion focuses on model reusability and metrics 

for measuring artifact reusability between models. 
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6.2.1 Abstract 

The Department of Defense (DoD) Test and Evaluation (T&E) community has fully 

embraced digital engineering, as defined in the 2018 Digital Engineering Strategy, motivating the 

ongoing development and adoption of model-based testing methodologies. This article expands 

upon existing grey box model-driven test design (MDTD) approaches by leveraging model-based 

systems engineering (MBSE) artifacts to generate flight test planning models and documents. A 

baseline model of a system under test (SUT) and two additional system case studies are used to 

assess a Model-Driven Test Design (MDTD) process. The paper illustrates the method's 

applicability to these case studies, assesses the benefits of MDTD by applying novel metrics of 

model element reuse, and discusses the relevance to operational flight testing. This approach is 

novel within the flight-testing community, as it is the first implementation of MDTD in USAF 

operational testing applications. Whereas previous studies have explored SysML model reuse in 

small-scale problems or product families, MBSE model management for operational tests at flight-

system scale and assessment of reuse in the T&E phase of the SE lifecycle are unresearched to 

date. This methodology and the case studies will be of particular interest to those involved in 

developing, executing, and reporting on flight test plans in the context of the DoD Digital 

Engineering transformation. 

6.2.2 Introduction 

Within the Department of Defense (DoD), flight test plans are developed to "communicate 

technical details and logistics for executing and reporting the outcomes of flight, ground, and 

laboratory tests on air vehicles, subsystems, and components" [16]. They establish a connection 

between test points and specified requirements, confirming that the SUT aligns with system 

specifications and delivers the intended performance in the proposed operational environment. 
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These plans encompass all aspects of test execution, including allocating critical test infrastructure 

and resources, proper data collection, and the procedures for post-flight analysis. Test plans 

capture and communicate a broad set of derived requirements that must be met for the successful 

execution of flight tests and are an integral aspect of the DoD acquisition process [3]. The 

conclusions drawn from the post-flight data analysis are then incorporated into reports to 

communicate and validate the SUT's flight test performance [45].  

Within existing DoD acquisition processes, flight testing is an essential component of a 

sequential, document-centric, and resource-intensive process that often does not include early 

flight test planning. This sequential acquisition process commonly leads to prolonged cycle times, 

difficulties assimilating warfighter insights and feedback, an inability to swiftly integrate emerging 

technologies [28], and poorly justified or uncertain decision-making [2]. The existing flight test 

planning procedure is a meticulous, documentation-focused process that demands extensive 

configuration management efforts to ensure the currency of essential documents relative to the 

SUT. Considerations for flight testing most often arise late in the acquisition process, resulting in 

program delays due to test planning, instrumentation, test operations, and analysis. Generally, the 

traditional flight test planning activity is driven by consensus and expertise, which consumes 

significant man-hours and costs. 

Within the context of the DoD's drive towards digital transformation, this research seeks 

to develop a model-based testing (MBT) methodology using model-based systems engineering 

(MBSE) concepts to enable improved integration of flight test planning with the digital 

engineering-driven acquisition process. This paper will expand on existing model-based grey box 

testing processes [28]. We develop and demonstrate a flight-test-specific MBT methodology using 

a set of digital engineering models that represent the product of a DoD MBSE-enabled product 
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development process. These models are scrutinized to assess their adequacy in providing the 

information necessary for test planning. The MBT process identifies missing parts or information 

by reviewing the native digital template and the resulting draft test plan. The proposed MBT 

process seeks to allow for the re-population and re-generation of a new version of the test plan 

when new information, updates, or new technology is inserted into the model. These assertions are 

tested through an assessment of the MBT methodology’s ability to generate model-driven test plan 

artifacts that are updateable, consistent, and adaptable across acquisition programs [28]. 

6.2.3 Background 

MBT is a subset of the emerging domain of MBSE [46]. The MBSE methodology 

comprises a set of interconnected processes, methods, and tools operating within a "model-based" 

or "model-driven" framework [34]. MBSE methodologies generate digital models that serve as 

abstract representations of reality [36].  These models include elements that rely on the power of 

computer models to capture, recall, and relate associated data. These elements can describe various 

aspects of a physical SUT's desired structure and behavior, business processes, and requirements. 

In practice, the set of interconnected state machine diagrams, use-case diagrams, sequence 

diagrams, and mathematical models enable testers to create independent test cases, scenarios, and 

plans abstracted from specific design implementations [47] [38]. Under the MBT paradigm, the 

model should precisely define test parameters and automatically generate detailed test plans for 

test cases. This enables automated and model-based testing, investigation, and optimization, 

lessening the dependence on physical assets. An MBSE testing model enables the parametric 

optimization of various test parameters, enabling agile or even evergreen reuse without rewriting 

the test plan when new requirements or changes to the SUT are introduced. This contrasts with the 
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current document-centric process, which requires manual revisions each time the SUT or its 

requirements change. 

A component of MBT is Model-Driven Test Design (MDTD), which seeks to develop a 

comprehensive understanding of relationships and dependencies that govern test design, 

facilitating a thorough assessment of the testing implications of changes made at any stage of the 

product’s design cycle [48]. MDTD significantly enhances the overall testing development process 

[48]. The MDTD process allows a subset of experienced testers to handle the high-level, statistical, 

and defensibility aspects of test design and development. In contrast, other testers plan the details 

of Validation and Verification (V&V) criteria, testing operations, and safety. This abstraction 

allows for the early involvement of designers responsible for the test planning process to 

incorporate testing requirements into the system design [49]. Ideally, MDTD empowers the 

operators and test team members to influence and contribute expertise in shaping and refining 

different aspects of a physical SUT's intended structure and behavior. 

The DoD employs Digital Engineering (DE) methods and tools to transform how data is used 

to plan, design, develop, test, deploy, and sustain new systems and mission support capabilities 

[50]. While DE adoption is increasing, current programs face challenges due to existing 

infrastructure, processes, and workforce limitations. MBSE for T&E applies a digital approach to 

support test planning, execution, and the analysis of results while integrating model-based data as 

needed [50]. MBSE allows engineering teams to operate and handle the complexity of modern 

systems within a digital environment [50]. This digital environment promotes interoperability, 

helps identify conflicting requirements or technical gaps, and ensures configuration management 

as system designs evolve [50]. 
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The "MBSE for T&E" roadmap presented in the “Positioning Test and Evaluation for the 

Digital Paradigm” [50] is a structured shift from a paper-based, siloed acquisition process to a 

data-centric T&E acquisition lifecycle as part of the DE transformation [50]. This roadmap is 

divided into three phases. Phase 1, Model-Based T&E Planning and Control, replaces traditional 

paper-based artifacts with digital ones, including descriptive and execution models. Phase 2, 

Dynamic T&E Planning and Execution, builds on the Phase 1 framework by incorporating 

quantitative methods that allow dynamic updates to test plans. Finally, Phase 3, Coupled Mission, 

System, and T&E Decision Making, integrates the Phase 2 framework with mission and systems 

engineering models [50]. 

6.2.4 Methods 

To assess the practical costs and benefits of MDTD, this study seeks to compare the 

processes by which test plan elements are used under current DoD guidance and the processes by 

which the same elements can be developed and reused under an MDTD test plan generation 

process.  This section presents the characteristics of the existing test planning process, the elements 

that feed into the proposed MDTD test planning process, and the methods by which they will be 

compared.  The comparison will be made using two test cases and one baseline case. AFOTEC’s 

test plan generation process was used to develop the test plan elements using a document-centric 

and model-centric approach.  Finally, the details of the comparison methods are presented as 

follows.   

6.2.4.1 Baseline Operational Test & Evaluation Test Planning Process  

DOT&E requires proper T&E execution and the accomplishment of operational test and 

evaluation (OT&E) before an acquisition program enters full-rate production and reaches full 

operational capability. DOT&E accomplishes oversight by approving the adequacy of test plans 
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developed, written, and executed by AFOTEC personnel with assistance from DOT&E office 

personnel. 

The OT&E Construct is the Air Force’s framework for conducting an operational test. It 

identifies two elements of an operational test and their relationship to each other [45]: 

• Operational Effectiveness measures the system's overall capability to accomplish a 

mission when used by representative personnel in the expected or planned 

operational environment while considering organization, doctrine, supportability, 

survivability, vulnerability, and threat. 

• Operational Suitability measures the degree to which a system can be satisfactorily 

used in the field while considering its availability, compatibility, transportability, 

interoperability, reliability, wartime usage rates, maintainability, safety, human 

factors, manpower supportability, logistics supportability, natural environmental 

effects, and impacts, documentation, and training requirements. 

These two elements of the operational test (Effectiveness & Suitability) are assessed by 

critical operational issues (COI), which address a vital mission element or operational objective to 

determine the system's overall capability to support mission accomplishment. These COIs are 

assigned measures designed to convey information about a system's effectiveness, capabilities, 

functions, properties, or structure. COIs are usually categorized as measures of effectiveness 

(MOE), measures of performance (MOP), or measures of suitability (MOS) [51]. These MOEs, 

MOPs, and MOSs are the criteria used to assess system behavior, capability, or operational 

environment changes. They measure the end state, achieve an objective, or create an effect. An 

MOE is designed to assess how the SUT can accomplish mission objectives and achieve desired 

mission effects. A MOP measures a system’s capabilities, while a MOS measures the ability to 
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support the SUT in its intended operational environment [52]. Furthermore, each measure (MOS 

and MOP) is then composed of data elements, defined as any measurement or information used to 

determine the value of a measure. Data elements may be quantitative, qualitative, subjective, or 

objective. Figure 18 illustrates the hierarchy of these measures outlined in red and how they fall 

within the overall AFOTEC OT&E construct. 

 

 

Figure 18. Measure Hierarchies and the Overall AFOTEC OT&E Construct 

 

AFOTEC uses a well-established test planning process outlined in the relevant guides [45] 

and [51]. The flight-testing community has not demonstrated this process in a digital engineering 

construct, nor have acquisition systems been developed using an MBSE approach. The methods 

proposed in this paper define how this process may be adapted to enable an MDTD test planning 

process for future digital engineering-enabled test articles. 

The current document-centric test plan development process encourages test planners to 

review and research previous test plans as a starting point for drafting new plans. This approach 



   

83 

relies heavily on "copy and paste" reuse to develop test plan elements such as COIs, MOEs, MOPs, 

and MOS. The challenges associated with this document-centric reuse are that COIs, MOEs, 

MOPs, and MOS are often interrelated, and the relationships between them are not usually 

explicitly captured or crosslinked in the test plan document. Their relationships are such that small 

changes to a single MOE realize significant changes to multiple MOPs or MOSs, which appear 

numerous times throughout the document and must be manually updated. As test plans evolve, 

these elements often change, requiring planners to update them repeatedly across different 

sections. This repetitive process consumes significant time, manpower, and resources. 

Additionally, the document-centric approach lacks an effective reuse mechanism due to personnel 

turnover, and team committees and stakeholders need to reconvene and debate changes. In general, 

although the reuse of test plans is possible within a document-based systems engineering construct, 

the utility of reused test plan documents is, in practice, very low, and every test plan is functionally 

independent. 

6.2.4.2 Proposed Model-Based AFOTEC Testing Methodology 

Test planning is identifying and communicating the conditions to be implemented during 

testing. Test plans are the systems engineering artifact that communicates successful and 

acceptable implementation of product requirements [8]. Test plans are devised to determine the 

measures required to confirm the implementation of product requirements that align with the 

warfighter's mission objectives and that provide insights into the system's structure and usability 

in the field [53]. Using an MBSE-enabled process, testing engineers can generate test plans by 

building test models during the design and development of the product and associated models. 

This approach facilitates the modeling of the testing process parallel to the design and guides all 

users on the testing requirements and methodology. 
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A pragmatic approach to formulating a test plan from a given model involves furnishing 

the model with testing elements to be utilized in developing the test plan. These elements should 

contain the critical measures (as illustrated in Figure 18) and operational details needed to create 

an operational test plan. Developing and implementing a testing model based on the OT&E 

construct within an MBSE-enabled MDTD enables the creation of test plan models. 

6.2.4.3 Model Reuse Assessment 

In this study, we have developed a set of case studies that can be used to derive examples 

of MBSE-enabled test plan models.  We then determine the degree of reuse enabled by the 

proposed MBSE-enabled MDTD process.  Although many benefits have been asserted in literature 

for an MBSE-enabled MDTD process, model reuse is stated consistently to be a key benefit of 

MBSE relative to the conventional document-centric test planning process [35] [46].  In the context 

of the continuous testing activity that is the responsibility of AFOTEC, model reuse is a crucial 

characteristic of improving the efficiency and effectiveness of test plan development under the 

Digital Engineering construct.  Sharing information and automating administrative tasks save time 

and facilitate process reuse [4]. 

Since MBSE is still in the early stages of adoption within the DoD and the aerospace 

industry, a clear definition and ontology of SysML model reuse is required. In this study, we adopt 

a definition of reuse from software engineering [54]. In the software engineering community, reuse 

often involves a "copy & paste" method, where specific artifacts are copied and adapted to meet 

the current project's needs [55]. This reuse extends the software artifact’s functionality, enabling 

it to be integrated or repurposed for different applications [54], albeit with a system of systems 

emergent risks from the multi-proprietary and multi-generational nature of such reuse [56].  



   

85 

To achieve significant benefits, reuse must be systematic, and organizations implementing 

reuse programs must measure their strategies' effectiveness [57]. Reuse can be classified into three 

distinct categories [55]: 

1. Identical Subset Reuse: This occurs when a subset of initial functions or elements 

are identical to a subset of the new functions or elements, requiring only minor 

changes such as renaming. 

