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Abstract 

The Scenario-Based Experimental-Design Test Approach: 

Forecasting Higher System-Level Capabilities through Amalgamation 

of Element Verification Data 
 

During the system-elements’ requirement-based test approach (RBT&E), it is difficult for 

both Systems Engineering (SE) and Test and Evaluation (T&E) communities to objectively 

identify the corresponding system-of-interest (SOI) capability (or ability to achieve 

requirements throughout its intended operational environment) through aggregate 

interpretation and analysis of available element performance and verification data. This is 

because traditional RBT&E data are collected under unique measurements and verification 

conditions specific to only the allocated element requirements (e.g., element A’s 

demonstrated y1-mph speed under x1
oC verification condition versus element B’s 

demonstrated payload of y2-tons at x2-m altitude). Such mismatched variables cannot be 

quantitatively amalgamated to objectively forecast a comprehensive and representative 

SOI operational capability, thus reverting analyst and stakeholders to subjectively interpret 

element verification data and produce imprecise and/or incomplete SOI capability 

forecasts. In this study, the Scenario-Based Experimental-Design (SBED) test approach 

has been developed as a supplement to the traditional RBT&E approach to resolve these 

data-mismatch challenges. Through the implementation of Design of Experiments (DoE) 

test methods and response surface methodology statistical techniques, SBED models every 

independent element verification data as respective response models with respect to (w.r.t.) 

the “SOI-element capability” variable (or ability to fulfill corresponding element 

requirements) all as influenced by the overall SOI’s intended operational environment; it 

then objectively forecasts the SOI capability via either standalone Boolean-algebraic 
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summation computations of the (now matching) element-performance response models. 

This study’s SBED test approach contributes to both SE and T&E through the introduction 

of two benefits that have been previously unobtainable during SOI Implementation 

process. First, the early delivery of objective and quantitative SOI capability forecast(s) to 

support upfront identification and management of SOI design-related risks and 

uncertainties. Second, the beneficial delivery of more-descriptive “element capability” 

response models, which comprehensively characterize the respective element 

performances throughout the entire SOI operational environment thus expanding the scope 

of element performance verifications to beyond just allocated requirement-specified 

conditions. These introduced benefits are demonstrated through a data-analysis example in 

this dissertation that applies SBED’s data-analysis techniques to an existing United States 

Air Force flight test’s data set and compares its SBED-produced quantitative SOI 

capability forecasts against the test’s original qualitative conclusions.   
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1 Introduction to Research 

1.1 Background 

Throughout the system-of-interest (SOI) development life cycle, the Test and 

Evaluation (T&E) community’s primary goal is to provide objective evidence that the 

implemented and integrated functions-under-test perform their intended functions and 

fulfill their allocated performance requirement thresholds and characteristics (International 

Council on Systems Engineering [INCOSE], 2015; Department of Defense [DoD], 2017). 

While this Requirement-Based Performance Verification T&E goal remains paramount 

during the SOI Implementation and subsequent Integration-and-Verification processes, 

there exists another important T&E goal to identify either the SOI’s, or the next integrated-

level’s, capability (i.e., the ability to achieve integrated-level requirements throughout its 

stated operational environment) as early as possible per INCOSE (2015), DoD (2017), 

Eigbe, Sauser, &  Boardman (2010), and Helle & Schamai (2016). To date, it is difficult 

for both Systems Engineering (SE) and T&E communities to concurrently accomplish this 

new SOI-Capability Identification goal during the SOI Implementation process and its 

element verification activities. This is because the requirement-based test approach 

(RBT&E), that is traditionally employed to verify element performances’ compliance with 

respect to (w.r.t.) allocated element requirements, introduces several data-metrology and -

domain inconsistency challenges towards the objective identification of SOI capability. 

Specific to accomplishing the primary Requirement-Based Performance 

Verification T&E goal, the employment of the RBT&E test approach objectively confirms 

that the SOI-element performance satisfies its allocated element requirement thresholds by 

collecting corresponding performance and verification data specifically at the 
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requirement’s verification conditions (e.g., demonstrated y1-mph speed under x1
oC 

verification condition,  y2-tons payload at x2-m altitude,  y3-Watts sustain output power after 

x3-hours of operation, etc.) according to INCOSE (2015) and reiterated in Bjorkman & 

Gray (2009). RBT&E’s bottom-up reductionist verification approach of generating only 

test artifacts (e.g., test cases and test scenarios) that are specific  to the allocated element 

requirements and deferring the arduous integrated SOI verification/validation objectives to 

later (Hesari, Behjati, & Yue, 2013; Bjorkman & Gray, 2009)  is concomitant to: (a) the 

upfront and reliable identification of performance failures and anomalies w.r.t. the 

allocated element requirement (Helle &Schamai, 2016); (b) the validation of element 

requirements as written (e.g., quantitative, measurable, unambiguous, and testable) per 

INCOSE (2015); and (c) the establishment of unambiguous traceability between the two 

(INCOSE, 2015;  Bjorkman & Gray, 2009; Winkler & von Pilgrim, 2009). According to 

Li, Roberts, & Grenn (2018a) and as further discussed in Subsection 2.1.2 (Benefits of the 

Traditional RBT&E Approach), these inherent SE and T&E benefits inextricably link the 

RBT&E test approach (and justifiably so) to the SOI Implementation process and its 

element-verification activities. 

When it comes to concurrently accomplishing the SOI-Capability Identification 

goal during the SOI Implementation process, SE and T&E communities are expected to 

preserve the existing inextricable link with the RBT&E test approach and thus forecast SOI 

capability (vice demonstrate due to unavailability of integrated prototypes) through 

interpretation and analysis of available RBT&E-collected verification data. There exist two 

methods to do so. First is the standalone analyses and quantitative amalgamation of 

available RBT&E element verification data to interpret their collective effects (Bjorkman, 
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Gray, & March, 2005). Second is the aggregate and coherent simulation of respective 

Model-Based Systems Engineering (MBSE) low-level models (previously developed 

during the SOI Decomposition and Definition processes) utilizing the available RBT&E 

element verification data as model inputs (Eppinger, Whitney, Smith, & Gebala, 1994; 

Estefan, 2008; Ramos, Ferreira, & Barceló, 2013). To date, it is difficult to execute either 

of these two SOI capability-forecast methods during the SOI Implementation process 

because the available RBT&E element verification data present the following challenges:   

1) Mismatch of element variables’ units of measurement (or data metrology 

inconsistency): with each SOI element-under-test being developed under different 

requirements, their respective RBT&E verification data are collected and 

represented by unique variables and units of measurements specific to only their 

allocated requirements (e.g., mph, tons, Watts, etc.). This data-metrology 

inconsistency among the RBT&E element verification data prevents their 

subsequent mathematically- and statistically-conforming amalgamation, or 

aggregate simulation, to produce the corresponding SOI-capability forecast 

(Fiebrandt & Wilson, 2008).  

2) Mismatch of element variables’ measurement conditions (or data-domain 

inconsistency): with each element requirement specifying different verification 

conditions (e.g., at x1 
oC ambient condition, at x2-meters altitude, after x3-hours of 

operation, etc.), their respective RBT&E verification data are collected and 

presented as unique scalar-conditional variables. This data-domain inconsistency 

among the RBT&E element verification data violates the amalgamation property’s 

joint embedding signature requirement (Hodges, 1997) and prevents their 
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subsequent linear amalgamation, or coherent simulation, to forecast the 

corresponding SOI capability as confirmed by Helle & Schamai (2016), Shaikh & 

Moore (1997), and Ogren (2000). 

 

RBT&E’s data-metrology and -domain inconsistency challenges result in the SE 

and T&E communities reverting to either: (a) subjectively (or judgmentally) interpret 

RBT&E element verification data and their collective effects (Bjorkman, et al., 2013), and 

deliver imprecise and/or incomplete SOI-capability forecasts that may hinder factual 

differentiations of risks from uncertainties (Parry, 1996; Corral, 1997); or (b) rely on 

synthetic element performances (e.g., respective element requirements’ thresholds or 

historic manufacturer engineering data) to continue to deliver (what is now routine, 

obsolete, and pre Implementation process) SOI-design inspections vice SOI capability 

forecasts per Ogren (2000); or (c) just entirely overlook the SOI-Capability Identification 

T&E goal within the SOI Implementation process and deferring to subsequent integrated-

level verification and validation (V&V) processes. 

This study aims to resolve RBT&E’s data-inconsistency challenges and SOI 

Implementation process’ inability to objectively forecast SOI capability with its developed 

Scenario-Based Experimental-Design test approach (SBED).  

 

1.2 Statement of the Problem 

Despite the ever pressing need to identify SOI-level capability as early as possible 

within SOI development life cycle to further support assessment (and mitigation) of 

potential technical risks and uncertainties as pertain to the SOI design, the focus of the SOI 
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Implementation process continues to fixate exclusively on the capturing and collection of 

element performances and verification data specific only to the allocated element 

requirement variables and measurement conditions (i.e., employment of the traditional 

RBT&E test approach) as stated in INCOSE (2015) and DoD (2017). While the 

implementation of the RBT&E test approach introduces significant benefits toward the 

objective verification of element performance-under-test’s requirement compliance (i.e., 

the accomplishment of the Requirement-Based Performance Verification T&E goal), its 

collected element verification data are represented by unique measurements and 

measurement conditions that bear minimal relevance to the overall integrated SOI 

capability (Helle & Schamai, 2016; Bjorkman &Gray, 2009). Thus, it is a challenge to 

quantitatively amalgamate, or coherently simulate, these mismatched RBT&E element 

verification data to produce an objective SOI-capability forecast.  

To support the SOI Implementation process’ ability to accomplish the SOI-

Capability Identification T&E goal, there exists a need to resolve RBT&E’s existing data-

metrology and -domain inconsistency challenges. RBT&E’s bottom-up reductionist 

verification approach needs to be supplemented (not replaced) with a top-down SOI-

synoptic verification perspective. All individual (previously mismatched) element 

performance data need to be characterized as variables that are: (a) standardized w.r.t. a 

common unit-of-measurement that is relevant to the SOI mission; and (b) normalized w.r.t. 

a common domain that is comprehensively representative to the SOI operational 

environment. Thus, introducing to the SOI Implementation process with the ability to 

quantitatively amalgamate or coherently simulate these (now matching) element 
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performance variables to objectively forecast the SOI operational capability. And this is 

otherwise not available until subsequent Integration and Verification processes. 

The author claims such a supplement to the RBT&E test approach exists in this 

developed SBED test approach. 

 

1.3 Approach 

This study researches and introduces the SBED test approach to supplement (not 

replace) the traditional RBT&E approach. SBED resolves the SOI Implementation 

process’ existing RBT&E data-metrological and -domain inconsistency challenges by 

capture and characterize all individual element performances data as response models w.r.t. 

a common SOI mission-relevant unit-of-measurement (i.e., SOI-element capability, or the 

ability to satisfy allocated element requirement’s specified threshold) and as influenced by 

a common SOI mission-representative domain (i.e., SOI’s intended operational 

environment). SBED then either quantitatively amalgamate or coherently simulate the 

(now matching) element models to objectively produce the corresponding SOI-capability 

forecast. As illustrated in Figure 1-1 and further discussed in Subsection 3.2 (SBED 

Methodology Description), SBED is implemented through the following 5 steps: 

Step 1. Depicts (or “scenarioizes”) the SOI capability through a graphical 

representation of interacting and sequenced SOI’s child elements (e.g., an 

entity relationship (ER) diagram, and other Functions-Based Systems 

Engineering (FBSE) or MBSE products, etc.). 
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Step 2. Introduces the parameter(s) that define SOI’s intended operational 

environment as the common input domain to normalize all to-be-collected 

element verification data. 

Step 3. Employs design of experiment (DoE) test methods to collect all element 

verification data and capture the effects (on the element functions-under-

test) from changes within the SOI operational environment. 

Step 4. Through Response Surface Methodology (RSM) statistical and analytical 

techniques, models all the collected element verification data as individual 

element-capability response models as influenced by the common SOI 

operational environment and standardized w.r.t. a quantitatively calculated 

performance-versus-requirement threshold response variable. 

Step 5. Either: (a) Boolean-algebraically sums (i.e., super positions) all element-

capability response models, w.r.t. the SOI-capability scenario developed 

from SBED’s Step 1, to quantify their net response (or collective effects) 

and objectively produce the SOI-capability forecast model that is also 

influenced by the SOI operating environment; or (b) delivers all 

standardized and normalized element-capability response models to MBSE 

as their respective low-level models’ inputs to aggregate coherent simulate 

a similar corresponding SOI forecast.  
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Figure 1 - 1, The SBED Test Approach’s Model Diagram and Data Flow Chart 
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1.4 Organization of the Document 

This dissertation is comprised of 5 chapters. Chapter 1 is an introductory providing 

background, purpose, scope, and goal on the subject matter while detailing the overall 

problem being considered. Parts of Chapter 1’s content has been accepted in an upcoming 

IEEE Systems Engineering Journal article (Li, et al., 2018a). This article has completed 

peer review and accepted by the journal in May of 2018 but is not yet published at the time 

of this dissertation release. Chapter 2 presents an in-depth literature review of the 

traditional Requirement-Based Performance Verification and the new SOI-Capability 

Identification T&E goals, as well as the SOI Implementation process’ challenges 

encountered towards the concurrently accomplishment both T&E goals through 

employment of the traditional RBT&E test approach. Chapter 2 also describes several 

existing RBT&E-supplemental T&E approaches and methods (including the early 

prototype T&E approach and MBSE’s aggregated coherent simulations) aimed to identify 

and forecast integrated SOI-level capability, along with each of their specific benefits, 

limitations, and research gaps. All of Chapter 2’s content is related to research and 

literature from both Li, et al. (2018a) and Li, Roberts, & Grenn (2018b). The latter is an 

upcoming INCOSE’s Systems Engineering Journal article which is currently undergoing 

peer review at the time of this dissertation release. Chapter 3 presents a detailed description 

of this study’s proposed SBED test approach. Chapter 4 presents a data-analysis example 

which further demonstrates SBED’s ability to resolve RBT&E’s data-metrological and –

domain inconsistency challenges and to objectively forecast SOI capability (i.e., normalize, 

standardize, and amalgamate element verification data) by applying its DoE and RSM 

analytical techniques onto an existing United States Air Force (USAF) Flight Test Center 
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(AFFTC) T-38C flight test data set (Gunn-Golkin et al., 2010). This data-analysis example, 

as initially introduced in (Li, et al., 2018a), further exhibits SBED-introduced SE and T&E 

benefits by comparing SBED’s quantitatively-produced capability forecast against 

AFFTC’s original qualitative SOI assessment conclusions (as subjectively drawn from 

standalone analyses of individual RBT&E-collected element verification data). Chapter 5 

provides conclusions and recommendations for future research.  

 

1.5 Significance 

SBED introduces several SE and T&E benefits to the SOI Implementation process. 

The first introduced benefit of SBED is the early delivery of an objective and quantitative 

SOI operational-capability forecast. This is previously unobtainable during the SOI 

Implementation process, to accomplish the SOI-Capability Identification T&E goal (Li, et 

al., 2018a). 

The second introduced benefit applies directly within the SOI Implementation 

process’s ability to accomplish the Requirement-Based Performance Verification T&E 

goal. It is SBED’s deliveries of more detailed and more SOI-mission representative 

“element-capability” models from SBED’s Step 4 as discussed in Subsection 3.2.4 

(Calculate Standardized Element-Capability Models). SBED’s element-capability models 

comprehensively characterize every respective element performance w.r.t. the entire SOI 

operational environment; thus, expanding the scope of Implementation process’ primary 

Requirement-Based Performance Verification T&E goal (which has been previously not 

expandable) to beyond just the element requirement-specified verification conditions 

(Bjokman & Zeis, 2007; Eldh, Brandt, Street, Hansson & Punnekkat, 2010; Hsueh, 1995). 
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Additionally, the provision of SBED’s more detailed and more SOI-mission representative 

“element-capability” models further improves the Implementation process’ ability to 

objectively validate MBSE’s corresponding design models and support MBSE’s 

aggregated coherent simulation of corresponding low-level models to forecast SOI 

capability. Together, the SBED-produced SOI capability forecast and its corresponding 

element-capability models objectively inform SOI decision makers and designers of 

potential risks and uncertainties associated to the SOI design as well as the identification 

of culpable child element(s) (Li, et al., 2018a).  

Overall and as illustrated in Figure 1-2, the supplementation of SBED’s top-down 

SOI-synoptic verification approach establishes the Implementation process’ SE-

information feedforward to future Integration and Verification processes along the SE-Vee 

as defined in Forsberg and Mooz (1991) by providing objective means to both understand 

the SOI emergent behaviors w.r.t. the SOI hierarchical structure (Anandalingam & Friesz, 

1992) as well as to identify subsequent integrated test subjects (Zhu, Pritchard, & 

Silverberg, 2016). Concurrently, the supplementation of SBED also establish the 

Implementation process’s SE-information feedback to previous adjacent SOI design 

Decomposition and Definition processes along the SE-Vee by providing objective means 

to understand, inspect, and validate the existing SOI design and SOI-design products (Gotel 

& Finkelstein, 1994). For example, corresponding MBSE developed lower-level models.  

All SBED-introduced benefits are discussed in Subsection 3.3 (Additional Benefits 

of SBED) of this dissertation and further demonstrated through Chapter 4’s data-analysis 

example.  
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Figure 1 - 2, SBED Information Feedforward- and Feedback Flow within the SE Vee 
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1.6 Scope and Limitations 

Multiple existing SE-based T&E frameworks and approaches have been introduced 

and employed throughout the SOI Implementation and Integration-and-Verification 

processes intended to introduce a top-down SOI-synoptic verification approach. As further 

discussed in Section 2.3 (Existing RBT&E Supplements to Forecast SOI Capability) of this 

dissertation, most of these existing frameworks and approaches are aimed to address a 

variety of current SE- and T&E-related programmatic-management challenges and 

difficulties specific to software-centric system’s development. In comparison, this study’s 

proposed SBED test approach presents three unique distinctions in its scope: 

1. SBED’s primary goal is to introduce the ability to objectively forecast SOI-

operational capability. This study places minimal emphasis towards improving 

the resource-management and -allocation aspects of the SOI development life 

cycle; 

2. SBED is primarily intended for the SOI Implementation process and its element 

verification activities. While SBED can be re-employed during subsequent SOI 

integration and test activities (i.e., its SOI-hierarchical modularity benefit as 

discussed in Subsection 3.4.4.1), the author defers the research of SBED’s 

utilities and benefits toward the later Integration and Verification processes as 

future works; and  

3. SBED is tailored towards hardware-centric SOIs. This is because: (a) software-

centric SE and T&E frameworks and approaches are already a well-research 

topic, and (b) existing software-centric T&E frameworks and approaches differ 

from their traditional hardware-centric counterparts as a heavy reliance is placed 
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on the availability of higher verification data sample sizes. This is a luxury that 

is typically unavailable to hardware-centric SOI V&V activities, especially 

during the initial Implementation process.  

The methodology of this study’s SBED test approach places a heavy reliance on 

incorporating DoE test methods. This study emphasizes that its intent is not to teach 

specific DoE designs or DoE-design requirements during SOI Implementation process’ 

element verification activities. While SBED is dependent upon the employment of DoE 

designs to capture individual element performances w.r.t. the SOI operational environment, 

the actual selections of appropriate DoE designs to be specifically employed during that 

SOI’s element verification test remain to be unique case-by-case decision that are based on 

each element verification’s test-resource availabilities and its intrinsic Requirement-Based 

Performance Verification objectives. This emphasis is further iterated in Subsection 3.2.3 

(Design and Execute Element Verifications with DoE Method) of this dissertation. 

Furthermore, this dissertation includes a data-analysis example to demonstrate the 

utilities and benefits of SBED that is presented with limited scope. The example utilizes a 

real-life USAF flight-test data set to partially demonstrate and validate SBED’s data-

analysis methodology. However, it does not offer a complete (start-to-end) and realistic 

demonstration of SBED methodology because a complete real-life data set that can fully 

exhibit this study’s problem statement is not available for this study. Therefore, a 

comprehensive example utilizing a complete, real-life, and SOI hierarchical data set 

(implying that includes quantitative performance data at both the system-element level and 

the corresponding integrated SOI level) is listed as future work in Chapter 5. 
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Finally, because the propose SBED test approach places a minimal emphasis on the 

schedule and resource aspects of T&E, as well as the overall SOI development life cycle, 

the delivery of SBED-produced SOI- and element-level capability forecasts cannot solely 

dictate the outcome of SOI designers and decision maker’s responses to immediately 

implement any respective corrective actions. The goal SBED test approach is to produce 

comprehensive and objective element- and SOI-level capability forecasts to support the 

assessment and mitigation of any potential technical risks associated to the SOI design. 

However, with the SOI Implementation process taking place after what are typically long 

and arduous SOI Decomposition and Definition processes, the overall significance and 

influence of any SBED-identified and -reported technical risks and uncertainties may be 

attenuated when equal amounts of considerations towards other SOI development’s 

programmatic constraints are in place (i.e., schedule, cost, and resources). Therefore, there 

remains a need to development and instill a SOI-centric T&E approach during the earlier 

SOI Decomposition and Definition process to minimize any corrective actions’ potential 

programmatic impact. This need is listed as future work in Chapter 5.  
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2 Literature Review 

2.1 The Traditional Roles and Expectations of T&E 

2.1.1 The Requirement-Based Performance Verification Goal 

During the SOI Implementation process, the paramount T&E goal is to confirm that 

the elements are “built right” through inspections, verifications, and documentation of 

captured performances against their respective allocated requirements. This is the 

Requirement-Based Performance Verification T&E goal. The successful accomplishment 

of the Requirement-Based Performance Verification T&E goal requires implementing 

individual well-defined and well-planned test events and artifacts that are focused 

exclusively to the implemented or integrated functions under test (INCOSE, 2015; DoD, 

2017; Ministry of Defense [MODAF], 2005) and relying on the corresponding collected 

performance verification data to objectively differentiate the function-under-test’s intended 

behavior (i.e., requirement thresholds) against actual demonstrated behavior (Helle & 

Schamai, 2016).  

For standalone verifications of implemented SOI-element functions, its 

corresponding captured verification data must be directly pertinent only to the allocated 

element requirement’s specific performance metrics (Weiss & Schmidt, 2010). For 

verifications of SOI-level (or integrated-level) functions, it becomes more complicated. 

Given the sheer number of potential decomposed element requirements within an SOI 

design (e.g., a typical planned V&V portfolio for a major DoD weapon system may include 

dozens or even hundreds of individual verifications which also includes hundreds or 

thousands of individual test cases and scenarios according to Bjorkman, Sarkani, & 

Mazzuchi (2013), its corresponding captured verification results must be comprehensively 
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pertinent to all combinations of operational input parameters as collectively specified 

within all applicable element- and integrated-level requirements per Shaikh & Moore 

(1997). 

