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Abstract

To reduce program risks, engineering methods capitalizing on modeling and machine
assistance have been extensively investigated within systems engineering (and more
specifically requirements engineeringgfhiaiture over the past 20 years. Howgtresre

are few quantitative comparisons between mbadesked approaches and legacy
documenicentric approaches. Studies have shown that the lack of data regarding
improvements of modeling has decelerated the adopfiorodetbased practices. To

help address this gap, a screening experinvastconductetb compare the effects of
modeling on an engineerdés ability to deter mi
requirements. First, a notional acquisition program weated based on an unmanned

aerial system, including originating requirements as well as both document and model
based design artifacts. Requirements were captured in both a traditional requirements
document and goalorientedrequirements engineering madgystem implementation

data was captedin both traditional document artifacts and a SysML model. Participants
of varying experience levels used randomized combinations of document and model
based approaches to determine whether the notional systeits neguirements. The
experiment measured the review duration and accuracy, permitting analysis of the effects
of modetbased approaches for both requirements and system implementation data. The
results of the experiment showed that use of a requiremeksl mid not statistically

affectthe review. A system implementation model was shown to improve novice
participant sod r evi eflfedexperiencedgparttipant® The edulést i st i c a
of thisresearctshould inform future research on the ugenodels, particularly the return

on the modeling investment.
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Glossary

Requirement Model: A physical, mathematical, or otherwisgical
representation of a set of requirements used as the primary

artifact of the systems engineering process.

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

the system to be developed.

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

properties, or use of a system

Stakeholder BRquirement (StR): A formal agreement between the originating
stakeholders and the system developers defining a
condition or capahitly that must be met or possessed by a

system to satisfy S&

System Model: A physical, mathematical, or otherwisgical
representation of the set of system data used as the

primary artifact of the systems engineering process.

Systemgubsystendomponentequirement ($sR): A condition or capability that must be
met or possessed by a system or system component to
satisfy a formal agreement between the originating

stakeholders anithe system developers

XVi



1 Introduction

1.1 Backgroundand Motivation

Use of modelsd support engineering activities has become increasingly commonplace,
especially in the defense and aerospace industries. Modern-basdel digital

engineering tools connect a wide variety of engineering data together with explicit
linkages, allowing engieers from widely varying disciplines to coordinate rapidly and
accuratelyTraditionally, system development prograifiscluding large complex system
acquisitionshaveutilized a series ofveakly connectedlocuments including reports,
checkilists, requiraent databases, and verification matrimesommunicate important
information with stakeholderdultiple researchers, includir{d@], [2], and[3], showed

that documenbased aproaches increase program risk because of inconsistencies in
language, differences in assumptions and semantics, and reliance on inconsistént, out
date, disconnected documentation. Therefore, checking for correctness or ensuring an

unambiguous statemeot needs beconsenfeasible [1]

To combat these problems, the engineering community has developed the concept of
ModelBased Systems Engineering (MBSE). According to INCOSE, MBSE should result

in the following benefit$4]:

1 Improved communications among the development stakeholders

1 Increased ability to manage system complexity



1 Improved product quality by providing an unambiguous and precise model of the

system that can be evaluated for consistencyectiress and completeness

1 Enhanced knowledge capture and reuse of information by capturing information

in more standardized ways

1 Improved ability to teach and learn SE fundamentals

Virtually all major engineeringrganizations, including the DepartmentDefense

(DoD), have stated the imperative to move towandsletbasedapproachedn the

DoDo6s Digital Engineeri ng Sdomdacteagngeringtnh e Do D
more integrated virtual environments to increase customer and vendor engagemen

improve threat response timelines, foster infusion of technology, reduce cost of
documentation, and i mp {§kKeyamong theagoaismofghist af f or d
strategy is the pr omot tatons ofosystemistahde use of di g
components and the use of digital artifacts as a technical means of communication across

a diverse setl5of stakehol ders. 0

Despite this, Arecent studies hainae shown t ha
amounts of time searching f dlIjSomadtudiesmati on an
(including[6]) have even shown that a subset of stakeholders continue to prefer

documentbasedapproachesSo whyis this?

1.2 Problem Statement

Part of the reason is thiditere is a severe lack of scientific analyses on the effects of
specific modeling approaches compared to alternative procéagesyt hi s r esear c hos

2



initial concept definition phase (summarized latethis dissertation), a variety of moedel
based techniques relatedcimmmunicating key system informatiaras surveyed.

However, as theesearch concephatured, it became difficult to justify specific areas for

improvement due to the lack of availableg nt i t ati ve data. The quest
model ing hel pd but rather Ashow how much mod
problem. 0 While previous riregremlresullsinlkas i ndi ca

return on investment, survey based stufii¢gas nd t he aut horsd experien
that decision makers often lack sufficient details to make tactical decisions such as the
model level of detail, tool selection, breadth of tool adoption in an organization, and

reliance otthe model as thsolesource of truth for engineering data.

1.3 Research Objective

The research objective of this dissertation was:

1 Research Objective: To understand the quantitative differences demonstrated by
use of models to communicate requirementssystem implementation details to

key stakeholders.

1.4 ResearciQuestionsand Hypotheses

The initial literature reviewdescribed in detail in Chapte) [2d tomultiple specific
researclguestiors. One of the primary challenges in communication regarding
requirements is establishing common understanding on the actual need, usually in the
form of unambiguous requirements. The literature postulatednidiataining a formal

requiremerg model as the authoritative source of truth for requirements vioydcbve



communication in general but did not specificattgasure the improvements.order to
appropriately capture quantitative data, a particular type of communication had to be
selectedIn the case of this research, the ability for a user of the systenodidtetmine
whether a requirement was satisfied was selected as the measurement of successful
communication. Determining requirement satisfaction required that the user understand
both the requirement and the system diteaddressequirements communigan,

ResearclQuestion was posed

1 ResearclQuestion 1: What effect does the presence of a requirements model have

on the wuserodos ability to accurately deter

The following hypotheses were developed to support Res€auestion 1:

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

accurately determine that a requirement was satisfied.

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

requirement satisfaction faster.

A key aspect of the determining whether the requiresmantiel improves performance

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

DoD systems engineering is a mixture of meloi@éed engineering techniques (whibiee

model is the authoritative source of truth) and legacy techntaeteverage static

domain artifactsie.,0 document s6). These static domain a
connected and consistent, often become disconnected ovdotimany reagns The

|l iterature has shown that use of a system mo



key properties but has nslhown rigorous quantitative improvement. To address this,

Research Question 2 was posed

1 ResearclQuestion 2: What effect does theesence of a system implementation
mo d e | have on the usero6s ability to accur

was satisfied?

The following hypotheses were developed to support Research Question 2:

1 Hypothesis3: When a system implementation model isgent, a user will be able

to more accurately determine that a requirement was satisfied.

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

determine requirement satisfaction faster.