2. Modified Subset Reuse: This involves a subset of initial functions or elements that 

are modified versions of the new functions or elements. This category can be further 

divided into: 

a. Minor Modifications: This involves minor changes, such as renaming or 

altering input/output values. 

b. Major Modifications: Significant modifications to the content are required 

while maintaining the same structure. 

3. Creation of New Elements: This involves the creation of entirely new functions 

or elements. 

A standard metric used to measure systematic software reuse is Product Reuse Percent 

(PRP), which indicates how much of the product can be attributed to reuse. This metric is 

calculated using the amount of reused source instructions (RSI) and shipped source instructions 

(SSI). Reuse percent is calculated as follows [57]: 

𝑷𝑷𝑷𝑷𝑷𝑷 =
𝑷𝑷𝑹𝑹𝑹𝑹𝑷𝑷𝑹𝑹𝑹𝑹 + 𝑹𝑹𝑹𝑹𝑹𝑹 ∗ 𝟏𝟏𝟏𝟏𝟏𝟏 (1) 
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When the product has no reuse instructions, RSI=0, resulting in PRP=0. When RSI=SSI, 

all shipped instructions are the result of reuse, RSI=SSI, and PRP=1. 

An alternate metric of software reuse is Reuse Value Added (RVA) [58]. This metric 

evaluates the potential benefits of consuming and producing reusable software and is based on a 

productivity index that determines the effectiveness of reuse across multiple products. The RVA 

is calculated as follows [58]: 

 𝑷𝑷𝑹𝑹𝑹𝑹 =
(𝑹𝑹𝑹𝑹𝑹𝑹 + 𝑷𝑷𝑹𝑹𝑹𝑹) + 𝑹𝑹𝑹𝑹𝑷𝑷𝑺𝑺𝑺𝑺𝑹𝑹𝑹𝑹𝑹𝑹  

(2) 

Products that do not reuse code have RVA = 1, while an RVA = 2 indicates that the product 

is twice as effective than if the product was created without reuse [58]. The total effectiveness of 

a development product is higher when RVA scores are higher. 

Source Instructions Reused by Others (SIRBO) represent the total lines of code that new 

products reuse from existing ones. SIRBO measures the extent and success of reusing components 

from older products [58]. Organizations that develop successful, reusable components will have a 

high SIRBO, as the metric increases each time another product reuses the software. SIRBO is high 

in organizations that produce high-quality, well-documented, broadly applicable, and reusable 

components [58]. SIRBO is calculated by summing the code lines for all product parts that 

contribute to reuse. 

 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 = [(𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 𝐨𝐨𝐨𝐨 𝐏𝐏𝐍𝐍𝐨𝐨𝐏𝐏𝐍𝐍𝐏𝐏𝐏𝐏𝐏𝐏) × 𝐋𝐋𝐋𝐋𝐋𝐋𝐍𝐍𝐏𝐏 𝐨𝐨𝐨𝐨 𝐂𝐂𝐨𝐨𝐏𝐏𝐍𝐍 𝐒𝐒𝐍𝐍𝐍𝐍𝐏𝐏𝐍𝐍𝐏𝐏] (3) 

Substituting the SIRBO equation into the RVA calculation provides a simple formula using 

direct measurements of a product [58].   
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 𝑷𝑷𝑹𝑹𝑹𝑹 =
(𝑹𝑹𝑹𝑹𝑹𝑹 + 𝑷𝑷𝑹𝑹𝑹𝑹) + [(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵 𝒐𝒐𝒐𝒐 𝑷𝑷𝑵𝑵𝒐𝒐𝑷𝑷𝑵𝑵𝑷𝑷𝑷𝑷𝑷𝑷)  × 𝑳𝑳𝑳𝑳𝑳𝑳𝑵𝑵𝑷𝑷 𝒐𝒐𝒐𝒐 𝑪𝑪𝒐𝒐𝑷𝑷𝑵𝑵 𝑷𝑷𝑵𝑵𝑵𝑵𝑷𝑷𝑵𝑵𝑷𝑷 ]𝑹𝑹𝑹𝑹𝑹𝑹  

(4) 

Since our models contain modeling elements and not lines of code, we will redefine RSI 

as the number of reused elements (RSE) and SSI as the number of model elements (ME). Thus, 

we can define a new metric for model reusability, called Model Reuse percent (MR%, analogous 

to PRP), which is calculated as follows:  

 𝑴𝑴𝑷𝑷% =
𝑷𝑷𝑹𝑹𝑹𝑹𝑷𝑷𝑹𝑹𝑹𝑹 + 𝑴𝑴𝑹𝑹 ∗ 𝟏𝟏𝟏𝟏𝟏𝟏 

(5) 

Moreover, since lines of code reused in the SIRBO equation are equivalent to reused 

elements, and the number of products is the same as the number of models, we can restate the 

RVA formula for use in modeling as follows: 

 𝑷𝑷𝑹𝑹𝑹𝑹 =
(𝑴𝑴𝑹𝑹+ 𝑷𝑷𝑹𝑹𝑹𝑹) + [(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵 𝒐𝒐𝒐𝒐 𝑴𝑴𝒐𝒐𝑷𝑷𝑵𝑵𝑴𝑴𝑷𝑷)  × 𝑷𝑷𝑹𝑹𝑹𝑹]𝑴𝑴𝑹𝑹  

(6) 

The RM% metric primarily assesses the reuse of artifacts between two consecutive 

generations of models. On the other hand, the RVA metric can evaluate reuse between consecutive 

model generations and between a baseline model and subsequent models that are multiple 

generations removed. Figure 19 illustrates the relationships between these two metrics and the 

models. Both the RM% and RVA metrics will be applied to evaluate the extent of reuse. 
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Figure 19. MR% and RVA Metrics as Applied Between the Generations of Case Study Models. 

 

The proposed refined RVA metric offers a straightforward way to assess how effectively 

elements are reused from the baseline model through multiple generations of reuse in other models. 

A score above 1 signifies successful reuse, indicating that developers consistently reuse 

components with each new model iteration. This metric encourages developers to create high-

quality, well-documented, widely applicable components. By doing so, it supports the creation of 

more reusable artifacts. Ultimately, this leads to improved efficiency and sustainability in the 

development process [58]. 

6.2.5 Case Studies Definition 

Three case studies were developed and produced using SysML implemented in MBSE with 

the Dassault Systemes’ Cameo Modeler™ software package to execute and assess the proposed 

process. The first case study model, the Combat Search and Rescue Locator (CSARL), was created 

from a design and development point of view. The model excluded participation and inputs from 

the testing community during its development. The second model, the E-X airborne multi-sensor 
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platform, is a revision and update of an example in the textbook “Effective Model-Based Systems 

Engineering” [35]. The third model, the next-generation sensor (NGS) system, is a generalized 

version of a “real-world” example model developed by the Air Force Material Command (AFMC) 

digital engineering program office.  The NGS model teaches government and contractor personnel 

how to use and implement the weapon government reference architecture (weapons GRA) used to 

standardize the Air Force’s implementation of digital engineering into the DoD’s acquisition 

process. Details of these case studies and why they were chosen are presented in the following 

paragraphs.   

The baseline case study focuses on AFOTEC’s Combat Search and Rescue Locator 

(CSARL) system. CSARL is a fictional system developed as a training case for AFOTEC flight 

test personnel learning to create test plans. It is well-documented, well-accepted in the testing 

community, and has a thorough test plan “answer key”. The CSARL system is notionally a portable 

hand-held Global Positioning System (GPS) receiver system offering enhanced digital moving 

maps and real-time navigational capabilities for downed aircrew and search and rescue (SAR) 

forces during combat and peacetime survival scenarios. Its purpose is to complement current GPS-

integrated survival radios, enhancing existing survival and rescue navigation capabilities without 

relying on traditional map-and-compass techniques [59]. CSARL is an example system 

demonstrating the proposed methods for relevant flight-test test plan generation. Since the system 

is well-documented and all AFOTEC personnel are familiar with the application and model, it is 

a good benchmark for applying the grey box-inspired testing technique implemented in an MBSE 

environment to create a flight test plan without direct SME intervention. Moreover, it provides a 

means to compare outputs between the document-centric and model-centric processes. 
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The first case study uses a system described in the Effective Model-Based Systems 

Engineering textbook [35]. The textbook introduces the “E-X Airborne Sensor Platform” as a 

hypothetical system used to exemplify the development of various diagrams for defining and 

describing software-intensive aerospace systems using System Modeling Language (SysML). The 

E-X airborne multi-sensor platform gathers intelligence, surveillance, and reconnaissance (ISR) 

data. Operating in collaboration with ground stations and affiliated organizations, it facilitates the 

collection and dissemination of ISR products.  E-X platform executes ISR missions and performs 

aerial imaging and sensing functions [35]. The E-X case study is a valuable example of a 

moderately complex system, utilizing SysML diagrams readily accessible in the textbook [35] and 

easily replicated. Like the CSARL case study, the E-X system includes comprehensive 

documentation, making it an ideal standard for applying grey box-inspired testing techniques 

within an MBSE environment. Additionally, it offers another podium for comparing outcomes 

between document-centric and model-centric processes. 

The second case study uses an example model developed by the AFMC digital engineering 

program office called Next Generation Sensor Platform (NGS) System [60]. The NGS system is a 

notional airborne sensor platform that can be configured to use various sensors to aid the ISR 

collection mission. The NGS test case study provides a practical illustration of a moderately 

complex physical system, utilizing SysML diagrams to which the grey box-inspired testing 

techniques within an MBSE construct can be applied.  

Table 7 summarizes the features of each case study model and visually demonstrates the 

increase in complexity across the test cases. The number of elements and diagrams increases as 

the test cases become more representative of real-world complex systems, outlining the 

characteristics and highlighting the correlation between system complexity and the number of 
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elements and diagrams. The selection of two case studies and one baseline case for this research 

aims to test the applicability to diverse systems with distinct missions and similar systems with 

identical missions but varying degrees of complexity.  

Table 7. Summary Table of Case Study Model Characteristics 

Model Characteristics CSARL E-X NGS 

System Mission 

Search and 

Rescue 

(SAR) 

Intelligence, 

Surveillance, and 

Reconnaissance 

(ISR) 

Intelligence, 

Surveillance, and 

Reconnaissance 

(ISR) 
Number of Elements 

Requirements 26 8 51 
Structure 15 35 242 
Behavior 7 63 86 

Number of SysML Diagrams 
Activity 11 20 39 
Block 23 25 54 
Internal Block 0 8 15 
Requirement 1 1 14 
Sequence 1 1 4 
State Machine 1 1 28 
Use Case 1 2 5 

 

6.2.6 Applicability Assessment Methods 

The CSARL case study was used to create and develop the model-based AFOTEC testing 

model (Figure 20), which includes all the elements used in a test plan generation process, as 

outlined in the Operational Test & Evaluation Construct section. Each folder within the “AFOTEC 

Methodology” folder of the CSARL system was populated with details to meet the requirements 

of the AFOTEC test planning guide [45]. Thus, details of each MOE, MOP, and MOS linked to 

each COI were also populated with all the necessary specifics that each element requires to meet 

the AFOTEC test planning guide [45]. Figure 20 shows the details of the COI, MOE, MOP, and 

MOS subfolders contained within the AFOTEC Methodology folder for the CSARL case study. 

This methodology was then used to generate a sample test plan using the elements within the 
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AFOTEC test structure. The plan was compared with its document-centric counterpart and 

assessed for content and methodology. 

 

 

Figure 20. The CSARL Model Layout Incorporates the AFOTEC Test Model, Labeled 
“AFOTEC Methodology.” 

 

Additionally, once the “AFOTEC Methodology” model was created and assessed to 

contain all the information needed to generate a preliminary draft test plan, the structure was 

adapted to the E-X airborne multi-sensor platform model. To match the requirements of the E-X 

test planning, the AFOTEC test plan model elements required varying levels of modification, from 

simple edits to change names and parameters to match the model, to significant changes that are 

required rewriting of needed information to provide detail and tailor the element for use relevant 

to the model functions or behaviors associated with the aspect. This level of adjustment was 
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expected since the CSARL and the E-X platform models are very different in scope, concept, and 

mission. 

Once the elements within the “AFOTEC Methodology” model for the E-X platform model 

were modified, they were assessed for content to ensure that each MOE, MOP, and MOS was 

linked to its associated COI and populated with all the essential details required to meet the 

AFOTEC test planning guide [45]. Table 8 shows the details of the COI, MOE, MOP, and MOS 

subfolders contained within the AFOTEC Methodology Model for the E-X test case study. 
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Table 8. Name of Elements Contained Within the CSARL Model Structure Subfolders. 

Element Names for CSARL Test Case contained within the AFOTEC Methodology Model Structure 

COI Folder MOE Folder MOP Folder MOS Folder 
Can CSARL 
enable rescue team 
navigation to an 
isolated personnel 
location? 

MOE 1.1 Support 
of IP Location 

MOP 1.1.1 HHR stationary geo-location position  
MOP 1.1.2 The HHR stationary geo-location 
elevation 

 

MOP 1.1.3 HHT geo-position error accuracy  

Can CSARL 
enable isolated 
personnel 
navigation to a 
rendezvous 
location? 

MOE 2.1 Support 
of Rendezvous 
Points Location 

MOP 2.1.1 HHR stationary geo-location position  
MOP 2.1.2 The HHR stationary geo-location 
elevation 

 

MOP 2.1.3 HHT geo-position error accuracy  
MOP 2.1.4 HHR circumnavigates around obstacles 
without adding additional waypoints 

 

MOP 2.1.5 HHR circumnavigates obstacles and still 
arrives at the designated objective 

 

MOP 2.1.6 HHR detail for situational awareness  
MOP 2.1.7 HHR time to acquire and display geo-
location 

 

MOE 2.2 HHR 
Cleared 
Successfully 

MOP 2.2.1 HHR Cleared Successfully  

Does CSARL 
support worldwide 
search and rescue 
operations? 