As T&E typically assuming the role of being the byproduct of earlier SOI 

Development Process schedule slides and budget cuts, there exist expectations of 

accomplishing the primary Requirement-Based Performance Verification goal with less 

resources and time to absorb the already-incurred negative programmatic impacts (Hess & 

Valerdi, 2010; Harman, Cortez, & Hill, 2016). This is especially the case during the SOI 

Implementation process, of which is the initial T&E activities encounter after the SOI 

Decomposition and Definition processes. As a result, it is often considered prohibitively 

resource intensive to adequately verify integrated SOI-level functions, especially w.r.t. the 

“infinite” number of nonhomogeneous parameters as pertinent to all the applicable element 

requirements’ specified configuration and operating conditions (Souag, Mazo, Salinesi, & 

Comyn-Wattiau, 2016; Fiebrandt & Wilson, 2008; Bjarnason, et al., 2014). Thus, to 

maintain the assurance that the captured verification results can still objectively inform SOI 

designers and stakeholders of potential uncertainties and risks associated to the selected 

design approach (DoD, 2017; Bjorkman, et al., 2005), the Implementation process’ most 

pragmatic solution is to remove the cumbersome and expensive verifications of integrated 

SOI-level functions, and reduce the focus and scope of its performance verification down 

to the most fundamental and lowest SOI-hierarchical level: standalone verification of 

individual element functions only against their allocated element requirements (e.g., only 

demonstrate y1-mph speed under x1
oC verification condition, only demonstrate y2-tons of 

payload at x2-m altitude, and only demonstrate sustainment of y3-watts of output power 
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after x3-hours of operation, etc.) as remarked in Corral (1997) and Ncube (2011). This 

bottom-up reductionist verification approach (of fixating exclusively on the capturing and 

collection of element performances and verification data specific only to the allocated 

element requirement variables and measurement conditions), by definition, is the 

traditional RBT&E test approach. And it is inextricably linked to the SOI Implementation 

process.  

The RBT&E test approach is the most fundamental, most practical, and most 

objective SOI-element verification methodology to employ during the SOI Implementation 

process (Hesari, et al., 2013). This is because its methodology focuses exclusively on 

generating individual and standalone test artifacts that are specific only to the allocation 

requirement’s performance metrics and verification conditions (INCOSE, 2013; Bjorkman 

& Gray, 2009) and its goal exclusively includes only the early and reliable up-front 

identification of element-level design defects (INCOSE, 2015; Helle & Schamai, 2016). 

RBT&E completely removes the top-down SOI-synoptic perspective of assessing element 

performances as they pertain to the SOI-level capabilities and defers all integrated SOI-

level requirement verifications to subsequent Integration and Verification processes 

(Eigbe, et al., 2010). As further discussed next, RBT&E bottom-up reductionist verification 

approach’s concomitance to the SOI Implementation process’s nature (and its external 

programmatic demands) establishes an inextricable link between the two.  

 

2.1.2 Benefits of The Traditional RBT&E Approach  

To the best knowledge of this study, the implementation of RBT&E and its 

associated challenges toward objective performance-defect identification (and ultimately 
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accomplishment of the Requirement-Based Performance Verification T&E goal) are rarely 

reported in industry-related journals (Bjorkman, et al., 2013; Romas, et al., 2013; Zhu, et 

al., 2016). This is because RBT&E’s methodology placates to the fundamental nature of 

SOI Implementation process, as well as introduces several immediate SE and T&E 

benefits. These benefits are further discussed I the following subsections. 

 

2.1.2.1 Adaptability Towards SOI Design’s Hierarchical Complexity  

The first and foremost benefit of the RBT&E test approach, towards accomplishing 

the traditional Requirement-Based Performance Verification T&E goal, is its ability to 

objectively differentiate between the individual element function-under test’s intended 

behaviors (i.e., allocated requirement thresholds) and its actual behavior, or to gain 

confidence towards the lack of thereof (Helle & Schamai, 2016; Parry, 1996; Bjorkman & 

Gray, 2009). RBT&E’s methodology, of generating isolated test artifacts specific only to 

the individual element functions-under-test, quarantines its collected element verification 

data from the influences of potential interactions from other element functions (Bjorkman, 

et al., 2013). This allows the subsequent interpretation an characterization of captured 

element verification data to: (a) Provide full insights of the element design and 

implementation as conveyed through the boundaries of the allocated requirement 

descriptions (e.g., what information, who created it and when, where it came from, how it 

is presented, and why)  as described in Winkler & von Pilgrim (2009) and Ramesh & Jarke, 

(2001); and (b) Factually differentiate between issues, risks, and uncertainties associated 

to the respective element’s design and implementation that may ultimately affect 

stakeholders’ decision outcomes (Shaikh & Moore, 1997; Parry, 1996; Corral, 1997). 
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RBT&E also reduces the complexity of generating element-verification test 

artifacts by quarantining its element-level test-design and -planning efforts from any 

integrated SOI-level considerations (Bjorkman, et al., 2013). Typically during the SOI 

Implementation process, corresponding SOI-level user requirements still remain to be 

assumptions and implicit interpretations of solicited colloquial, ambiguous, and subjective 

SOI user statements (Liu, Zhang, & Chen, 2012), and their respective and applicable 

element designs (that spread over different engineering disciplines) are often individually 

created with little to no consideration of the effect to the overall SOI-level user requirement 

(Corral, 1997; Engle, Bogomolni, Shachar, & Grinman, 2004). Therefore, as one single 

element function combines with tens and hundreds of others (i.e., as into one black box 

that is only defined by required inputs and outputs), the complexity in generating the 

appropriate test artifacts would significantly increases while corresponding testability 

decreases (Dahmann, Lane, Rebovich, & Lowry, 2010; Apostolov & Vandiver, 2014). In 

return, RBT&E reduces the complexity of Implementation process’ verification design and 

planning efforts by ignoring the hierarchical relationship between SOI-level requirements 

and its corresponding element requirements and ultimately eliminating the need to 

comprehensively demonstrate element performances w.r.t. to the “infinite number” of 

combinations of operational input parameters as specified to the all allocated SOI and 

element requirements (Bjorkman, et al., 2013).  

Furthermore, RBT&E offers a level of robustness against the constant (and often 

vague and ambiguous) requirement additions, deletions, and modifications that are 

ubiquitous to the dynamic SOI development life cycle (Corral, 1997; General Accounting 

Office [GAO], 2004; DoD, 2010). These ‘requirement volatilities’, as characterized by 



 

21 

Peña & Valerdi (2015), are often individually introduced at the element-requirement level 

and of which the ultimate effects to remaining element designs remain unknown and often 

unconsidered (Dahmann, et al., 2010; Loren, 2007). Therefore, RBT&E’s focus of 

generating only element requirement-specific test artifacts advantageously allows SOI 

Implementation process’ verifications to ignore both the additional complexity introduced 

by this dynamic nature of SOI design and the potential challenges encountered toward the 

partitioning organic element performance defects from the influences and effects of other 

element functions’ potential interactions (Di Nitto, Ghezzi, Metzger, Papazogou, & Pohl, 

2008; Ncube, 2011).  

 

2.1.2.2 Suitability to Independent & Asynchronous Element-Development 

Strategy 

The RBT&E methodology placates to the typical schedule- and geographically-

disparate nature of independent and asynchronous SOI-element development strategy and 

their respective verification requirements (Li, et al., 2018a).  

SOI element designs are typically independently executed as autonomous entities 

starting from different levels of initial readiness and maturity, and asynchronously 

delivered for respective performance verifications with minimal constraint from SOI-level 

verification-planning considerations (INCOSE, 2015; Dahmann, 2015). Additionally, 

individual element verification test cases and scenarios often mandate unique capabilities 

from geographically disparate test facilities and supply chains (e.g., extreme environmental 

condition test, electromagnetic interference and compatibility test, live-fire lethality test, 

etc.) as emphasized in DoD (2003). Therefore, it is difficult (if not impossible) to 
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synchronize and collocate all individual element test artifacts during the SOI 

Implementation process (Dahmann, et al., 2010). RBT&E’s scope, of executing and 

verifying only element requirement-specific test events, placates to this schedule- and 

geographically-disparate nature of SOI-element verification (Weiss & Schmidt, 2010).  

 

2.1.2.3 Additional SE and T&E Benefits 

RBT&E methodology also introduces several intrinsic SE and T&E benefits to the 

Implementation process’ accomplishment of the Requirement-Based Performance 

Verification T&E goal. 

One is the establishment of clear and bidirectional traceability between individual 

element verification results (as well as their identified element performance defects) and 

their allocated element requirements (INCOSE, 2015). With RBT&E’s methodology of 

generating only element requirement-specific test artifacts, captured element performance 

and identified defects can be directly correlated to the allocated element requirement under 

test. This provides traceability on how the identified performance defects, and its 

probability of occurrence, may potentially impact the integrated SOI design (albeit 

subjectively) based on the priority of the respective element requirement (e.g., key 

performance parameters, critical technical parameters, and measures of performance) as 

pointed out in Ncube (2011). 

Another intrinsic SE benefit of RBT&E is its ability to validate the element 

requirements while concurrently verifying element performance w.r.t. that requirement 

(INCOSE, 2015). With RBT&E scope of generating isolated test artifacts specific only to 

the individual element functions-under-test, the quality of respective test cases and test 

scenarios can be utilized as qualitative reflection to gauge the allocated element 
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requirements’ organic attributes (i.e., is the requirement’s specified measurements and 

verification conditions testable, measurable, quantifiable, etc.) as discussed in Winkler & 

von Pilgrim (2009) and Graham (2002). Vague, ambiguous, or unclear requirements can 

be objectively identified and corrected during RBT&E’s test artifact-design and -planning 

efforts during the SOI Design and Decomposition processes (Graham, 2002; Zhang, Li, 

& Liu, 2014). Prior to the actual start of an Implementation process’ element verification 

activities.  

 

2.1.3 Implementation Process’ Inextricability Towards RBT&E 

With all of its intrinsic SE and T&E benefits towards accomplishing the 

Requirement-Based Performance Verification T&E goal, the RBT&E test approach 

provides a feasible, reliable, and robust method to objectively verify that SOI elements-

under-test perform their intended functions and fulfill their allocated performance 

requirement thresholds and characteristics. Therefore, it remains to be inextricably linked 

(and justifiable so) to the SOI Implementation processes per Li, et al. (2108a). 

However, there now exists a need to expand the focus and scope of the SOI 

Implementation process’ element verifications to concurrently assess element 

performances as pertinent to the integrated SOI-level mission and across a wide range of 

possible operational environments as stated in Bjorkman & Gray (2009) and Eigbe, et al., 

(2010). The SOI Implementation process must now concurrently address these challenges 

associated to SOI-level assessments that RBT&E’s methodology has previously made 

possible to ignore (e.g., complexity of SOI hierarchy, independent and asynchronous 

element development). 
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2.2 New Roles and Expectations of T&E  

2.2.1 The SOI-Capability Identification Goal 

While this Requirement-Based Performance Verification T&E goal remains 

paramount during element verification activities, there now exists another equally 

important T&E goal to identify SOI operational capability (or the next integrated level’s 

capability) in support of the identification and mitigation of risks associated to the 

implemented design (Eigbe, et al., 2010; Helle & Schamai, 2016; Li, et al., 2018a). This is 

the new SOI Capability-Identification T&E goal.  

The new SOI Capability-Identification T&E goal coincides with the early SOI 

Decomposition and Definition processes’ top-down SOI-synoptic practices which fixates 

its primary design focus on the SOI-level user requirements as details of individual aspects 

of an SOI design are developed (INCOSE, 2015; Pyster, et al., 2012;, Unterkalmsteiner, 

Feldt, & Gorschek, 2014; Anandalingam & Friesz, 1992; van Lamsweerde, Darimont, & 

Leiter, 1998). To maintain the alignment, the V&V activities throughout subsequent SOI 

Integration and Verification processes are also expected to incorporate the same top-down 

SOI-synoptic verification approach (Ncube, 2011) and collect corresponding performance 

test results to: (a) Determine if the implemented functions-under-test solve the SOI-level 

user requirement through associations and correlations of identified potential uncertainties, 

risks, and potential technology gaps to the overall SOI-design approach (DoD, 2003; 

Bjorkman, et al., 2013); and (b) Identify the next integrated-level SOI’s emergent behavior 

to optimize identification of subsequent Integration and Validation process’ test subjects 

(INCOSE, 2015; DoD, 2017; Zhu et al., 2016).  
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As a large portion of total SOI life cycle’s cost is committed by decisions made 

within its development stage (Loren (2007) states eighty percent), the implementation of a 

top-down SOI-synoptic verification approach to accomplish this SOI Capability-

Identification T&E goal is expected to take place as early as possible to achieve 

performance and minimize cost (Roberts, Mazzuchi, & Sarkani, 2016) and the initial 

opportunity occurs during the Implementation process and its element verification 

activities.  

 

2.2.2 Inadequacies of the RBT&E Approach 

During the SOI Implementation process, the SOI-Capability Identification T&E 

goal is expected to be accomplished without breaking the existing inextricability towards 

RBT&E and RBT&E’s benefits despite that the fact that they are applicable only toward 

accomplishing the primary Requirement-Based Performance Verification T&E goal. 

Therefore, the corresponding SOI capability must be forecasted via a top-down SOI-

synoptic approach either through the quantitative amalgamation of available RBT&E-

collected element verification data, or through the coherent simulation of respective low-

level MBSE models using the same RBT&E data as respective low-level model inputs 

(Bjorkman & Gray, 2009). To date, it is a challenge to implement either of these two SOI-

capability forecasting methods during the SOI Implementation process. This is because 

traditional RBT&E-collected element verification data (e.g., only demonstrate y1-mph 

speed under x1
oC verification condition, only demonstrate y2-tons of payload at x2-m 

altitude, and only demonstrate sustained y3-watts of output power after x3-hours of 

operation, etc.) intentionally exclude this needed top-down SOI-synoptic verification 
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perspective. This presents two RBT&E’s data-inconsistency challenges towards the 

objective forecasting of the SOI capability (Li, et al., 2018a). 

The first challenge pertains to arithmetical nonuniformity. With SOI elements 

being developed under different requirements, their respective RBT&E-collected 

verification data are represented by different variables and different units of measurement 

specific to only their allocated requirements (e.g., mph, tons, Watts, etc.). These element 

verification variables are inconsistent to each other and also most likely to the SOI-level 

requirement’s performance measurements. This data-metrology inconsistency (or absence 

of uniformity in units of measurement) of RBT&E element verification data prevents any 

integrated SOI-level capability forecast to be mathematically- and statistically- 

amalgamated (Fiebrandt & Wilson, 2008).  

The second challenge pertains to nonlinearity in variable domains. With each 

element requirement specifying different verification conditions (e.g., at x1
oC ambient 

condition, at x2-m altitude, after x3-hours of operation, etc.), their respective RBT&E-

collected verification data are presented as mismatched and scalar conditional variables. 

Furthermore, each element requirement’s verification condition typically does not fully 

represent the actual operational environment of the respective element design nor the 

integrated SOI’s mission (Hsueh, 1995). This data-domain inconsistency challenge (or the 

absence of a common and SOI-mission representative measurement conditions) violates 

the amalgamation property’s joint embedding signature requirement (Hodges, 1997) and 

prevents their linear and quantitative amalgamation to produce an SOI mission-

representative capability forecast (Helle & Schamai, 2016; Shaikh & Moore, 1997).  
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Together, RBT&E’s element data-inconsistency challenges result in the SOI 

Implementation process reverting to either subjectively (or judgmentally) interpret element 

verification data (and their collective effects) and outputs imprecise and/or incomplete SOI 

capability forecasts that may hinder factual differentiation of risks from uncertainties 

(Parry, 1996; Corral, 1997), or just entirely overlook the SOI-Capability Identification 

T&E goal throughout the process’s element-verification activities.  

 

2.2.3 Inadequacies to Support MBSE’s SOI-Capability Simulation 

Throughout the SOI Decomposition and Definition processes, MBSE has become 

a standard SE practice to inspect the SOI design quality requirement by requirement, as 

further discussed by works by Karban, et al. (2008), Ramos, et al. (2013), and Kalawsky, 

et al. (2013), Crisp (2007), Topper & Horner (2013), and Holt, et al. (2015). It has emerged 

as a formalized and cost-effective SE tool to identify and resolve any potential complexity 

and uncertainty issues associated to the SOI design based on the experimental simulations 

of SOI’s multifaceted low-level requirements (Corral, 1997; Chen, et al., 2012; Ramos, et 

al., 2013; Kernstine, 2013; Toper & Horner, 2013). Once the SOI development life cycle 

transitions (from design) to its Implementation process, MBSE’s role as an SE tool is also 

expected to transition from SOI-design inspection to SOI-design exploration. It is now 

expected to identify the corresponding integrated SOI-level’s emergent behavior, w.r.t. the 

domain of its intended operational environment (i.e., the SOI-Capability Identification 

goal), through the aggregated simulation of available RBT&E element verification results 

as its respective low-level model simulation inputs (Winkler & von Pilgrim, 2009; 
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Eppinger, et al., 1994; Estefan, 2008; Ramos, et al., 2013; Morandini, Penserini, Perini, & 

Marchetto, 2017).  

However, during the SOI Implementation process, MBSE’s ability to forecast SOI 

capability encounters the same RBT&E’s data-domain inconsistency challenges. MBSE 

cannot objectively identify an SOI capability, one that is representative of the SOI-mission 

and comprehensive to the SOI-operational environment, unless the available RBT&E 

element verification data utilized as simulation inputs also bear the same characteristics 

(Winkler & von Pilgrim, 2009; Shaikh & Moore, 1997; Fiebrandt & Wilson, 2008). With 

the knowledge that such extension of the RBT&E test approach and data are not feasible 

(Bjorkman & Zeis, 2007), MBSE reverts to relying on historic and synthetic element 

performances (e.g., respective low-level requirements’ thresholds or manufacturer’s 

engineering data) to continue to produce (what is now routine, obsolete, and pre-

Implementation process) SOI-design inspections during the SOI Implementation process. 

Its identification of SOI capability are deferred until subsequent integrated V&V results 

become available (Fiebrandt & Wilson, 2008; Boumen, et al., 2009; Ogren, 2000).  

 

2.2.4 Supplementation of the RBT&E Approach 

To demonstrate RBT&E’s existing data-metrological and –domain inconsistency 

challenges, Table 2-1 lists four applicable element requirements of a hypothetical SOI 

architecture and their respective descriptions. Each element requirement in Table 2-1 is 

intentionally introduced with unique requirement-specified performance-measurement 

variables and verification conditions (as illustrated by different Greek alphabet letters as 

unit variables and distinct variable designations, xi
*s). Concurrently, Table 2-2 lists the 
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corresponding element verification data of Table 2-1’s four requirements, as reported in 

formats commonly associated to the traditional RBT&E test approach. It is self-evident 

through examination of Table 2-2’s RBT&E-collected element verification data, that due 

to each requirement’s unique measurements, thresholds, and verification conditions, 

collectively they are inadequate to support any subsequent mathematically- or statistically- 

conforming amalgamations or coherent simulations to forecast the corresponding SOI-

capability. Even if all of four requirements’ verification test results are uniformly reported 

in one of the formats within Table 2-2 (i.e., any one of the three right-sided columns), as 

long as there exists one element requirement that specifies a unique unit-of-measurement 

or a verification condition, RBT&E’s existing data-metrological and –domain 

inconsistencies present challenges towards the production of an objective SOI-capability 

forecast. 
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Table 2 - 1, Examples of Hypothetical Allocated Element Requirements 

Requirement # Threshold Values/Ranges 

Threshold 

Units of 

Measurement A 

Performance Specification 

Evaluation Criteria A Verification Test Conditional Parameters B, C 

1- (f1) Ti=1 ≝ {7.5 to 15} Α 7 Α < f1 < 15 Α x1*Β and x2*Γ 

 

Corresponding allocated requirement: Low-level structure f1 must demonstrate performance between 7 and 14 (in 

units of Α), under the specific condition as described by x1* (in units of Β) and x2* (in units of Γ). 

 

2- (f2) Ti=2 ≝ 80 Δ f2 < 80 Δ x1*Β and x3*Ε 

 

Corresponding allocated requirement: Low-level structure f2 must demonstrate performance of less or equal to 80 

(in units of Δ), under the specific condition as described by x1* (in units of Β) and x3* (in units of Ε). 

 

3- (f3) Ti=3 ≝ 75 Ε f3 < 75 Ε x4(min)Ζ < x4 < x4(max) Ζ 

 

Corresponding allocated requirement: Low-level structure f3 must demonstrate performance of less than 75 (in units 

of Ε), under the specific conditions between x4(min) and x4(max) (in units of Ζ). 

 

4- (f4) Ti=4 ≝ 15 Η f4 > 15 Η x5*Θ and x6*Ι 

 

Corresponding allocated requirement: Low-level structure f4 must demonstrate performance of greater than 15 (in 

units of Η), under the specific condition as described by x5* (in units of Θ) and x6* (in units of Ι). 

Note A: Unit of measurement, for requirement thresholds and verification conditions, are intentionally presented in random 

Greek alphabets to illustrate the common inconsistencies among the system elements. 

Note B: x#  represents arbitrary and collectively non-uniformed verification conditions (i.e., nonmatching parameters). 

Note C: x#* notation indicates a fixed constant value 
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Table 2 - 2, Reporting Formats of the Traditional RBT&E Verification Data  

Requirement 

# 
Test Conditions 

Binomial Evaluation 

Results 

Statistical Analysis Results B Stochastic Results  

(μ + 2∙σ) # 𝒐𝒇 𝒇𝒂𝒊𝒍𝒖𝒓𝒆𝒔 𝒕𝒐𝒕𝒂𝒍 𝒔𝒂𝒎𝒑𝒍𝒆⁄  

1- (f1) 
x1*Β, x2*Γ, x3*Ε 

(combined) 

𝑦̅𝑓1
failures 

(𝑁𝑓1
total) 

(µ𝑓1
Α +𝜎𝑓1

2) | x1*Β and x2*Γ 
 P(7.5 Α < f1 < 15 Α) | x1*Β and x2*Γ 

= (𝑦̅𝑓1
failures) / (𝑁𝑓1

total) 

2- (f2) 
 𝑦̅𝑓2

failures 

(𝑁𝑓2
total) 

(µ𝑓2
Δ + 𝜎𝑓2

2) | x1*Β and x3*Ε 
 P(f2 < 80 Δ) | x1*Β and x3*Ε 

= (𝑦̅𝑓2
failures) / (𝑁𝑓2

total) 

3- (f3) x4(min)Ζ < x4 < x4(max) Ζ 
𝑦̅𝑓3

failures 

(𝑁𝑓3
total) 

(µ𝑓3
Ε +𝜎𝑓3

2) |{x4(min)Ζ < x4 < x4(max) Ζ}
  P(f3 < 75 Ε) | { x4(min)Ζ < x4 < x4(max) Ζ) 

= (𝑦̅𝑓3
failures) / (𝑁𝑓3

total) 

4- (f4) x5*Θ, x6*Ι 
0 failures 

(𝑁𝑓4
total) 

(µ𝑓4
Η +𝜎𝑓4

2) | x5*Θ and x6*Ι 
 P(f4 > 15 Η) | x5*Θ and x6*Ι 

=  0 

Note A: All derivations are based on Table 2-1’s arbitrary allocated requirement thresholds. 