In addition to tle primary modebased questionghere are other factors that may affect
the communication of requirement and system data. Of critical importance is the model
usebs abil ity tdatalkeiogpesestddewnich inttuinds dependent on
many potential factors. For this initial sereng experimentwo factors were evaluated

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

Complexity.Research Question 3 corresponds to User Experience

1 ResearclQuestion 3: What effect does user experience have orsteerué s abi | ity

to accurately determine whether a requirement was satisfied?

Thefollowing hypotheses were developed to support Research Question 3:



1 Hypothesis 5Experienced users wilhow less difference in accuracy between
modelbased and documehtsedapproaches than novice users
1 Hypothesis 6Experienced users will show less difference in review time between
modelbased and documehtised approaches than novice users.
Research Question 4 corresponds to Requirement Complexity:
1 ResearclQuestion4:Whae f f ect does requirement compl e

ability to accurately determine whether a requirement was satisfied?

The following hypotheses were developed to support Research Question 4:

1 Hypothesis 7The difference in accuracy between mebasedand document
based approaches will increase as requirement complexity increases.
1 Hypothesis 8The difference in review time between moebtlased and document
based approaches will increase as requirement complexity increases.
There many more potential vailes (and corresponding research questions) that could
be investigated related this subject. However, the lack of available data makes it
challenging to identify what factors may be relevant to investigate further. This research
is intended to servesa form of initial screening to help identify what factors may

warrant further investigatigribased on their interaction with the primary factors.

1.5 Dissertation Structure

This dissertation describeke effort to evaluate the effects of a particular tegaoei
(connecting formal requirements to the system model) using a controlled challenge

problem, including:



1 A Review of Requirementslodeling Literature (Chapter 2), including common
definitions, formal requirements modeling, documenting system instanogs usi

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

1 A description of the experiment conducthating the dissertatiofChapter 3)

1 The experimental results (Chapter 4)

1 Analysis of the result®&xperimentalimitations,and conclusins(Chapter 5)

1 Recommendations for additional reseaaol next steps (Chapter 6)

This dissertation is of specific interest to those who want to improve the speed and
accuracy of requirements evaluation by using formal requirements modeling. In addition,
this dissertatiorshould provide insights to those who want to conduct quantitative

research into the effects of modeling on engineering problems.



2 Review ofRequirementsModeling Literature

2.1 Overview

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

including:

1 Key definitions related to requirements,

requirements and the requirement context used for the experiment.

T The concept of a fAModel o

1 The development and use of metaeked requireents

1 The development and use of system implementation models

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

These key areas are summarized in Chaptand then referenced throughout the

dissertation.

2.2 Requirements and CommunicatiminRequirements

2.2.1 Key Terms

The overloaded use of the term dérequirement6
discussion within research communities of both the systems engineering and

requirements engineering fields. To reduce ambiguity, many authors leavedcterms

that provide additional context and guidance. HoweRgan and Wheatcraf8] note



that fAnéfor those that do not quote a standar

unique to the writers and itisrare tlah y t w oThey §pund 26.urique definitions

of the term requirementhis produces challenges because unless the author either
explicitly defines terms or states a common standard, the reader is left to make
assumptions about the implied context iwleth by the author. In some cases, the

ambiguity can lead to significant issues during system execution. For example, many
engineers that work primarily in aerospace or building construction view requirements as
rigid, formal communications between the perpaying for the effort and the people
executing it. In this world, changing requirements takes significant technical, financial
and legal effort$ and as such is generally discouraged once the program begins. In
contrast, commercial software develop@specially Agile or DevOps practitioners)

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

rapi d-bdid-eesga cycl e. Neither approach is n h
make conflicting assumptions, therendze significant challenges in structuring the

system development program.

This research followeB]6 s r ecommendat i osseeeralkeyeerng| i ci t |y

that are used throughout the following reseanutiuding

i Stakeholér

1 System Developer

i Stakeholder Goals

1 Stakeholder Requirements



1 System Requirements

Definitions for other terms are included in the Glossary.

The first key term, stakeholder, helps to establish the context of the sisikhstates

t hat a st #@heraalpeysordoean orgasizatioe that has a potential interest in the

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

s y s t [B]INASA makes this relationship more concrete, stating thakaltstéder is

AA group or individual who is affected by or
of an undertaking. The term firelevant stakeh
and describes the people identified to contribute to a speciic. {&D] Stakeholders

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

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

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

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

to be developed.

There are multiple different terms that represent these expectations. NASA uses the term
Stakeholder Expations, describedast A st at ement of needs, desi |
wants that are not expressed as a oflejgui r emen
| NCOSE describes Stakehol decomnNieicatdbrswitth s fineeds
external and internal stakeholders in understanding their expectations, needs,
requirements, values, probl ems, [4Bahlues and p

has a more generic version of goals,descbi ng a goal as fAan intent

10



objectives, pr op e [9]tToenake terms consistentorthindhiss y st em. 0

dissertation, the following definition is used throughout:

StakeholdeGoals (SG): A stakehder intention with regard to the objectives,

properties, or use of a system (modified fri®j).

Using SGs tairectly constrain the development of a syst@s opposed to using
requirementspresents many problems to developErs. most systems, SGs come from

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

leading to confusion in executiolm addition, goals are often expressed by-temhnical

stakehol ders frperspeciee (sakeholt ficem@s he syster
effectively constrain system development, the SGauaatyzedand requirementare

createdl NCOSE defines Stakehol der Requirements |
stakeholders that will govern the project, includiaguired system capabilities,

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

const 4P ohls . descri bes a requirement as: AA c
met by a systemrasystem component to satisfy a contract, standard, specification or

ot her for mal |l y [9]npesesdefiditions overeicorebméddo. make the

following definition of stakeholder requirement used throughout this diiserta

Stakeholder requirement (StR): A formal agreement between the originating
stakeholders and the system developers defining a condition or capability that

must be met or possessed by a system to satify SG

Both SG and StR are generally consideréd® 1 ncl uded within the cor

defined by Poh]9]. Both represent the intended objectives, properties, or use of the
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system. However, a SG represents one of a potentially large set of related stakeholder
intentions, wiereas the StRs represent the defined and documented goals that the
development team is obligated to satisfy. In addition, SGs are often characterized by less
maturity and greater potential conflict than StR®dRs can be driven by external
stakeholders (g., contractual requirements) or by higher levels of leadership within the
development organization (e.g., management directed develop®iEtg)are

traditionally the benchmark for system level verification activitiesause they

consolidate and refineG& but still allow for flexibility in system implementatians

While StRs are generally intended to be solution agnostic, stakeholders may choose to
add additional constrainf&1]. For example, stakeholders may constrain thefater
implementations to achieve interoperability with external systems. However, StRs should

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

StRs, by their nature, are optimized to facilitate communication with a laigehstider
audience. However, most system also require additional specificity for the specific
purpose of communicating within a subset of the development team. The form lower

level requirements, defined as:

Systemgubsystendomponentequirement ($sR): A condition or capability that
must be met or possessed by a system or system component to satisfy a formal
agreement between the originating stakeholdersrasl/stem developers

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

In contrasto StRs SysRs are the decomposed requiremi@rdm either StRs or higher

level SysRsj}hat the development team matures during system design. They are
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fundamentally different from StRs in that the development team owns them and they are
increasingly tailored toward specific solutions as the system design matures. The
development team has full authority to mature and decompose the SysRs based on the
emerging design to best manage optimization across system development aétorities.
exampe, the system may have an StR constraining the weight of the system. During
development, theystemdeveloper may take the System weight StR and break it into
smaller weight requirements flmwer-level componentsuch as a System::Vehicle

weight SysR an&ystem::Payloads weight SysR. The system developer then determines
how much weight they allow for each component based on their design concept. Because
they are SysRs, the specific breakdown between the System::Vehicle and
System::Payloads weight SysR®8ll not concern stakeholders. If stakeholders were
concerned with the weight of the payloads (for example), there would be a corresponding
StR associated with payloageights This continues down the system, resulting in
decompositions such agight reqirementsSystem::Payloads::Camera and

System::Payloads::Mission Computer.

This can (and often does) result in Syt between designsver time orfrom different
teamshasedoneadeands i nterpretation of the most ef f]
decomposibn. Continuing the example, during development the deeglopuld realize

that camera data processing could be handled on the mission computer rather than a
separateameracomputer as originallplanned. This would enable the
System::Payloads::Cameraiglet SysR to be decreasad( a morestringent SysiR

allowing for additional weighgrowth in another componefite. a relaxed weight Sy$R

in the designThis type of tradeoff can occur with SysRs because they are nwilfpr
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agreed to by stakeholde meaning that formal agreement (and negotiation between

stakeholders) is not required for them to be modified.

2.2.2 Types oRequirements

The definitions of StR and SysR above provide a general categorization of system needs,
but do not really describehatarequirements at a practical level. To better capture this,

a variety of different requirement ontologies were surveyed that provide greater insight
into thepracticalapplication of requirements, both StR and SyShilar to virtually

everything aboutequirements, there exists many different requirement ontologies in the
extant literatureDuring their survey, Ryan and Wheatci&} found 25 separate

definitions of requirement types, ranging from very simple (three typegymplex (over

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

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

Tablel shows a verpigh-level breakdowrof requirement typessadefined by Poh[9]

Tablel: Types of Requirements (frda] )

Types of System Description
Requirement
Functional Specifies the functionality that a system spatlvide to its users.
Requirements
Quiality Defines a quality property of the entire system or of a system

component, service, or function. Quality properties include
availability, efficiency, flexibility, integrity, interoperability,
reliability, robustness, usabilitynaintainability, portability,
reusability, and testability.

Constraints An organization or technological requirement that restricts the
in which a system will be developed.

Table2 shows a requirement type breakdaaken fom the Defense Acquisition

Universitydés (DAU) Systems[l2Engineering Funda
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Table2: DAUG6s Requirement Categori zat.i

Requirements

Types of System Description
Requirement
Functional Thenecessary task, action or activity that must be accomplishe

Functional (what has to be done) requirements identified in
requirements analysis will be used as the top level functions fo
functional analysis.

Performance
Requirements

The extent to which mnission or function must be executed,;
generally measured in terms of quantity, quality, coverage,
timeliness or readiness. During requirements analysis, perform
(how well does it have to be done)requirements will be interact
developed across atlentified functions based on system life cyc
factors; and characterized in terms of the degree of certainty in
estimate, the degree of criticality to system success, and their
relationship to other requirements.

Design
Requirements

The fAbwuiAcdode,t o, 06 and fAbuy {
and Ahow to executeo require
technical data packages and technical manuals.

Derived
Requirements

Requirements that are implied or transformed from hidgnez|
requirementFor example, a requirement for long range or high
speed may result in a design requirement for low weight.

Allocated
Requirements

A requirement that is established by dividing or otherwise
allocating a higHevel requirement into multiple lowevel

requirements.

Some of the DAU definitions map well to Pohl
Requirements, and the two sources generally
Requirements alighroadlywi t h  Po h |l 6 s d edithHoughtheiuseroi¢o f Qual i t
term 6qualityd in DAUG6s definition implies a
term. Howeverthe additional terms iD A U d@lefinition of Design Requiremefit

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

availabl i ty/ reliability, etc..). DAUG6s Design Re
Constraints. It is unclear how DAUG6s additio
are in fact separate from the other three types. They both speak more to how a
requirementis@at ed rather than its other attribute

example of digh-speedequirementesulting in a derived requirement for low weight,
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the | ow weight is in reality a Design

requirement for theystem.n practice, both Derived and Allocated Requirements are

generally associated with SysRs rather than StRs.

Table3 a more indepth set of definitiongrovided by the Systems Engineering Body of

Knowledge SEBoK). [13]

Table3: SEBoK System Requirement Categorization

Requirements

Types of System Description
Requirement
Functional Describe qualitatively the system functions or tasks to be
Requirements performed in operation.
Performance Define quantitatively the extent, or how well and under what

conditions a function or task is to be performed(rates,
velocities). These are quantitative requirements of system
performance and are verifiable individually. Note tlngrée may
be more than one performance requirement associated with ¢
single function, functional requirement, or task.

Requirements

Usability Define the quality of system use.g.,measurable effectiveness,
Requirements efficiency, and satisfaction criteria).
Interface Define how the system is required to interact or to exchange

material, energy, or information with external systems (extern
interface), or how system elements within the system, includif
human elements, interact with each other (intemalface).
Interface requirements include physical connections (physica
interfaces) with external systems or internal system elements
supporting interactions or exchanges.

Operational
Requirements

Define the operational conditions or properties thatraquired
for the system to operate or exist. This type of requirement
includes: human factors, ergonomics, availability, maintainab
reliability, and security.

Modes and/or
States
Requirements

Define the various operational modes of the systensenamd
events conducting to transitions of modes.

Constraints

Adaptability Define potential extension, growth, or scalability during the lif¢
Requirements the system.

Physical Define constraints on weight, volume, and dimension applical
Constraints to the syste elements that compose the system.

Design Define the limits on the options that are available to a designg

a solution by imposing immovable boundaries and limits (e.qg.

16
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system shall incorporate a legacy or provided system elemen
certain data shall be maintained in an online repository).
Environmental Define the environmental conditions to be encountered by the
Conditions system in its different operational modes. This should addres
natural environment (e.g. wind, rain, temgttere, fauna, salt,
dust, radiation, etc.), induced and/or setfuced environmental
effects (e.g. motion, shock, noise, electromagnetism, thermal
etc.), and threats to societal environment (e.g. legal, political,
economic, social, business, etc.).

Logistical Define the logistical conditions needed by the continuous
Requirements utilization of the system. These requirements include sustainr|
(provision of facilities, level support, support personnel, spare
parts, training, technical documentation, gteackaging,
handling, shipping, transportation.