MOE 3.1 CSARL 
Available for 
Operations 

 MOS 3.1.1 Operational Availability (Ao) 

 MOS 3.1.2 Availability of MPC for mission planning 

 MOS 3.1.3 HHR battery life, continuous navigation 

 MOS 3.1.4 Mission Reliability (MR) 

 MOS 3.1.5 Mean Repair Time (MRT) 

 MOS 3.1.6 Usability of HHR map detail 

 
MOS 3.1.7 Successful transfer of planned mission from 
the MPC to the HHR without failure 
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Table 9. Name of Elements Contained Within the E-X Model Structure Subfolders. 

Element Names for E-X Platform Test Case contained within the AFOTEC Methodology Model Structure 

COI Folder MOE Folder MOP Folder MOS Folder 

Can the E-X Sensor 
Platform perform 
wide-area 
surveillance? 

MOE 1.1 Continuous 
detection, identification, and 
tracking of airborne targets 

MOP 1.1.1 Targets Displayed as Single Airborne Tracks  

MOP 1.1.2 On-board Airborne tracks with a Track Quality of 7 better  

MOP 1.1.1 Targets Displayed as Single Airborne Tracks  
MOE 1.2 Continuous 
detection, identification, and 
tracking of ground targets 

MOP 1.2.1 Targets Displayed as Single Gound Tracks MOS 1.2.1 Operator Rating of Ground Track Performance 

MOP 1.2.2 On-board Ground tracks with a Track Quality of 7 better  

MOE 1.3 Continuous 
detection, identification, and 
tracking of maritime targets 

MOP 1.3.1 Targets Displayed as Single Maritime Tracks MOS 1.3.1 Operator Rating of Maritime Track Performance 

MOP 1.3.2 On-board Maritime tracks with a Track Quality of 7 better  

MOE 1.4 Continuous 
detection, identification, and 
tracking of ESM targets 

MOP 1.4.1 ESM Geo-location MOS 1.4.1 Operator Rating of ESM Performance 

MOP 1.4.2 ESM Geo-location Error  

Can the E-X 
Platform collect 
signal data to support 
Combatant 
Commander 
taskings? 

MOE 2.1 Correct identification 
of targets for tactical picture 

MOP 2.1.1 Friendly Air Vehicles Correctly Identified  
MOP 2.1.2 Enemy Air Vehicles Correctly Identified  
MOP 2.1.3 Ground/Surface Targets Correctly Identified  

MOE 2.2 Maintain 
communication and 
distribution of the common 
tactical picture 

MOP 2.2.1 Critical Information Exchange Requirements Met MOS 2.2.1 Battlespace Participant Rating of E-X Cueing 
MOP 2.2.2 Track Reports Transmitted IAW Normal Link Operations 
with Track Quality 7  

MOS 2.2.2 Joint/Combined Participant Rating of E-X 
Contribution to the Battlespace 

 MOS 2.2.3 Mission Crew Rating of Situational Awareness 

 
MOS 2.2.4 Operator Rating of Battle Management Task 
Efficiency 

Can the E-X 
Platform support the 
exploitation and 
dissemination of ISR 
information to end 
users? 

MOE 3.1 Generation Signal 
Products 

MOP 3.1.1 SIGINT report correctness 
MOS 3.1.1 End user rating of intelligence, surveillance, and 
reconnaissance data utility 

MOP 3.1.2 Number of electromagnetic compatibility issues 
MOS 3.1.2 Mission manager's rating of ability to perform 
mission management functions 

MOE 3.2 Successful 
Transmission of Messages 

MOP 3.2.1 Percentage of imagery data successfully transmitted  

MOP 3.2.2 Time for imagery transmission via common data link  
MOP 3.2.3 Percentage of signals successfully transmitted  

Is the E-X Airborne 
Sensor Platform 
employable to 
support the TACS? 

MOE 4.1 Generate Mission 
Plan 

 MOS 4.1.1 Operator Rating of Mission Planning 
 MOS 4.1.2 Technician Rating of Mission Planning 

MOE 4.2 Conduct Post 
Mission Analysis 

 MOS 4.2.1 Operator Rating of Mission Debrief 
 MOS 4.2.2 Technician Rating of Mission Debrief 

MOE 4.3 Conduct Training 
Analysis 

 MOS 4.3.1 Operator Rating of Training 
 MOS 4.3.2 - Technician Rating of Training 
 MOS 4.3.3 Operator Rating of Training Documentation 
 MOS 4.3.4 Technician Rating of Training Documentation 

Is the E-X Airborne 
Sensor Platform 
sustainable to 
support the TACS?   

MOE 5.1 Aircraft generation 
and recovery 

 MOS 5.1.1 Operational Availability  
 MOS 5.1.2 Ground Repair Time  

 MOS 5.1.3 Maintainer Rating of System Maintainability 

 
MOS 5.1.4 Mission System Time Between Unscheduled 
Maintenance 
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Table 10. Name of Elements Contained Within the NGS Model Structure Subfolders. 

Element Names for NGS System Test Case contained within the AFOTEC Methodology Model Structure 

MOP Folder MOS Folder MOP Folder MOS Folder 

Can the NGS Sensor 
Platform perform 
wide-area 
surveillance? 

MOE 1.1 Continuous 
detection, identification, and 
tracking of airborne targets 

MOP 1.1.1 Targets Displayed as Single Airborne Tracks MOS 1.2.1 Operator Rating of Ground Track Performance 
MOP 1.1.2 On-board Airborne tracks with a Track Quality of 7 better  
MOP 1.1.1 Targets Displayed as Single Airborne Tracks  

MOE 1.2 Continuous 
detection, identification, and 
tracking of ground targets 

MOP 1.2.1 Targets Displayed as Single Gound Tracks  

MOP 1.2.2 On-board Ground tracks with a Track Quality of 7 better  

MOE 1.3 Continuous 
detection, identification, and 
tracking of maritime targets 

MOP 1.3.1 Targets Displayed as Single Maritime Tracks MOS 1.3.1 Operator Rating of Maritime Track Performance 

MOP 1.3.2 On-board Maritime tracks with a Track Quality of 7 better  

MOE 1.4 Continuous 
detection, identification, and 
tracking of ESM targets 

MOP 1.4.1 ESM Geo-location MOS 1.4.1 Operator Rating of ESM Performance 

MOP 1.4.2 ESM Geo-location Error  

Can the NGS System 
collect signal data to 
support Combatant 
Commander 
taskings? 

MOE 2.1 Correct 
identification of targets for 
tactical picture 

MOP 2.1.1 Friendly Air Vehicles Correctly Identified  

MOP 2.1.2 Enemy Air Vehicles Correctly Identified  

MOP 2.1.3 Ground/Surface Targets Correctly Identified  

MOE 2.2 Maintain 
communication and 
distribution of the common 
tactical picture 

MOP 2.2.1 Critical Information Exchange Requirements Met MOS 2.2.1 Battlespace Participant Rating of NGS Cueing 
MOP 2.2.2 Track Reports Transmitted IAW Normal Link Operations with 
Track Quality 7  

MOS 2.2.2 Joint/Combined Participant Rating of NGS 
Contribution to the Battlespace 

 MOS 2.2.3 Mission Crew Rating of Situational Awareness 

 
MOS 2.2.4 Operator Rating of Battle Management Task 
Efficiency 

Can the NGS System 
support exploiting 
and disseminating 
ISR information to 
end users? 

MOE 3.1 Generation Signal 
Products 

MOP 3.1.1 SIGINT report correctness 
MOS 3.1.1 End user rating of intelligence, surveillance, and 
reconnaissance data utility 

MOP 3.1.2 Number of electromagnetic compatibility issues 
MOS 3.1.2 Mission managers' rating of ability to perform 
mission management functions 

MOE 3.2 Successful 
Transmission of Messages 

MOP 3.2.1 Percentage of imagery data successfully transmitted  
MOP 3.2.2 Time for imagery transmission via common data link  
MOP 3.2.3 Percentage of signals successfully transmitted  

Is the NGS Airborne 
Sensor Platform 
employable to 
support the TACS? 

MOE 4.1 Generate Mission 
Plan 

 MOS 4.1.1 Operator Rating of Mission Planning 
 MOS 4.1.2 Technician Rating of Mission Planning 

MOE 4.2 Conduct Post 
Mission Analysis 

 MOS 4.2.1 Operator Rating of Mission Debrief 
 MOS 4.2.2 Technician Rating of Mission Debrief 

MOE 4.3 Conduct Training 
Analysis 

 MOS 4.3.1 Operator Rating of Training 
 MOS 4.3.2 Technician Rating of Training 
 MOS 4.3.3 Operator Rating of Training Documentation 
 MOS 4.3.4 Technician Rating of Training Documentation 

Is the NGS Airborne 
Sensor Platform 
sustainable to support 
the TACS?  

MOE 5.1 Aircraft generation 
and recovery 

 MOS 5.1.1 Operational Availability  
 MOS 5.1.2 Ground Repair Time  
 MOS 5.1.3 Maintainer Rating of System Maintainability 

 
MOS 5.1.4 Mission System Time Between Unscheduled 
Maintenance 



   

97 

Last, the “AFOTEC Methodology” model used in the E-X airborne multi-sensor platform 

was adapted to the second test case, the NGS system model. The elements were again reviewed 

and modified to fit the model's parameters illustrated in Table 10. The elements associated with 

the NGS system required only minimal modification, with changes limited to simple edits to 

change names and parameters to match the model since the E-X airborne multi-sensor platform 

and the NGS system are relatively similar systems. Table 11 summarizes the various components 

of the AFOTEC Methodology Model and indicates the number of COIs, MOEs, MOPs, and MOSs 

associated with each case study.  

Table 11. Summary Table of AFOTEC Methodology Model Elements for the Two Case Study 
Models and the Baseline Case Model 

AFOTEC Methodology Model Elements CSARL E-X Platform NGS System 

Critical Operational Issue (COI) 3 5 5 
Measure of Effectiveness (MOE) 4 12 12 
Measure of Performance (MOP) 15 18 18 
Measure of Suitability (MOS) 7 21 21 

 

6.2.6.1 Methods Summary 

In summary, the two case study models and the one baseline case model, created using 

MDTD processes to generate model-driven test plans from MBSE-enabled system models, were 

serially developed and then assessed to evaluate the effectiveness and applicability of the proposed 

AFOTEC Methodology. The outcome of this process is model-based descriptions of the elements 

within the “AFOTEC Methodology” model, which are used to develop an operational test plan for 

any SUT. 
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6.2.7 Results 

The results first compare the baseline CSARL model to the E-X model, focusing on the 

MR% and RVA metrics of reuse. Next, the E-X platform model is compared to the NGS system 

model. Once again, the MR% and RVA metrics are assessed and discussed. Lastly, the RVA metric 

of reuse is evaluated between the baseline CSARL case model and the second test case NGS 

system model. These results illustrate the function of the proposed MDTD methodology and 

indicate the degree of reuse between the models. 

6.2.7.1 Reuse Between Systems with Different Missions (CSARL and E-X 

Platform) 

Comparing the elements and structures of the baseline CSARL (Table 8) and the E-X 

platform models (Table 9), we observed that the “AFOTEC Methodology” model folder structure 

and model architecture, as shown in Figure 20, remained the same. However, adapting the folder 

structure and model architecture to the E-X platform model required adjustments within the 

“AFOTEC Methodology” model. To accommodate the additional COIs needed for the capabilities 

of the E-X platform, we duplicated the existing COI 1 from the baseline CSARL case model to 

develop new COIs for the E-X platform model. We modified the duplicated COI’s contents to 

reflect the information needed for the new COI in the E-X platform model. The E-X platform 

model incorporates modified versions of the original three CSARL COIs and two additional COIs 

created using this duplication process. Similarly, the existing MOE 1 from the CSARL model was 

repeatedly duplicated, reconfigured, and modified to align with the E-X platform model's 

requirements, creating eight more MOEs. This duplication process was also applied to the MOP 

and MOS sections of the E-X platform model, yielding three more MOPs and 14 more MOSs for 

the E-X platform model. 
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The replication and modification process used to adapt the “AFOTEC Methodology” 

model illustrates the model’s architectural adaptability to meet the specific demands of the E-X 

platform model. This process highlighted the importance of reuse in streamlining the development 

and creation of new structures within a model. Moreover, this approach maintains consistency 

among individual elements across models, aids in clarity, and reduces ambiguities in information 

by reusing aspects within the “AFOTEC Methodology” model. However, caution must be taken 

when reusing models, as applying them carelessly to a new SUT can introduce significant risks if 

not carefully considered for the new context. 

6.2.7.2 Reuse Between Systems with Similar Missions (E-X Platform and 

NGS System) 

When the AFOTEC test structure was developed for the E-X platform (Table 9), it was 

then adapted to the NGS system (Table 10), the folder structure and model architecture again 

remained consistent. Given the similarity in mission between the two models, many analogous 

functions and related behaviors are shared in the two models.  As such, transferring the “AFOTEC 

Methodology” model to the new model in the “AFOTEC Methodology” folder necessitated only 

minor adjustments to subsequent elements in the design folder. The COIs remained unchanged, 

with only minor terminology adjustments to reflect the NGS system's components. Similarly, 

adapting the MOEs, MOPs, and MOSs involved renaming and updating elements while 

significantly reusing model architectures and elements. Since the E-X platform and NGS system 

models are very similar, no additional MOEs, MOPs, or MOSs were added to the NGS system 

model and applied to the test plan. 

As before, the duplication and modification processes were used to adapt the “AFOTEC 

Methodology” model from the E-X platform model to the requirements of the NGS system model. 
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This reuse process for developing and creating new structures within a model was straightforward 

to implement. As with the previous case, the methodology ensures consistency among individual 

elements across models, enhances clarity, and minimizes uncertainties by reusing aspects within 

the “AFOTEC Methodology” model. As stated previously, careful consideration is necessary when 

reusing models, as improper application to a new SUT can lead to significant risks if not 

thoughtfully adapted to the new environment. 