Note B: Prediction interval of (2∙ σ) is arbitrarily selected for this particular illustrative example. 
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Because of RBT&E’s inability to collect matching element verification data that 

are needed to amalgamate, or to coherently simulate, an objective SOI-capability forecast, 

the Implementation process becomes inadequate to optimally identify subsequent process’ 

test subjects, and the overall SOI Integration and Verification processes is typically one of 

the weakest and unorganized points along current SOI development life cycle (Bjorkman 

& Gray, 2009; Helle & Schamai, 2016). Despite SOI development life cycles devoting 

nearly 50% of its total effort towards element (or constituent system) performance 

verifications (Tsai, et al., 2010), only near half of the studied SOI development projects 

from Encontre (2003)’s and Helmerich, et al. (2005)’s studies are on schedule and of which 

respective SOI designs meeting performance and functionality expectations. As neither a 

bottom-up reductionist nor a top-down SOI-synoptic verification approach alone can 

provide a comprehensive understanding of the full hierarchy of the SOI design needed to 

concurrently accomplish both the Requirement-Based Performance Verification and SOI-

Capability Identification T&E goals (Kline, 1995), the SOI Implementation process need 

to adopt a supplemental (not replacement) top-down SOI-synoptic verification approach to 

enable both: (a) the characterization of the element function-under-test w.r.t. SOI-mission 

relevant measurements across the full spectrum of operational environment (Corral, 1997; 

Ncube, 2011; Bjorkman & Gray, 2009); and (b) the concurrent preservations of RBT&E’s 

existing bottom-up reductionist verification approach’ rigor towards the Requirement-

Based Performance Verification T&E goal and its benefits. 

To date, it is difficult for the T&E community to present such a complete 

supplemental solution to the RBT&E approach during SOI Implementation process. 

Beyond having the T&E community to (first and foremost) actively participate during SOI 
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Decomposition and Definition processes’ verification designing and planning activities 

(e.g., participating in requirement and design reviews, and linking design requirement with 

test artifacts, events, and resources, etc. as suggested by Boumen, et al. (2009), Graham 

(2002), and Uusitalo, Komssi, Kauppinen, & Davis (2008), it is difficult to expand 

RBT&E’s existing limited focus and scope to objectively support the concurrent 

characterization of element performances-under-test as pertain to the integrated SOI design 

(Eigbe, et al., 2010; Ncube, 2011; Bjorkman & Zeis, 2007). Since it is not possible to 

physically lengthen the element verification activities with an early start prior to the SOI 

Implementation process (i.e., the element functions-under-test are not yet available), 

several existing integration-level T&E approaches and techniques have been introduced to 

the T&E community as partial supplements the tradition RBT&E approach and they are 

discussed next (Harman, et al., 2016; Uusitalo, et al., 2008). 

 

2.3 Existing RBT&E Supplements to Forecast SOI Capability 

To date, there exist only a few integrated-level test methods and approaches to 

supplement (not replace) the traditional RBTE approach which this study reviews in the 

next subsections. This study’s research claim that each of these RBT&E-supplemental test 

approaches and methods bear its own inadequacies as pertains to produce an objective SOI-

capability forecast, and none introduces a complete solution to the encountered RBT&E’s 

data-inconsistency challenges. In response, this study’s proposed SBED’s methodology 

encapsulates each of the existing supplemental test approaches and methods’ benefits and 

contributions; In return, a complete top-down SOI-synoptic RBT&E-supplemental 

verification approach to objectively forecast SOI capability is proposed by this study.  



 

34 

 

2.3.1 SE-Based T&E Framework and Methods 

Several SE-oriented test frameworks and methods have been developed during the 

recent years intended to introduce a top-down SOI-synoptic perspective throughout the 

SOI Integration and Verification processes. Most of these new SE-oriented test frameworks 

and methods are specifically tailored toward the development of software (SW)-centric 

SOIs and place a heavy reliance on the availability of large SW-verification data sample 

size (e.g., Dou & Reascos [2015]; Zeng & Tan [2014], and Deplanques, et al. [1996]). This 

is a luxury typically not available to hardware (HW)-centric SOI V&V processes. Majority 

of reminder SE-oriented test frameworks and methods are aimed toward improving the 

automated generation and management of SOI-element test cases and scenarios with 

specific focus to the respective SOI development life cycle’s resource-allocation efficiency 

(e.g., Boumen, et al [2009], Bjorkman, et al. [2013], and Kukula, et al.[(2012), or risk-

management practices (e.g., Fiebrandt & Wilson [2008] and Bjorkman, et al. [2005]), or 

data-to-requirement traceability (e.g., Dahmann [2012], Helle & Schamai [2016], and Xia, 

et al. [2013]).  

In their own regards, each of these existing SE-oriented test frameworks and 

methods contributes to the overall SOI development life cycle and introduces aspects of 

top-down SOI-synoptic verification approach to alleviate the complexities associated to 

overall SOI V&V processes. However, this study finds that amongst these existing SE-

oriented test frameworks and methods, none specifically addresses this study’s problem of 

objectively forecasting SOI capability during the SOI Implementation process. 
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2.3.2 The Early Prototype T&E Approach 

Preliminary SOI-capability identification through the V&V of production-

representative prototype assets is usually the most desirable option that test planners may 

consider supplementing the traditional RBT&E approach. During the SOI Implementation 

process, early prototype verification approach is typically carried out as a parallel effort (to 

RBT&E) that is primarily focused on the SOI user requirement(s) or few selected critical 

element-level requirements (Tsai, et al., 2010). For example, DoD (2017) instructs tailoring 

early prototype’s test cases and scenarios to determine the SOI design’s operational 

effectiveness (OE) and/or operational suitability (OS) through demonstrated compliancy 

towards the selected few requirements (e.g. key performance parameters, critical technical 

parameters, and measures of performance, etc.).  

However, from a feasibility perspective, the early prototype test approach is 

extremely challenging to implement during the SOI Implementation process. This is 

because due to the independent and asynchronous nature of SOI-element development 

strategies, assembled early-prototype T&E assets (and thus the employment of early-

prototype test approach) are usually not available (Ncube, 2011; Weiss & Schmidt, 2010; 

Dahmann, et al., 2010). Therefore, while the early prototype test approach introduces a 

schedule-compliant ability to identify SOI capability and delivers SOI mission-

representative verification results that bear direct relevance towards the SOI user’s 

operational needs (e.g., OE and OS) as reported by Eigbe, et al. (2010), a similar but more 

feasible top-down SOI-synoptic verification approach is needed to supplement RBT&E 

during the SOI Implementation process (Li, et al., 2018a). 
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2.3.3 MBSE and M&S Test Approaches  

As previously introduced in Subsection 2.2.3 (Inadequacies of the RBT&E to 

Support MBSE’s SOI-Capability Simulation), MBSE and other modeling and simulation 

(M&S) test approaches are ideal to characterizing the dynamic integrated-SOI level 

performances with adaptive abilities and at reduced costs (Piaszczyk, 2011; Parry, 1996; 

Bjorkman, et al., 2012). M&S test approaches encompass employing a methodical SOI-

performance definition technique, start-to-end, through representative-interconnection and 

-sequencing of all applicable element (or lower-level) performance models. It then 

characterizes SOI performances through the aggregated and coherent simulation of these 

interconnected lower-level models (Dahmann, et al., 2010). 

M&S is a proven test approach to inspect the SOI design, as it has been heavily 

utilized as so to develop and checkout unambiguous requirements during Decomposition 

and Definition processes (INCOSE, 2015; Bjorkman, et al., 2015; Dou & Reascos, 2015). 

However, once SOI development transitions to the Implementation process and beyond, 

M&S’s actual T&E benefits towards reliably forecasting SOI capability through its 

aggregated coherent simulations of lower-level performance models (that are beyond 

repetitive and routine processes) remain undocumented and unproven (Karban, et al., 2008; 

Hess & Valerdi, 2010; Benjamin, et al., 1999). This is because M&S-produced 

performance data are often considered as untrustworthy and incomplete (INCOSE, 2015; 

Parry 1996). And in order to make the models into reality, heavy insistence is placed on 

iteratively repeating the same simulations using subsequently-collected real-life 

verification data as model inputs (Dahmann, et al., 2010; Nuseibeh & Easterbrook, 2000; 

Hynninen & Kauppinen, 2014). Thus, a continuous “model, test, model” sequential 
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iteration is created that may adversely obscure the Implementation process’ T&E focus and 

resources away from its primary Requirement-Based Performance Verification goal 

(Bjorkman, et al., 2015).  

In response, several model-based frameworks have been introduced specifically to 

imporve (not eliminate) this “model, test, model” M&S test approach. For example, 

Brjokman, et al. (2015) and Helle & Schamai (2016) each proposes a model-based T&E 

framework intended to improve the “model-to-test” process by incorporating M&S 

verification data to improve the development and management of actual verification test 

artifacts, and Zhu et al. (2016) also proposes a model-based T&E framework intended to 

improve the “test-to-model” process by establishing traceability between collected 

verification data to their respective M&S models. However, to date, there does not exist a 

proposed model-based T&E framework that effectively eliminates this “model, test, 

model” iterations by introducing an alternative that strategically integrates M&S together 

with actual RBT&E-collected data to objectively forecast the integrated-level capability 

via aggregate and coherent simulation (Bjorkman, et al., 2015).  

Furthermore, and specific to the SOI Implementation process, SOI capability 

forecasting through MBSE’s coherent simulation of respective lower-level models are 

encountered with the same data-domain inconsistency challenge when RBT&E 

verification data are utilized as respective lower-level model inputs. As previously 

discussed in Subsection 2.2.3 (Inadequacies of the RBT&E Approach), an SOI capability 

forecast, one that is representative of the SOI-mission and comprehensive to the SOI-

operational environment, cannot be coherently simulated unless the available RBT&E 
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element verification data utilized as simulation inputs also bear the same characteristics 

(Winkler & von Pilgrim, 2009; Shaikh & Moore, 1997; Fiebrandt & Wilson, 2008). 

Therefore, to enable the delivery of an objective SOI-capability forecast that 

comprehensively characterizes SOI’s ability to achieve its requirements throughout its 

operational environment, SBED adopts M&S test approach’s SOI-performance definition 

technique (through the representative-interconnection and -sequencing of applicable 

elements) and further incorporates additional DoE and RSM analytical techniques to 

deliver SOI-mission representative element verification data (Li, et al., 2018a). 

 

2.3.4 Experimental Design Test Method 

Experimental design test method, also commonly referred to as DoE, is a systematic 

performance-assessment technique intended to capture the effects from individual and 

combined controlled input variables, or ‘factors’ (Winkler & von Pilgrim, 2009). It is a 

mature T&E technique and has gained acceptance from many T&E communities for 

implementation throughout the SOI Implementation, and Integration and Verification 

processes (Montgomery, 2009; Myers & Montgomery, 2002; Giadrosich, 1995; Hill & 

Chambal, 2009). 

When DoE is employed during the SOI Implementation process’ element 

verification activities, element performance data-collection locations, or ‘design points’, 

are strategically assigned throughout the verification test’s entire observation region to 

comprehensively capture the cause-and-effect (or causality) relationship between changes 

in the test observation region’s parameters and changes in the observed element 

performances (Winkler & von Pilgrim, 2009). It objectively expands each individual 
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element verification’s scope to a broad-spectrum vice RBT&E’s static requirement specific 

measurement conditions (Bjorkman & Gray, 2009). 

Although the DoE test method produces more-comprehensive and more-descriptive 

characterizations of element performances-under-test, as compared to RBT&E’s scalar 

conditional verification data, it alone does not resolve RBT&E’s data-metrological and 

data-domain inconsistency challenges encountered during the SOI Implementation process 

(Deaconu & Coleman, 2000; Bai, et al., 2001). For example, even if DoE test methodology 

is systemically instituted as part of the SOI verification process’s overall test strategy, its 

methodology remains to be independently executed during each individual element 

verification. This implies that only the requirement-specific element variable is 

characterized w.r.t. the requirement-specific test observation region/operational 

environment (Deaconu & Coleman, 2000); therefore, all the DoE-produced element 

performance characterizations, albeit comprehensive to their respective allocated 

requirements’ specified operational environments. Collectively, they remain to be another 

miscellany of mismatched element verification results (Li, et al., 2108a).  

Furthermore, the employment of DoE test method alone during the SOI 

Implementation process (i.e., without the RBT&E test approach) may also adversely 

obscure (if not introduces additional hindrance towards) the ability to accomplish the 

primary Requirement-Based Performance Verification T&E goal. With each allocated 

element requirement-under-test identified as a critical function within the SOI design, its 

corresponding test cases and scenarios are expected to collect requirement compliance 

verification data as accompanied with high objective confidence (Shaikh & Moore, 1997). 

However, DoE’s methodology of strategically assigning the finite (and often already 
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limited) number of data samples, or ‘design points’, across the test’s observation region 

(and away from the allocated element requirement’s specific verification condition) may 

potentially further introduces unnecessary burden towards the accomplishment of the 

primary Requirement-Based Performance Verification T&E goal (Hahn & Meeker, 1993; 

Hess & Valerdi, 2010).  

Therefore, in the interest to resolve RBT&E’s mismatch of element variable 

conditions challenge and to produce a detailed SOI capability forecast through the 

quantitative amalgamation or coherent simulation of its element performance model, 

SBED (in part) adopts DoE test method’s comprehensive performance-modeling ability 

and systemically introduces the SOI operational environment as the common test 

observation region (or input domain) to normalize all to-be-collected element verification 

data.  

 

2.3.5 SOI Mission-Relevant Assessment Analysis (Deficiency Tracking) 

The SOI-element deficiency-report accounting method standardizes independent 

(and mismatched) element verification data w.r.t. a common and SOI mission-relevant unit 

of measurement (Department of the Navy [DoN], 2011). As individual element verification 

data are collected, and corresponding non-requirement compliant performance 

failures/anomalies are identified, their respective deficiency reports are created. These 

deficiency reports are then subjectively categorized through a generic (but standardized) 

SOI mission-capability impact assessment scale (DoN, 2011; USAF, 2015); and then 

categorically tallied to produce the overall SOI capability assessment. An example a SOI-
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mission capability impact assessment scale from a DoD T&E agency is shown in Table 2-

3 (DoN, 2011).  

 

Table 2 - 3, Example of Deficiency Classification Guideline  

Deficiency Description & Mission Impact 

Mission 

Impact 

Category 

Recommended Action 

Inadequate performance to accomplish the 

mission(s), or high probability of system 

damage and personnel injury. 

Part I**  
Resolve prior to 

further T&E. 

Excessive operator compensation required to 

accomplish the primary or alternate mission(s). 

Part I*  

Resolve prior to 

operational 

deployment. 

Part I 
Resolve when 

possible. 

Objectionable characteristics require 

significant operator compensation to attain 

adequate performance.  

Part II 
Resolve when 

practical. 

Annoying characteristics requires minor 

operator compensation to attain adequate 

performance. 

Part III 
Avoid in future 

designs. 

Note: ** Represents highest mission-impact. * Represents second highest. 

 

The deficiency-report accounting method provides a practical means to resolve 

RBT&E’s data-metrological inconsistency challenge. However, with each deficiency 

report’s SOI mission-capability impact score remains to be a subjective (or judgmental) 

interpretation (or measurement), and of which with the primary intent to determine whether 

to implement a fix vice a comprehensive characterization of element performance 

limitations as pertain to the SOI mission (Bjorkman, et al., 2013), their tallied sum which 

is also subjective remains inadequate to support the objective and quantitative 

identification of SOI capability (Li, et al., 2108a).  
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As a result, SBED adopts the deficiency accounting method’s element data-

standardization technique (via a common SOI mission-relevant variable) but introduces the 

quantitative predicted “element capability” (or performance-versus-requirement 

threshold) response variable to standardize all calculated element-capability models and 

deliver an early SOI capability forecast. 

 

2.3.6 Encapsulation by the Proposed SBED Test Approach 

Overall, it remains a challenge for the SE and T&E communities to concurrently 

accomplish the new SOI-Capability Identification T&E goal based solely on the utilization 

of (mismatched) RBTE element verification data alone. This subsection has presented 

several existing supplemental test approaches aimed to address RBTE approach’s data-

inconsistency challenge. And each has its own inadequacies and shortcomings.  

This study’s proposed SBED test approach is another supplement to the traditional 

RBTE approach. SBED delivers a complete solution to the existing RBT&E’s data-

inconsistency challenges by encapsulating all the existing supplement test approaches and 

methods’ following positive attributes: (a) the early prototype and M&S test approaches’ 

method of defining systems-level performances through interconnecting and sequencing 

of applicable lower-level element functions; and (b) the DoE test approach’s ability to 

comprehensively characterize element performances throughout the entire SOI’s 

operational environment; and (c) the performance-deficiency accounting’s method of 

introducing a common and SOI-mission relevant unit-of-measurement to standardize 

(otherwise mismatched) element verification results.  



 

43 

With the encapsulation of other existing test approaches and methods’ benefits, 

SEBD introduces the ability to standardize and normalize individual (previously 

mismatched) element verification data, respectively, w.r.t. a common unit-of-measurement 

that is relevant to the SOI mission and a common domain that is comprehensive 

representative to the SOI operational environment. The SBED test approach’s 

methodology is discussed in detail in Chapter 3.  
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3 The SBED Test Approach Methodology 

This study researches and introduces the SBED test approach to supplement the 

traditional RBT&E approach. SBED resolves the SOI Implementation process’ existing 

RBT&E data-metrological and -domain inconsistency challenges by capturing and 

characterizing all individual element performances data as response models w.r.t. a 

common SOI mission-relevant unit-of-measurement (i.e., SOI-element capability or the 

ability to satisfy allocated element requirement’s specified threshold) and as influenced by 

a common SOI mission-representative domain (i.e., SOI’s intended operational 

environment). SBED then either quantitatively amalgamates, or coherently simulates, the 

(now matching) element models to objectively produce the corresponding SOI-capability 

forecast. As previously illustrated in Figure 1-1, SBED is implemented through the 

following 5 steps: 

Step 1. Describe or “scenarioize” the SOI-capability through applicable element 

functions slated to undergo verifications (as discussed in Subsection 3.2.1). 

Step 2. Introduce the SOI’s intended operational environment as the common data 

domain to normalize all element verification results (as discussed in 

Subsection 3.2.2). 

Step 3. Design and execute element verification tests with DoE methodology (as 

discussed in Subsection 3.2.3). 

Step 4. Implement RSM analytical techniques to calculate standardized element-

capability forecasts (as discussed in Subsection 3.2.4). 

Step 5. Determine the integrated SOI-capability forecast through either: (a) super 

positioning of the calculated element-capability forecasts (as discussed in 
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Subsection 3.2.5.1); or (b) aggregate and coherent simulation of element-

capability forecasts (as discussed in Subsection 3.2.5.2). 

 

3.1 Definitions and Prerequisite Assumptions  

Several prerequisite definitions and assumption must be established prior to the 

implementation of SBED’s methodology and they are discussed below. 

 

3.1.1 Defining the ‘SOI Capability’ 

First definition pertains to ‘SOI capability’. This study defines SOI capability as 

both: (a) a set of assigned element functions that coherently contribute toward achieving a 

desired operational objective (Weiss & Schmidt, 2010); and (b) these elements’ collective 

ability to achieve that desired operational objective throughout the SOI’s intended 

operational environment (INCOSE, 2015; DoD, 2017; MODAF, 2005). SBED’s 

incorporation of these two definitions takes place in SBED’s Steps 1 and 2, respectively; 

and as mathematically expressed in Eq. 3-1 and Eq. 3-2, respectively. 

 

3.1.2 SOI Capability-and-Element Capability Hierarchical Relationship 

SBED is to be implemented under the assumption that every element requirement, 

that is slated for eventual performance verification during the Implementation process, is a 

“well crafted” and properly-reviewed deliverable from earlier SOI Decomposition and 

Definition processes (i.e., achievable, verifiable, and most importantly bears relevant 

bidirectional traceability to the parent SOI requirements capability in accordance to 

INCOSE [ 2015] and DoD [2017]). This assumption is to be applied in SBED’s Step 5. It 
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implies that every SBED-forecasted element-capability failure (or inability to achieve 

element requirement-compliant performances under a specific operating condition as 

defined per (INCOSE, 2015; DoD, 2017; MODAF, 2005) can be justifiably interpreted as 

an eventual manifestation of a corresponding integrated SOI-level failure under the same 

operating condition (Winkler & von Pilgrim, 2009; Shaikh & Moore, 1997).  

 

3.2 SBED Methodology Description 

3.2.1 Step 1 Depict the SOI Capability Scenario 

Implementation of SBED begins during the SOI’s Decomposition and Definition 

processes when the SOI capability, start-to-end, is “scenarioized” through a sequencing set 

of applicable lower-level elements that are slated to undergo eventual verifications. 

Composition of this SOI-capability scenario diagram is conceptually described in Eq. 3-1 

as follows: Given an SOI-level capability, F, there exists a set, G, of applicable and 

predefined element requirements, fis, where i =1,2,3, …, m, that can be sequentially 

interconnected to depict F from its start to end.  

 

 𝑭 ≝ 𝐆: {∀𝒇𝑖 → 𝐹}, i = 1, 2, 3, …, m;  (Eq. 3-1) 

 

SBED’s SOI-capability definition methodology through hierarchical requirement 

decomposition is an existing and mature Requirement Engineering (RE) technique that is 

widely employed throughout the SOI Decomposition and Definition processes (Winkler & 

von Pilgrim 2009; Graham 2002; and Heitmeyer, Labaw, & Kiskis, 1995). It is a 

component of many existing RE-based T&E frameworks (e.g., DoD, 2011; Sheehan, et al., 
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2004; Davis & Bigelow, 2003). Its proven benefits, towards the improvement of both SOI-

design verification test artifacts’ design quality (de Santiago Junior & Vijaykumar, 2012; 

Bjorkman, et al., 2012) and test-resources allocation (Flammini, et al., 2009), are all well 

documented. Thus, such an SOI-capability scenario diagram may already be available at 

the onset of SBED’s implementation during the Implementation process as derivations of 

prior SOI Decomposition and Definition process’ outputs. However, if such an SOI-

capability scenario diagram is not readily available, it can be developed by test planners 

through interpretations of SOI’s applicable requirement verification and traceability 

matrices and/or other corresponding Technical Management processes’ outputs (e.g., work 

breakdown structure, hierarchical architecture frameworks as demonstrated from works in  

Liu, et al. [2012], Uuterkalmsteiner, et al. [2014] and  Eppinger, Joglekar, & Gorschek 

[2014]).  

As a visual aid, a SOI scenario diagram depicting an arbitrary to-be-forecasted SOI 

capability is shown in Figure 3-1. It consists of four (hypothetical) interacting and 

sequenced lower-level elements, f1 – f4, and is presented as a MBSE SysML requirement 

and behavior-activity diagrams. 
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Figure 3 - 1, An Arbitrary SOI-Capability Scenario Diagram 

 

3.2.2 Step 2 Introduce SOI Operational Environment as the Common 

Domain  

SBED’s first aim is to identify and introduce a common SOI mission-representative 

domain set to normalize all (previously mismatched) RBT&E element verification data. 