Policies and Define relevant and applicable organizational policies or
Regulations regulatory requirements that could affect the operation or
performance of the system (e.g. labor policies, reports to
regulatory agency, health or safety criteria, etc.).

Cost and Schedulg Define, for example, the cost of a single exemplar of the syst¢
Constraints the expected delivery date of the first exemplar, etc.

The SEBoK continues the trend aficluding FunctionalRequirements, and the definition

aligns well with both Pohl and DAUhe rest oSEBoOKO s r e ( types aenmardet

to align. For example, Design Constraints in listed in both DAUSEBoOK, but DAUOGSs
definition seems to be much broader t&#HBoK SEBX calls out Physical Constraints

as separate from Design Constraints, while DAU includes physical constraints as part of
Design Constraints. Similarly, whiBEBoKuses the term Performance Requirement, it

also includesdditional requirement types suchlsability, Operational, and
Adaptability that would be included under

Performance Requirements.

Thecategories described this sectiorprovide context tohe discussion of requirements,
including providing guidelias for what types of requirements shibioe considered when

defining asystem.This information was critical for the research for two reasons:
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1. It helped guide the literature review by permitting greater understanding of
requirement context when reading etlhesearchn many cases, understanding
the authorés intent required going to

original definition of a term.

2. It guided the development of the notional program described in Ctiapter

During the initial research into requirement type, the intent was to gain insight into
requirement complexity and identify trends in complexity by type. Howdverxisting
requirement type definitions did not provide sufficient insight into compléity
themselvesSo,thenext phase of the research focused on the content of the requirements

themselves and how they were written.

2.2.3 Writing Requirements
In additionto the various types of requirements, there are multiple opinions on what
const i toudtde sr eaq RyiagraadVehaatcraf8] noted 33 different sets of

desirable requirement charadsécs from a wide range of sources.

According toNASA, theffa]cceptable form for a requirement statemenindividually
clear,correct, feasible to obtain, unambiguous in meaning, and can be validated at the

level of the system structure at which staa¢tiO]

In the same document, NASA expanded on this list by adding characteristics for sets of
requ r e melmphis of re§uirement statements or as a set, collectively, they are not
redundant, are adequately related with respect to terms used, and are not in conflict with

one another. o
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INCOSE[4] adds some other importan c har acteri stics of a 6good

that a requirement should be:

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

included. Unnecessary requirements drive additional cost and complexity.

1 ImplementationIndeped ent ; meaning that #@Athe requir

Awhat o is to be done at that |I|[élvel, not 0

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

outside ofis definition.

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

requirement.

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

the constraints provided.

Van Lamsweerde provides the followifigl] requirement attributes

1 CompletenessThe needs addressed by the new system must be fully covered by
the requirement set, without any undesirable outcomes. For a single requirement,
its definition must fully describe all potential condits that would affect the
desired output. Note that viamsweerdrimarily discusses software

requirements, but the concept is generally applicable.

1 ConsistencyThe requirements must be compatible with each other, including all

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

its assumptions and properties.

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

either explidt (traced to stakeholder goals) or implicit.

Unambiguity The requirements (and associated properties/assumptions) must be
utilized in a way that precludes different interpretations. Specifically, van

Lamsweerde notes that every term must be definedisea consistently.

Measurability The requirements must be formul at
enables analysts to evaluate alternative options against them, developers to test or

verify whether an implementation satisfies them, and users to detsrwinather

they are met or not i H4]Thisdefirstignsalsee m under o

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

PertinenceThe requirements must all contribute to $lystemto-be satisfying its
objectives. I n van Lamsweerdeds words, th
problem world rather than[l4Thsmsmiars of t he

to I NCOSE6s requir endeperideneor i mpl ement at i o

Feasibility The requirements must be fireali zabl

and technol o[ty constraints. 0

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

who need to use ¢&m.
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1 Good Structuring The requirements should be fAorga
highlights the str uct[idlHelkpedificallylcadlsoatsnong i t s
out refinement, dependency, caudtect, and definitioruse asinks of interest.

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

good structuring.

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

extendedpr contracted throudlocmddiafsildpaotsisa rbd et

1 Traceability Van Lamsweerde describes two types of traceability: context and
impactl t fAshould be easy to retrieveo the coc¢
rationale for creation, modificationru s e . 't shotlbdaslsesshet me

impact of creating, modifying, or deleting a requirement.

Common themes among all of the survegédbute lists (including thosexplicitly

listed in the preceding paragraphs and those desarilj8p are:

1 Ensuring that the intent of a requirement can be understood by a reader by
methods such asinimizing ambiguous languagensuring completeness of

information, and structuring of the language.

1 Ensuring that a system can be btalsatisfy the requirements. This includes
verifying that each individual requirement can be achieved, but also that the set of

requirements can be satisfied by a system as a whole.

1 Ensuring that a system built to the requirements can be verified to dissfeed

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

SG

These attributeapply whether the requirement is written in natural languageifi.a.
traditional i s hreore formal tnethtods fas desciibed later in this a

chapter).

Theattributesalso present an interesting challenge: to be complete and unambiguous the
requirement must contain all information necessary for the reader to understand its intent.
At the same timgt must be singular, meaning that it should not combine multiple
requirements within the single definition. Without further amplification and discussion,
these attributes can appear to be conflicting: the information necessary to make a
requireneentte® cmanp be in the form of constrai
required to have a certain level of performareg.(resolutior) at a certain distance and
lighting condition. At first, this can appear to be a4sorgular requirement, because it
requires multiple evaluations: the performance parameter and each of the conditions
(distance and lighting). However, these conditions only apply in the context of the
requirement (either StR or SysR) and not in terms of the overall system or a given
componat. In practice, explicitly addressing multiple conditions in prose can actually
increase ambiguity rather than reducing@ his concept is explored further in Chapter

2.4.2

2.2.4 Department of Defense Context
The objective of thisvas research is directly relatedcmmmunication of requirements

and system i mplementation detail s, so defini
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At a high level it means that all stakeholders should have common understanding of the
requirements andf the design of the system so that they can evaluate how the system

i mpl ementation satisfies (or doesnd6t) its s
acquisition system was selected as the framing context for communication. It was

selecteddueot t he aut hor 6s experience-dmumentedl so bec

process through which defined stakeholders are required to communicate.

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

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

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

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

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

Development Systemr ocess produces two primary fArequi
Initial Capabilities Document and the Capabilities Development Document. These

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

define the capabilities desired by the end user.
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Figure 1: Defense Acquisition Systdnteractions(From [15])
Using thecapabilities documentgand other supporting inputs), the SPO creates a set of
requirements that defines thgstem level functional and performance requiremiants
more engineering/technical terms. In an appropriate example of the ambiguity of
requirement terminolog the DoD calls the resulting document the System Requirements
Document (SRD), even though it is not in fact a set of SysRs per the definition above.
Instead, it relates to the StRs. The SRD is the set of requirements that is included in an
acquisition catract; the developer is contractually obligated to satisfy them. The system
developer then decomposes the StRs fronsRP into a Weapon System Specification
(WSS) that is the set of SysRs that they will use to dedeyrelop,andmanufacture the

weaponsystem.