6.2.8 Discussion 

6.2.8.1 Implications of Reuse Applied to the Case Studies 

Model reuse is often cited as a primary mechanism by which MBSE processes (including 

MDTD) can realize efficiencies and improvements [61]. Still, research literature has rarely 

measured the degree of reuse and its value [62]. A few studies have defined reuse in SysML models 

in toy problems [61] or product families [63], but none measure reuse outside of the architectural 

and design stages (as this study does in the testing stage) of the MBSE lifecycle.   

When comparing the types of reuse present between the baseline CSARL and first test case 

E-X platform models, we found that reuse predominantly fell into the Modified Subset Reuse 

category, specifically within the Major Modifications sub-category, as the process involved 

extensively modifying and duplicating elements to meet the E-X platform model's requirements. 

Conversely, when examining the E-X platform and NGS system models, reuse predominantly 

aligned with the Modified Subset Reuse category but within the Minor Modifications sub-

category, where adjustments were limited to name changes required to integrate seamlessly with 

the NGS system model. 

Quantitatively, Table 12 shows the percentage of element reuse between the baseline 

CSARL and first test case E-X model, with the application associated with each case study 
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significantly different. The average percentage of element reuse was 25.5%. Table 12 displays the 

values for the RVA metric, with the average being RVA = 1.72, indicating that the E-X platform 

test case model is 72% more effective than if the product was created without reuse [58]. 

Table 12. Reuse of Model Elements Between the Baseline CSARL and the E-X Platform Case 
Study Models 

Case Study Comparison 
CSARL vs. E-X Platform Percent 

Reuse (MR%) 

CSARL vs. E-X 

Platform RVA 

Critical Operational Issue (COI) 
3

3 + 5
∗ 100 = 37.5% 

(5 + 3) + [1 × 3]

5
= 2.2 

Measure of Effectiveness (MOE 
4

4 + 12
∗ 100 = 25.0% 

(12 + 4) + [1 × 4]

12
= 1.67 

Measure of Performance (MOP) 
3

3 + 18
∗ 100 = 14.3% 

(18 + 3) + [1 × 3]

18
= 1.33 

Measure of Suitability (MOS) 
7

7 + 21
∗ 100 = 25.0% 

(21 + 7) + [1 × 7]

21
= 1.67 

Average 25.5% 1.72 

 

Similarly, the data presented in Table 13 highlights the percentage of element reuse 

between the E-X platform and the NGS system models. Additionally, the table shows the RVA 

metric between these two models and between the second test case, the NGS system model, and 

the baseline CSARL model, which is one generation older. The average element reuse percentage 

between the E-X platform and the NGS system models is 100%, demonstrating the E-X test case 

model is completely reused. The average RVA metric between the E-X platform and the NGS 

system models is 2.0, indicating that the model is twice as effective than if the model was created 

without reuse [58]. Furthermore, the RVA metric between the NGS system model and the baseline 

CSARL model averages 2.08, indicating that the NGS system model is over twice as effective as 

if the model was created without reuse [58] despite the generational difference. 
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Table 13. Reuse of Model Elements Between the E-X Platform and the NGS System Case Study 
Models 

Case Study 

Comparison 

E-X Platform vs. NGS System 

Percent Reuse 

(MR%) 

E-X Platform vs. NGS System 

(RVA) 

CSARL vs. NGS System 

(RVA) 

Critical 
Operational 
Issue (COI) 

5

0 + 5
∗ 100 = 100% 

(5 + 0) + [1 × 5]

5
= 2.0 

(5 + 3) + [2 × 3]

5
= 2.8 

Measure of 
Effectiveness 
(MOE) 

12

0 + 12
∗ 100 = 100% 

(12 + 0) + [1 × 12]

12
= 2.0 

(12 + 4) + [2 × 4]

12
= 2.0 

Measure of 
Performance 
(MOP) 

18

0 + 18
∗ 100 = 100% 

(18 + 0) + [1 × 18]

18
= 2.0 

(18 + 3) + [2 × 3]

18
= 1.5 

Measure of 
Suitability 
(MOS) 

21

21 + 0
∗ 100 = 100% (21 + 0) + [1 × 21]

21
= 2.0 

(21 + 7) + [2 × 7]

21
= 2.0 

Average  100% 2.0 2.08 

 

Since the E-X platform and the NGS system models are similar, and the model changes 

from the E-X platform to the NGS system are primarily limited to name changes, it is no surprise 

that the reusability of elements from the E-X model to the NGS model is 100%. However, this 

formula does not distinguish between identical subset and modified subset reuse or account for the 

two subcategories in the modified subset reuse category. This distinction is crucial, as it helps us 

understand the nuances of reuse. So, although these results indicate a high degree of reuse, these 

reuse metrics are perhaps not perfectly characteristic of reuse's ease or overarching value.  By 

distinguishing between the Identical and Modified Subset Reuse categories and further 

discriminating between minor changes and significant modifications within the Modified Subset 

Reuse category, the detailed results can illustrate a complete accounting of the degree of reuse 

available under MDTD constructs. 
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6.2.8.2 Implications for the Model-Driven Test Design 

These test models demonstrate that the MDTD development process is effective for the 

case study’s SUTs and can be applied to simple and complex MBSE artifacts. In the authors’ 

assessment, these case study results show that even for very different projects with low apparent 

similarity, adapting the AFOTEC MDTD Methodology proved more feasible than expected, 

highlighting the utility of incremental model-driven systems engineering and MDTD.     

These findings also have some implications for developing strategies for transitioning to 

MBSE and Product Line Engineering constructs.  This research proves that even simple MBSE 

projects can lead to an improved understanding of the processes and the building of a well-

documented library of models ready for reuse. This study shows that even in very different 

modeling and application domains, we achieved a 25.5% reuse rate between the testing models, 

indicating a clear pathway to effective model-driven test development. However, these findings 

can be limited by a shortage of skilled personnel and organizational resistance to adopting MBSE 

practices [64]. A significant challenge in realizing the potential of MBSE is the lack of expertise 

and the lack of necessary tools for effective implementation [64], which hampers the development 

of well-designed, reusable models. 

One critique of measuring reuse with the RVA metric is that it places equal value on reusing 

lower-importance, less-frequently executed code as it does on high-importance and frequently 

executed code, which may bias reuse measurements for complicated programs. In using RVA to 

measure the reuse of model artifacts, we have only measured the reuse within the testing model of 

high-value components like COIs, MOEs, MOPs, and MOSs, which are essential for developing 

test methodology models. RVA, therefore, measures the reuse of the model's core elements, 
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thereby promoting the reuse of the most valuable artifacts. As a result, in our case studies, we have 

applied RVA metrics selectively and strategically, focusing only on the most essential elements. 

This approach provides a foundation for effective model-driven test development, 

demonstrating the applicability of the AFOTEC MDTD methodology and the potential for 

successful model reuse. The two case studies and the baseline case presented in the paper indicate 

that by utilizing the MBSE-enabled MDTD process to build test models, we can achieve a reuse 

rate of model components between 25.5% and 100%. Using the RVA metric to measure reuse 

efficiency, we find that models created with reuse can be twice as effective as those developed 

without reuse. Thus, the reuse of even simple MBSE models plays a crucial role in enhancing the 

total effectiveness of program development, with evidence from this study showing benefits in 

MDTD example cases. 

6.2.8.3 Discussion Summary 

In the context of MDTD, this substantial reduction in effort results from the ability to derive 

and reuse test models and test plans from a model-driven test development process. Reusing these 

test models and plans significantly reduces the effort required to develop test models for future 

SUTs. This approach fulfills and aligns with many of the goals of the DoD Digital Transformation 

process. Despite these advantages, a shortage of skilled personnel and resistance within 

organizations can limit the adoption of MBSE practices. One of the main challenges to fully 

leveraging MBSE is the lack of expertise and appropriate tools for successful implementation, 

which restricts the creation of well-designed, reusable models [64]. 
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6.2.9 Conclusion  

These two test cases and the baseline have demonstrated that using the “AFOTEC 

Methodology” model to generate elements needed for developing and creating test plans can be 

applied to a set of applications and complex SUTs. The extent to which the reuse of modeling 

components can be enabled depends on the differences between the models. Still, essential 

elements can be duplicated and modified to meet the new model’s requirements. Metrics of model 

reuse can be challenging and may not be a reliable indicator. Therefore, greater granularity must 

be incorporated into the calculation to achieve a metric that effectively spans a broader range of 

values. Although MBSE offers clear advantages, a shortage of skilled personnel and organizational 

resistance can hinder its adoption. A key obstacle to fully realizing the benefits of MBSE is the 

lack of expertise and necessary tools for effective implementation, which limits the development 

of robust, reusable models. Implementing the AFOTEC test methodology using a model-based 

approach ensures that test planning and documentation can take advantage of MBSE artifacts 

accompanying future flight test systems. This approach enables test plan component reuse, with 

corresponding benefits in configuration management, consistency, and standardization across the 

DoD testing enterprise.   

6.3 Addressing Research Question 2  

After performing the above research tasks, I am ready to address Research Question 2, 

which is restated as follows: What are the costs and benefits of the techniques associated with 

Research Question 1 when implemented in an MBSE construct? 

This review found that two reuse metrics, RM% and RVA, can be used to evaluate and 

describe reusability across different generational models. Two MBSE case studies and one 

baseline case study developed within an MDTD framework demonstrated the applicability of these 
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metrics and were assessed for their costs and benefits regarding the reusability of models and 

artifacts. The initial model, the Combat Search and Rescue Locator (CSARL) was created to 

establish a model-based AFOTEC test methodology (Figure 20). The other two models, the E-X 

airborne multi-sensor platform, described in the Effective Model-Based Systems Engineering 

textbook [33], and the next-generation sensor (NGS) system, a generalized version of a real-world 

model, were then developed. Subsequently, the AFOTEC test methodology was applied to these 

two models and evaluated for its reusability within each model and its effectiveness in generating 

a model-based test plan artifact. 

These two test cases and the baseline test case illustrated that employing the AFOTEC test 

methodology to generate elements necessary for developing and creating test plans can be applied 

to various situations or conditions. The level of reusability relies on how much the models vary, 

yet the core components can be replicated and adjusted to suit the needs of the new model. By 

adopting the “AFOTEC Test Methodology” through a model-based approach, test planning 

documentation remains current, reducing the need for extensive rewrites whenever changes occur 

in the model, thus supporting robust configuration management. Additionally, consistency and 

standardization are achieved over time as the same process is reused across different models. Other 

benefits include increased accuracy of information and reduced ambiguities and misinterpretations 

common in written documents.  
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CHAPTER 7  – COSTS AND BENEFITS OF USING A MODEL-BASED APPROACH IN 

AN EXAMPLE ACQUISITION PLANNING SCENARIO 

 
 
 

7.1 Introduction 

The chapter addresses Research Question 3, which is restated as follows: Compare the 

techniques associated with Research Question 2 with the current approach used in flight testing. 

To answer this question, the chapter begins with Section 7.2, which provides a narrative 

review of the current AFOTEC flight test approach for evaluating SUTs. Section 7.3 then examines 

the effectiveness and feasibility of developing, creating, and semi-auto-generating test plans from 

model-based information using the Velocity Template Language (VTL) to create templates within 

the Dassault Systemes’ Cameo Systems Modeler™ software package. 

7.2 AFOTEC Flight Test Approach 

The following discussion was presented to the dissertation committee during the initial 

assessment and details the work accomplished to answer research question 3, task 1. It focuses on 

characterizing the current AFOTEC flight-testing approach. 

7.2.1 Test Planning Process 

Proper execution of test and evaluation (T&E) and the accomplishment of OT&E is the 

primary interest of DOT&E before an acquisition program exists in the PD phase and enters the 

last stage known as Operations and Support and full-rate production (FRP) is granted, the system 

reaches full operational capability (FOC), and full-rate production (FRP) and deployment begins. 

DOT&E accomplishes oversight by approving the adequacy of test plans developed, written, and 

executed by AFOTEC personnel with assistance from DOT&E office personnel. 
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Test plans are divided into multiple levels and grouped into mission effects, system 

capabilities, system functions/properties, and system structure. These categories focus on 

operational testing, emphasizing mission effects and how they are achieved. These system 

capabilities are the integration of multiple system functions and properties that are combined to 

achieve the desired mission effect.  

7.2.2 Operational Test & Evaluation Construct 

The OT&E Construct is the framework for conducting an operational test. Assessments of 

operational effectiveness and suitability are the two elements that make up the OT&E Construct, 

and the framework defines their relationships. Operational effectiveness measures the system's 

overall ability to accomplish a mission when used by representative personnel in the expected or 

planned operational environment while considering organization, doctrine, supportability, 

survivability, vulnerability, and threat. Operational suitability is the degree to which a system can 

be placed satisfactorily for use in the field while considering its availability, compatibility, 

transportability, interoperability, reliability, wartime usage rates, maintainability, safety, human 

factors, manpower supportability, logistics supportability, natural environmental effects, and 

impacts, documentation, and training requirements. 

These two elements of the operational test are assessed by critical operational issues (COI), 

which address the vital mission elements or operational objectives to determine the system's 

overall capability to support mission accomplishment. These COIs are assigned measures designed 

to convey information about a system's effectiveness, capabilities, functions, properties, or 

structure. COIs are categorized into measures of effectiveness (MOE), which are further refined 

into measures of performance (MOP) and measures of suitability (MOS). These objectives assess 

a system's behavior and capability in an operationally relevant environment while achieving an 
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objective or creating an effect. A measure of effectiveness (MOE) is designed to assess the degree 

to which the System under test (SUT) can accomplish mission objectives and achieve desired 

mission effects. A measure of performance (MOP) is used to quantify a system’s capabilities. In 

contrast, a measure of suitability (MOS) assesses the system’s ability to support the SUT in its 

intended operational environment [45].  Furthermore, a data element is defined as any 

measurement or piece of information used to determine the value of a measure. Data elements may 

be quantitative, qualitative, subjective, or objective. Figure 21 illustrates the hierarchy of these 

measures. 