Knowing that decision makers and the T&E community both desire to comprehensively 

assess the SOI design throughout realistic conditions representative of its operational 

environment (i.e., the SOI-Capability Identification T&E goal as stated in DoD [2017], 

Bjorkman & Gray [2009], and Bai, et al. [2001]), SBED utilizes the SOI operational 

environment, R, and its parameters, (ξ1, ξ2, …, ξk), as its common domain set to normalize 

all the yet-to-be-collected element verification data. (Standardizing them is to be 

accomplished later in SBED’s Step 4.) The introduction of this common data-domain set 

is conceptually expressed as follows in Eq. 3-2: If an SOI performance is subjected for 
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assessment throughout its entire operational environment (i.e., SOI capability), then 

verifications and assessments of all its applicable child elements are also subjected.      

 

𝑭(𝑹) ≝ 𝑮(𝑹) =  𝑮(ξ1, ξ2, … , ξ𝑘) = { ∀𝒇𝑖(ξ1, ξ2, … , ξ𝑘) → 𝑭(ξ1, ξ2, … , ξ𝑘) }, 

where i = 1, 2, …, m; and R = {𝜉𝟏𝑚𝑖𝑛
, 𝜉𝟏𝑚𝑎𝑥

}, {𝜉𝟐𝑚𝑖𝑛
, 𝜉𝟐𝑚𝑎𝑥

}, … , {𝜉𝒌𝑚𝑖𝑛
, 𝜉𝒌𝑚𝑎𝑥

}. 

       (Eq. 3-2) 

 

The parameters of R, ξjs, can be a mixture of both a system’s environmental factors 

and conditional factors internal and external to the SOI boundary. These parameters, along 

with their boundaries, are to be either identified by test planners and subject matter experts 

or directly extracted from SOI’s Stakeholder Needs and Requirements Definition process’s 

outputs (e.g., life cycle concept documents, OpsCon descriptions, etc. as demonstrated in 

works from Liu et al. [2012]). For example, common data-domain set of an airborne 

platform’s flying-quality capability can be defined w.r.t. both its operational environment 

factors (e.g., wind, temperature, or altitude) and its conditional factors (e.g., velocity, 

attitude, or aircrew experiences) per DoN (2011). For a maritime underwater vessel’s 

navigation capability, its common data-domain set can be defined by its environmental 

factors (e.g., current speed and direction, depth, or ambient luminance) and conditional 

factors (e.g., payload weight, or mission duration) per DoN (2009).  

At this juncture, the identified SOI operational environment, R, and its parameters, 

ξjs, are to be incorporated as the common controlled input factors for all the to-be-executed 

element verifications’ DoE test methods and to determine the causality relationships 

between changes in the SOI operational environment and each of the element-under-test’s 

demonstrated performances. 
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3.2.3 Step 3 Design and Execute Element Verifications with DoE 

Methods 

The capturing and collection of element-under-tests’ performances and verification 

data, all as normalized cause-and-effect relations w.r.t. the integrated SOI’s operational 

environment and its parameters, R(ξj), for j = 1, …, k, is achieved through the employment 

of appropriate DoE test designs in which ξjs are incorporated as the common controlled 

DoE input factors for every element verification test. During the respective element 

verification test-planning efforts, the aim of each DoE test design is to strategically assign 

performance-data collection locations (or DoE ‘design points’) throughout R(ξj) (or the 

'test observation region); and if possible, with a statistically adequate amount of sample 

size at each DoE design points (i.e., replicates).  

In the interest of test-resource allocation management (i.e., to efficiently capture 

the “adequate” amount of causality relationship without executing unnecessary additional 

DoE design points), SBED and other existing DoE-related texts  recommend each 

independent element verification activity to begin with an initial screening DoE design to 

conclusively remove insignificant (or inconsequential) factors and effects from any 

subsequent detailed DoE methods and RSM causality analysis (Montgomery [2009], 

Bateson and Mendel [2013], and Wu & Hamada [2009]). If, and only if, the initial 

screening DoE design’s captured data is determined to be insufficient as indicated by the 

corresponding Analysis of Variance (ANOVA) results and its inherent unfavorable Lack-

of-Fit sum of squares (Montgomery, 2009), SBED then recommends each independent 
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element verification activity to further implement 2nd-order sequential DoE designs (Ott & 

Longnecker [2015] and Neter, Wasserman, & Kutner [1996]).  

As previously mentioned in this dissertation’s Subsection 1.6 (Scope and 

Limitations), it is not this study’s or SBED’s intent to teach specific DoE designs 

(screening or sequential) to be employed as part of its methodology during the SOI 

Implementation process. Instead, the actual selections of appropriate DoE designs specific 

to each SOI’s element verification test should remain as unique case-by-case decisions that 

are based on both element verification’s test-resource availabilities and its intrinsic 

Requirement-Based Performance Verification objectives. The latter is to be further 

discussed in Subsection 3.2.3.3 (Alignment of the Primary Element Verification’s Goals 

and Objectives). From SBED’s perspective, as long as the following two considerations 

are applied during each element verification’s DoE design selection process, SBED’s 

methodology can continue: 

1.  Inclusion of the previously-defined common input domain, 𝑅 ≝ {𝜉1, 𝜉2, … , 𝜉𝑘}, 

as its primary controlled input factors (until conclusively proven to bear 

insignificant effects towards the element performance-under-test); and 

2. (To the maximum extent within the available test resources constraints.) Achieve 

of a minimum of Resolution-V design to ensure that all significant primary input 

factors’ main and binary-interaction effects are not mutually aliased nor 

confounded (Montgomery, 2009). This consideration process is to be further 

discussed in Subsection 3.2.3.2 (Sequential DoE Test Methods). 
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Considerations toward the selection and execution of SBED’s initial screening and 

subsequent sequential DoE designs are respectively discussed in the following two 

subsections of this dissertation. Furthermore, additional considerations for selecting each 

element verification’s sequential DoE designs to further enhance the accomplishment of 

its intrinsic Requirement-Based Performance Verification T&E goal is also discussed.  

 

3.2.3.1 Initial Screening DoE Test Methods 

Each element verification activity should begin with a preliminary screening DoE 

design that utilizes near twenty-five percent of the available T&E resources (Montgomery, 

2009). The primary intent of each element verification’s initial DoE design, in the interest 

of test-resource allocation management, is to identify the parameters within SBED’s 

assigned common controlled input factors (or Step 2’s ξjs) that bear significant effects to 

the element performance-under-test at the 1st-order level  , or standalone main effects with 

or without binary-interactions as described by Montgomery (2009) and Gunter (2014). This 

is typically accomplished through the execution of a two-level factorial (full or fractional) 

screening DoE designs (Box, Hunter, & Hunter, 2005;  Box & Draper, 2007) and (test-

resources permitting) with a design resolution of up to either Resolution-III (i.e., all main 

factor effects are not aliased or confounded to each other) or a Resolution-IV design (i.e., 

all main factor effects are not aliased or confounded to neither each other nor to any binary-

interactions (Montgomery, 2009; Box & Draper, 2007).  

The fundamental benefit of executing a prerequisite screening DoE design prior to 

sequential DoE designs is the reduction in the number of input factors that make designing 

the sequential DoE test(s) more feasible and manageable. It also introduces two additional 
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practical benefits. The first benefit pertains to test-resource management. With the majority 

of sequential DoE (2nd-order) experimental designs embeds a foundational 1st-order 

factorial design, having the initial screening DoE design and its corresponding 1st-order 

data already executed and captured allow test planners to implement the sequential 2nd-

order DoE designs without repeating the 1st-order test trails (Montgomery, 2009). The 

second benefit is the ability to develop a more objective and conclusive 1st-order model 

with the identified insignificant factors removed through iterative ANOVA analysis and 

without the need of repeating the 1st-order test trials (Montgomery, 2009; Neter et al., 

1985). The Projection Property states that factorial designs can be projected into stronger 

(larger) designs in the subset of significant factors (without any actual testing) and create 

a more sufficient 1st-order regression model, assuming that the removed factors are inert 

(Cheng, 2006). Upon the completion of each element verification’s initial screening DoE 

test and based on the collective interpretation of the following DoE principles listed below, 

SBED can conclusively remove the remaining non-significant parameters or factors (Step 

2’s ξjs) from the respective element-under-test’s subsequent sequential DoE test designs (if 

needed) to minimize the quantity of unnecessary DoE design points (Montgomery, 2009; 

Gunter, 2014). The DoE principles addressed are: 

• The Effect-Sparsity Principle states that the number of relatively important 

effects is small as described in Lenth (1989) and Box & Myer (1986); and 

• The Effect Heredity Principle which states factors which produce 

insignificant main effects usually show no significant interactions (i.e., for a 

multi-factor interaction to be significant, at least one of its parent factors should 
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be significant) as described in Chipman (1996), Nelder (1998), Bateson & 

Mendel (2013) and Wu & Hamada (2009); and  

• The Effect Hierarchy Principle states that lower-order effects are more 

important (or significant and ‘interesting’) than higher order effects as 

described in Montgomery, Myers, Carter, & Vining (2005), Chipman (1996), 

and Berger, Knowlton, & Abrahams, (1996);  

 

3.2.3.2 Sequential DoE Test Methods 

There exists a likelihood that the initial screening DoE design’ outputted 1st-order 

cause-and-effect relationship descriptions, as obtained through subsequent ANOVA 

analysis (Ott & Longnecker, 2015),  is in need of further refinement or is determined to be 

insufficient either through the objective lack-of-fit testing that partitions residual sum of 

squares (Montgomery, 2009; Myers & Montgomery, 2002) or the subjective subject-

matter-expert interpretation of the empirical model). This requires subsequent sequential 

DoE designs to be employed to develop respective element performance-under-test’s 2nd-

order regression models and to capture the remaining (significant) parameters or factors’ 

quadratic effects. 

There are numerous proven and documented 2nd-order sequential DoE (or RSM) 

designs available. The most straight forward choice for a sequential DoE design is the 

three-level factorial designs (Montgomery 2002, Khuri & Cornel, 1987). The three-level 

factorial designs, full or fractional (also known as the Box Behnken Design per Box & 

Behnken [1960]), maximizes DoE’s Projection Property advantage from previous 

screening designs to capture 2nd-order or quadratic factor-effect estimate. It is the most 
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efficient sequential design because the least number of additional test trials is required, 

especially when the identified SOI operational enviornment, R, has only a few parameters 

(i.e., k <3). However, the three-level factorial designs are often difficult to implement 

because it requires design points (or data-collection locations) at the most extreme of 

several (if not all) operational and conditional parameter values (i.e., unreasonable 

operating conditions). For example, the airborne platform’s performance under maximum 

wind, most extreme temperature, and highest altitude while conducting the most 

demanding maneuvers at maximum cruising velocity. These extreme test conditions may 

not always be feasible (or safe) during the SOI Implementation process’ initial element 

verification activities. As a result, test planners often elect to select the most common and 

practical choice as part of their sequential DoE design. This leads to the employment of 

variations of the Central Composite Designs (CCD) as discussed in Myers & Montgomery 

(2002) and Khuri & Cornell (1987). The CCD designs capture 2nd-order factor-effect 

estimates through more reasonable and more feasible design points where only one 

parameter is set to its extreme value at any given time. The remainder parameters are set 

to neutral. Variations of the CCD design are distinguished amongst the magnitude of the 

extreme parameter’s value, typically either at the defined parameter boundary per Eq. 3-2 

or as a function of the number of identified SOI operational enviornment, k, per Myers 

(2002). This flexibility amongst CCD design introduces a test-planning advantage which 

allows the selected DoE design to concurrently accommodate the intrinsic nature of each 

element verification’s Requirement-Based Performance Verification T&E goal. This 

advantage, also known as DoE design optimality, is further discussed in the Subsection 

3.2.3.3. 
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When specific element verification test’s available resource limitations and 

constraints prohibit the implementation of three-level factorial (full or fractional) or CCD 

sequential designs, numerous saturated and less-practiced 2nd-order designs are also 

available to capture 2nd-order factor-effect estimates. Some examples include the Plackett-

Burman (screening) Design per Plackett & Burman (1946), the Hoke Design per Hoke 

(1974), the Koshal Design per Koshal (1933), the Notz Design as introduced in Myers & 

Montgomery (2002), and other hybrid designs are mentioned in Roquemore (1976), Khuri 

& Cornell (1996), and Myers & Montgomery (2002). Implementation of any saturated DoE 

designs requires a smaller number of design points (or test trials and resources) than the 

three-level factorial or CCD; however, this advantage is accompanied with the cost that a 

number of factor-effects cannot be quantitatively estimated and must be intentionally 

removed from subsequent RSM analysis and modeling (i.e., ‘saturated’). 

In all, while each of these sequential DoE designs incorporates unique design point 

and test trail emplacement locations, they are all capable of outputting similar 2nd-order 

cause-and-effect relation descriptions between changes in the SOI operational environment 

and each of the element-under-test’s demonstrated performances. Thus, to conclusively 

capture the 2nd-order cause-and-effect regression models, SBED recommends that a 

minimum of Resolution-V DoE design is selected (i.e., both main and binary-interaction 

effects are not mutually aliased or confounded to each other per Montgomery, 2009 and 

Box & Draper, 2007). However, each element verification’s independent selection of its 

2nd-order DoE designs is ultimately based upon the following two influences (in order of 

priority): (a) the extent of allocated test resources’ ability to implement each DoE design’s 

required trail sizes and locations; and (b) the DoE design’s ability (or ‘optimality’) to fulfill 
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the intrinsic nature of each element verification’s Requirement-Based Performance 

Verification T&E goal, as further explained in the Subsection 3.2.3.3. 

 

3.2.3.3 Alignment to the Primary Element Verification’s Goals and 

Objectives  

To adhere to each element verification test’s inherent Requirement-Based 

Performance Verification goal that is w.r.t. their respective allocated requirement’s 

threshold and verification condition, each SBED-employed DoE design must also include 

its allocated element requirement-under-test’s specified verification condition(s) as part of 

its actual data-collection location(s) as DoE design points. If the respective element 

requirement’s specified verification condition(s) is defined by additional parameter(s) that 

are not part of the SBED Step 2’s predefined SOI operational environment, R ≝ {ξ1, ξ2,…, 

ξk}, SBED recommends that the element verification test’s respective DoE design(s) 

consider including these specific parameter(s) as its additional controlled DoE input factors 

vice just as inert constant scalar inputs. 

Additionally, SBED further encourages considering the unique, intrinsic nature and 

expectation of each element performance-under-test’s Requirement-Based Performance 

Verification goal as part of its sequential DoE design selection process. Typically, element 

performance verification data are expected to conclusively describe one of the following: 

(a) the satisfaction of the implemented element performance-under-test w.r.t. the 

requirement’s specified verification condition(s); or (b) conversely the suitability of 

element requirement-introduced verification condition(s) w.r.t. the element functionality-

under-test. While these two Requirement-Based Performance Verification expectations do 
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not warrant differences in the reporting structure of traditional RBT&E verification data 

(i.e., continue to conclusively demonstrate y1-mph speed under x1
oC verification condition, 

y2-tons payload at x2-m altitude, y3-Watts sustain output power after x3-hours of operation, 

etc.). However, these difference in expectations can be specifically and distinctly addressed 

based on the flexibilities within 2nd-order DoE design characteristics (i.e., design optimality 

efficiency). To ensure the conclusive confirmation of the implemented element 

performance-under-test’s satisfaction w.r.t. the requirement’s specified verification 

condition(s), the key focus of a sequential DoE design is to generate fitted regression 

models that produce lower prediction variances at those location(s) of significance. This 

can be achieved by selecting DoE designs with high G-optimal (or IV-optimal) efficiency 

as discussed in Box & Hunter (1957) or IV-optimal efficiency as discussed in Hardin & 

Sloane (1993). Conversely, to ensure the conclusive confirmation of the allocated 

requirement-specified condition(s)’s suitability w.r.t. the element function-under-test, the 

key focus of respective DoE design shifts to generating fitted regression models with the 

least average variance for either:  (a) all included regression coefficients by selecting DoE 

designs with A-optimal efficiency as discussed in Chernoff (1953), or (b) a preselected 

group of regression coefficients by selecting DoE designs with high D-optimal efficiency 

as discussed in Kiefer (1959) and Goos & Jones (2011). The detailed mathematical 

descriptions as pertain to quantifying a DoE design’s G-, IV-, D-, and A-optimality 

efficiencies are presented in the works of Myers & Montgomery (2002), Kuhri & Cornell 

(1987), and Oyejola & Nwanya (2015), but considered to be outside the scope of this 

dissertation’s content. 
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3.2.3.4 Capture Element Performance and Verification Data 

Through the employment of appropriately selected DoE designs, SBED captures 

and collects each element-under-test’s performance and verification data as normalized 

causality relationships w.r.t. the integrated SOI’s operational environment and its 

parameters, R(ξj), for j = 1, …, k. Table 3-1 presents an example of an element performance 

and verification data set through DoE test methods. It includes an element verification data 

set consists of n > k test conditions (or ‘design points’) and N > n trials (i.e., potential 

replications at certain test conditions depending on the selected DoE design). 

After DoE test methods have been employed during every element verification test, 

the cause-and-effect relationship between changes throughout the entire R(ξjs) and changes 

to the demonstrated element performance that are embedded within the respective raw 

verification data. These causality relationships are to be further identified, quantified, and 

interpolated through subsequent RSM analysis during SBED’s Step 4.  

 

Table 3 - 1, Example of Raw Design of Experiment Performance Verification Data 

Collected Test Results  Input Variables (ξjs) 

𝒚𝒇𝒊
  ξ1 ξ2 … ξk 

𝑦
1
  𝜉1,1 𝜉1,2 … 𝜉1,𝑘  

𝑦
2  𝜉2,1 𝜉2,2 … 𝜉2,𝑘  

. 

. 

.  

. 

. 

. 

. 

. 

.  

. 

. 

. 

𝑦𝑁𝑓𝑖
 

 
𝜉𝑁𝑓𝑖

,1 𝜉𝑁𝑓𝑖
,2 … 𝜉𝑁𝑓𝑖

,𝑘  
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3.2.4 Step 4 Calculate Standardized Element-Capability Forecast 

Models 

Once each element verification’s raw performance verification data, 𝒚𝒇𝒊
, is 

collected (as shown in Table 3-1), the respective element linear-regression mean-response 

model, 𝒚̂𝒇𝒊
 or 𝒇̂𝒊(𝑹), and prediction confidence-interval model, 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), can be 

calculated using RSM statistical techniques (Myers & Montgomery, 2002; Box & Draper, 

2007). Subsequently, SBED develops a corresponding element-capability model, 

𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), through statistical comparisons between combination of 𝒇̂𝒊(𝑹) and 

𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) and the corresponding element requirement thresholds, 𝑇𝑓𝑖
. The derivation 

methods of these regression models are detailed in the following subsections.   

 

3.2.4.1 RSM Analysis Setups 

3.2.4.1.1 Conversion to Coded 𝜁𝑗  Input-Variable Values  

Before analyzing each element performance and verification data to produce the 

respective regression models, all of R’s parameters, ξjs as previously identified in Step 2 

(Eq. 3-2), are individually normalized into coded variable valued between {-1, 1} as 

instructed in Montgomery (2009) and Box & Draper (2007). Eq. 3-3 defines the 

mathematical conversion between the presentation of R’s parameters in coded forms. The 

coded variables of ξjs, xjs, are expressed as dimensionless variables with means, μ, equal to 

zero and with identical standard deviations, σs. Table 3-1 further illustrates this relationship 

by expanding Table 3-1’s raw DoE verification performance data and its corresponding 

coded ξjs equivalents, xj.  
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𝑥𝑗 =  
𝜉𝑗−[𝑚𝑎𝑥(𝜉𝑗)+𝑚𝑖𝑛(𝜉𝑗)]/2

[𝑚𝑎𝑥(𝜉𝑗)−𝑚𝑖𝑛(𝜉𝑗)]/2
, 

where max(ξj) and min(ξj) are defined as the boundary of each parameter within R from 

Eq. 3-2.                   (Eq. 3-3) 

Table 3 - 2, DoE Design-Point Conversions 

Input Variables, ξj  Input Variables, xj (coded) 

ξ1 ξ2 … ξk x1 x2 … xk 

ξ11 ξ12 … ξ1k x11 x12 … x1k 

ξ21 ξ22 … ξ2k x21 x22 … x2k 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

ξN1 ξN2 … ξNk xN1 xN2 … xNk

For the remainder of SBED, all subsequent RSM calculations are to be performed 

w.r.t these corresponding coded variables of xjs.

3.2.4.1.2 Partitioning of R for Point-Estimate Calculations 

With the SOI operational environment, R, defined by a set of predetermined 

parameters, ξjs or xjs for j = 1, …, k, it is to be visualized as an k-dimensional space that is 

theoretically partitioned into xR
k number of identically-sized k-dimensional subspaces, 

𝑅𝑥𝑅
s. This is to support subsequent regression model’s point-estimate calculations. The

value of xR defines the presentation resolution of RSM-formulated regression models and 

how many corresponding point estimates within the models are to be derived.  

It should be noted that SBED’s selection of its xR value is appropriately based on: 

(a) the desired model-presentation granularity of each element verification data as specified

within the SOI and/or element requirement verification tolerances (e.g., element A must 
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demonstrate y1-mph speed under x1
oC + % verification condition); and (b) the available 

computation resources’ capability (i.e., the allotted quantity of automated repetitive point-

estimate calculations). For example, this dissertation’s data-analysis example selects a xR 

value of 0.05 (coded) within a (k=4)-dimensional R that is based on the computational 

capability of generating (2 0.05)⁄ 𝑘=4
 > 2.8∙106 individual point estimates (per each 

computed regression model, per element function) via MATLAB. Furthermore, it should 

be noted that the value of xR can also be modified appropriately throughout SBED Step 4’s 

analysis effort (if needed) without the need of altering the raw DoE data, 𝒚𝒇𝒊
, or repeating 

any actual and already-performed element verification activities. 

An example of a (k=2)-dimensional R visualized as an XY plane and partitioned in 

(xR)k number of subspaces, 𝑅𝑥𝑅
s, is illustrated in Figure 3-2. It is also mathematically 

expressed in Eq. 3-4. Similarly, any (k>3)-dimensional R spaces are to be visualized as 3-

dimensional XYZ spaces with the remaining (k-3) ξjs presented as xR number of incremental 

constants. A (k=3)-dimensional R space is mathematically expressed in Eq. 3-5. 