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

StRs in multiple technical review$he reviews are defined in a series of DoD policies,
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starting with the DoD Directive 5000.01, the Defense Acquisition 8ysi&e set of

these policies are commonl yFigureXskowsaed t o as t

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

/\ A\ A\

Materiel Technology Maturation& | Engineering & Manufacturing | Production & Deployment | Operations &
Solution Risk Reductio Development Support

2 Full Rate

Analysis l LRIP Production
Decision

Materiel

Development Dev RFP Release Operational Test &

Decision Decision Point Evaluation (OT&E)  10C FoC

Disposal

l Pre-Systems Acquisitions Systems Acquisitions Sustainment

Legend O = Decision Point A:MilestoneDecision C) = Major Review

Figure 2: Decisions and Reviews Wih the Defense Acquisition System
This process can be tailored (and often is) based on the needs of an individual program.
The following technical reviews are common to the processadiosv IEEE 5288.2
AStandard for TechnicasteREvogwamaadwRiudh tiss o

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

agencies|[16]
Table4: Types of DoD Review, adapted fr¢16]
Types of Review Purpose
Alternative The ASR shall be conducted to help ensure the preferred ma
Systems Review | solution has the potential to affordably meet the user's needs
(ASR) expectations, and that there is sufficient understanding of the
technical maturity, feasibility, and risk of the proposed materig
solution.
System The SRR shall be conducted to help ensure the level of
Requirements understanding of tofevel system requirements is adequate to
Review (SRR) support further requiremenanalysis and design activities, and
that the system can proceed into initial system design with
acceptable risk.
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System Functional
Review (SFR)

The SFR shall be conducted to help ensure that the system u
review can proceed into preliminary desigrihaacceptable risk
and that all system requirements and functional performance
requirements derived from the approved preliminary system
specification are defined and are consistent with the program
budget, program schedule, risk, and other program anehsys
constraints.

Preliminary
Design Review
(PDR)

The PDR shall be conducted to help ensure the preliminary d
for the system under review is sufficiently mature and ready t
proceed into detailed design and can meet the stated perforn
requirementsvithin program budget, schedule, risk, and other
program and system constraints.

Critical Design
Review (CDR)

The CDR shall be conducted to help ensure that the detailed
design for the system under review is adequate to proceed in
fabrication, systemrmtegration, demonstration and test and car
meet stated performance requirements within budget, schedy
risk, and other system constraints.

Test Readiness

The TRR shall be conducted to assess test objectives, test

Readiness Review
(PRR)

Review (TRR) methods and procedures,ttesope, safety, readiness for acquif
and supplier development test and evaluation (DT&E), and
whether test resources have been properly identified and obt

Functional The FCA shall be condutwd ed

Configuration performance meets the requirements stated in the functional

Audit (FCA) allocated baseline documentation.

System The SVR shall be conducted to verify that theéested system

Verification meets the requirements in the system functional bassithés

Review (SVR) ready to proceed to the next phase with acceptable risk.

Production The PRR shall be conducted to ascertain that the system des

ready for production and that the supplier has accomplished
adequate production planningrfentering lowrate initial
production (LRIP) or fulrate production (FRP).

Physical The PCA shall be conducted to determine conformance of th¢
Configuration built configuration of a validated CI with its design
Audit (PCA) documentation, and to véyithe product baseline

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

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

detailed in[16].
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2.3 Definingb Model s 6

DoDAF is not alone in defining 6émodel 6 as a

described as:

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

phenomenon, or procefk/]

1 areprsentation of one or more concepts that may be realized in the physical

world [2]

T an abstraction of some port-ien)obrcohcaiyv

contempl ated sybteeéin expeesgetdBnnisome | an

1 documents, spreadsheets, dashboards, or other graphical represdftiations
serve as a template for organizing and displaying data in a more easily understood

format.[19]

These definitions arextremely esoteric without additional context, and as such the term
Amodel 06 must be carefully used so as not to
engineering, INCOSE definddBSE asit he f or mal i zed applicati on
support system requiramts, design, analysis, verification, and validation activities

beginning in the conceptual design phase and continuing throughout development and

|l ater | i f e[20tUscelde ipnh atsheiss. oc ont ext thet he ter m A
requirement and/ or system model that i s wused

engineeri @Wg process. 0
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Based on initial researcmost requirementelated MBSEesearch are divided into two

major categories:

1 Resarch that uses models to formalize the relationship bet®&sn StRend
iteratively decomposed requirements, enabling creation of a correct, complete,

unambiguousource of trutHor requirements

1 Research that uses models to formalize the relationshigekn a StR or SysR
and the component to which it is allocated, along with the properties of that
componentbecoming gart of the component source of trahdenabling

accurate verification that the component meets its specification.

The distinction btween these two approaches is discussed throughout the remaining

literature review.

2.4 Documenting Requirement Relationships using Models

RequirementEn gi neering has emerged as a disciplin
activities: i) requirements develogmt, including activities such as eliciting,

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

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

requi r ¢t KRecensreséardaescribed in this chaptenas involved developing

approaches that utilize modeling and machine assistance to improve the accuracy and
consistency of requirement communication through both development and management

activities.
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2.4.1 Formal Requirement Definition

Traditionally, requirements have been defined using natural language. Consider the
requirement A The system shal |l MarelLangsWeerndedsfinest han 50
this as Afree document at i [a4) This approaochr(usisgt r i ct e d
prose to document requirements) certainly has some benefits; it requires no special

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

has many limitationdn order to maximize expressiveness, natural languages are often

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

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

interpretation, leading to thesk of ambiguity, missed understanding and difficulties in
measurement. Another importantconcera t he f act that the Aabsen

precludes any forml4pf automated anal ysis. o

To minimize the challenges incud®y unstructured language, researchers have

developed a variety dbrmalization techniques including:

1 Controllednatural language approaches.

1 Mathematical relationships

1 Computational approaches

To betterfacilitate analysis of requirements while retaig some of the benefit of natural
language, researchers have applied various degrees of formalism to natural language
itself. Someechniquegocus on making the requirement more comprehensible to

humanssuch as the technigu¥an Lamsweerde describes forganizing requirement
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information, including tablesemplatesand stylistic rules. [26] This approach balances

the desire for human readability with constraints to fatditaore consistent

descriptions, but it does not (necessarily) make it emienachines to reason on the

requirements. Other researchers have pursued more restrictive constraints, often called
Controlled Natur al Language (CNL). CNL is na
certain natural language, being more restrictive eoring lexicon, syntax, and/or
semantics, while preser vikuhnesoseyedl®dd it s nat u
CNLs ranging from 1930 to 2014 and categorized them according to their precision,
expressivenessaturalnessand simplicity. Each category was rated from 1 to 5, with 5

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

PE°N®St, meaning a highly expressive, highly natural language with low precision and

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

purposes and represent fAa widely scattered ©b

bet ween natur al | anguages on the22bne end and

One example of the use of CNL for requirements analysis is a research program called
Specification and Analysis of Requireme(®peAR)[23], which leveragePast Linear

Temporal Logido constrain the natural language wist#l supporting the analysis of
reqguirements through the use of model checki

semantics is the requirement:

If signal greater than threshold then output equal to ON

SpeAR provides a limited lexicon of phrases that can fmdlyetranslated to computer

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

analysis algorithm.