 

 

Figure 21. Measure Hierarchies and the Overall AFOTEC OT&E Construct. 

 
7.2.3 Test Design 

Each COI is assigned at least one Mission Effect, a crucial indicator that a SUT can 

accomplish its mission in the operational environment. These Mission Effects, the dependent 

variables that guide the Battlespace Development process, are determined by participants from 
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various test organizations and subject matter experts from the user community. Battlespace 

Development aims to take these mission effects and assign factors set at different levels that vary 

during a test or experiment to determine mission effectiveness or suitability. These Factors are 

considered the independent variables that define the battlespace with a range of values called levels 

that may affect a Mission Effect when the factor’s level is changed [32]. 

The last consideration is the magnitude of a factor’s impact on each Mission Effect and the 

likelihood of each factor level occurring in the operational environment. Four levels are considered 

to determine the effect [32]. 

• Vary, where the factor is deliberately manipulated during the test. 

• Fix, where the factor level is held constant during the test. 

• Log, where the level of this factor is recorded as observation during a test run. 

• Demo, where the level is incorporated into a test run that is executed and analyzed 

separately from the design, incorporating the varied factors. 

Once all COIs, MOEs. MOPs, MOSs, Mission Effects, factors, and levels have been 

determined, and a test design workbook (TDW) summarizes all the test planning elements. Still, 

before selecting a test design, the goal of the test must be established to determine how the test is 

designed and executed and how the information will be reported. Within AFOTEC, the three goals 

of a test are to characterize system performance, compare system performance to a requirement or 

another system, and identify problems with the system [32]. A separate test design for each COI 

is typical, as factors and levels often differ between operations. 

The AFOTEC process to execute an operationally sufficient and technically adequate test 

is grounded in the seven-step design of experiments process, which is [65]: 
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1. Recognize and state the problem. 

2. Select the response variable. 

3. Choose the factors, levels, and ranges. 

4. Choose the experimental design. 

5. Perform the test. 

6. Analyze the data. 

7. Conclusions and make recommendations. 

Test programs use a combination of designs or a separate test design for each operation 

under a COI, as factors and levels often differ between operations. Some Mission Effects may even 

require a separate test design. These test designs have associated quality indicators, referred to as 

measures of merit, which provide a basis for comparing multiple designs. Furthermore, measures 

of merit are used as evidence that a test design meets the AFOTEC standards for technical 

adequacy [32]. Most test programs typically input the TDW file information into a statistical 

software package, where different designs are generated, and their strengths and weaknesses are 

analyzed for comparison. The most common designs used include full and fractional factorials, 

central composite, optimal design, and augmented designs, with the primary goal being the 

characterization of the main effects and most two-way interactions by carefully considering the 

resolution of the design (especially in factorial designs), to minimize confusion between effects of 

interest [65]. 

The test planning process that AFOTEC uses is well-established, as outlined in references 

[49] and [32]. However, the flight-testing community has not implemented this process in a digital 

construct nor with acquisition systems developed using an MBSE approach. The knowledge 

gained during the review of the AFOTEC test planning process (as documented in Chapters 2 and 
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7) led to the realization that using developed SysML diagrams employed in MBSE, test scenarios 

and cases can be developed, and the associated variables can be extracted from state model 

diagrams, which can then be used as inputs to the planning process to create test plans and various 

testing activities of a SUT. This chapter seeks to develop examples and assessments using model-

based abstractions and implementation layers to create sufficient test scenarios and cases from a 

given model. 

7.3 Publication Details 

The subsequent discussion includes content from my third publication, which was also 

submitted to the International Test and Evaluation Association (ITEA) Journal of Test and 

Evaluation. The abstract was selected for presentation in the technical poster paper session of the 

annual International Test and Evaluation Symposium in Huntsville, Alabama, scheduled for 

November 2024. This work is fully replicated in this dissertation, with modifications made to meet 

dissertation style guidelines. Additionally, the references within the publication have been 

incorporated into the reference section of this dissertation. The following discussion contains the 

effort conducted after the second publication and details the work accomplished to answer research 

question 3, task 2. The discussion focuses on characterizing the usefulness and suitability of the 

auto-generated draft test plans that could be further refined and edited for final coordination and 

approval following the AFOTEC test planning process [32]. 

7.3.1 Abstract 

The Department of Defense (DoD) Test and Evaluation (T&E) community is advancing 

digital engineering by adopting and developing model-based testing methodologies within the 

flight test community. This article expands upon the existing grey box model-driven test design 

(MDTD) approaches and incorporates flight test information into Systems Modeling Language 
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(SysML) models. These models leverage model-based systems engineering (MBSE) artifacts to 

generate flight test plans. This article introduces a methodology developed by the Air Force 

Operational Test and Evaluation Center (AFOTEC) to guide the operational test and evaluation 

(OT&E) test planning process. This methodology uses MBSE to create, develop, and maintain the 

information required for test plans within a digital model construct. Three case studies demonstrate 

the methodology using SysML implemented through an MDTD process and showcase the 

methodology’s applicability to different systems under test (SUT). The results include a set of 

System Usability Survey (SUS) metrics that measure the method’s ability to utilize SysML 

elements within the model and assess its usability and effectiveness in generating flight test plans. 

The paper also discusses the method’s applicability to various scenarios, the benefits of model-

based testing, and its relevance in the context of operational flight testing. 

7.3.2 Introduction 

Flight test plans are developed to "communicate technical details and logistics for 

executing and reporting the outcomes of flight, ground, and laboratory tests on air vehicles, 

subsystems, and components" [16]. They establish a connection between test points and specified 

requirements, ensuring that the system under test (SUT) aligns with system specifications and 

delivers the intended performance in the proposed operational environment. These plans cover all 

aspects of conducting tests, collecting data, and performing post-flight analysis. Test plans capture 

and communicate a broad set of derived requirements necessary for successfully executing flight 

tests and are an integral aspect of the DoD acquisition process [3]. The conclusions drawn from 

the post-flight data analysis are then incorporated into reports to communicate and validate the 

SUT's flight test performance [45]. 
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Within the Department of Defense (DoD) digital engineering-driven acquisition process, 

this research seeks to develop a model-based testing (MBT) methodology using MBSE concepts. 

This methodology enables the integration of flight test planning into models created using the 

Dassault Systemes Cameo Modeler™ software. This chapter expands on existing model-based 

grey box testing processes [28] and incorporating flight test information into SysML models 

(Reference Chapter 6). The results of these processes create a set of flight-test-specific digital 

engineering models that represent the product of a DoD MBSE-enabled product development 

process. These models are scrutinized to assess their adequacy in providing the information 

necessary for test planning. The MBT process identifies missing parts or information by reviewing 

the native digital template and the resulting draft test plan. 

The proposed MBT process seeks to allow for the re-population and re-generation of a new 

version of the test plan when new information, updates, or technology is inserted into the model. 

The costs and benefits of this process are assessed by testing the MBT methodology’s ability to be 

updateable, consistent, and adaptable across acquisition programs [28]. The flight test plans 

created and developed using this process contain the necessary information to conduct a flight test 

evaluation of the SUT. The flight test plan collects the required information to populate the three 

significant sections of the test plan: the front matter, system description and details, and the 

appendix: 

• The front matter contains all program information and mission-critical information.  

• The system description describes the overall operations of the system and the 

significant components that make up the SUT.  
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• The appendix contains all the critical operating issues (COIs), measures of 

effectiveness (MOEs), measures of performance (MOPs), and measures of stability 

(MOSs) pertinent to the testing of the SUT.  

7.3.3 Background 

The existing flight test planning procedures used by the acquisition process are meticulous 

and heavily focused on developing documentation, requiring extensive configuration management 

to keep essential documents up to date with the SUT. Flight testing considerations typically emerge 

late in the acquisition process, often leading to program delays due to the time needed for test 

planning, instrumentation, test operations, and analysis. Generally, flight test planning relies on 

consensus and expertise-driven decision-making, consuming significant man-hours and incurring 

high costs.  Innovative frameworks such as MBSE and its subsets, MBT and MDTD, are designed 

to improve the state of the art in flight testing, relative to the default document-centric OT&E 

procedures.  

The MBSE methodology comprises a set of interconnected processes, methods, and tools 

operating within a "model-based" or "model-driven" framework [34]. This approach generates 

digital models that serve as abstract representations of reality [36], recalling, and relating 

associated data through computer models.  These models’ elements can describe various aspects 

of a physical SUT's desired structure and behavior, business processes, and requirements. In 

practice, the set of interconnected state machine diagrams, use-case diagrams, sequence diagrams, 

and mathematical models allow testers to create independent test cases, scenarios, and plans 

detached from specific design implementations [47] [38]. 

Under the MBT paradigm, a subset of the emerging MBSE domain, the model can 

precisely define test parameters and automatically generate detailed test plans for specific test 
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cases. This approach facilitates testing, investigation, and optimization, reducing the reliance on 

physical assets. An MBSE testing model enables the representation, communication, and 

parametric optimization of various test parameters, allowing for reuse without the need to rewrite 

the entire test plan. Additionally, MBSE improves the management of system complexity by 

enabling the system model to be examined from multiple viewpoints and analyzing the impact of 

changes. It also ensures product quality by providing a system model that can be assessed for 

consistency, correctness, and completeness [17].  

A component of MBT is Model-Driven Test Design (MDTD), which seeks to develop a 

comprehensive understanding of the relationships and dependencies that govern test design, 

thereby facilitating a thorough assessment of the testing implications of changes made at any stage 

of the product’s design cycle [48]. MDTD is asserted to significantly improve the overall testing 

development process significantly [48]. The MDTD process allows a subset of experienced testers 

to handle the high-level, statistical, and defensibility aspects of test design and development. 

Meanwhile, other testers plan the details of Validation and Verification (V&V) criteria, testing 

operations, and safety. This abstraction allows for the early involvement of designers responsible 

for the test planning process so that they can incorporate testing requirements into the system 

design [49]. Ideally, MDTD empowers the operators and test team members to influence and 

contribute expertise in shaping and refining different aspects of a physical SUT's intended structure 

and behavior. 

7.3.4 Methods 

This section will introduce the two use case models used to create and develop the survey 

test plan and to evaluate the subsequent survey data. Additionally, an overview of the System 

Usability Survey (SUS) metric applied to evaluate the survey data will be provided. 
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7.3.4.1 Case Studies 

Two case studies were developed and produced using SysML implemented in MBSE with 

the Dassault Systemes’ Cameo Systems Modeler™ software package to create, develop, and assess 

test plans using the AFOTEC Methodology process. The author created the first case study model, 

the Combat Search and Rescue Locator (CSARL), was created by the author from the system 

design and development point of view. The second model, the E-X airborne multi-sensor platform, 

is a revision and update of an example in the textbook “Effective Model-Based Systems 

Engineering” [35]. Details of the two case studies used are presented in the following paragraphs2.   

The first case study focuses on AFOTEC’s Combat Search and Rescue Locator (CSARL) system. 

CSARL is a fictional system developed as a training case for AFOTEC flight test personnel 

learning to create test plans. It is well-documented, well-accepted in the testing community, and 

has a thorough test plan “answer key.” The CSARL system is notionally a portable hand-held 

Global Positioning System (GPS) receiver system offering enhanced digital moving maps and real-

time navigational capabilities for downed aircrew and search and rescue (SAR) forces during 

combat and peacetime survival scenarios. Its purpose is to complement current GPS-integrated 

survival radios, enhancing existing survival and rescue navigation capabilities without relying on 

traditional map-and-compass techniques [41]. CSARL is an example system demonstrating the 

proposed methods for relevant flight-test test plan generation. Since the system is well-documented 

and all AFOTEC personnel are familiar with the application and model, it is a good benchmark 

for applying the grey box-inspired testing technique along with the AFOTEC Methodology 

process implemented in an MBSE environment to create a flight test plan without direct SME 

 

2 A third case study was created and developed to assess the reusability of these models, but it was not used to evaluate the usability of test plan 

creation. 
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intervention. Moreover, it provides a means to compare outputs between the document-centric and 

model-centric processes. 

The second case study uses a system described in the Effective Model-Based Systems 

Engineering textbook [35]. The textbook introduces the “E-X Airborne Sensor Platform” as a 

hypothetical system used to exemplify the development of various diagrams for defining and 

describing software-intensive aerospace systems using System Modeling Language (SysML). The 

E-X airborne multi-sensor platform gathers intelligence, surveillance, and reconnaissance (ISR) 

data. Operating in collaboration with ground stations and affiliated organizations, it facilitates the 

collection and dissemination of ISR products.  E-X executes ISR missions and performs aerial 

imaging and sensing functions [35]. The E-X case study is a valuable example of a moderately 

complex system, utilizing SysML diagrams readily accessible in the textbook [35] and easily 

replicated. Like the CSARL case study, the E-X system includes comprehensive documentation, 

making it an ideal standard for applying grey box-inspired testing techniques and the AFOTEC 

Methodology process within an MBSE environment. Additionally, it offers another platform for 

comparing outcomes between document-centric and model-centric processes. 