 

Figure 3 - 2, A 2-Dimensional SOI Operational Environment Domain 
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𝑹 ≝ {𝑅 𝑙,𝑚}, where l, m = 1, 2, …, xR 

     = [

𝑅1,1 ⋯ 𝑅𝑥𝑅,1

⋮ ⋱ ⋮
𝑅1,𝑥𝑅

⋯ 𝑅𝑥𝑅,𝑥𝑅

] (Eq. 3-4) 

 

𝑹 ≝ {𝑅 𝑖,𝑗,𝑙}, where i, j, l = 1, 2, …, xR; and  

R=

{ [

𝑅1,1,1 ⋯ 𝑅𝑥𝑅,1,1

⋮ ⋱ ⋮
𝑅1,𝑥𝑅,1 ⋯ 𝑅𝑥𝑅,𝑥𝑅,1

] , [

𝑅1,1,2 ⋯ 𝑅𝑥𝑅,1,2

⋮ ⋱ ⋮
𝑅1,𝑥𝑅,2 ⋯ 𝑅𝑥𝑅,𝑥𝑅,2

] , … , [

𝑅1,1,𝑥𝑅
⋯ 𝑅𝑥𝑅,1,𝑥𝑅

⋮ ⋱ ⋮
𝑅1,𝑥𝑅,𝑥𝑅

⋯ 𝑅𝑥𝑅,𝑥𝑅,𝑥𝑅

]} 

 (Eq. 3-5) 

 

3.2.4.2 Generating Element Performance Mean-Response Models 

3.2.4.2.1 Calculate Elements’ Mean Response 

Depending on the true organic behavior of each element’s performance and the 

extensiveness of the DoE design(s) employed to capture that behavior (i.e., the quantity 

and emplacement locations of ‘design points’ within the test observation region, n, and the 

quantity of total trails executed, N), the elements’ respective linear-regression mean-

response models, 𝒇̂𝒊(𝑹)s, are calculated and typically expressed as first- or second-order 

polynomials shown in Eq. 3-6. Both the Effect-Sparsity Principle and the Effect-Hierarchy 

Principle define that there is no need to analyze the SOI operational environment 

parameters’ main- and interaction- effects at higher orders (Montgomery, 2009; Box & 

Meyer, 1986). Hence the importance of achieving Resolution-V DoE designs to the 

maximum extent possible, as discussed in Subsection 3.2.3.2 of this dissertation 

(Sequential DoE Test Methods). 
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𝒇̂𝑖(𝑹)𝑓𝑖𝑟𝑠𝑡 = 𝛽0 + ∑ 𝛽𝑓𝑖,𝑗 ∙ 𝜁𝑗

𝑘

𝑗
+ ∑ 𝛽𝑓𝑖,𝑗,𝑙 ∙ 𝜁𝑗 ∙ 𝜁𝑙

𝑘

𝑗,𝑙,𝑗≠𝑙
+ 𝜖𝑓𝑖

 

𝒇̂𝑖(𝑹)𝑠𝑒𝑐𝑜𝑛𝑑 = 𝒇̂𝑖(𝑹)𝑓𝑖𝑟𝑠𝑡 + ∑ 𝛽𝑓𝑖,𝑗𝑗 ∙ 𝜁𝑗
2𝑘

𝑗 + 𝜖𝑓𝑖
   (Eq. 3-6) 

 

The method of least squares is employed to calculate each element’s respective 

fitted regression model (Montgomery, 2009; Lay, 2003). It sets all the least-square normal 

equations to zero so that the sum-of-squares of error, 𝜖𝑓𝑖

2, is minimized, and then solves 

for each of the regression model’s regression coefficients, 𝛽𝑓𝑖
s. The solutions to the least-

square normal equations are 𝛽𝑓𝑖
s’ least-square estimators 𝑏̂𝑓𝑖

s, or 𝒃̂𝒇𝒊
, (Myers & 

Montgomery, 2002; Box & Draper, 2007; Hogg & Craig, 2005); and are rudimentarily 

derived if expressed in matrix notations (as shown in Eq. 3-7) where in general: 𝒚𝒇𝒊
=

[𝑦1, 𝑦2, … , 𝑦𝑁𝑓𝑖
]’ is a (N by 1)-vector of raw collected element performance and verification 

data (as previously shown in Table 3-2), and 𝑿𝒇𝒊
 = [

1 x11 x12 … x1k

1 x21 x22 … x2k

⋮ ⋮ ⋮ ⋱ ⋮
1 xN1 xN2 ⋯ xNk

] is an (N by 

k+1)-Design Matrix portraying the levels of the input variables used as part of element 

verification’s DoE designs (also as shown in Table 3-2), 𝜷𝒇𝒊
= [𝛽0, 𝛽1, … , 𝛽𝑘]’ is a (k+1 

by 1)-vector of the regression coefficients (to be set as unknown variables), and 𝜺𝒇𝒊
=

[𝜀1, 𝜀2, … , 𝜀𝑁]’ is an (N by 1)-vector of random errors (to set to be minimized). If the least-

square normal equations (from Eq. 3-7) are all set to zero. Then the least-square estimators 

of 𝜷𝒇𝒊
 can be algebraically rearranged and solved as their estimates, 𝒃̂𝒇𝒊

= [𝑏̂0, 𝑏̂1, …, 𝑏̂k] or 

𝑏̂𝑓𝑖
s, with the application of Eq. 3-8 (Myers & Montgomery, 2002; Hogg & Craig, 2005). 

 

𝒚𝒇𝒊
= 𝑿𝒇𝒊

∙ 𝜷𝒇𝒊
+  𝜺𝒇𝒊

 (Eq. 3-7) 
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𝜷𝒇𝒊
≝ 𝒃̂𝒇𝒊

= (𝑿𝒇𝒊

′𝑿𝒇𝒊
)−1 ∙ 𝑿𝒇𝒊

′𝒚𝒇𝒊
 (Eq. 3-8) 

 

Consequentially and explained in Eq. 3-9, each element mean-response model, 

𝒇̂𝒊(𝑹), and its 𝛽𝑓𝑖
s, previously expressed as polynomials in Eq. 3-6, can now be 

alternatively rewritten and expressed as numerical array of  𝒃̂𝒇𝒊
 and without the need to 

account for the unknown observed errors, εis, (Myers & Montgomery, 2002).  

 

𝒚𝒇𝒊
= 𝐗𝒇𝒊

∙ 𝜷𝒇𝒊
+  𝜺 →      𝒚̂𝒇𝒊

= 𝒇̂𝒊(𝑹) = 𝐗𝒇𝒊
∙ 𝒃̂𝒇𝒊

 (Eq. 3-9)  

 

This method of least squares is to be implemented to calculate every elements’ 

respective linear-regression mean-response models, 𝒇̂𝒊(𝑹)s. It is also reapplied to 

determine every SOI expected element’s performance w.r.t. the entire SOI operational 

environment. This is achieved by applying the calculated 𝒇̂𝒊(𝑹)s to derive individual 

corresponding point estimates, 𝑓𝑖(𝑅𝑥𝑅
)s.  

 

3.2.4.2.2 Derive Elements’ Prediction Point Estimates 

SBED repetitively substitute each element’s calculated mean-response model, 

𝒇̂𝒊(𝑹), to derive (xR)k number of scalar mean-response point estimates, 𝑓𝑖(𝑅𝑥𝑅
)s. One at 

every 𝑅𝑥𝑅
 subspace throughout R. As explained in Eq. 3-10, each scalar mean-response 

point estimate, 𝑓𝑖(𝑅𝑥𝑅
), is derived by first redefining its respective 𝑅𝑥𝑅

 subspace’s 

operating condition as a moment matrix, x(m) or x0, w.r.t. the element verification’s DoE 
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Design Matrix, 𝑿𝒇𝒊
 (from Eq. 3-7 to Eq. 3-9), and then calculates Eq. 3-11 (as derived from 

Eq. 3-9) with x0 substituted as 𝑿𝒇𝒊
 (Myers & Montgomery, 2002, p. 318). This substitutive-

derivation of a 𝑓𝑖(𝑅𝑥𝑅
) is further illustrated in Figure 3-3.  

 

𝑅𝑥𝑅
≝ 𝐱0

′  = [1, 𝜁1
*
, …, 𝜁k

*, 𝜁1
*∙𝜁2

*
,   …, 𝜁k-1

*∙𝜁k
*
, (𝜁1

*)2, …, (𝜁k
*)2], where xo ∈ R  

 (Eq. 3-10) 

 

𝑓𝑖(𝐱𝟎) = 𝑓𝑖(𝑅𝑥𝑅
) =  𝐱0

′ ∙ 𝒃̂𝒇𝒊
 (Eq. 3-11) 

 

 

 
Figure 3 - 3, Calculated Mean-Response Point Estimate 

 

It is worthwhile to caution any extrapolation (vice interpolation) of any 𝑓𝑖(𝑅𝑥𝑅
)s 

beyond the actual boundaries of R as defined in Eq. 3-2. Extrapolation of those 𝑓𝑖(𝑅𝑥𝑅
)s, 

in theory, only adequately described the cause-and-effect relations between element 



 

67 

performances and changes in R(ξjs) as demonstrated through the captured raw performance 

data, 𝒚𝒇𝒊
. They may not reliably do so outside the DoE test observation region where 

different (and potentially not yet captured) causality may exist (Montgomery, 2009; Khuri 

& Cornell, 1996). Thus, this further emphasizes the importance of including the 𝜉𝑖𝑚𝑎𝑥𝑖𝑚𝑢𝑚
 

and 𝜉𝑖𝑚𝑖𝑛𝑖𝑚𝑢𝑚
 of as the data-domain set for every SOI operational-environment parameters 

during SBED’s Step 2.  

 

3.2.4.2.3 Construct Element Mean-Response Models 

  Once all the corresponding element mean-response point estimates, 𝑓𝑖(𝑅𝑥𝑅
)s, are 

individually derived for all 𝑅𝑥𝑅
 subspaces, they are to be consolidated into the k-

dimensional numerical array of R to construct the respective element’s mean-response 

model, 𝒇̂𝒊(𝑹). Mathematical expressions of constructed 𝒇̂𝒊(𝑹)s within a (k=2)-dimensional 

numerical array of R from Eq. 3-4 is shown Eq. 3-12 and illustrated in Fig 3-4 below as a 

collective construct of Figure 3-3.  

 

𝒇̂𝑖(𝑹) = [

𝑓𝑖(𝑅1,1), 𝑓𝑖(𝑅1,2) ⋯ 𝑓𝑖(𝑅1,𝑥𝑅
)

⋮ ⋱ ⋮
𝑓𝑖(𝑅𝑥𝑅,1), 𝑓𝑖(𝑅𝑥𝑅,2) ⋯ 𝑓𝑖(𝑅𝑥𝑅,𝑥𝑅

)
] (Eq. 3-12) 
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Figure 3 - 4, A SOI Operational Environment with Mean-Response Point Estimates 

 

3.2.4.3 Generate Element Performance Prediction Confidence Intervals 

3.2.4.3.1 Calculate Elements’ Point Estimate Variances 

With the employment of least-square estimation method, each of 𝒇̂𝒊(𝑹)’s calculated 

matrix of coefficients, 𝒃̂𝒇𝒊
, is considered to be normally distributed with mean vector 𝜷𝒇𝒊

 

and covariance matrix of 𝑽𝒂𝒓[𝒇𝒊(𝑹𝒙𝑹
)]̂  = 𝜎𝒇𝒊

2 ∙ (𝑿𝒇𝒊

′𝑿𝒇𝒊
)−1 (Myers & Montgomery, 

2002). The unknown 𝜎𝒇𝒊
2

 is typically substituted with the captured raw performance data’s 

ANOVA-generated Mean Square Error (MSE) as defined in Eq. 3-13 (Myers & 

Montgomery, 2002, p. 41). 

 

𝜎̂𝒇𝑖

2  = 𝑀𝑆𝐸 =  
𝑆𝑆𝐸

𝑑𝑓𝐸
⁄ =

(𝒚𝒇𝒊
− 𝐗𝒇𝒊

∙ 𝒃̂𝒇𝒊
)′ ∙ (𝒚𝒇𝒊

− 𝐗𝒇𝒊
∙ 𝒃̂𝒇𝒊

)
𝑁 − (𝑘 + 1)

⁄  

 (Eq. 3-13) 
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Based on this defined normal-distribution relationship of N(𝜷𝒇𝒊
, 𝑉𝑎𝑟[𝑓𝑖(𝑅𝑥𝑅

)]̂ ), 

each individual regression coefficient within 𝒃̂𝒇𝒊
,  𝑏̂𝑗s, can be further characterized with a 

corresponding student t-based 100 ∙ (1 − predetermined confidence coefficient, α)% 

confidence interval as statistically expressed in Eq. 3-14. 

 

𝑏̂𝑗 − 𝑡𝛼

2
,𝑛−𝑝

√𝜎̂𝒇𝑖

2𝐶𝑗𝑗 ≤  𝑏̂𝑗 ≤  𝑏̂𝑗 + 𝑡𝛼

2
,𝑛−𝑝

√𝜎̂𝒇𝑖

2𝐶𝑗𝑗 ,     𝑗 = 0,1, … , 𝑘, 

where Cjj is the (j, j)th  component of the matrix (𝑿𝒇𝒊
’ ∙ 𝑿𝒇𝒊

)-1
, and  

𝑏̂𝑗 − 𝑡𝛼
2

,𝑛−𝑝
𝑠𝑒(𝑏̂𝑗) ≤  𝑏̂𝑗 ≤  𝑏̂𝑗 + 𝑡𝛼

2
,𝑛−𝑝

𝑠𝑒(𝑏̂𝑗) ,     𝑗 = 0,1, … , 𝑘 

where the standard error of bj, se(bj) = √𝜎2 ∙ 𝐶𝑗𝑗 (Eq. 3-14) 

 

The variations in each regression coefficient of 𝑏̂𝑗, as contributed from variations 

of the corresponding Cjj component within the matrix (𝑿𝒇𝒊
’ 𝑿𝒇𝒊

)-1, collectively generate 

the cumulative variations in the element mean-response model, 𝒇̂𝑖(𝐑). Therefore, a 

corresponding 100 ∙ (1 − predetermined confidence coefficient, α)% prediction 

confidence-interval at every 𝑅𝑥𝑅
 subspace, 𝑓𝑖𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

(𝑅𝑥𝑅
) = {𝑓𝑖(𝑅𝑥𝑅

)
𝑚𝑖𝑛

,

𝑓𝑖(𝑅𝑥𝑅
)

𝑚𝑖𝑛
}|𝛼, can be defined as shown in Eq. 3-15 (Montgomery, 2009, p. 407; Myers & 

Montgomery, 2002, p 41). This t-based confidence interval for the mean, 𝑓𝑖(𝑅𝑥𝑅
), is further 

illustrated in Figure 3-5. 
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𝑓𝑖(𝐱𝟎) − tα
2

,n−p
∙ √𝜎̂𝒇𝑖

2 ∙ √𝑉𝑎𝑟[𝑓𝑖(𝑅𝑥𝑅
)]̂ ≤  𝑓𝑖(𝐱𝟎) 

≤ 𝑓𝑖(𝐱𝟎) + tα
2

,n−p
∙ √𝜎̂𝒇𝑖

2 ∙ √𝑉𝑎𝑟[𝑓𝑖(𝑅𝑥𝑅
)]̂  

where 𝑅𝑥𝑅
≝ 𝒙0, and 𝜎̂𝒇𝑖

 is defined as MSE = 
∑ (𝑦𝑖 − 𝑦̅𝑛)𝑁

𝑖
𝑑𝑓𝑀𝑆𝐸

⁄  (Myers & 

Montgomery, 2002, 318), and  

𝑓𝑖(𝐱𝟎) − tα
2

,n−p
∙ √𝜎̂𝒇𝑖

2 ∙ (1 + 𝐱0’ (𝑿𝒇𝒊
’𝑿𝒇𝒊

)
−𝟏

𝐱𝑜) ≤  𝑓𝑖(𝐱𝟎) 

≤ 𝑓𝑖(𝐱𝟎) + tα

2
,n−p ∙ √𝜎̂𝒇𝑖

2 ∙ (1 + 𝐱0’ (𝑿𝒇𝒊
’𝑿𝒇𝒊

)
−𝟏

𝐱0), or   

 𝑓𝑖(𝑅𝑥𝑅
)

𝑚𝑖𝑛
≤ 𝑓𝑖_𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) ≤ 𝑓𝑖(𝑅𝑥𝑅
)

𝑚𝑖𝑛
 (Eq. 3-15) 

 

 

 

Figure 3 - 5, Calculated Prediction Confidence-Interval Point Estimate 

 

3.2.4.3.2 Construct Elements’ Prediction-Variability Models 

Once element prediction confidence-interval point estimates, 𝑓𝑖_𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, 

are individually derived for all RxR
 subspaces, they are to be consolidated into the k-
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dimensional numerical array of R to construct the respective element prediction-confidence 

interval response model, 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹). Mathematical expressions of constructed 

𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) within a (k=2)-dimensional numerical array of R from Eq. 3-4 is shown 

in Eq. 3-16 and illustrated in Figure 3-6 as a collective construct of Figure 3-5.  

 

𝒇̂𝑖𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦
(𝑹) |𝛼 =  {𝒇̂𝑖(𝑹)𝑚𝑖𝑛, 𝒇̂𝑖(𝑹)𝑚𝑖𝑛𝑚𝑎𝑥}|𝛼  

= [

𝑓𝑖(𝑅1,1)
𝑚𝑖𝑛

, 𝑓𝑖(𝑅1,1)
𝑚𝑎𝑥

}|α ⋯ 𝑓𝑖(𝑅1,𝑥𝑅
)

𝑚𝑖𝑛
, 𝑓𝑖(𝑅1,𝑥𝑅

)
𝑚𝑎𝑥

}|α

⋮ ⋱ ⋮
𝑓𝑖(𝑅𝑥𝑅,1)

𝑚𝑖𝑛
, 𝑓𝑖(𝑅𝑥𝑅,1)

𝑚𝑎𝑥
}|α ⋯ 𝑓𝑖(𝑅𝑥𝑅,𝑥𝑅

)
𝑚𝑖𝑛

, 𝑓𝑖(𝑅𝑥𝑅,𝑥𝑅
)

𝑚𝑎𝑥
}|α

]  

where 𝑓𝑖(𝑅𝑟,𝑐)
𝑚𝑖𝑛

, 𝑓𝑖(𝑅𝑟,𝑐)
𝑚𝑎𝑥

}|α = 𝑓𝑖(𝑅𝑟,𝑐) ± tα

2
,n−p ∙ √𝜎̂𝒇𝑖

2(1 + 𝐱𝑅𝑟,𝑐
’ (𝐗’𝐗)−𝟏 ∙ 𝐱𝑅𝑟,𝑐

) 

where X ≡ 𝑿𝒇𝒊
 and 𝒙𝑅𝑙,𝑚

 depicts the moment matrix corresponding to the 𝑅𝑙,𝑚 subspace.  

 (Eq. 3-16) 

 

 

 

Figure 3 - 6, SOI Operational Environment with Confidence-Interval Point Estimates 
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At this juncture of SBED, every element-under-test’s captured and collected 

element performance and verification data (from Step 3) are now modeled as respective 

𝒇̂𝒊(𝑹)s and 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s that are collectively normalized w.r.t. the SOI operational 

environment, R(ξjs) (as defined in Eq. 3-2). Thus, RBT&E test approach’s existing data-

domain inconsistency challenge has been effectively resolved. However, and as pertain to 

the data-metrological inconsistency challenge, the output response variables of each 

elements’ respective 𝒇̂𝒊(𝑹) and 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) are still individually presented as 

mismatched measurement units or response outputs specific to their allocated 

requirements’ variables (e.g., element A’s response models are outputted as a function in 

mph speed, element B’s as a function in y2-tons of payload, element C’s as a function in 

y3-Watts of sustained output power, etc.). All the calculated 𝒇̂𝒊(𝑹)s and 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s 

still need to be collectively standardized to a common output variable to support their 

subsequent quantitative amalgamation to produce an objective SOI-capability forecast.  

 

3.2.4.4 Infer Element Capability Models  

SBED’s aim is to identify and introduce a common SOI mission-representative data 

unit-of-measurement to standardize all (previously mismatched) RBT&E element 

verification data. Knowing that decision makers and the T&E community both desire to 

assess/evaluate element performances w.r.t. their allocated requirements’ thresholds (i.e., 

the Requirement-Based Performance Verification T&E goal per INCOSE [2015] and DoD 

[2017]), SBED adopts the “predicted performance-versus-requirement threshold” 

assessment criteria as the common unit for all response output standardization. When 

elements’ 𝒇̂𝒊(𝑹)s and 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s are remodeled as the standardized “predicted 



 

73 

performance-versus-requirement threshold” output response variable that are influenced 

by the normalized SOI operational environment, they subsequently become the respective 

(and now matching) element-capability forecasts, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒍𝒊𝒕𝒚(𝑹)s. 

 

3.2.4.4.1 Calculate Element-Capability Point Estimates 

Each of SBED’s element-capability forecast, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒍𝒊𝒕𝒚(𝑹), is also a k-

dimensional construct of (xR)k number of respective scalar element-capability point 

estimates, 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s. One at every 𝑅𝑥𝑅

 subspace throughout the entire R. Each 

𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) is individually calculated through the quantitative comparison between: 

(a) the element’s respective 𝑓𝑖_𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)’s boundaries and/or 𝑓𝑖(𝑅𝑥𝑅

), and (b) the 

allocated element requirements’ stated threshold values, 𝑇𝑓𝑖
, or 𝑇𝑓𝑖_𝑅𝑥𝑅

 ,if the requirements 

include dynamic threshold values. 

SBED proposes two quantitative comparison methods to obtain 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) 

and they are explained in the following paragraphs. As long as all elements within the set 

G (previously defined in SBED Step 1’s Eq. 3-1) systematically derive their corresponding 

𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s through one of these two comparison methods, domain-metrological 

matching element-capability forecasts, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒍𝒊𝒕𝒚(𝑹)s, can be obtained.  

The first comparison method to obtain 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) is probability of meeting 

requirement threshold (hereon referred to as the “probability format”) as explained in Eq. 

3-17. It subjects each scalar prediction confidence interval’s min and max boundaries, 

𝑓𝑖(𝑅𝑥𝑅
)

𝑚𝑖𝑛
 and 𝑓𝑖(𝑅𝑥𝑅

)
𝑚𝑎𝑥

 from Eq. 3-15, to either a one- or two-tail statistical test. 

Treating the respective mean-response point estimate, 𝑓𝑖(𝑅𝑥𝑅
), as μ and the corresponding 
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element requirement’s 𝑇𝑓𝑖
 or 𝑇𝑓𝑖_𝑅𝑥𝑅

as the null value. The comparison method then 

interprets the complement of area under the rejection region, 1 −

𝑝̂ (𝑓𝑖 𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅
 | 𝑅𝑥𝑅

), as 𝑅𝑥𝑅
 subspace’s respective element-capability point 

estimate, 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
). This statistical comparison between elements’ respective 

𝑓𝑖_𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)’s boundaries and/or 𝑓𝑖(𝑅𝑥𝑅

) and allocated requirement thresholds is 

further illustrated in Figure 3-7. 