Another option is to use ntegmatical language&here the requirements are specified in
mathematical equations using model properties as terms in the equiat®approach
allows for very precise definition of the requirement, especially in the case of
performance requirements thhatjuire mathematical evaluationgroperties. Howeveit

also has two major problems:

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

into some level of computer readable language.

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

requirements.

Because of these limitations, mathematical approaches have traditionally been used
primarily to bridge the comprehension gap between natural language and celoasetbr
approaches (described next). §approach is used by both Berngand Micouin

[24].

Finally, some approaches leveragquirementshatare specified directly in machine
readable source cod®ne example of this is showm an earlier version of SpeAR

described above, where the requirensdttwn abovés written as:

while signal > tiheshold :: always output == ON;
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Anotherexample of thisising the Semantic Application Design Languagghown in

[25]. These approaches show good promise for evaluating the quality of requirements
because they integrate with existing computational solvers to rapidly evaluate the
requirement spacélowever, they come at the expense of requiring significant domain
expetise. This can make communicating with stakeholders very challenging, because

most stakeholders are not experts in computer programming.

For this dissertation, the mathematical approach was utilizéevielop the logical
mechanism for constraining thegtérements, then the mathematical constraints were
input into an existingommercially availablenodeling tool (described in Chapter 8)
mathematical approackas selected because it had the most robust support for
integrating with systems modeling iretlextant literaturéfor example[3], [2], [26],

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

requirement can be expressed as follows:

YQdht U Odm  Q

Equationl
Where

Req is the requirement identifier

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

allowed values for the property p of an object o.

Note that the natural language requirement described ao@genot have enough data

its own to be translated into the form definedguationl; it is missing information
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necessary to capture the C teffrhis is an example where the reader mustyraat
conditions should applyn the System::Weight example, it is unclear what configuration
the system should be in when it is evaluated. Is it iop@national configuration? Or is it
evaluated in an alternate configuration (such as packaged for shipping)? Depending on

context, both assumptions could be equally plausible.

Bernard treated this as a constraint on a component, meaning that it codstraine
component during the design process by limiting the set of allowed values for the given
property. This propertpased requirement pattern can also be extended to evaluating
whether the properties of an already designed system meet the desirediVatuesn be

modeled as follows:

® 78+ 0 oem H 06&¢aQmt
Equation2

Where

Vsiris the result of a verification of an StRor this experiment, the valuweas
constrained te a Boolean valu@RUE for a passing value, FALSE for a

failing one.

n is thesystem attributéeing verified In the example above,is the
system weight. These attributes may range from static properties to mgokego
behavioral or stafal attributes. Note that if28], each attribute is defined as a

tuple with a name, value, and data type.
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n the set of verification criteria associated with a given StR, i.e., the allowable

setof values for attribute p. In the examppbeiris [0:50] pounds.

i 6 + 0 GO i s the function that dermines whethethe

attributeof the system fall within the allowed range determined by reqeiném
StRat the specified conditiarin the example, if system weight < 50 pouadd

the system is in conditionsg, T Yi 67Q

To perform this verification, the evaluator mastrectly identify the system condition
andparse the system propgrh a meaningful manner, which requires a surprising

amount of context. For example, wiethesystemconditionin this contextual usage?

Does it mean the system as it prepares to take off? Does it include transportation
equipment (e.g., a hardened g&sPoes it include optional mission specific equipment
(e.g., cameras, radios, and sensors) that may change between missions? How about fuel
load which may changguring a mission? Once the reviewer understands this context, he
or she must find the systepnoperty data from verification artifacts and evaluate the
function using both system property data and verification criteria. Using modeling
approaches allows explicitly defining properties to establish this context. In addition, the
model can relate tharoperty to explicitly defined units (such as pound). Both the system
attributesandthe verification criteria refer to the same model element that defines pound.
Thus, a modeling tool can quickly and accurately assess whether both properties are
comparingthe right types of values, as has been demonstrat@#thy26], [3], and[27],

among others. Most modeling languages allow this type qigpty definition.
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There can be many types of evaluation functions. The most basic is a simple property
comparison (is system::weight within the allowed range of [0:50] pouritie takeoff

statg to evaluate quality requirements. However, the evaluftioction may also

describe behaviors to evaluat®re complex requirements, such as those where the
properties changever timewithin a given conditionMuch effort hagocusedon
evaluatingdynamic(i.e. requirements that evaluate parameter that charegdime)
requirements, includinf9] usingsyntactic contract conditiont/ML/SysML behavioral
modeling[3], Very High-Speed Integrated Circuit Hardware Description Language

behavioral modelf26], and goal/quality attribute modelifi23].

2.4.2 Capturing the Condition of the System

Mathematical evaluation of the system conditions for a given requirement requires
additional formalism. Bernar®] provides one approach through the use of Object
Oriented conceptd$n his approach, the system conditions can be expressed as properties
of the system as a whol€ontinuing the System::Weight example, a condition could be
that §stem::Mode must equal Operational (as oppos&htkedor Shipping).Through

this lens Equation2 can be restated as:

A SRV AY 6  HETQ § L OEM N ©O8¢ééaqQne
Equation3

Where:

T pandf pare the evalwuation functions for

respectively.
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0 s the set of allowable system conditions fequirement StRNote that Gr
can be a single condition, or a set of conditions. Each condition can be a range of

values.

0 is the actuasystem condition expressed in the context of requirement StR.
CactuaWill generally be determined dog the StR verification activity through an

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

This equation shows mathematically that the evaluation of a given requirement also
depends on the conditions related to the verificatitis oncept will be explored

further in the next section.

2.4.3 Hierarchical Goals and Requirements

In most casesvaluating the verification functidior the system conditiof ) may

be complicatedbecause it will likelynecessitate evaluating large sets of system properties
and verification criteria. One method which can be adopted under various cases involves
the decomposition afonditioninto less complicated suvaluationghat are easier to
evaluateand then using compositional reasoning to relate thegaluationdogether to

evaluate the satisfaction of the origicahdition

Recent research in geatiented requirements engineering (GORE) has provided
mahematical formalism to this process. As discussed above, goals are often ambiguous
and conflicting, making analysis challenging. GORE research has utilizeeblasgc
mathematical formalism to make reasoning on these types of challenges more effective,

thus aiding in the translation from SGs to StR to SysRs. A common thread in this
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research is the use of logic models (aka AND/OR trees) to document hierarchical
relationships between goalsccordingto[30]i [ g] oal s eonndcted witt k s ar e
each other using ANDand ORdecompositions. By ANRlecomposing a goal into other

goals or tasks, we imply that the satisfaction of each of its children is necessary for the
decomposed goal to be fulfilled. If the goal is-@&&omposed intother goals or tasks,

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

p ar e n tintlgsararner o

G = G AND G2 means that both &nd G have to be satisfied for G to be

considered to be satisfied.