7.3.4.2 Auto-Generated E-X Airborne Sensor Platform Test Plan 

The E-X case study model was used to generate the Cameo auto-generated (CAG) draft 

test plan used to conduct the survey and collect the usability data, which was the hypothetical E-

X Airborne Sensor Platform system [35]. Its selection for demonstrating flight test-relevant test 

plan generation methods was intentional, leveraging readily available SysML diagrams that could 

be easily implemented and reproduced. Once the pertinent diagrams from the E-X system model 

were identified and reproduced using the Cameo Enterprise Architecture software, the AFOTEC 

methodology test structure was incorporated and modified as discussed in Chapter 6 to complete 
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the model for use in the case study. The elements within the structure were assessed for content to 

ensure that each MOE, MOP, and MOS was linked to their associated COI and were populated 

with all the essential details to fit the model and meet the AFOTEC test planning guide [45] 

requirements, as illustrated in Figure 22. 

 

Figure 22. E-X Model Layout Structure Incorporates the AFOTEC Test Model in a Folder 
Labeled AFOTEC Methodology. 

 

The generation of the test plan documentation process took advantage of the model-

generated artifacts Model Development Kit (MDK) contained within the Government Issued 

Framework (GIF) that uses the weapons government reference architecture (weapons GRA) 
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developed by The Air Force Life Cycle Management Center. The MDK was modified using the 

Velocity Template Language (VTL) to create and develop the template to produce the draft test 

plan. 

The author manually tested the modified VTL template from the MDK, which was used 

on the baseline CSARL model, to verify that the document generated by the template was accurate. 

To ensure correctness, the author compared the VTL template's output with the original CSARL 

test plan, confirming that all information was correctly extracted and the output was complete. The 

modified VTL template was then applied to the E-X test case model to generate a draft test plan.   

The E-X model was linked to the MDK as a “project usage” model since the E-X test case 

model contains all the information required for each COI, MOE, MOP, and MOS associated with 

the E-X model. The MDK structure was then modified to reflect the sections needed for the 

AFOTEC test planning guide [45] and other relevant sections. The draft test plan was then 

developed by running the VTL script, which created the draft test plan document as an output.  

7.3.4.3 System Usability Survey  

The System Usability Survey (SUS), developed in 1986, is a questionnaire designed to 

assess users' perceptions of a system's usability [66]. The survey uses a set of objective measures 

to evaluate the impact of specific changes made to a product or service [66]. “The international 

standard ISO 9241 breaks the measurement of usability down into three separate components that 

must be defined relative to the context of use” [66]: 

• Effectiveness: Whether people can complete their tasks and achieve their goals. 

• Efficiency: The extent to which they expend resources to achieve their goals. 

• Satisfaction: The level of comfort the experience provides in achieving their goals. 
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Thus, the objective of the SUS is to provide a measure of a subject’s perceptions of the 

usability of a system or product in a short period during the evaluation [66]. 

The SUS consists of ten statements, alternating between five that indicate strong agreement 

and five that indicate strong disagreement, to minimize response bias [66]. The statements are 

rated on a scale from 1 to 5, with a score of 1 for "strongly disagree" and a score of 5 for "strongly 

agree" [66]. For each positive statement, the individual score is reduced by 1, and these adjusted 

scores are then summed. The score is subtracted from 5 for each negative statement, and these 

adjusted scores are also summed separately. The two sums are added and multiplied by 2.5 to 

obtain the user’s SUS score [66]. 

7.3.4.4 Interpretation of the System Usability Survey Score 

The SUS score, developed by Bangor, Kortum, and Miller in 2009, ranges from 0 to 100 

[67]. They created a scale, as illustrated in Figure 23, that correlates users' SUS scores with specific 

adjectives and ratings to provide a grading score, with higher scores indicating better usability. A 

SUS score of 68 corresponds to the 50th percentile. Scores above 70 are typically considered good, 

with 85 indicating excellent usability, while scores below 50 suggest poor user experience [67]. 

Research has shown that SUS can effectively measure a system's perceived usability with a small 

sample size (around 8-12 users), providing a reliable assessment of how people view your system 

or product [66]. AFOTEC uses the acceptability ranges and adjective ratings to evaluate a SUT's 

usability, effectiveness, and suitability. User comments and surveys conducted during the 

execution of a SUT program are collected to gather survey data. 
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Figure 23. A Comparison of the Adjective Ratings, Acceptability Scores, and School Grading 
Scales in Relation to the SUS Score [67]. 

 
7.3.5 Assessment Method 

7.3.5.1 Rating the Auto-Generated Draft Test Plan 

To evaluate the effectiveness, suitability, and usability of the CAG draft test plan, current 

AFOTEC members from Detachment 5 were issued a survey. These participants are test and 

evaluation professionals with varying experience in operations, have different maintenance 

backgrounds, and were composed of both officer and enlisted personnel. The survey, which 

included 21 participants, aimed to evaluate the usability, effectiveness, and suitability (measured 

as value and quality) of test plan development and reuse using the MDTD process. The results 

were compared to the current AFOTEC guidance. The survey was circulated among AFOTEC 

members with varying knowledge and experience in creating and reviewing test plans. Participants 

were asked to rate their expertise in test plan creation and their involvement in reviewing test plans. 

Demographic data collected during the survey provided insights into the participants’ self-assessed 

levels of knowledge and participation. 

First, the survey asked participants to self-judge their proficiency in “coordinating the test 

planning process” and “reviewing test plans” by selecting from one of the following: beginner, 

competent, proficient, or expert.” Based on the answers to these two questions, each participant 
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was characterized by an overall experience level used in the survey analysis results. Table 14 

shows the stratification of the determined experience level and the number of participants in each 

category.  

Table 14. Determination of Experience Level Based on Participant’s Self-Evaluation. 

Level of Proficiency in 
Overall 

Experience Level 

Number of 

Participants 
Reviewing test 

plans 

Coordinating the test 

planning process 
Beginner Beginner 

Beginner 4 
Beginner Competent 
Beginner Proficient 
Beginner Expert 

Competent Beginner 
Competent Competent 

Competent 5 
Competent Proficient 
Competent Expert 
Proficient Beginner 
Proficient Competent 
Proficient Proficient 

Proficient 6 
Proficient Expert 

Expert Beginner 

Expert 6 
Expert Competent 
Expert Proficient 
Expert Expert 

 

The usability assessment section of the survey included the ten standard questions from the 

SUS, as outlined by Aaron Bangor, Philip T. Kortum, and James T. Miller [67]. Additionally, the 

survey featured four questions specific to the CAG draft test plan. The first question asked 

participants to evaluate the value of the plan in developing test plans. In contrast, the remaining 

questions assessed participants' impressions of the plan's quality by addressing the test plan’s 

content.  

To conclude the survey, three final questions were asked of the participants to measure their 

views on the usability of the CAG draft test plan and their impressions on whether the CAG test 

plan can reduce the time needed to prepare a final test plan. First, participants were asked if they 
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believed the CAG draft test plan could shorten the time required to create a test plan. Second, they 

were asked to estimate the percentage of time savings it would provide. Lastly, participants were 

asked to give their overall recommendation on using the CAG draft test plan. 

Appendix A contains a sample version of the survey. The survey participants were given two 

weeks to respond to the emailed survey document, and the responses were collated and analyzed. 

The Institutional Review Board (IRB) at Colorado State University reviewed and approved this 

research under protocol #5680. It was classified as exempt from full review under the category of 

exempt human subjects’ research. 

7.3.6 Results 

7.3.6.1 Results of System Usability Survey  

The ten standard questions used in the SUS were analyzed and organized based on the 

participants' experience levels. The participants' SUS scores were assessed using the adjective 

rating scale shown in Figure 23. Table 15 illustrates this stratification while Table 16 shows the 

distribution of the scores by experience level. These data are plotted in Figure 24 using a bar chart 

to illustrate the distribution and their relationship. These findings suggest that the CAG draft test 

plan has an overall adjective rating of “Good” or better.  

Table 15. Classification of SUS Scores Based on Adjective Rating. 

SUS Score 
Adjective rating 

low high 
85 100 Best Imaginable 

74 84 Excellent 

54 73 Good 

38 53 Okay 

26 37 Poor 

0 25 Worst Imaginable 
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Table 16. Distribution of Participant SUS Scores Based on Adjective Rating and Participant 
Experience Level. 

Rating Beginner Competent Proficient Expert 
Best Imaginable 0 4 1 3 

Excellent 1 0 0 0 
Good 2 0 2 3 
Okay 1 1 2 0 
Poor 0 0 0 0 

Worst Imaginable 0 0 1 0 

 

 

Figure 24. Bar graph Illustrating the Distribution of the Participant’s SUS Scores Based 
Adjective Rating and Experience Level. 

 

The SUS results were evaluated using the acceptability rating scale commonly used by 

AFOTEC usability of SUTs, as shown in Figure 25. The participants' SUS scores were ranked 

based on the acceptability rating criteria in Table 17, with Table 18 showing the distribution of 

scores by experience level. These data are presented in Figure 27 using a bar chart to illustrate the 

distribution and their relationships. The findings indicate that the acceptability rating for the CAG 

draft test plan was unclear, with four scores falling in the unacceptable category and four in the 

low marginal group. However, it’s worth noting that the expert experience level category mostly 

received acceptable ratings. 
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Table 17. Stratification of SUS Scores Based on Acceptability Rating. 

SUS Score 
Acceptability rating 

low high 
71 100 Acceptable 
61 70 High Marginal 
51 60 Low Marginal 
0 50 Not Acceptable 

 

Table 18. Distribution of Participant SUS Scores Based on Acceptability Rating and Experience 
Level. 

Rating Beginner Competent Proficient Expert 
Acceptable 1 4 2 5 

High Marginal 1 0 0 0 
Low Marginal 1 0 2 1 
Not Acceptable 1 1 2 0 

 

 

Figure 25. Bar Graph Illustrating the Distribution of the Participant’s SUS Scores Based on 
Acceptability Rating and Experience Level. 

 
The SUS results were evaluated based on the average of all participants' scores, resulting in an 

average SUS score of 67.  Figure 26 demonstrates the distribution of these scores. Since a SUS 

score of 68 is considered average, a score of 69 suggests that the CAG draft test plan has “slightly 

above-average” usability.  
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Figure 26. Box Plot Showing the Distribution of the SUS Scores (n=21). 

 
7.3.6.2 Analysis of Effectiveness, Value, and Quality  

The following discussion presents survey results regarding the CAG draft test plan's 

effectiveness, value, and quality. The information in the CAG draft test plan is a practical starting 

point for developing complete test plans that meet AFOTEC’s test planning criteria [32]. 

Table 19. Effectiveness Data Collected During the Survey and Sorted Based on Responses. 

Effectiveness 

Number of Respondents Based on the Following Question 

“Rate the effectiveness of the CAG test plan as a starting 

point for developing a completed test plan”. 
Completely Ineffective 0 
Somewhat Ineffective 0 

Borderline        2 
Somewhat Effective 10 
Completely Effective        9 

 

Table 19 shows how the survey data is categorized based on participants' opinions about the 

effectiveness of the CAG test plan as a practical starting point for creating a complete test plan. Of 

the 21 survey respondents, nine rated the CAG draft test plan as "completely effective." Ten 

respondents rated it as "somewhat effective," while only two gave a "borderline" rating. Nine of 

the 21 survey respondents responded that the CAG draft test plan was “completely effective.” 
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These responses provide evidence that the CAG draft test plan is an “effective” starting point for 

developing a complete test plan. 

Table 20. Value Data Collected During the Survey and Ordered Based on Responses. 

Value 

Number of Respondents Based on the Following Question 

“CAG test 

plan 

capabilities 

meet my 

requirements.” 

“Using the 

CAG test 

plan is a 

frustrating 

experience.” 

“The CAG 

test plan is 

easy to 

use.” 

“I must spend 

too much time 

correcting 

things with the 

CAG test plan”. 
Strongly Disagree 0 6 1 3 

Disagree 0 4 3 4 
Slightly Disagree 3 4 3 3 

Neither Agree nor Disagree 8 2 3 5 
Slightly Agree 4 5 5 6 

Agree 5 0 6 0 
Strongly Agree 1 0 0 0 

 

Table 20 categorizes the survey data based on participants' opinions about the value of 

the CAG test plan as a tool for developing a complete test plan. The value was assessed through 

responses to four questions measuring participants' attitudes toward using the CAG draft test 

plan. The first question asked if the “CAG test plan capabilities meet my requirements.” Of 21 

respondents, one “strongly agreed,” five “agreed,” four “slightly agreed,” eight “neither agreed 

nor disagreed,” and three “slightly disagreed.” The second question asked if “using the CAG test 

plan is a frustrating experience.” Five “slightly agreed,” two “neither agreed nor disagreed,” four 

“slightly disagreed,” four “disagreed,” and six “strongly disagreed.” The third question asked if 

“the CAG test plan is easy to use.” Six “agreed,” five “slightly agreed,” three “neither agreed nor 

disagreed,” three “slightly disagreed,” three “disagreed,” and one “strongly disagreed.” The final 

question asked, “I must spend too much time correcting things with the CAG test plan.” Six 

“slightly agreed,” five “neither agreed nor disagreed,” three “slightly disagreed,” four 

“disagreed,” and three “strongly disagreed.” These responses provide evidence that the CAG 
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draft test plan is valuable as a tool for developing a complete test plan. Figure 27 illustrates the 

distribution of the survey participants’ responses to the four questions to assess the CAG draft 

test plan’s value as a tool. 

 

Figure 27. Bar graph Illustrating the Results of the Value of the CAG Draft Test Plan. 

 

Table 21. Quality Data Collected During the Survey and Order Based on Responses. 

Quality 

Number of Respondents Based on the Following Question 

Section 

Headings 

Charts, 

Figures, 

Diagrams, 

etc. 