 

if: 𝑓𝑖(𝑅 𝑥𝑅
)

𝑚𝑖𝑛
< 𝑇𝑅𝑥𝑅

,then:  

 𝑝̂ (𝑓𝑖 𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅
 | 𝑅𝑥𝑅

) = 

  1-normcdf{(𝑓𝑖(𝑅 𝑥𝑅
) − 𝑇𝑖) (𝜎̂𝒇𝑖

∙ √(𝒙𝑅𝑥𝑅
∙ (𝑿𝒇𝒊

′ ∙ 𝑿𝒇𝒊
)

−𝟏
∙ 𝒙𝑅𝑥𝑅

)⁄ }, and  

𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) = 1 – 𝑝̂ (𝑓𝑖  𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅

 | 𝑅𝑥𝑅
); 

 

else if:  𝑓𝑖(𝑅 𝑥𝑅
)

𝑚𝑎𝑥
> 𝑇𝑅𝑥𝑅

, then: 

𝑝̂ (𝑓𝑖 𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅
 | 𝑅𝑥𝑅

) = 

   normcdf {(𝑓𝑖(𝑅 𝑥𝑅
) − 𝑇𝑖) (𝜎̂𝒇𝑖

∙ √(𝒙𝑅𝑥𝑅
∙ (𝑿𝒇𝒊

′ ∙ 𝑿𝒇𝒊
)

−𝟏
∙ 𝒙𝑅𝑥𝑅

 )⁄ },and  

 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) = 1 – 𝑝̂ (𝑓𝑖  𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅

 | 𝑅𝑥𝑅
); 

 

else (no failure predicted), then: 

 𝑝̂ (𝑓𝑖 𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅
 | 𝑅𝑥𝑅

) =0%, and 

 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) = 1 – 𝑝̂ (𝑓𝑖  𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅

 | 𝑅𝑥𝑅
) = 100% 

 

where ‘normcdf’ is the normal cumulative distribution function.  (Eq. 3-17) 
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Figure 3 - 7, Derived Element Capability Point Estimate via t-Test 

 

The second quantitative comparison method is a discrete meeting or violating 

requirement threshold indicator (hereon referred to as the “discrete format”), explained in 

Eq. 3-18. It directly compares each scalar mean-response point estimate, 𝑓𝑖(𝑅𝑥𝑅
), against 

the corresponding 𝑇𝑓𝑖
 or 𝑇𝑓𝑖_𝑅𝑥𝑅

, and then interprets the discrete comparison result as the 

𝑅𝑥𝑅
 subspace’s respective element-capability point estimate in discrete format. 

 

if: (𝑓𝑖(𝑅 𝑥𝑅
) <  T𝑅𝑥𝑅

,𝑚𝑖𝑛 ) or ( 𝑓𝑖(𝑅 𝑥𝑅
)> T𝑅𝑥𝑅

,𝑚𝑎𝑥 ), 

then:𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) ≝  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 T𝑅𝑥𝑅

|𝑅𝑥𝑅
   

else: 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)  ≝  𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 T𝑅𝑥𝑅

|𝑅𝑥𝑅
. (Eq. 3-18) 
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3.2.4.4.2 Construct Element-Capability Models 

  Once all (xR)k
 number of element-capability point estimates, 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

)s, 

are calculated in either probability or discrete format, they are to be consolidated into the 

k-dimensional numerical array of R to construct the respective element-capability forecast, 

𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹). Mathematical expressions of the constructed 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) within a 

(k=2)-dimensional R as defined in Eq. 3-4 are shown in Eq. 3-19 and Eq. 3-20 in 

probability and discrete formats respectively. The constructed 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) within a 

(k=2)-dimensional R, in probability format, is also illustrated in Figure 3-8 as a collective 

construct of Figure 3-7. 

 

  𝒇̂𝒊𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚
(𝑹) 

= [

1 − p̂(𝑓𝑖 𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 TR1,1
|R1,1) ⋯ 1 − p̂ (𝑓𝑖  𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 TR1,𝑥𝑅

| R1,𝑥𝑅
)

⋮ ⋱ ⋮

1 − p̂ (𝑓𝑖  𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 TR𝑥𝑅,1
| R𝑥𝑅,1) ⋯ 1 − p̂ (𝑓𝑖  𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 TR𝑥𝑅, 𝑥𝑅

| R𝑥𝑅, 𝑥𝑅
)

] 

= [

p̂(𝑓𝑖 𝒎𝒆𝒆𝒕𝒊𝒏𝒈 TR1,1
|R1,1) ⋯ p̂ (𝑓𝑖 𝒎𝒆𝒆𝒕𝒊𝒏𝒈 TR1,𝑥𝑅

| R1,𝑥𝑅
)

⋮ ⋱ ⋮

p̂ (𝑓𝑖  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 TR𝑥𝑅,1
| R𝑥𝑅,1) ⋯ p̂ (𝑓𝑖  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 TR𝑥𝑅, 𝑥𝑅

| R𝑥𝑅, 𝑥𝑅
)

] (Eq. 3-19) 

 

 

𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒕𝒊𝒚(𝑹) =  [

𝑓𝑖𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦

∗
 |R1,1 ⋯ 𝑓𝑖𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦

∗
 | R1,𝑥𝑅

⋮ ⋱ ⋮

𝑓𝑖𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦

∗
 |R𝑥𝑅,1 ⋯ 𝑓𝑖𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦

∗
 | R𝑥𝑅, 𝑥𝑅

]  (Eq. 3-20) 
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Figure 3 - 8, Calucated Element-Capability Point Estimate 

 

As a visual aid of SBED’s 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) quantitative-comparison methodology 

in probability format, illustrations of a hypothetical 𝒇̂𝒊(𝑹) and 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) within a 

(k=2)-dimensional R are shown in Figure 3-9. Figure 3-9 also includes illustrations of the 

allocated requirement’s (no greater than) threshold, 𝑇𝑓𝑖
. Their respective element-

capability forecast, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) in probability format, is shown in Figure 3-10 as a 

contour plot consisting of all 𝑅𝑥𝑅
 subspaces’ element-capability point estimates, 

𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, or the statistical-comparison results between 𝑅𝑥𝑅

 subspaces’ 

𝑓𝑖(𝑅𝑥𝑅
)

𝑚𝑎𝑥
s and the requirement’s < 𝑇𝑓𝑖

, 1 − 𝑝̂ (𝑓𝑖  𝑣𝑖𝑜𝑙𝑎𝑡𝑖𝑛𝑔 𝑇𝑅𝑥𝑅
 | 𝑅𝑥𝑅

)s per Eq. 3-17. 
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Figure 3 - 9, Examples of SBED’s Element Response Plots 

Figure 3-9. (a) and (b) MATLAB surface plots of element’s SBED-produced 𝒇̂𝒊(𝑹) and 

𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) respectively shown with the element’s 𝑻𝒇𝒊
 (yellow). 

 

 

Figure 3 - 10, Contour plot SBED-Producred Element-Capablity Responses 

Note. Derived from comparing its 𝒇̂𝒊(𝑹𝒙𝑹
)

𝒎𝒂𝒙
s against (< 𝑻𝒇𝒊

) in probability format. 

 

Once again, and as previously discussed in Subsection 3.2.3.3 (Alignment to the 

Primary Element Verification’s Goals and Objectives), it should be noted that every 

element’s respective regression models, 𝒇̂𝒊(𝑹), 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), and 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), are 

fitted prediction model that may include additional parameters other than those that define 
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R (e.g., parameters unique only to the allocated element requirement). During the 

subsequent SOI-capability estimation that ensues in SBED Step 5, these non-R parameters 

values shall be kept constant at their element-requirement specified values (i.e., considered 

to be inert). 

 

3.2.4.5 Resolution of RBT&E’s Data-Inconsistency Challenges 

At the completion of SBED’s Step 4, note that through its delivery of collectively 

standardized and normalized element-capability regression models, SBED has successfully 

introduced a resolution to the SOI Implementation process’ existing RBT&E data-

metrological and –domain inconsistency challenges. This dissertation uses the arbitrary to-

be-forecasted SOI-capability that is originally introduced in Subsection 3.2.1 (Depict the 

SOI-Capability Scenario), Figure 3-1, as a brief hypothetical demonstration.  

First, SBED determines that the characterization of each SOI capability’s four 

element verification results are to be normalized w.r.t. two arbitrarily selected SOI 

operational environmental parameters designated as 𝜉𝐴, 𝜉𝐵 (as coded xA and xB between {-

1, +1} and unitless per Eq. 3-3) as illustrated in Figure 3-1). Then through the employment 

of various DoE designs, SBED captures the effects on the four elements’ respective 

performances w.r.t. changes throughout the entire SOI operational environment. (Note that 

in this hypothetical demonstration’s effort for realism, multiple raw experimental 

laboratory data sets from various independent sources are used. They are Richert, Morr, & 

Cooney [1974], Myers & Montgomery [2002], and El-Say [2016]. Descriptions of each 

employed DoE design are listed in Table 3-3 below and the original raw data sets from the 

original independent sources are presented in Appendix A.) Subsequently, each of the four 
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element verification result’s respective linear regression mean-response models,  𝒇̂𝒊(𝑹)s, 

for i = 1 to 4, and prediction confidence-interval models, 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), for i =1 to 4,  

are computed as 2nd-order polynomials (via Minitab data-analysis software) based on: the 

actual organic behavior of the independent sources’ experimental entity-under-

investigation per Richert et al. (1974),  Myers & Montgomery (2002), and El-Say (2016), 

and the extensiveness of their DoE design(s) employed to capture that behavior. The mean 

response models are presented in Eq. 3-21 below, and both mean-response and prediction 

confidence-interval models are illustrated from Figure 3-11 to Figure 3-14. 

 

Table 3 - 3, DoE Methods’ Reported Verification Data 

Element Requirement 

# 
Employed DoE Designs Sample Size Controlled Factors A 

f1 25-1 Factorial 

+ 

Central Composite Design B 

16screening 

+ 

14sequential 

xA, xB, x1, x2, x3 

(coded & 

unitless) f2 

f3 Box Behnken Design C 15 

xA, xB, x4 

(coded & 

unitless) 

f4 Small Composite Design (saturated) D 18 

xA, xB, x5, x6,  

(coded & 

unitless) 

Note A: factors with numeric subscripts indicate parameters intrinsic only to the 

respective element requirement’s verification condition. 

Note B: DoE data from Reichert, et al. (1974). 

Note C: DoE data from Myers & Montgomery (2002). 

Note D: DoE data from El-Say (2016). 

 

 

𝒇̂𝟏(𝑹) = 11.851 − 1.761 ∙ 𝜁1 + 0.576 ∙ 𝜁2 − 0.182 ∙ 𝑥1 + 0.4430 ∙ 𝑥2 + 0.191 ∙ 𝑥3 − 0.634 ∙

𝜁1
2   − 0.512 ∙ 𝜁2

2 − 0.302 ∙ 𝑥1
2 − 0.067 ∙ 𝑥2

2 − 0.156 ∙ 𝑥3
2 − 0.489 ∙ 𝜁1 ∙ 𝜁2 − 0.250 ∙ 𝜁1 ∙ 𝑥1 − 0.122 ∙

𝜁1 ∙ 𝑥2 − 0.368 ∙ 𝜁1 ∙ 𝑥3 − 0.029 ∙ 𝜁2 ∙ 𝑥1 − 0.044 ∙ 𝜁2 ∙ 𝑥3 + 0.24 ∙ 𝜁2 ∙ 𝑥3 + 0.167 ∙ 𝑥1 ∙ 𝑥2 + 0.11 ∙ 𝑥1 ∙

𝑥3 − 0.01 ∙ 𝑥2 ∙ 𝑥3   
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𝒇̂𝟐(𝑹) = 77.79 − 10.121 ∙ 𝜁1 − 0.104 ∙ 𝜁2 − 8.679 ∙ 𝑥1 − 0.712 ∙ 𝑥2 + 1.371 ∙ 𝑥3 − 4.157 ∙ 𝜁1
2 −

2.657 ∙ 𝜁2 − 4.769 ∙ 𝑥1
2 − 0.344 ∙ 𝑥2

2 − 0.332 ∙ 𝑥3
2 + 2.77 ∙ 𝜁1 ∙ 𝜁2 + 6.21 ∙ 𝜁1 ∙ 𝑥1 + 1.77 ∙ 𝜁 ∙ 𝑥2 + 0.71 ∙

𝜁1 ∙ 𝑥3 − 1.68 ∙ 𝜁2 ∙ 𝑥1 + 0.04 ∙ 𝜁2 ∙ 𝑥2 + 1.51 ∙ 𝜁2 ∙ 𝑥3 − 0.26 ∙ 𝑥1 ∙ 𝑥2 + 0.48 ∙ 𝑥1 ∙ 𝑥3 + 0.03 ∙ 𝑥2 ∙ 𝑥3  

𝒇̂𝟑(𝑹) = 62.00 + 1.00 ∙ 𝜁1 + 2.63 ∙ 𝜁2 − 2.38 ∙ 𝑥4 − 7.37 ∙ 𝜁1
2 + 1.88 ∙ 𝜁2

2 − 3.63 ∙ 𝑥4
2 − 2.00 ∙

𝜁1 ∙ 𝜁2 + 11.00 ∙ 𝜁1 ∙ 𝑥4 + 1.75 ∙ 𝜁2 ∙ 𝑥4  

𝒇̂𝟒(𝑹) = 25.51 − 1.49 ∙ 𝜁1 + 0.06 ∙ 𝜁 + 6.471 ∙ 𝑥5 + 2.23 ∙ 𝑥6 − 1.08 ∙ 𝜁1
2 − 0.55 ∙ 𝜁2 + 0.21 ∙

𝑥5
2 − 0.53 ∙ 𝑥6

2 − 1.28 ∙ 𝜁1 ∙ 𝜁2 − 1.63 ∙ 𝜁1 ∙ 𝑥5 − 1.72 ∙ 𝜁1 ∙ 𝑥6 − 2.36 ∙ 𝜁2 ∙ 𝑥5 − 3.95 ∙ 𝜁2 ∙ 𝑥6 − 1.98 ∙ 𝑥5 ∙

𝑥6  

 (Eq. 3-21) 

 

 

Figure 3 - 11, Element f1’s Response Models 

Figure 3-11. Element f1’s mean-response model (left) and prediction confidence-interval 

model (right) with the allocated requirement’s thresholds, Tmax and Tmin (from Table 2-

1) shown as yellow and purple planes respectively. Both models are as influenced by the 

SOI operational environment, R(ζA, ζB), with remaining parameters, x1Β, and x2Γ, held 

constant w.r.t. the requirement’s specified verification condition (from Table 2-1). 
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Figure 3 - 12, Element f2’s Response Models 

Figure 3-12. Element f2’s mean-response model (left) and prediction confidence-interval 

model (right), with the allocated requirement’s threshold T2 (from Table 2-1) shown in 

yellow. Both models are as influenced by the SOI operational environment, R(ζA, ζB), with 

remaining parameters, x1Β and x3Ε, held constant w.r.t. the requirement’s specified 

verification condition (from Table 2-1). 

 

 

 

Figure 3 - 13, Element f3’s Response Models 

Figure 3-13. Element f3’s mean-response model (left) and prediction confidence-interval 

model (right), with the allocated requirement’s threshold T3 (from Table 2-1) shown in 

yellow. Both models are as influenced by the SOI operational environment, R(ζA, ζB), 

with remaining parameter x4Ζ held constant w.r.t. the requirement’s specified verification 

condition (from Table 2-1).  

Note. The intersecting maximum and minimum prediction confidence-interval 

boundaries are due to the swap between calculations using x4(min) and x4(max). 
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Figure 3 - 14, Element f4’s Response Models 

Figure 3-14. Element f4’s mean-response model with the allocated requirement’s 

threshold T4 (from Table 2-1) shown in purple. The model is as influenced by the SOI 

operational environment, R(ζA, ζB), with remaining parameters, x5Θ and x6Ι, held constant 

w.r.t. the requirement’s specified verification condition (from Table 2-1).  

Note. Element f4’s prediction confidence-interval model is not presented due to the 

employment of a saturated DoE design (El-Say, 2016). 

 

Finally, each of the four element’s (now normalized and standardized) capability 

response models are computed through the statistical significance tests using the allocate 

element requirement thresholds, Tis, as the null value. Note that these threshold values are 

hypothetical as they are extracted from Subsection 2.2.4 and Tables 2-1’s descriptions. 

Through SBED’s element-capability probability-comparison technique, per Eq. 3-17, the 

respective element prediction confidence-interval models’ appropriate boundaries (i.e., 

maximum or minimum) are subjected to either one-tail (e.g., element f1) or two-tail 

statistical tests (e.g. elements f2, f3, and f4) while treating the respective element mean-

response models (from Eq. 3-21) as 𝜇𝑓𝑖
s. The corresponding (k=2)-dimensional mesh plots 

for these four element-capability response models (similar to Figure 3-8 and generated via 

MATLAB) are shown in Figure 3-15. The scope of each SBED-produced normalized and 

standardized element capability models, or the ability to achieve element requirements 

Not useable due to the 

incomplete (saturated) 

DoE design employed. 
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throughout the entire SOI operational environment, 𝑹 ≝ {𝜉𝐴, 𝜉𝐵} or 𝑹 ≝ {𝑥𝐴, 𝑥𝐵}) as 

defined in Table 3-4.  

 

 

 

Figure 3 - 15, Example’s four element capability models. 

Figure 3-15, all response models are as influenced by the system’s operational environment, 

R(ζ1, ζ2), with remaining parameters held constant w.r.t. the requirement’s specified verification 

condition (from Table 2-2). 

 

Table 3 - 4, Explanations of Element-Capability Response Models 

Element 

Requirement # 
Element Capability Output Definition 

f1 P(7.5 <  f1 < 15 Α) | xA, xB, x1
*, x2

*
, x3

* 

f2 P(f2 < 80 Δ)  | xA, xB, x1
*, x2

*
, x3

* 

f3 P(f3 < 75 Ε) | xA, xB, x4
* 

f4 P(f4 > 15 Η) | xA, xB,, x5
*, x6

*
, 

Note: * Represents scalar conditional variables. 
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By directly comparing any one of the RBT&E’s reporting formats in Table 3-5 

against SBED’s objectively-produced element mean response models, 𝒇̂𝒊(𝑹)s, element 

mean response prediction models, 𝒇̂𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s, and/or  element-capability forecast 

models, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s (e.g., Figure 3-11 to Figure 3-14), it is self-evident that SBED 

provides far more descriptive and comprehensive visualizations of captured element 

performances. Instead of the traditional RBT&E approach’s presentation of demonstrated 

performance and deficiencies w.r.t. only the requirement verification conditions (i.e., Table 

3-5 ‘Test-Condition’ Column), the SBED approach models the same element performances 

and capabilities throughout the entire integrated SOI’s operational environment (i.e., Table 

3-4). Not only is each employed DoE designs capable of individually including allocated 

requirements’ unique verification-condition parameters (e.g., x1Β, x2Γ, and x3Ε for 

elements f1 and f2 as listed in Table 3-3) to sustain RBT&E’s existing adherence to the 

element verification’s intrinsic Requirement-Based Performance Verification goal. In 

return, SBED improves the T&E community’s ability to comprehensively verify the 

element function-under-test requirement fulfillment. 

Furthermore, if Fig 3-1’s four lower-level elements are assumed to collectively 

achieve their corresponding SOI capability from start to end (e.g., as G from Figure 3-1), 

Table 3-5’s RBT&E element-data conclusions cannot be quantitatively amalgamated to 

produce the respective SOI capability forecast due to their existing RBT&E’s data-

inconsistency challenges. However, corresponding SBED’s (normalized and standardized) 

element-capability forecasts, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s, for i = 1 to 4 from Figure 3-11 to Figure 3-

14, are capable of being quantitatively amalgamated to deliver an objective SOI-capability 
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forecast. Thus, concurrently accomplish the SOI-Capability Identification T&E goal as part 

of SBED Step 5.  
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Table 3 - 5, Reporting Formats of the Traditional RBT&E Verification Data 

Element 

Requirement # 
Test Conditions 

Binomial Evaluation 

Results 

Statistical Analysis Results B Stochastic Results  

(μ + 2∙σ) # 𝑜𝑓 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠 𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒⁄  

f1 
x1*Β, x2*Γ, x3*Ε 

(combined) 

2 failures 

(31 total) 
(10.56Α +4.1) | x1*Β and x2*Γ 

 P(7.5 <  f1 < 15 Α) | x1*Β and x2*Γ 

 = 93.5% (29 out of 31) 

f2 
 6 failures 

(32 total) 
(68.8Δ + 28) | x1*Β and x3*Ε 

 P(f2 < 80 Δ)  | x1*Β and x3*Ε 

 = 81%, (26 out of 32) 

f3 x4(min)Ζ < x4 < x4(max) Ζ 
 4 failures 

(15 total) 
(57.1Ε +16) |{x4(min)Ζ < x4 < x4(max) Ζ}

  P(f3 < 75 Ε) |{ x4(min)Ζ < x4 < x4(max) Ζ) 

 = 73% (11 out of 15) 

f4 x5*Θ, x6*Ι  all pass (23Η +10.2) | x5*Θ and x6*Ι 
 P(f4 > 15 Η) | x5*Θ and x6*Ι 

 = 100% 

SOI Capability Inconclusive Inconclusive 

{p(f1) AND {p(f2) OR p(f3)} AND p(f4)} | x1=?, 

x2=?, x3=?, x4=?, x5=? 

= 95%  

Note A: All calculations are based on the raw data (as presented in Appendix A) and Table 2-1’s arbitrary allocated requirement 

thresholds. 

Note B: Prediction interval of (2∙ σ) is arbitrarily selected for this illustrative example. 



 

88 

3.2.5 Step 5 Forecasting the SOI-Capability  

Once SBED’s RSM analytical techniques from Step 4 are applied to every 

element’s raw performance verification results and have characterized each corresponding 

element performances as normalized and standardized element-capability response 

models, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s, these response models are to be used to produce an objective 

SOI-capability forecast, 𝑭̂𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(R), either through: (a) their quantitative amalgamation 

via Boolean-Algebraic summation to capture the elements’ net response, or (b) their 

aggregate coherent simulation of respective MBSE low-level models. Both SOI-capability 

forecasting methods are to be discussed in the following subsections.  

 

3.2.5.1 Through Superposition of Element-Capability Models 

The first method to obtain the SOI capability forecast, 𝑭̂𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(R), is through the 

quantitative amalgamation of all calculated (and now normalized and standardized) 

element-capability forecasts, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s. SBED first calculates each 𝑅𝑥𝑅
 subspace’s 

SOI-capability point estimate, 𝐹̂𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, through the amalgamation of all 

corresponding element-capability point estimates, 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s. As mathematically 

described in Eq. 3-22, which combines Eq. 3-2 with either Eq. 3-17 or Eq 3-18 (depending 

on 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s’ format, probability or discrete). The amalgamation of a 

𝐹̂𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) point estimate to capture the elements’ net response is theoretically 

visualized as a superposition of all corresponding 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s w.r.t. the sequenced 

SOI capability scenario diagram (i.e., set G from Eq. 3-1) as introduced in Myers & 

Montgomery (2002). With interpretation of the De Morgan’s Law as presented in Bertsekas 
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& Tsitsiklis (2002) and presented in Eq. 3-23, this superposition can be achieved through 

Boolean algebra summation as explained in Eq. 3-24 and Eq. 3-25 for probability and 

discrete formats of 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s respectively.