F = R OR E means that F is considered to be satisfied if either F is

satisfied.

This is shown graphically iRigure3:

CORGIICIRED

Figure 3: Example of AND/OR relationships

Goal models have been found to be effectiveoncisely capturing large numbers of
alternative sets of lovevel tasks, operations, and configurations that can fulfill-high

level stakeholder requiremenf80] This method has been used in various case studies,
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including[31] for autonomousinmanned aerial vehicld82] for seltfadaptive software

systems, an{B3] for the food service industry.

Once built, the goal model can be mathematically etatliin multiple ways for multiple
purposes. For example, a goal model can be analyzed to help guide the design process by
evaluating multiple configurations to determine a potentially optimal set of system
attributes. It could also be utilized to identifgnflicting or incomplete requiremer{@5].

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

specified for a given requiremefithis will be described further in Secti@m.1

2.5 Documenting System Instances Using Variation Models

As stated above, evaluating whether a system meets its StRs requires parsing the system
data and comparing it to the verification criteria. Effective parsing can be considerably
challerging, especially for complex systems. MBSE has been developed to (among other
things) improve the communication of system information both within the development
team and between stakeholders. Of interest to requirements verification is the capture of
sysem components, their properties, and the connections between them in
mathematically rigorous ways. To do this, some MBSE methodologies (such as SysML)
allow for the capture of requirements and the connections between a requirement and

other system data.

2.5.1 Modeling Components and Requirements
A key activity common to almost all MBSE methodologies is the documentation of

system components, their properties, and the associations within a digital model of the

38



system. Beyond this, specific MBSE methodologiesesaniditional information within

the model, including behaviors, functions, states, and requirements (among others).
Capturing this information in a digital authoritative source of truth enables machine
assisted verification of many aspects of the systezpeBding on the methodology, these
components may be called Blodiel], Objectg18], Component§35], or other terms.

The lack of standardization in the language and appragatdelf a challenge of MBSE

application; however, it is outside the scope of tegearch

SysML wasprimarily researched because of its wide adoption within the DoD and is
documentedn SE literaturg20] andin practicein areas such as aerosp§g€], naval
systemg37], space systenj88], and medical field§39]. The literature also includes

case studies using othemapaches, includin@bject Process Methodology40] and

[41]) and VHDL[26]. SysML has been widely discussed and documented and includes
some very good documentation and tirari2]. Some key SysML capabilities include
clear definitions for components and their relationships and the use of property
definitions that can be widely used throughout the models. In addition, SysML has a

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

Blocks are the basic element of the SysML unit definition; they are the primary
mechanism for defining theroperties, connections, and boundaries of a component. Two
SysML diagrams describe thelationships between components. The block definition
diagram (BDD) defines the hierarchical relationship between components, especially
when a component inherits part of its definition from a more generic componentitype.
captures the definition of btks in terms of properties and operations, and relationships
such as a system hi er ar c[B4YIn aomtrasg ansniehdl e m
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blockdiagram (IB) fAicaptures the inter npropertsesandict ur e

connectors bef3%een properties. o

Blocks can also be used to define requirements. Prior to SysML 1.5, requirement blocks
were limited in what they could accomplish. They primarily were used to detail textual
requirements and the configuration data associated with them. In most cases, the
requirements themselves were managed externally (often in a tool like Rational DOORS).
After the release of SysML 1.5, requirements can now have properties that can be shared,
and the blocks can also be connected to other system blocks. Annex E.8 of the SysML
1.5 standardi34] shows several examples. This is especially important because the
properties encapsulated by requirement blocks can now be mddrienanalysis tools.
However, the current approaches are-nommative, meaning that tooling support is

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

To help better define components, SysML hastiple types of poperties including

1 Part: A lowerlevel component owned by the component;
1 Reference: Aower-level componentotowned by the component; and
1 Value: A quantifiable value with units and dimensions. It may also have probability

distributions assigned.

Value properties are particularly interesting because they enable precise definition of a
property and precise comparison of multiple value properties using the same value type.
In the system weight example discussed earlieptbpertysystem::weight can have
different meaninggrigure4 shows an exampler themaximum gross takeoff weight

(MGTOW) of aUAS to add clarity to the air vehicle::takeoff weight property. In this
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way, when other properties are compared to air vehicle::takeojht, the user can be
assured they refer to the same type of vagesuse they explicitly reference the same

valueType definition

bdd [block] System [System] )

avalueTypes avalueTypen
A:rh\:’zillii:rle ‘ e ‘ ‘ Second ‘
parts quantitykind = Weight quantityKind = Time
- Arframea unit = Pound unit = Second
E::g::ar: LT {from Properties) {from Properties)
: Flight Control Software
: Navigation wvalueTypes wvalueTypes
: Propulsion Altitude Above Ground Minute
Level ' e N
quantityKind = Minute

quantityKind = Distance | | unit = Time
unit = Feet

Endurance : Minute
Maximum Airspeed : Airspeed

Maximum Altitude : Altitude Above Ground Level -
Takeoff Weight : MGTOW (from Properties)
Test Altitude : Altitude Above Ground Level
Test Velocity : Velocity ‘

values ‘

{from Properties)

Time to Climb : Second svalueTypes ‘ ‘ avalueType» ‘

Velocity Airspeed

quantityKind = Speed

unit = Feet Per Second unit = Mile Per Hour

‘ quantityKind = \Ielociﬂ‘

{from Properties) {from Properties)

Figure 4: Example Use of Value Types

Another powerful tool of a system model is the abiiit\generalize features of a

component and then have specialized variants of the component that further refine it. This
approach has been shown in general in various sti4figdn addition, variation

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

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

In addition to documenting the relationships between components, componentchiocks

be connected to requirements blocks via the <<satisfy>> relationship, which links a
requirement to a system component designed to satisfy it. In legacy SysML versions (1.4
and earlier) that only support textual requirements, checking this assertiinedete

reviewer to manually parse and understand the verification criteria within the requirement
text and compare it to the properties contained within the system component associated

with therequirement

Various studies, including] and[43] have shown that tHack of mathematical rigor

makes analyzing satisfaction using legacy systems models challenging because the
textual requirementanhave ambiguous value type information. SysML 1.5oihtices

the ability for requirement blocks to have additional properties, including verification
criteria that can be typed according to existing valueTypes and connected to other system
elements. The connection of components and properties allows MBSHdqmrform
guantitative modeling of a system. In SysML, equations can be modeled using constraint
blocks, which execute mathematical logic based on input value properties to create output
value properties. The input and output properties are associielolock properties

(including requirement blocks in SysML 1.5) through a binding connector so that the
output values change when the input values are changed. These constraint blocks are
connected through parametdiagramswhich are a subset of IBDEhis is shown in

Figure5, whichusesa block for the Full Motion Video camera systdmathas a property

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

an Evaluation Criteria property. Tleenstraint block r1.1.2.1.4.2.1 then relates the Full
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Motion Video::Resolution property to thitesolution::Evaluation Criteria property via a
mathematical relationship that results in TRUE if Full Motion Video::Resolution <
Resolution::Evaluation Criterign important distinction is that within SysML, the

standard does not specify a particular format / language for defining these mathematical
terms. Instead, users must establish their own best practice based on the particular tools

they are using.