Main 

body 

contents  

Measures 

section 

content 

Overall 

acceptability of 

the CAG 

format  
Completely Unacceptable 1 0 0 1 2 

Slightly Unacceptable 2 2 2 6 1 
Borderline 3 5 3 0 5 

Somewhat Acceptable 7 5 10 8 7 
Completely Acceptable 8 9 6 6 6 

 

Table 21 and the bar chart in Figure 28 categorize the survey data based on participants' 

opinions of the CAG test plan's quality. The quality of the CAG draft test plan was evaluated 

through feedback on five specific sections. These sections focused on participants' views of the 

plan’s section headings, the presentation of charts, figures, and diagrams, and the contents of the 
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test plan's main body and measures section. The final feedback area concerned the overall 

acceptability of the CAG draft test plan's format.  

The first area where participants were asked for their opinions was the section headings. Of the 

21 participants, eight rated them as "completely acceptable," seven as "somewhat acceptable," 

three gave a "borderline" response, two found them "slightly unacceptable," and one rated them 

"completely unacceptable." The second area focused on participants' views of the presentation of 

charts, figures, and diagrams. Of the 21 participants, nine found this section "completely 

acceptable," five "somewhat acceptable," five were "borderline," and two found it "somewhat 

unacceptable." Participants shared their impressions of the main body contents in the third section. 

Six participants rated it "completely acceptable," ten rated it "somewhat acceptable," three were 

"borderline," and two found it "slightly unacceptable." The fourth section asked participants about 

their impressions of the measure section contents. Six rated it as "completely acceptable," eight as 

"somewhat acceptable," six as "slightly unacceptable," and one as "completely unacceptable." 

Finally, participants provided their overall impression of the CAG draft test plan's format. Of the 

21 participants, six found it "completely acceptable," seven appraised it "somewhat acceptable," 

five were "borderline," one found it "somewhat unacceptable," and two appraised it "completely 

unacceptable." These responses indicate the overall quality of the CAG draft test plan is acceptable 

while highlighting areas where the format meets expectations and where improvements are needed. 
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Figure 28. Bar graph Illustrating the Results of the CAG Draft Test Plan Quality. 

 

7.3.6.3 Results of Time Reduction and Recommendation of the CAG Draft 

Test Plan 

Table 22 presents the responses to whether using the CAG draft test plan reduces the time 

required to write a final test plan.  All participants, except one, agreed that the CAG draft test plan 

effectively shortens the time needed to develop a final test plan. When asked to estimate the 

percentage of time savings the CAG draft test plan could provide, the average response was 

calculated to be 42%. This metric was further decomposed based on experience level.  Table 23 

displays the responses inputted by the respondents in terms of the percentage of time savings. This 

suggests that participants believe the CAG draft test plan can significantly streamline the test plan 

preparation process. 

Table 22. Reduction of Time Achieved by using the CAG Draft Test Plan. 

Reduction of 

Time 

Number of Respondents Based on the Following Question 
Utilizing the CAG example test plan, do you foresee a reduction of time 

in writing a final test plan? 
YES 20 
NO 1 
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Table 23. Reduction Time Achieved by using the CAG Draft Test Plan Decomposed by 
Experience Level. 

Experience 

Level 

Percent of Average Time 

Reduction  

Beginner 46% 
Competent 49% 
Proficient 41% 

Expert 30% 
Overall 42% 

 

Table 24 displays the responses to the question about recommending the CAG draft test plan 

for use by a test team in writing a final test plan. When asked whether they would recommend the 

CAG draft test plan as a practical starting point for creating a complete test plan, only two 

participants did not recommend its use. Once again, the findings suggest that the CAG draft test 

plan can be a valued tool that can significantly simplify preparing a final test plan. 

Table 24. Opinion on Recommending a Test Team for Use in Writing a Final Test Plan. 

Recommendation 
Number of Respondents Based on the Following Question 

Would you recommend that a test team use the CAG test plan? 
YES 19 
NO 2 

 

7.3.7 Discussion 

7.3.7.1 Benefits of an Auto-Generated Draft Test Plan 

The survey responses from testing professionals indicate that the CAG draft test plan is a 

practical and recommended tool for creating and developing test plans. Although the average SUS 

score falls “slightly below average” usability (Figure 29), the survey participants found the CAG 

test plan effective and valuable. They recommended it for integration into test planning. Moreover, 

despite the adjective rating of “good” and acceptability rating of “high marginal” (Figure 29),  once 

again, the value and quality of the CAG draft test plan make it a helpful resource, as determined 
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by the survey participants. AFOTEC members can utilize the CAG draft test plan to prepare 

suitable test plans for executing tests on a given SUT. The CAG draft test plan is a welcome 

addition to the test planning process. 

 

Figure 29. The Red Line Indicates the Calculated Average Participants’ SUS Score to the 
Adjective Ratings, Acceptance Ranges, and the SUS score. 

 
The survey data indicated that the participants believe that the CAG draft test plan can reduce 

the time it takes a test team to develop a complete test plan by an average of 42%. Although this 

estimate is based on the opinions of various AFOTEC members, these professionals believe the 

tool can provide significant time savings. Given that test plans typically take three to nine months 

to create and develop, and using an average of six months, the average time savings would translate 

to 75 days saved. According to the survey participants' perception, the CAG test plan results in 

significant time savings, highlighting the potential efficiency gains it offers. These findings 

confirm the tool's effectiveness in streamlining the test plan development process. 

7.3.7.2 Costs of an Auto-Generated Draft Test Plan 

The final step in the test planning process is to refine the CAG test plan draft through multiple 

review sessions, during which the test team finalizes the plan to secure stakeholder approval. Once 

the draft is complete, it undergoes technical editing to ensure compliance with AFOTEC guidelines 

and formatting standards before receiving final approval and signatures. The more refined the 
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draft, the quicker this process will be, saving time and resources. Therefore, the closer the auto-

generated draft is to a final product, the fewer resources will be required, and the faster the test 

plan can be approved. 

The participants provided valuable feedback through comments and suggestions beyond the 

survey questions. Although the CAG test plan from this research realized significant potential, the 

participants identified several issues with the measures section, document formatting, and overall 

readability. The confusing layout and the unnecessary complexity of modeling MOEs in a BDD 

add to these challenges. In its current state, the tool may reduce "copy and paste" errors, but the 

time required to fix output and formatting issues might outweigh the benefits. 

To address these concerns, the auto-generated test plan template should be reprogrammed with 

a stronger focus on formatting and structure to better align with AFOTEC standards. 

Improvements in readability and layout are also needed. The measures section will require careful 

attention to organizing and formatting tables for better clarity and usability. Once these issues are 

resolved, participants recommended additional stakeholder engagement and surveying to assess 

the CAG’s capabilities.  

While the auto-generated test plan shows the potential to realize the benefits of MBSE with 

AFOTEC’s test planning approach, improvements will be required to become a fully functional 

tool. Addressing these issues, especially the confusing layout, and unnecessary complexities, will 

enhance the tool's efficiency. By refining the template to resolve these problems, the next 

generations of auto-generated test plans can help streamline the process, reduce the need for 

extensive revisions, and save time and resources. 
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7.3.7.3 Costs and Benefits of Implementing a MBSE Approach 

The CAG draft test plan was developed using the MDTD approach within an MBSE 

framework, proving that MBT combined with MBSE is a viable process for creating and 

developing test plans. The results in this paper indicate that the CAG draft test plan is beneficial 

and can be effectively implemented using an MBSE approach. Once a model is created with these 

processes, AFOTEC members can use the CAG draft test plan to prepare suitable test plans for 

executing tests on a given SUT. This demonstrates the practical advantages of integrating MBT 

and MBSE in test plan development. Thus, the CAG draft test plan provides a reliable and efficient 

method for test planning. 

By implementing an MBSE approach, acquisition programs can reduce the time needed to 

create test plans, significantly lowering the effort required to develop test plans for future systems 

under test. This approach aligns with the goals of the DoD's digital transformation process. 

Additionally, it offers tangible benefits in terms of saving effort. Adopting MBSE streamlines test 

plan development and enhances efficiency, contributing to more effective and timely testing 

processes. 

Implementing the new MBT process within an MBSE framework requires a significant 

paradigm shift in testers' mindsets. Training personnel is essential to ensure everyone can interpret 

diagrams effectively. Despite the initial effort, the benefits are substantial. The main advantage is 

the ability to reuse components, and several secondary benefits follow. Overall, this innovative 

approach promises enhanced efficiency and effectiveness in test planning. 

7.3.8 Conclusion  

The study of an auto-generated draft test plan demonstrates that the model-based AFOTEC 

MDTD methodology can be applied to complex case studies, such as the E-X model. The study 
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aimed to create a model that could utilize the AFOTEC MDTD methodology and generate a test 

plan. The auto-generated test plan was evaluated through a survey of AFOTEC personnel, and the 

survey participants' perceptions indicated that the auto-generated test plan was beneficial and could 

be used to prepare suitable test plans for executing tests on a given SUT. This demonstrates the 

practical advantages of integrating MBT and MBSE in test plan development.   

The primary advantage of the current AFOTEC planning process lies in its well-established and 

accepted nature. However, this process also incurs several costs. These include the requirement to 

gather and analyze numerous documents to formulate a test plan, the inherent subjectivity in 

interpreting written materials, and the challenge for testers to determine testing approaches based 

on incomplete information. Consequently, this often results in frequent revisions, wasting time and 

resources. 

Using the AFOTEC methodology with a model-based approach keeps test planning 

documentation up-to-date and reduces the time needed to create a test plan. This approach ensures 

consistency and standardization by applying the same process each time a new test plan is 

developed. As a result, the time and effort required for test plan creation are minimized. The reuse 

of the process streamlines documentation and enhances efficiency. 

7.4 Addressing Research Question 3 

After performing the above research tasks, I am ready to address Research Question 3, which 

is restated as follows: Compare the techniques associated with Research Question 2 with the 

current approach used in flight testing. 

This review has shown that semi-auto-generated test plans can be created from model artifacts 

using templates written in VTL script within the Dassault Systemes’ Cameo Systems Modeler™ 
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software package, provided the necessary information to populate the test plan is available within 

the model artifacts and framework. The CSARL model validated the VTL script that generated the 

semi-automated draft test plan. Once the script was verified to include all information required by 

the AFOTEC test planning process [32], it was applied to the E-X airborne multi-sensor platform 

[35], and the CAG draft test plan was generated. A survey was then conducted using AFOTEC 

Detachment 5 personnel as respondents, and the results were analyzed to evaluate the usefulness 

and usability of the CAG draft test plan in accelerating test plan development and improving the 

overall test planning process. 

The survey collected data to assess the effectiveness, format, usefulness, and usability of the 

CAG draft test plan for AFTOEC test teams. The survey data shows that the AFOTEC 

methodology, which integrates MBT and MBSE in test plan development, is a viable process for 

creating and developing test plans and is beneficial in preparing suitable test plans for execution. 

The CAG draft test plan demonstrated the practical advantages of integrating MBT and MBSE in 

test plan development. It showed that the draft test planning method provides a reliable and 

efficient scheme for test planning. Moreover, the survey data indicated that using the draft test 

planning method can reduce the time a test team takes to develop a complete test plan, highlighting 

the method's effectiveness in streamlining the development process. This research demonstrates 

that MBSE can be used to improve the efficiency and effectiveness of test plan development for 

flight testing.  
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CHAPTER 8  – CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK 

 
 
 

8.1 Introduction 

This research explored software testing techniques and leveraged their processes and 

metrics for use in flight test T&E. The focus was on employing techniques within the grey box 

testing domain. The study analyzed two methods, demonstrating that an MBT approach and 

MDTD processes can facilitate the early establishment of test scenarios and test plan development 

within a SUT development cycle. The results were comparable to the current document-centric 

methods. The novel processes discussed in this dissertation offer a foundation for future efforts. 

They also present a path for AFOTEC to transition from document-centric procedures to model-

centric processes, enabling the application of MBSE and its progression into digital engineering. 

8.2 Conclusions 

To address Research Question 1: What software testing techniques are translatable to flight 

testing? Chapter 5 delved into the software testing domain and identified that employing 

techniques within the grey box testing field could facilitate MBT constructs and MDTD methods 

in flight testing. These methods enabled abstract-level test planning early in the developmental 

process using SysML-defined activity, sequence, and use case diagrams. A case study 

demonstrated the potential for efficient and valid use of SysML models in test plan design with 

MBSE and MDTD [35]. These diagrams were instrumental in determining the number of testing 

scenarios. The integration of MBSE and grey box testing represents a significant step towards 

digital transformation and modernizing testing methodologies for improved system evaluation and 

validation [22] [39]. 
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To address Research Question 2: What are the costs and benefits of the techniques 

associated with Research Question 1 when implemented in an MBSE construct? Chapter 5 

provided the foundation to explore task 1 of research question 2, which primarily focuses on 

defining an MBSE model to realize the methods from research question 1. Chapter 5 detailed the 

CSARL model used as a test case to develop and test an innovative process for defining and 

generating testing scenarios. The CSARL case study demonstrates how adopting MBSE methods 

can aid in formulating test scenarios and can contribute to comprehensive test plans for assessing 

a system's capabilities [39]. This enhancement can expedite the development of test scenarios [18] 

[26] by being responsive to mission changes and technology changes that typically occur during a 

SUT acquisition life cycle. 

Chapter 6 further addressed research question 2 by focusing on task 2, which questioned 

the degree of data reuse for the proposed MBSE plan integration. Chapter 6 discusses the 

development of an AFOTEC methodology to collect and organize data in a standard AFOTEC test 

plan. The structure allowed for the semi-automated generation of test plans for editing.  The 

CSARL model was used as a baseline test case to define and create a template for the semi-

automated generation of a sample test plan. Two additional test case sample models were then 

used to evaluate the reusability of the novel process and structure. 