𝐹̂𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) ≝ 𝑮(𝑅𝑥𝑅

)

= {∀ {p̂ (𝑓𝑖  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 T𝑅𝑥𝑅
 | 𝑅𝑥𝑅

)} ∈ 𝐹(𝑅𝑥𝑅
)} , or

= { ∀ {𝒎𝒆𝒆𝒕𝒊𝒏𝒈 T𝑅𝑥𝑅
|𝑅𝑥𝑅

} ∈ 𝐹(𝑅𝑥𝑅
)} (Eq 3-22)     

𝐴 = {𝐴̅}′, and 𝐴 ∩ 𝐵 ∩ 𝐶 ∩ ⋯ = {𝐴 ∩ 𝐵 ∩ 𝐶 ∩ ⋯̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ }′

= {𝐴̅ ∪ 𝐵̅ ∪ 𝐶̅ ∪ ⋯ }′ (Eq. 3-23) 

𝐹̂𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) = ⋂ 𝑝̂𝑖(𝑓𝑖 𝒎𝒆𝒆𝒕𝒊𝒏𝒈 𝑇𝒇𝒊

 |𝑅𝑥𝑅
)𝑚

𝑖

=  ⋃ {𝑝̂𝑖(𝑓𝑖 𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 𝑇𝒇𝒊
 |𝑅𝑥𝑅

)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅𝑚
𝑖 },

where 𝑃𝑖 ∪ 𝑃𝑗 = 𝑃𝑖 + 𝑃𝑗 − (𝑃𝑖 ∙ 𝑃𝑗). (Eq. 3-24) 

𝐹̂𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) = ⋂ (𝑓𝑖  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 𝑇𝒇𝒊

 |𝑅𝑥𝑅
)𝑚

𝑖

= ⋃ {𝑓𝑖 𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 𝑇𝒇𝒊
|𝑅𝑥𝑅

}𝑚
𝑖 ,

where ⋂ 𝑓𝑖  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 𝑇𝑓𝑖

𝑚
𝑖  ≝ SOI meeting SOI requirement at 𝑅𝑥𝑅

,

and 𝑓1 𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 𝑇𝒇𝒊
 ∩ {⋂ (𝑓𝑖  𝒎𝒆𝒆𝒕𝒊𝒏𝒈 𝑇𝑓𝑖

 |𝑅𝑥𝑅
)𝑚−1

𝑖 } ≝ SOI not meeting SOI requirement 

at 𝑅𝑥𝑅
.  (Eq. 3-25) 

To briefly demonstrate this super positioning of individual corresponding element-

capability point estimates through the continuum of the same arbitrary to-be-forecast SOI-
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capability example previously from Subsection 3.2.4.5 (Resolution of RBT&E’s Data-

Inconsistency Challenges), the four element-capability models, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), for i=1 to 

4, as illustrated from Figure 3-15 are Boolean-algebraically amalgamated to produce their 

corresponding SOI-capability, 𝑭̂𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), in probability format. This super positioning 

process is explained in Eq. 3-26 (as derived from Eq. 3-24) and illustrated (step by step) in 

Figure 3-16. 

 

𝐹̂𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)    

= 𝑓1_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) ∩ (𝑓2_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) ∪ 𝑓3_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)) ∩ 𝑓4_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

),  

∀𝑅𝑥𝑅
s 

where 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) ∪ 𝑓𝑗_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) =  𝑃𝑓𝑖
+ 𝑃𝑓𝑗

− (𝑃𝑓𝑖
∙ 𝑃𝑓𝑗

) |𝑅𝑥𝑅
,  and 

𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) ∩ 𝑓𝑗_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) = (𝑃𝑓𝑖
∙ 𝑃𝑓𝑗

) |𝑅𝑥𝑅
 (Eq. 3-26) 

 

Finally, the SOI-capability forecast can now be objectively obtained with the 

consolidation of all (xR)k number of calculated SOI-capability point estimates, 

𝐹̂𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, into the k-dimensional arrays of R.  

 

3.2.5.2  Inputs to MBSE Models 

In addition to the SBED’s quantitative amalgamation of element-capability 

response models, there exists another method to produce SOI-capability forecasts through 

MBSE. SBED-produced element-capability models, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s, can also be 

delivered and utilized as simulation inputs to respective MBSE lower-level element 

models. Since these MBSE element models are now represented with data-metrological 
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and -domain matching variables, an objective SOI mission-representative capability 

forecast can be aggregately and coherently simulated (Li, et al., 2018b).   
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Figure 3 - 16, Amalgamation of SOI-Capability via Boolean-Algebraic Summations  

 

SOI capability from Figure 3-1 



 

93 

3.3 Benefits of SBED 

SBED introduces a top-down SOI-synoptic verification perspective to supplement 

the traditional RBT&E’s existing bottom-up reductionist verification approach during the 

SOI Implementation process. In addition to preserving all of RBT&E’s inherent benefits 

towards the accomplishment of Requirement-Based Performance Verification T&E goal’s 

advantages as previously discussed in Subsection 2.1.2 (Benefits of the Traditional 

RBT&E Approach), SBED further introduces several additional SE and T&E benefits 

throughout SOI’s development cycle. These SBED-introduced benefits are discussed next 

and further demonstrated in this dissertation’s data-analysis example. 

 

3.3.1 Early Delivery of SOI Capability Forecast Through SBED 

The first SBED-introduced benefit to the SOI Implementation process is the early 

delivery of an objectively SOI-capability forecast, which has been previously unobtainable 

through the employment of traditional RBT&E test approach (Helle & Schamai, 2016; 

Fiebrandt & Wilson, 2008; Shaikh & Moore, 1997). Per Li, et al. (2018a), SBED provides 

a complete solution to the existing RBT&E’s data-inconsistency challenges of arithmetical 

nonuniformity and nonlinearity in variable domains (i.e., mismatching as discussed in 

Subsection 2.2.2., [Inadequacies of the RBT&E Approach]) and enables the Implement 

process’ concurrent accomplishment of the SOI-Capability Identification T&E goal. The 

delivery of the SBED produced SOI-capability forecast not only objectively informs 

decision makers on specific section(s) within the SOI operational environment where (and 

where not) potential SOI failures may exist, it also objectively identifies the culpable child 

element(s) associated with these forecasted SOI risks and uncertainties.  
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3.3.2 Enhancement of the Requirement-Based Performance 

Verification Goal 

SBED also introduces direct benefits towards the SOI Implementation process’s 

ability to accomplish the primary Requirement-Based Performance Verification T&E goal. 

With the delivery of SBED’s element-capability models that comprehensively characterize 

every respective element performance w.r.t. the entire SOI operational environment, the 

scope of Implementation process’ primary Requirement-Based Performance Verification 

T&E goal (which has been previously not expandable per Streit, et al. [2008]) can be 

objectively expanded to beyond just element requirement-specified verification conditions 

(Bjorkman & Zeis, 2007; Eldh, et al., 2010; Hsueh, 1995).  

 

3.3.3 Enablement of MBSE Supportability 

Collectively, the delivery of both SBED’s element-capability models and its SOI-

capability forecast regression models also improves the Implementation process’ 

supportability to MBSE’s SOI-capability identification by: (a) Resolving the existing data-

domain inconsistency between RBT&E and MBSE by providing the ability to coherent 

simulate an SOI-capability forecast that is comprehensively representative of the intended 

SOI operational environment (Li, et al., 2108b); and (b) introducing objective means to 

validate respective low-level models corresponding to aspects of the SOI-design (Karban, 

et al., 2008). Both of these two MBSE supportability attributes are previously unobtainable 

through provisions of traditional RBT&E’s mismatched verification data. 
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3.3.4 Preservation of RBT&E’s Intrinsic Benefits 

As SBED supplements the traditional RBT&E approach with a top-down SOI-

synoptic verification perspective, it also preserves RBT&E’s benefits from generating 

isolated test artifacts specific only to the individual element functions-under-test. 

RBT&E’s existing scope, which “advantageously” quarantines RBT&E-collected element 

verification data from the influences of potential interactions of other element functions, is 

considered as an intrinsic benefit to the SOI Implementation process and is concomitant to 

both the establishment of clear and bidirectional traceability between individual element 

verification results (as well as their identified element performance defects). The 

supplementation of SBED does not remove this intrinsic benefit. This is because SBED 

preserves the traditional RBT&E’s methodology of executing individual element 

verification tests as independent and autonomous entities.  

 

3.3.5 Improvements to Remaining RBT&E’ Intrinsic Benefits 

Unlike the traditional RBT&E test approach which is flexible to SOI design 

process’s nature of constant requirement changes, creeps, and churns, SBED methodology 

introduces flexibility and adaptability without sacrificing its top-down SOI-synoptic 

verification perspective. Given that it is unrealistic to repeat the applicable element 

verification test upon every SOI design change (Eldh, et al., 2010; Dahmann, 2012), 

SBED’s RSM analytical techniques can augment the new element verification results (that 

correspond to new design changes) and produce updated SOI-capability forecasts via either 

Boolean-algebraic summations or MBSE coherent simulations. SBED’s improvement, of 

the Implementation process’ previous “robustness” towards constant element-design and -
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requirement changes, becomes a valuable benefit when it comes to the ever-evolving 

Complex System design strategy (Hesari, et al., 2013).  

With the most common areas of an element-requirement change are introduced in 

the form of threshold-value adjustment or verification-condition adjustments. For example, 

reduce the demonstration of element A’s y1-mph speed under x1
oC verification condition 

to (y1 – y*) mph speed now under (x1 – x*)oC condition. If certain allocated requirement 

threshold-value(s) has been modified, the only procedural effect to SBED’s 

implementation includes in repeating its Step 4’s RSM calculations to recompute element-

capability regression models and beyond (i.e., during the post-verification test analysis 

only). While the previous flexibility aspect of SBED is also applicable to the traditional 

RBT&E test approach, the same cannot be said when it comes to modification of allocated 

requirement’s verification-condition. When there is an adjustment to allocated requirement 

verification condition, previous RBT&E’s verification data (i.e., performance and 

verification data specifically at the requirement’s verification conditions) may no longer 

be applicable; however, the only procedural effect to SBED’s implementation remains in 

repeating its Step 4’s RSM calculations to redetermine element-capability regression 

models (i.e., also only during the post-verification test analysis). This is because SBED’s 

collected element verification data (i.e., through DoE designs) have already fully captured 

the respective element performances w.r.t. the entire observed domain (or intended 

operational environment).  

Additionally, SBED’s methodology also introduces new flexibility and adaptability 

against changes at the SOI-design level. For example, given the previous definition of a 

SOI capability is modified with the addition of new element requirement(s) during the 
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Implementation process. The corresponding SOI-capability forecast can still be either 

quantitatively amalgamated or coherently simulated via MBSE as long as the respective 

element verification data captures the same causality relationship w.r.t. the overall SOI’s 

operational environment. The only procedural effect to SBED’s implementation includes 

in the repeat its Step 5’s amalgamation of element-capability response models to reproduce 

an updated SOI-capability forecast (i.e., also only during the post-verification test 

analysis). Similarly, if an existing SOI-capability definition is modified through either a 

removal or a rearrangement of already interconnected lower-level elements, once again, 

the only procedural effect to SBED’s implementation includes the repeat its Step 5. 

 

3.3.6 Benefits to SE Processes 

Lastly, and previously as illustrated in Figure 1-2, the supplementation of SBED’s 

top-down SOI-synoptic verification perspective to traditional RBT&E’s bottom-up 

reductionist element verification approach also establishes the SOI Implementation 

process’ SE-information feedforward to future Integration and Verification processes 

along the SE-Vee. It provides objective means to both understand the SOI emergent 

behaviors w.r.t. the SOI hierarchical structure and incorporating element interfaces 

(Anandalingam & Friesz, 1992) as well as to identify subsequent integrated test subjects 

(Zhu et al., 2016). Concurrently and per Gotel & Finkelstein (1994), SBED’s 

supplementation also establish the SOI Implementation process’s SE-information feedback 

to previous adjacent SOI design Decomposition and Definition processes along the SE-

Vee and provides objective means to understand the existing SOI design and SOI-design 

products (e.g. MBSE lower-level models).  
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As the SOI development proceeds to subsequent Integration and Verification 

processes with higher integrated SOI-level functions-under-test. This same SBED 

methodology can be iteratively reapplied to continuously provide SE-information 

feedforward to support the capability identification effort at the next higher integrated 

levels and provide SE-information feedback to validate the next higher adjacent SOI 

Decomposition and Definition process’ corresponding design models and products. When 

the SOI-capability forecast of one integrated SOI is grouped with other “sibling” capability 

forecasts (all w.r.t. the common operational environment domain), SBED is able to 

continue to objectively forecast the next integrated-level’s capability until the ultimate 

SOI-level’s actual integration and validation activities. 

 

3.4 Limitations of the SBED Test Approach 

Given the SBED test approach’s ability to produce an objective integrated SOI-

level capability forecast and to inform decision makers on specific section(s) within the 

SOI operational environment where (and where not) potential SOI failures may exist, it is 

to note that this study’s intent to present the SBED test approach as a direct substitute for 

actual SOI integration and V&V activities subsequent to the Implementation process. This 

is because the developed SBED methodology still includes a significant limitation. The 

most significant being that it does not introduce the ability to identify or predict actual 

interaction behaviors amongst the elements within a specific SOI design. During the SOI 

Implementation process, there remains a very limited understanding of SOI’s inter-element 

behavior and the actual relationships between element-level performances and SOI-level 

performances (Deplanques, et al., 1996; Jones & Deshmukh, 2005; Fiebrandt & Wilson, 
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2008). Despite SBED’s supplementation of a qualitative and top-down SOI-synoptic 

verification and analytical verification approach, the absence of actual integration-

verification data prohibits any objective interpretation and prediction of inter-element 

performances and behavior. Therefore, SBED’s ability to define (or forecast) SOI 

capability through standalone analysis of individual element performances cannot be 

considered as an equivalent replacement to the actual integrated-level V&Vs (Bjorkman, 

et al., 2005; Loren, 2007).  
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4 Data Analysis Example 

SBED’s ability to objectively forecast SOI capability, through the quantitative 

amalgamation of individual collected element performance and verification data, is 

demonstrated through a data-analysis examples in this chapter. This example exhibits 

SBED’s ability to resolve RBT&E’s data-metrological and –domain inconsistency 

challenges and to objectively forecast SOI capability (i.e., normalize, standardize, and 

amalgamate  of previously mismatching element verification data) by applying its DoE and 

RSM analytical techniques onto an existing US Air Force Flight Test Center (AFFTC) T-

38C flight test data set  as presented in Gunn-Golkin, et al. (2010).  

The scope of this data analysis example includes one of AFFTC’s original test 

objectives, to assess the Operator Workload (OWL) mission-suitability of USAF legacy T-

38A/B airframes’ landing technique (hereon designated as ‘L1’) as demonstrated on the 

then new USAF T-38C airframe (Gunn-Golkin, et al., 2010). Within this example, SBED-

introduced SE and T&E benefits are to be exhibited by comparing SBED’s quantitatively-

produced capability forecast against AFFTC’s original qualitative SOI assessment 

conclusions (as subjectively drawn from standalone analyses of individual RBT&E-

collected element verification data).  

 

4.1 AFFTC Test Method Description and Original Conclusions 

AFFTC’s original L1 OWL-suitability assessment includes two independent and 

concurrently executed methods. First, a qualitative interpretation of test pilots’ Likert-scale 

survey ratings collected after every executed landing attempt to holistically characterize 

L1’s OWL demand at the airframe-system level. The second includes standalone 
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quantitative comparisons between L1’s collected element-level verification data against the 

baseline T-38C airframe’s landing technique’s (hereon designated as ‘L2’) equivalents. In 

reference to Bortolusi, Kantowitz, & Hart’s research from 1986 which suggests that OWL-

demand differences between two independent tasks can be quantified through comparison 

between their demonstrated performances variances, AFFTC statistically compares the 

variability of each of L1’s collected lower-level element verification data against its L2 

equivalents’ to determine equality. L1’s OWL demand is deemed as mission suitable if, and 

only if, its element data variabilities are proven to be statistically equal (or better) to L2’s. 

A total of four common standalone element verification data (collected from both L1 and 

L2’s executed landing attempts during test) are used as part of this quantitative comparison 

assessment method and they are listed in Table 4-1.  

 

Table 4 - 1, AFFTC Test’s Standalone Lower-Level Verification Data 

ID Variables & Units of Measurement Descriptions 

f1 Touchdown (TD) Distance, ft 
Distance of aircraft touchdown location 

beyond runway threshold. 

f2 TD Speed, KCAS Aircraft speed at touchdown. 

f3 Height Above Threshold, ft Aircraft height above the runway threshold. 

f4 Vertical Velocity at TD, ft/min 
Vertical component of aircraft speed at 

touchdown. 

 

 Despite using the same executed L1 landing attempts to collect their respective raw 

data, two contradicting L1 OWL-suitability assessments conclusions are drawn from the 

two AFFTC assessment methods. From the first (qualitative) assessment method, 

interpretation of the qualitative pilot survey ratings suggests a significant portion of 

executed L1 landing attempts demonstrate noticeable increased OWL demand w.r.t. L2’s 
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landing attempts (Gunn-Golkin, et al., 2010, p. A-12). Breakdown of the pilot survey 

ratings is shown in Table 4-2.  

 

Table 4 - 2, AFFTC Test’s Pilot OWL Survey Ratings  

 
Very 

Difficult 
Difficult Average Easy Very Easy 

Average Rating 

(1) (2) (3) (4) (5) 

L1 0 8 18 4 0 2.87 
L2 0 0 6 19 5 3.96 

 

 

 Conversely from AFFTC’s second OWL-suitability assessment method, all the 

quantitative variability-comparison results between L1’s and L2’s four standalone element 

verification data (from Table 4-1) fail to reveal any statistically conclusive differences. 

Thus, they all independently lead to the contradictory conclusion that no significant 

increase in L1’s OWL-demand (w.r.t. the L2 baseline) is demonstrated (Gunn-Golkin, et al., 

2010, p. 26). Furthermore, since all of L1 and L2’s quantitative standalone element 

verification data are reported (and analyzed) in RBT&E’s mismatching scalar statistic 

format like the examples provided in Table 2-2 (Gunn-Golkin, et al., 2010, Appendix C), 

AFFTC is unable to further quantitatively amalgamate L1’s four element verification data 

to produce an integrated L1 OWL-suitability forecast (at the airframe-system level) to 

objectively confirm or reject the contradicting qualitative survey-rating assessment’s 

conclusion.  

  This example suggests that if this study’s SBED is employed as a supplement to 

AFFTC test’s (RBT&E-collected) L1 element verification data, a quantitative L1 airframe-

system level OWL-suitability forecast can be objectively produced. It is this data analysis 
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example’s intent to: (a) retroactively apply SBED’s DoE and RSM data-analysis 

techniques on to the existing AFFTC element verification data to independently produce 

L1’s quantitative OWL-suitability forecast; and (b) compare this SBED-produced forecast 

against AFFTC’s original qualitative survey-rating assessment’s conclusion to demonstrate 

(and validate) SBED’s methodology and introduced advantages. 
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Figure 4 - 1, The SBED Model Diagram and Data Flow Chart as Applied to the Data-Analysis Example 
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4.2 Overview of the SBED Data Analysis Example 

As shown in Figure 4-1 (top left at SBED Start), this example designates L1’s OWL 

suitability as this example’s to-be-forecasted SOI capability, Fcapability ≝ FOWL-suitability; and 

designate the L1:L2 data-variability comparisons of the four standalone lower-level element 

verification data (from Table 4-1) as FOWL-suitability’s four elements, fis. This implies that 

every L1 and L2’s standalone element verification data is first independently modeled as 

prerequisite RSM-calculated response models, 𝑓𝐿1_𝑖(𝑅)s and 𝑓𝐿2_𝑖(𝑅)s. Then, their 

respective scalar prediction confidence intervals, 𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s and  

𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, are compared against each other. The ratios are then consolidated to 

construct FOWL-suitability’s element mean-response models, 𝒇̂𝒊(𝑹) =

 𝒇̂𝑳𝟏_𝒊_𝒗𝒂𝒓𝒊𝒂𝒊𝒃𝒍𝒊𝒕𝒚(𝑹): 𝒇̂𝑳𝟐_𝒊_𝒗𝒂𝒓𝒊𝒂𝒊𝒃𝒍𝒊𝒕𝒚(𝑹), for i=1,…,4.  

This example also designates (Ti < 1.5) as FOWL-suitability’s four elements’ 

requirement thresholds. (This Ti corresponds with the rejection-region-of-an-equality of a 

two-variances F-test based on α =0.10 and AFFTC test’s executed L1 and L2’s sample sizes 

of 29 and 30 executed landing attempts respectively (Ott & Longnecker, 2015).) For this 

example, (Ti < 1.5) implies that every 𝑅𝑥𝑅
 subspace (within the yet-to-be-defined R), 

whose point estimates, 𝑓𝑖(𝑅𝑥𝑅
) = 𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) : 𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
), exceeds 

above 1.5 (i.e., significant increase in L1 data variability w.r.t. to the L2 baseline), is to be 

considered as a L1 operating condition in which its OWL-demand may not be mission 

suitable per Bortolussi, et al. (1986). Concurrently, these non-mission suitable 

𝑅𝑥𝑅
 subspaces’ respective element-capability point estimates (in discrete format per Eq. 3-

18), 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)

∗
s, are to be interpreted as (𝒗𝒊𝒐𝒍𝒂𝒕𝒊𝒏𝒈 𝑇𝑖|𝑅𝑥𝑅

). Knowing that there 
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exist such non-mission suitable 𝑅𝑥𝑅
 subspaces, as suggested by AFFTC’s actual qualitative 

survey-ratings’ conclusion (from Table 4-2), this study have successfully demonstrated and 

validated SBED’s methodology and benefits if, and only if, the calculated L1’s OWL-

suitability forecast, 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), also contains these non-mission suitable 𝑅𝑥𝑅
 

subspace(s) to corroborate with AFFTC’s integrated-level assessment conclusion. This is 

expressed as this data-analysis example’s null hypothesis in Eq. 4-1. 

 

H0: 𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) <  𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

), ∀ 𝑓𝑖(𝑅𝑥𝑅
)s, and   

Ha: 𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) > 𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

), for at least 1 𝑓𝑖(𝑅𝑥𝑅
), where i = 

1, …, 4. 

T.S.: 𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) / 𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

), 

R.R.: Reject Ho if T.S. is > 1.50 for at least 1 𝑓𝑖(𝑅𝑥𝑅
).      (Eq. 4-1) 

 

 

4.3 The SBED Data Analysis of the T-38 Test Data 

4.3.1 Step 1 Develop a Scenario-Based 𝐅𝐎𝐖𝐋−𝐬𝐮𝐢𝐭𝐚𝐛𝐢𝐥𝐭𝐢𝐲 Definition  

A scenario diagram depicting 𝑭𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒕𝒊𝒚 is created and shown in Figure 4-1 

(top right, Step 1). In attempt to maintain alignment with AFFTC’s original quantitative L1 

OWL-suitability assessment method, this scenario diagram sequences the four elements 

(from Table 4-2),  fi(R)=𝒇𝑳𝟏,𝒊𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚
(𝑹): 𝒇𝑳𝟐,𝒊𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚

(𝑹), for i=1, …, 4, in series; and in 

synchrony with Eq. 3-1, 𝑭𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒕𝒊𝒚’s scenario diagram is mathematically expressed 

in Eq. 4-2. 
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𝑭𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒕𝒊𝒚 ≔ 𝐆: {∀𝒇𝒊 → 𝑭𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒕𝒊𝒚}],  i = 1 to 4               

= G[𝒇𝑳𝟏,𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚: 𝒇𝑳𝟐,𝒊_𝒗𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚]        (Eq. 4-2)     

 

 

4.3.2 Step 2 Introduce the Common Domain 

AFFTC’s original element verification data include four environmental and 

conditional parameters as captured during every L1 and L2’s executed landing attempts. 

They are listed in Gunn-Golkin, et al. (2010), Appendix C and in Table 4-3. Even though 

these captured parameters are not utilized (nor needed) as part of AFFTC’s original 

RBT&E data analysis, they are to be utilized as this example’s SBED common domain, 

R(ξjs). As shown in Eq. 4-3 and in synchrony to Eq. 3-2, all subsequent element-capability 

forecasts are to be normalized w.r.t. Table 4-3’s R(ξjs) that is visually illustrated as a (k=3)-

dimensional R space (CWx by HWy by f-wtz) of which the temperature parameter, t, is kept 

incrementally constant as the k=4th dimension. 

 

 𝑭𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚 ≔ 𝑮(𝑹) =  𝑮(ξ𝐶𝑊, ξ𝐻𝑊 , ξ𝑓𝑤𝑡
, ξ𝑡) 

= {∀𝐟i(ξCW, ξHW, ξfwt
, ξt) → 𝐅OWL }            (Eq. 4-3) 
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Table 4 - 3, T38C Test's Observation Region 

Parameters designations Units  
Interval 

(actual) 

Interval 

(coded) 

Crosswind Component1 CW Knots {-6.0, 6.8} 

{-1, 1} 
Headwind Component1 HW Knots {-5.0, 14.7} 

A/C Fuel Weight fwt Pounds {1.5K, 4K} 

Ambient Temperature t oC  {0, 22} 

Note: indicate parameters partitioned from the collected wind-direction and wind-

velocity data w.r.t. the landing attempts’ runways. 

 

To optimize the element-capability model’s display resolution, the example selects 

value of xR = 41 (or 404 number of 𝑅𝑥𝑅
 subspaces within R) to calculate and illustrate its 

element-capability forecasts. The corresponding volume of each 𝑅𝑥𝑅
 subspace, as related 

to xR = 41, is defined in Table 4-4. 

 

Table 4 - 4, T-38C Operational Environment Data-Resolution Definitions 

Designation Interval Length Designation Interval Length 

CW 0.64 Knots f-wt 95 Lbs. 

HW 1.04 Knots t 1.1 Co 

Note: In coded variables, each XR represents a 𝑅𝑥𝑅
 subspace size of 0.054 

   

4.3.3 Step 3 Design and Collect Element Verification Data with DoE 

During the AFFTC test, L1’s standalone lower-level element verification data (from 

both Table 4-1) are captured from 29 executed landing attempts, and L2’s data are from 30 

(Gunn-Golkin, et al., 2010, Appendix C). Even though the AFFTC test does not employ 

(nor needs to employ) any specific DoE designs during its RBT&E data collections and 

analyses, because these 59 L1 and L2 landing attempts are executed at various operating 

conditions throughout the test’s observation region and at a randomized order (as shown in 

Figure 4-2), employment of a random DoE design can be assumed for this example. 

Therefore, the raw DoE element verification data collected during both L1 and L2’s landing 
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attempts, 𝒚𝑳𝟏_𝒇𝒊
s and 𝒚𝑳𝟐_𝒇𝒊

s  as listed in Gunn-Golkin, et al. (2010), Appendix C, are to be 

used as inputs to calculate the prerequisite response models, 𝒇̂𝑳𝟏_𝒊(𝑹)s and 𝒇̂𝑳𝟐_𝒊(𝑹)s, for 

i=1,…, 4. They are then to be subsequently compared to produce FOWL-suitability’s four lower-

level elements’ capability forecasts, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)= 𝒇̂𝑳𝟏_𝒊 (𝑹): 𝒇̂𝑳𝟐_𝒊(𝑹) , in Step 4. 

 

 

Figure 4 - 2, AFFTC Data-Collection (DoE Design Points) Locations 

Figure 4-2. Purple indicates L1 attempts and yellow indicates L2’s. 

 

4.3.4 Step 4 Calculate Element-Capability Forecasts 

Through application of RSM’s least square method from Eq. 3-7 to Eq. 3-11 and 

additional stepwise- or backwards stepwise- elimination regression methods (Myers & 

Montgomery, 2002;  Neter et al., 1996), the prerequisite linear regression models of both 

L1 and L2’s four standalone elements verification data, 𝒇̂𝑳𝟏_𝒊(𝑹)s and 𝒇̂𝑳𝟐_𝒊(𝑹)s, for 

i=1,…,4, are calculated. These regression models are presented in Table 4-5 as significant 
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regression coefficients of first- or second-order polynomials from Eq. 3-6, along with their 

associated R2 statistics (Ott & Longnecker, 2015).  

Subsequently, ratios of 𝒇̂𝑳𝟏_𝒊(𝑹)s and 𝒇̂𝑳𝟐_𝒊(𝑹)s’ respective scalar prediction 

confidence intervals at every 𝑅𝑥𝑅
 subspaces throughout R, 

𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
): 𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

), are also calculated and designated as SBED’s 

four element-level mean response point estimates, 𝑓𝑖(𝑅𝑥𝑅
)s. Per Eq. 3-18, all four element 

mean-response point estimates, 𝑓𝑖(𝑅𝑥𝑅
)s, are individually compared against (Ti  < 1.50) to 

produce the respective element-capability point estimates, 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, in discrete 

format at every  𝑅𝑥𝑅
 subspace throughout R. Finally, all 𝑅𝑥𝑅

 subspaces whose calculated 

𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
): 𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) exceeds (Ti of 1.5), or 𝑓𝑖_𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) ≝ 

violating T𝑖, are interpreted as non-mission suitable L1 OWL-demand operating conditions 

(i.e., significant increase in L1 OWL-demand w.r.t. to L2 baseline in accordance to 

Bortolussi, et al. (1986). These non-mission suitable 𝑅𝑥𝑅
 subspaces’ ratios of 

𝑓𝐿1_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
): 𝑓𝐿2_𝑖_𝑣𝑎𝑟𝑖𝑎𝑖𝑏𝑙𝑖𝑡𝑦(𝑅𝑥𝑅

) are plotted in Figure 4-3. 

 

Table 4 - 5, Linear Regression Model Coefficients for Element Response Models 

  
  

f1 f2 f3 f4 

L1 L2 L1 L2 L1 L2 L1 L2 

Constant 841.9 907.7 1.361 2.202 1.658 3.872 -0.639 -1.434 
CW -- -- -3.157 -2.05 -- -- 1.19 0.758 
HW -- -- 1.439 -- -0.555 1.682 0.804 -- 
fwt 492 343.8 -5.493 -4.032 -- -- 1.058 0.447 

t -- -- -- -- 1.099 0.12 -- -0.783 
CW2 -- -- -- -- -- -- -1.497 -- 
HW2 -- -- -- -- 6.38 -- -- -- 
fwt2 -- -- -- -- -- -- -1.351 -- 

t2 -- -- -- -- -1.935 1.098 -- -- 
CW ∙ HW -- -- 2.39 -- -- -- -0.829 -- 
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f1 f2 f3 f4 

L1 L2 L1 L2 L1 L2 L1 L2 

CW ∙ fwt -- -- -- -- -- -- -1.999 -- 
CW ∙ t -- -- -- -- -- -- -- 2.19 

HW ∙ fwt -- -- -- -- -- -- -- -- 
HW ∙ t -- -- -- -- 2.744 -- -- -- 
f wt ∙ t -- -- -- -- -- -- -- 1.542 

         
R2 (%) 50.88 62.97 75.02 50.43 50.28 47.64 72.93 74.25 

R2
adj (%) 48.65 61.28 70.48 46.12 38.98 40.5 63.45 67.47 

Note: ‘--’ regression coefficients are assigned to non-significant factors that are removed 

from the linear regression model through the RSM stepwise technique (Myers & 

Montgomery, 2002, pp 751–753; Neter et al., 1996). 

 

 

Figure 4 - 3, SBED-Produced T-38C Element-Capability Models 

Figure 4-3, Color scaled display of forecasted non-mission suitable 𝑹𝒙𝑹
 subspaces (where 

L1:L2 element data variability ratios exceed 1.5) for SBED elements f1 (top left), f2 (top 

right), f3 (bottom left), and f4 (bottom right). 
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4.3.5 Step 5 Qualitative Amalgamation of SOI-Level Capability Forecast  

Per SBED’s quantitative amalgamation method to objectively forecast SOI-

capability as introduced in Eq. 3-24, L1’s OWL-suitability forecast at the airframe-system 

level, 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹), can be obtained through the superpositioning of its four 

calculated element-capability forecasts, 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s. The Boolean-algebraic 

summation process of  𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)’s point estimates, 𝐹̂𝑂𝑊𝐿−𝑠𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s, are 

performed w.r.t. the 𝑭𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒕𝒊𝒚 scenario diagram in Figure 4-1 (Step 5) and explained 

in Eq. 4-4 through interpretations of the De Morgan’s Law from Eq. 3-23.  

 

 𝐹̂𝑂𝑊𝐿−𝑠𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
) = ⋂ 𝑓𝑖𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦

(𝑅𝑥𝑅
)𝟒

𝒊=𝟏   

 = 𝑓1𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦
(𝑅𝑥𝑅

) ∩ 𝑓2𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦
(𝑅𝑥𝑅

) ∩ 𝑓3𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦
(𝑅𝑥𝑅

)  ∩ 𝑓4𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦
(𝑅𝑥𝑅

)     

  (Eq. 4-4) 

 

          

The data-analysis example concludes with the consolidation of (xR)k number of 

𝐹̂𝑂𝑊𝐿−𝑠𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑅𝑥𝑅
)s to construct L1’s airframe system-level OWL-suitability 

forecast, 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹). It is shown in Figure 4-4. 
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Figure 4 - 4, SBED-Produced T-38 SOI-Level Capability Forecast 

Figure 4 – 4, L1’s OWL-suitability forecast, 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) with non-mission suitable 

𝑹𝒙𝑹
 subspaces shown in red and mission suitable 𝑹𝒙𝑹

 subspaces in green. Both prediction 

models’ data resolutions are reduced to xR = 21 (vice 41) for ease of viewing 

 

Figure 4-4’s quantitative L1 OWL-suitability capability forecast at the airframe-

system level, previously unobtainable through AFFTC’s original RBT&E data and 

analyses, corroborates with AFFTC’s qualitative survey-rating assessment’s conclusion 

(from Table 4-2) which states that there exist multiple sections of non-mission suitable 𝑅𝑥𝑅
 

subspaces within the T-38C operational environment where significant L1 OWL-demand 

increases are expected. Specifically, 28,896 out of 68,921 total subspaces, or 41.9% of T-

38C’s operational environment. With the presence of these forecasted non-mission suitable 

𝑅𝑥𝑅
 subspaces or operating conditions within the T-38C operational enviornment, the 

authors conclusively reject this data-analysis example’s null hypothesis claim from Eq. 4-

1 and successfully demonstrate the SBED’s ability to obtain normalized and standardized 

element verification data and quantitatively produce an early SOI capability forecast. 

Furthermore, this example has exhibited SBED’s additional advantages towards expanding 
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the scope of the primary Requirement-Based Performance Verification T&E goal by 

providing objective evidence of potential risks and uncertainties associated to the SOI 

design. The SBED-produced 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) and 𝒇̂𝒊_𝒄𝒂𝒑𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹)s (Figure 4-3 and 

Figure 4-4) objectively report that these non-mission suitable L1 operating conditions 

correspond with the presence of either heavy fuel weight, or strong tailwind, or 

combination of both strong headwind and strong crosswind (from the aircraft’s starboard 

direction). 

 

4.4 Validation of the Conclusions 

There exists an independent external source to further validate this data-analysis 

example’s L1 airframe system-level OWL-suitability forecast, 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹). It is 

the USAF Aircraft Incident Investigation Board Report pertaining to the only USAF T-

38C’s platform mishap during a final approach on February 2011 (Meidel, 2011). The 

subject incident involves a pilot attempting to land a T-38C aircraft at the end of a four-

solo-sorties day while exercising the same L1 landing technique as the AFFTC test (Meidel, 

2011). During that day’s final landing attempt, the aircrew inflicted significant airframe 

damage due to fatigue, geographical disorientation, and poor in-flight decision making 

from misinterpretation of instrumentation (Meidel, 2011). 

The subject incident can be utilized as a validation source to this example’s 

𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹) because its ambient condition, 𝑹𝒙𝑹
* (as listed in Table 4-6) is within 

this example’s and AFFTC’s test observation region, R, (Meidel, 2011). Therefore, and per 

Eq. 4-4, 𝑹𝒙𝑹
* subspace's respective scalar L1 OWL-suitability point estimate, 

𝑭̂𝒄𝒂𝒑𝒃𝒊𝒍𝒊𝒕𝒚(𝑹𝒙𝑹

∗), can be interpolated through this example’s Boolean algebraic summation 
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point-estimate process. It is shown in Table 4-7. With 𝒇̂𝑳𝟏_𝟒_𝒗𝒂𝒓𝒊𝒂𝒊𝒃𝒍𝒊𝒕𝒚(𝑹𝒙𝑹

∗): 

𝒇̂𝑳𝟐_𝟒_𝒗𝒂𝒓𝒊𝒂𝒊𝒃𝒍𝒊𝒕𝒚(𝑹𝒙𝑹

∗) = 1.9, which is greater than the designated threshold of (Ti <1.50), 

the subject T-38C incident’s respective 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹𝒙𝑹

∗) is to be interpreted as 

(violating 𝑻𝒊) per Eq. 3-18 and Eq. 4-1. This implies that, based on the earlier 2010 AFFTC 

test’s forecasted 𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹),  the interpolation of subject T-38C incident’s 𝑹𝒙𝑹
* 

is to be considered as a non-mission suitable L1 operational condition that may potentially 

introduce a significant increase in pilot OWL-demand. With this validation, and as 

suggested by the subject T-38C incident itself, the authors can claim an additional 

successful validation of this data-analysis example’s SBED-produced 

𝑭̂𝑶𝑾𝑳−𝒔𝒖𝒊𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚(𝑹𝒙𝑹

∗) through the following adjudication: When compounded with other 

unfavorable factors (e.g., fatigue, geographical disorientation, etc.), the presence of 

increased pilot-OWL demand at the subject T-38C incident’s operating condition (as 

predicted through SBED analysis of AFFTC’s 2010 flight test data) introduces the potential 

risk of reducing pilot’s instrumentation mediational awareness and incurring failures of 

greater magnitude. 

 

Table 4 - 6, USAF FEB 2011T-38C Incident’s Ambient Condition 

CW HW fw-t  t 

2.3 (port) knots -1.9. knots ~1700 Lbs 5o C 

 

Table 4 - 7, Interpolated L1’s OWL-Suitability Point Estimate 

 𝒇𝟏(𝑹𝒙𝑹

∗
) 𝒇𝟐(𝑹𝒙𝑹

∗
) 𝒇𝟑(𝑹𝒙𝑹

∗
) 𝒇𝟒(𝑹𝒙𝑹

∗
) 

= 

 

𝑭̂𝑶𝑾𝑳(𝑹𝒙𝑹

∗
) 

L1: L2 | 𝑹𝒙𝑹

∗
 1.37 0.76 1.22 1.9 Violate 

(Per Eq. 4-4) 𝒇̂𝒊𝒄𝒂𝒑𝒃𝒊𝒍𝒊𝒕𝒚
(𝑹𝒙𝑹

∗) meet meet meet violate 
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5 Discussions, Conclusions, and Future Works 

5.1 Discussions and Conclusions 

Given the importance to concurrently accomplish the SOI-Capability Identification 

T&E goal throughout all SOI V&V activities, not much emphasis has been devoted during 

SOI Implementation process’ element verification activities due to RBT&E approach’s 

existing data-metrological and –domain inconsistency challenges. This study develops the 

SBED test approach as a supplement to the traditional RBT&E test approach and provides 

the ability to normalize and standardize all independently collected element performance 

verification data in support of their subsequent quantitative amalgamation to objectively 

forecast SOI capability.  

The supplementation of SBED’s top-down SOI-synoptic verification approach 

contributes to both SE and T&E through the introduction of two primary benefits that have 

been previously unobtainable during the SOI Implementation process. The first benefit is 

the early delivery of an objective and quantitative SOI capability forecast to support upfront 

identification and management of SOI design-related risks and uncertainties. The second 

benefit is the delivery of more-descriptive element-capability response models which 

comprehensively characterize the respective element performances throughout the entire 

SOI operational environment. Thus, expanding the scope of element performance 

verifications to beyond just allocated requirement-specified conditions. 
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5.2 Limitations and Future Research Opportunities 

5.2.1 Limitations and Boundaries of Study 

As emphasized in Section 3.4 (SBED’s Shortcomings), it is not this study’s intent 

to present the SBED test approach as a direct substitute for actual SOI integration and V&V 

activities subsequent to the Implementation process. Despite SBED’s supplementation of 

a qualitative and top-down SOI-synoptic verification and analytical verification approach, 

there remains very limited understanding of the SOI’s inter-element behavior and the actual 

relationships between element-level performances and SOI-level performances during the 

Implementation process (Deplanques, et al., 1996; Jones & Deshmuck, 2005; Fiebrandt & 

Wilson, 2008). Therefore, SBED’s limitations of define (or forecast) SOI capability 

through only standalone analysis of individual element performances cannot be considered 

as an equivalent replacement to the actual integrated-level V&Vs (Benjamin, et al., 1999; 

Loren, 2007).  

 

5.2.2 Recommendations for Future  

As discussed in Subsection 3.3.6 (Benefits to SE Process), given the modular nature 

of a system’s hierarchy, SBED can be iteratively repeated throughout the entire SOI V&V 

processes up until the final SOI-level integrated validation. This scalability advantage of 

SBED cannot be demonstrated as part of this dissertation because its data analysis 

example’s real-life USAF data set does not include other T-38C airframe-level 

performance data for subsequent collective amalgamation to produce the next integrated-

level capability forecast. Future work is needed to obtain such a multi-hierarchical 
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integration performance data set and to demonstrate and quantify SBED’s scalability at the 

higher-level integration and verification activities. 

  Given SBED test approach’s success hinges on the identification of common SOI-

level operational environment parameters as the common data-domain set of normalize all 

captured element verification data (in SBED Step 2), inability to determine such common 

parameter(s) would lead to an immediate halt in SBED’s ability to further produce a 

corresponding SOI-capability forecast. Additional research is needed to identify alternate 

SOI mission-representative domain set(s) to normalize those independent element 

verification data that do not share a common integrated operational environment (e.g., 

System of Systems or SoS). Other data domain parameters, that also bare traits of 

commonality amongst the dispersed SOI elements (e.g., SoS’s constituent systems), need 

to be selected through other integrated-level sources, purposes, and/or motivations to 

expand the applicability of SBED methodology.  

  Implementation of appropriate DoE test methods is a critical component the SBED 

test approach. However, knowing the real-life challenges associated towards implementing 

DoE test design during actual element verifications, future research is needed to address 

this ubiquitous parsimony towards DoE. There is a need to develop another SE- and model-

based test frameworks and approaches that can equally support SBED’s top-down SOI-

synoptic verification approach and can duplicate SBED’s resolution of RBT&E test 

approach’s existing data-inconsistency challenges, but without placing a heavy reliance on 

the implementation of the DoE test methods. 

Last and as discussed in Section 1.6 (Scope and Limitations), the propose SBED 

test approach places a minimal emphasis on the schedule and resource aspects of T&E, as 
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well as the overall SOI development life cycle. As a result, the delivery of SBED-produced 

SOI- and element-level capability forecasts cannot solely dictate the outcome of SOI 

designers and decision maker’s responses to immediately implement any respective 

corrective actions as other SOI development’s programmatic constraints are given equal 

or greater amounts of considerations (i.e., schedule, cost, and resources). Therefore, there 

remains a need to development and instill a similar SOI-centric T&E approach during the 

earlier SOI Decomposition and Definition process to elevate the significance of objective 

integrated-level capability forecasts as future works.  
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Appendix A, Chapter 3’s Raw Data Sets  

Table A - 1, Raw Experimental Data for Chapter 3 Example’s Elements f1 and f2 

Run # 
Collected Test Results Input Variables (coded) 

f1 f2 ξA ξB x1 x2 x3 

1 10.82 80.6 -1 1 1 -1 -1 

2 8.24 67.9 -1 -1 1 1 -1 

3 9.53 83.1 -1 -1 1 -1 1 

4 7.59 38.1 -1 1 1 1 1 

5 11.63 7.7 1 -1 1 -1 -1 

6 8.39 74.7 1 1 1 1 -1 

7 13.43 71.2 1 1 1 -1 1 

8 7.36 36.8 1 -1 1 1 1 

9 10.27 81.7 -1 -1 1 -1 -1 

10 8.36 66.8 -1 1 1 1 -1 

11 12.72 73 -1 1 1 -1 1 

12 8.25 40.5 -1 -1 1 1 1 

13 13.63 74.9 1 1 1 -1 -1 

14 8.55 74.2 1 -1 1 1 -1 

15 12.84 63.5 1 -1 1 -1 1 

16 8.51 42.8 1 1 1 1 1 

17 12.83 80.9 1 -2 0 0 0 

18 6.51 42.4 1 2 0 0 0 

19 12.2 73.4 1 0 -2 0 0 

20 9.82 45 1 0 2 0 0 

21 8.84 66 1 0 0 -2 0 

22 11.5 71.7 1 0 0 2 0 

23 10.81 77.5 1 0 0 0 -2 

24 13.1 76.3 1 0 0 0 2 

25 12.13 67.4 1 0 0 0 0 

26 11 86.5 1 0 0 0 0 

27 No Data 77.4 1 0 0 0 0 

28 11.8 74.6 1 0 0 0 0 

29 11.83 79.8 1 0 0 0 0 

30 11.2 78.3 1 0 0 0 0 

31 11.8 74.8 1 0 0 0 0 

32 12 80.9 1 0 0 0 0 

Note: Half 25-1 Central Composite Design per Richert, 1974. 
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Table A - 2, Raw Experimental Data for Chapter 3 Example’s Element f3 

Run # 

Collected Test 

Results 
Input Variables (coded) 

f3 ξA ξB x4 

1 
80.6 -1 -1 0 

2 
67.9 1 -1 0 

3 83.1 -1 1 0 

4 
38.1 -1 1 0 

5 
79.9 -1 0 -1 

6 74.7 1 0 -1 

7 
71.2 -1 0 1 

8 
36.8 1 0 1 

9 81.7 0 -1 -1 

10 
66.8 0 1 -1 

11 
73 0 -1 1 

12 40.5 0 1 1 

13 
74.9 0 0 0 

14 
74.2 0 0 0 

15 63.5 0 0 0 

Note: Full 23 Box Behnken Design per Myers & Montgomery, 2002. 
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Table A - 3, Raw Experimental Data for Chapter 3 Example’s Element f4 

Run # 

Collected 

Test Results 
Input Variables (coded) 

f4 ξA ξB x5 x6 

1 30.3 1 1 1 -1 

2 31.7 -1 1 1 1 

3 34.5 1 -1 1 1 

4 18.5 1 1 -1 -1 

5 29.8 -1 -1 1 -1 

6 21.3 -1 1 -1 1 

7 21.2 1 -1 -1 1 

8 20.3 -1 -1 -1 -1 

9 24.8 -1.68 0 0 0 

10 19.8 1.68 0 0 0 

11 23.7 0 -1.68 0 0 

12 23.9 0 1.68 0 0 

13 18.5 0 0 -1.68 0 

14 33.4 0 0 1.68 0 

15 20.1 0 0 0 -1.68 

16 27.6 0 0 0 1.68 

17 25.3 0 0 0 0 

18 26.1 0 0 0 0 

Note: Small Composite Design per El-Say, 2016. 