The process was applied to a model (E-X platform system [35]) dissimilar in content and 

function to that of the CSARL. The process was detailed and analyzed, and it was determined that 

the AFOTEC methodology was reusable due to its modular construction. Artifacts were easily 

created within a given folder by duplicating and modifying the newly created artifact to meet the 

needs of the new SUT. The process was then re-applied using the results from the E-X platform 

model to a second model (NGS System) that was similar in content and function since both models 
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represented C2ISR systems. Once again, the process was detailed and analyzed, revealing that the 

AFOTEC methodology remained reusable owing to its modular construction. No new artifacts 

were deemed necessary, given the similarity between the contents of the two models. 

To address Research Question 3: Compare the techniques associated with Research 

Question 2 with the current approach used in flight testing. Chapter 7 detailed the process in which 

a survey was conducted, and the data analyzed demonstrated that draft test plans can be effectively 

implemented using an MBSE approach. The survey indicated that once a model is created with 

these processes, it becomes a viable tool for AFOTEC members to prepare suitable test plans for 

executing tests on a given SUT. The SUS results indicated that the CAG draft test plan benefits 

test teams. Furthermore, the data revealed that using these processes to generate draft test plans 

from models can reduce the time it takes a test team to develop a complete test plan by an average 

of 42%, providing significant time savings. The process further demonstrates the practical 

advantages of integrating MBT and MBSE in test plan development, providing a reliable and 

efficient method for test planning. The following cost and benefits outcomes were determined: 

Costs of implementing the process include: 

• Implementing the novel process/technique necessitates a change in mindset. Personnel 

must embrace the concepts and become familiar with the processes and tools used to 

generate the products. 

• Personnel are empowered to learn new processes and tools to implement the novel 

process/technique. This learning journey will equip them with the skills to read, 

interpret, and use SysML diagrams effectively to populate the required sections of the 

AFOTEC methodology structure. 

Benefits of implementing the process include: 
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• The AFOTEC methodology's modular design approach, with its reusability, is a time-

saving and efficient solution for creating or modifying products for new, similar, and 

dissimilar SUTs. 

• Implementing this process can reduce the need for multiple SME meetings throughout 

the project lifecycle. Utilizing SysML diagrams to delineate the behaviors and functions 

of the SUT can mitigate disagreements among SMEs that may arise from 

misinterpretations of the system. 

• Keeping the process current will significantly reduce the need to conduct multiple 

reviews of final products, thereby alleviating review fatigue caused by frequent updates 

to the SUT and enhancing productivity. 

• Embracing the paradigm shift toward MBSE in flight test planning aligns with the 

successful implementation of DoD’s Defense Digital Engineering Strategy [30] [33]. 

Creating a digital test model can incorporate a digital test artifact into a larger life-cycle 

model [35]. This captures the importance and value of flight and operational testing. 

8.3 Research Contributions 

This dissertation has made significant contributions to the fields of MBSE and T&E. 

Within the MBSE realm, this research focused on the reusability of model elements and the 

development of metrics to quantify reusability between models. These concepts were 

demonstrated through two test cases and one baseline case. Within the T&E domain, this research 

transformed the AFOTEC test planning process into an MBSE construct for implementation in the 

digital domain. Using the "AFOTEC Methodology" model, an MDTD process created an 

environment where flight test planning can use SUT models to develop, build, and auto-generate 

test plans. Survey participants assessed an auto-generated draft test plan, and the results indicated 
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that using a model-based test planning process tool is a welcome addition to the test planning 

process and is expected to improve efficiency by providing a practical starting point for creating a 

final test plan in a shorter time frame. 

This dissertation introduces a new methodology for enabling model-based flight test 

planning processes, significantly contributing to systems engineering and T&E flight testing. A 

crucial aspect of the research was developing a model-based approach using MDTD grey box 

testing techniques, which led to the creation of the "AFOTEC Methodology" model. Using a 

systematic and objective research approach, this model was applied to a simple baseline case study 

and two relatively complex case studies. As a result, the research generated new insights into 

reusability and the advancement in the creation of model-based test planning. 

Through a literature review, assessment, and case study implementation, the "AFOTEC 

Methodology" adapted software testing tools to meet the needs of model-based flight testing. This 

adaptation identified critical testing methodologies successfully demonstrated in a flight test 

application. Three case studies were developed to create test models that captured the behaviors 

and functions of SUTs, illustrating how SysML can define and communicate these elements. 

Additionally, these models generated artifacts that support the creation of flight test plans, 

improving the efficiency, accuracy, and communication of flight test planning. 

This dissertation contributes to the practical assessment of MBSE in flight testing, aligning 

with the DoD’s digital engineering directive. It analyzes the requirements for flight testing 

hardware and software, uncovering a significant gap between existing software testing capabilities 

and the specific needs of the Department of the Air Force and aviation test communities. A novel 

process was developed to reconfigure AFOTEC's workflows using an MBSE framework, 

improving reusability and streamlining test plan integration. The method enhances flight test 
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planning using activity, sequence, and use case SysML diagrams while supporting acquisition 

development within the digital domain. 

8.4 Future Work 

The methodology proposed in this research has significant potential for enhancing the 

quality of flight test planning and scenario generation using MBT within an MBSE framework for 

SUT models. This research has demonstrated how these processes can be incorporated into an SUT 

model and adapted for use. It established the basic methodology, was evaluated through three case 

studies, and produced outputs like the current document-centric process. However, much work 

must be done to advance this research further. Future research could extend the concepts in this 

dissertation by exploring how to incorporate other current AFOTEC processes used in test 

development, execution, and reporting and transform them into a model-based digital approach. 

AFOTEC is currently studying integrating the Data Management and Analysis Plan (DMAP) 

process into the models used in this dissertation and the process for creating the COIs, MOEs, 

MOPs, and MOSs. The goal is to transform measures and the DMAP processes into a model-based 

digital approach that can be integrated into any future SUT that AFOTEC evaluates. 

Future research could expand the concepts in this dissertation to include DOE and the MBT 

process to assess test point generation using MOEs, MOPs, and MOSs. This approach can generate 

data-mining scripts to search test data databases for relevant conditions, enhancing analysis and 

increasing the statistical power of each test. Incorporating DOE into the MBT process could 

optimize various parameters within the SUT, resulting in tighter confidence intervals suitable for 

system verification and validation. Furthermore, exploring these different configurations of 

artifacts improves knowledge of the decision space and highlights potential excursions. 
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Another research area that should be explored is combining the DOE and test plan 

transformation into scripts as input into model and simulation (M&S) testing. This area can be 

used to examine the area of Digital Twins that they use to help predict system performance and 

influence system design. By performing focused testing within defined constraints and 

expectations, systems can be evaluated in a virtual environment that is difficult to replicate or 

cannot be realized. This virtual testing of a digital representation of the physical SUT bridges the 

physical and digital worlds. By leveraging these digital models, a means to detect problems or 

issues can be realized, and insight can be provided to help answer whether the SUT can deliver the 

operationally intended performance it was designed for. This approach can provide valuable 

insights into system behavior and performance before the physical system is built or tested. 
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APPENDIX A – USABILITY SURVEY 

 
 
 

Background: Please note that the draft test plan that I provided, called the “Cameo Auto-

Generated “(CAG) test plan, is an output of a template that I created using VTL scripting, which 
I know just enough to be dangerous and create things! As you will see, there are formatting issues, 
duplicate entries, etc. Most of these issues would be resolved if someone with better programming 
knowledge of VTL took the template and fixed the errors. Please remember that this is not 
a “polished” finished product, and there are misspellings, parts, and pieces missing by design to 
spark questions and generate suggestions on how to use this “product.” 

The vision is for someone (with actual VTL programming experience) to take our tech editors' test 
plan templates, embed the VTL code that extracts the required information from the test case 
model, and place that information into a new document in the correct format and order in which 
we are accustomed to seeing it in our test plans. 

Thus, the process will save us time collecting and organizing all the information we put into our 
test plans and help generate a draft that we can scrutinize for final edits and content during “murder 
boards.”  

Intent: The survey I am conducting measures the usefulness of a given test case model's output in 
generating a test plan. So, the fundamental question I am trying to assess and gather data on is, “Is 
this ’product’ useful for AFOTEC to use as a stepping-off point in creating test plans?” 

What I am asking: Thus, I would like you to consider whether the “CAG” draft test plan has the 
look, feel, and components required by our test plan process for creating test plans. Can the 
provided test plan be used as a starting point to begin the test planning process (remember, this is 
a prototype)? 

  



   

151 

Your responses to this questionnaire are critical in assessing the Cameo auto-generated test 
plan. The test plan, “E-X airborne multi-sensor platform Initial Operational Test and Evaluation 
(IOT&E),” is a fictitious plan developed by Jose Alvarado to demonstrate the capabilities of the 
SysML software. The information in the E-X test case model was used to provide an example of 
Dassault Systemes’ Cameo Systems Modeler™ software export product function. 

The “auto-generated” test plan is a raw output of the information contained within the model 
and was extracted using velocity template language (VTL) software and a basic Word document 
template to develop and create the draft test plan document. 

Please provide comments, as they assist in assessing the Cameo auto-generated test plan.  

The data results are used for academia for Jose Alvarado’s Colorado State University 
dissertation “Enhancing Flight Testing Leveraging Software Testing Techniques Implemented in 
Model-Based Systems Engineering (MBSE).  

Your participation in this questionnaire is entirely voluntary and will take approximately 30 
minutes to complete.  

Once the dissertation is completed, a copy can be obtained through a written request from Jose 
Alvarado. 

Demographics: 
 
Full Name: _______________________        ________________________ 
         (Last Name)                                      (First Name) 
 
Job/Position Title: ____________________________________________________________ 
             (e.g., Lead Engineer, Test Director, Lead Suitability) 
 
Years/months of overall experience in T&E (includes DT & OT): ___________ / __________ 
                                                                                                             (Years)            (Months) 
 
Phone Number: ____________________________________________________________ 
 
Education level: _____________________ 
 
Questionnaire: 

 
1. Using the scale below, how would you rate yourself in the following categories: 

 

 Beginner Competent Proficient Expert 

Reviewing test plans o o o o 

Coordinating the test 
planning process 

o o o o 
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2. Rate the usability of the “Cameo Auto-Generated “ (CAG) test plan.  
 

Usability 

S
tr

o
n

g
ly

 

D
is

a
g
re

e
 

     

S
tr

o
n

g
ly

 

A
g
re

e
 

 1 2 3 4 5 6 7 

CAG test plan capabilities meet 
my requirements.        

Using the CAG test plan is a 
frustrating experience.        

The CAG test plan is easy to 
use.        

I must spend too much time 
correcting things with the CAG 
test plan. 

       

 
 

3. Rate the acceptability of the “CAG” test plan format. 
 

Format 

C
o
m

p
le

te
ly

 

U
n

a
cc

ep
ta

b
le

 

sl
ig

h
tl

y
 

U
n

a
cc

ep
ta

b
le

 

B
o
rd

er
li

n
e 

S
o
m

ew
h

a
t 

A
cc

ep
ta

b
le

 

C
o
m

p
le

te
ly

 

A
cc

ep
ta

b
le

 

Overall acceptability of the CAG format       

Section headings      

Charts, Figures, Diagrams, etc.      

Main body contents       

Measures section content      
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4. Rate the acceptability of the “CAG” test plan content.  
 

Content 

C
o
m

p
le

te
ly

 

U
n

a
cc

ep
ta

b
le

 

S
o
m

ew
h

a
t 

U
n

a
cc

ep
ta

b
le

 

B
o
rd

er
li

n
e 

S
o
m

ew
h

a
t 

A
cc

ep
ta

b
le

 

C
o
m

p
le

te
ly

 

A
cc

ep
ta

b
le

 

Format of the CAG test plan      

Consistency of the CAG test plan      

Clarity of the CAG test plan      

Rate the acceptability of the CAG to 
follow the AFOTEC Analyst Test Guide.      

 

5. Rate the effectiveness of the “CAG” test plan effort. 
 

Effectiveness 

C
o
m

p
le

te
ly

 

In
ef

fe
ct

iv
e 

S
o
m

ew
h

a
t 

In
ef

fe
ct

iv
e 

B
o
rd

er
li

n
e 

S
o
m

ew
h

a
t 

E
ff

ec
ti

v
e 

C
o
m

p
le

te
ly

 

E
ff

ec
ti

v
e 

Rate the effectiveness of the CAG as a starting point 
for developing a completed test plan.      

 

6. Utilizing the “CAG” example test plan, do you foresee a time reduction in writing a final test 
plan? 

 

 Yes No 

Time   

 
 
7. What percent would a CAG test plan save the test team in preparing a test plan? 

 (0 to 100%): _____________________ 
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8. With regards to the “product” (CAG test plan), rate the following items: 
 

 

S
tr

o
n

g
ly

 

D
is

a
g
re

e
 

S
o
m

ew
h

a
t 

D
is

a
g
re

e
 

N
ei

th
er

 

A
g
re

e 
N

o
r 

D
is

a
g
re

e
 

S
o
m

ew
h

a
t 

A
g
re

e
 

S
tr

o
n

g
ly

 

A
g
re

e
 

I think that I would like to use this product 
frequently.      

I found the product unnecessarily complex.      

I thought the product was easy to use      

I think that I would need the support of a 
technical person to be able to use this 
product. 

     

I found that the various functions in this 
product were well-integrated      

I thought that there was too much 
inconsistency in this product.      

I would imagine that most people would learn 
to use this product very quickly.      

I found the product very awkward to use      
I felt very confident using the product.      
I needed to learn a lot of things before I could 
get going with this product.      
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9. Would you recommend a test team use the “CAG” test plan? 
 

Yes No 

  

 
 

Please explain your response: 
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APPENDIX B – COMBAT SEARCH AND RESCUE LOCATOR SYSML MODEL DIAGRAMS 
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 APPENDIX C – E-X AIRBORNE MULTI-SENSOR PLATFORM SYSML MODEL DIAGRAMS 

 
 
 

The following diagrams have been recreated as they appear in the Effective Model-Based Systems Engineering textbook by 

Borky and Bradley.  
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