In current practice, MBSE practitioners can use a combination of BDDs, IBDs, and
parametric diagrams to calculate the values and use them to evaluate individual
requirement satisfaction. The study[BY] showed one example of this apach, and

their company No Magic, Inc., have worked to bring products to the market in this area.
The authors selected this method over other methods (such as those desdBbaddy
[26]) becaus it provided the clearest path toward an overall integrated approach. Its
benefits include the ability to retain an external requirements model (called cohabitating
by [3]), enabling the treatment of requirements and systeauels as separate
experimental variables. The experiment leveraged this capability to evaluate individual

StRs, as shown iRigure5 for the evaluation of StR1.1.2.1.4.2.1
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par [package] Parametrics [r1.1.2.1.4.2.1] )

«block»
Nomad::System::Payloads::
Full Motion Video ( [_JResuft
ri1.21.421
System Data :
GSD
Evaluation
«performanceRequire... | ] Criteria:
Resolution GSD
. /

Evaluation
Criteria:

GSD

(from
Requirements)

(from Requirements)

Figure 5: Use of Parametri®iagram and Constraint Blocks to Evaluate a System
Requirement

2.6 Integrated ModeBased Approach

Researchersoncerned with requirements models and researchers concerned with system
modelshaveeachexplored the formalization of an individual requiremensome cases

using mathematically rigorous semantics, enabling maekssisted analysis. Despite the
overlapin requirements formalizatioiiittle evidence exists in the extant literature of the
convergence of modélased relationships between the origo@dl models and the

resulting system models. In fact, multiple researcherg4{gég40], [45]) have noted
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resistance (both in practice and in academic research) to meguireystem model

convergence.

At least one study noted that some stakeholders prefer docbamed requiremenfs].

I n that study, the authors stated that A[i]n
[requirement doaments] are preferred and shared between stakeholders rather than
requirements models. 0 They posited that ther

position, including:

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

systems

1 itis easier for stakeholders with different level of expertise and domain

knowledge to communicate simply with documents instead of technical models.

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

when external stakeholdeare involved.

Consequently, research has primarily focusedithrer requiremerbased models or
systems implementatieoased modeld-or example, requirement modeling research
traditionally has focused on showing how the resulting specification is wegywith a
discussion of how (or if) the system was modeled secondary conceAn example of
this is[25], where the teamsed é&Semantic Application Design Langualased
approach to evaluate requirements coverage anblisktéest criteria rather than

improving the model of the actual system.
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In contrast, literature on systems modeling traditionally begins with a validated set of
requirements, often in textual forim. Chapter2.2.4this was sbwn in theform of the

SRD which contains a set of StRs that are provided as part of the RFP activity. The
system developer takes the textual StRs from the SRD and creates system specification
(in reality a set of system level SysREheseSysRsare implenented in the model in

association with components, the components being first class citizens.

This means that the natural language to formal definition occurs during system
development with the developer as lead rather than during requirements dedomposit
with the requirement owner as lead. This can bring challenges during execution if there
are gaps in understanding, because the requirement owner and the developer will likely

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

While systems modeling research has begun to embrace prbpsgg requirements (see

[3], [26], [24]), systemdocused case studies rarely document i@hatiips between
requirements and the originating goals formally. Instead, each requirement is treated as a
separate element and is considered independently of other requirements. Thus, systems
models are evaluated in a manner agnostic to the method usedt®mthe set of
requirements. This makes it challenging to identify how goal and requirement modeling
directly impact communication in downstream engineering activities (including system

verification).

Because the authors were not aware of any sucloagprone was created for this
researcho serve as a placeholder for future mature integrated approaches. This is

described further later in thiBssertation
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3 Experiment

3.1 Overview

As part of the literature review, an attempt was made to locate an esistiofdata that

would permit quantitative comparison of the different approaches. Unsurprisingly, no
single source of data contained sufficient data to address the stated research questions;
furthermore, it would be very challenging and costly to devalogal program using

multiple methodologies. In addition, the authors attempted to locate heterogeneous
datasets that could be reasonably combined for analysis. Unfortunately, the available data
were limited (most programs do not collect data regardie@dcuracy or duration of a
requirement review) and/or too heterogeneous (it is not reasonable to compare a large

naval ship design with a small software only system).

Becausesufficientdata was not available, the authors electembtaluct a designed
experiment to collect sufficient data to begin answenhthe research questions. It
should be noted that the experiment wasdesigned to create high levels of statistical
confidence. Rather, it was built to collect initial screening ttatdentify speific areas

for future research into modbhsed approaches.

To provide context in the experiment, a notiodaD programwas developed and will

be discussed in detail later in thissertationA DoD program was selected because of

t he Do D& s ned é&ceguasitioh grocese (ith explicit communication poif#s),

the authorsodé6 experience, and the availabilit

The notional program simulated a DoD acquisition program called the i©ffctical
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Surveillance Syster Expeditionary (OTS$) intended to acquire a UAShe Critical
Design Reviewdescribed in Chapt&.2.4 was selecteds the communication scenario
for the research because it provided the stidet of modeling practices to review, with a
heavy emphasis on both requirements and system data. It also prawvidedmbiguous
grading criteria: did the systefas expressed in the implementation artifacts) satsfy
requirements or not&s part ofthe scenario, the participants reviewed the notional
Nomadsystemdescribed further ithis chaptersystenthat was designed to satisfy the

OTSSE requirements.

Design of the experiment was made challenging by two fadt@seed to balance
complexityagainst having the participants collect the maximum amount of data. Ideally,
the participants would participate in multiple short trials to help control for experimental
factors. In contrast, real reviews dakesignificant amounts of time. In theutha 6 s
experience on real system reviews for the DoD, such a review can take weeks or even
months for a complex aircraft system. Obviou#iys was not feasible for the

experiment, sa balance was strudly providing dess comprehensive (but still realgti
example.The example was made realistic by conforming to DoD guidance for

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

guidance was summarized in Cha#et.3

3.2 Participants

Reviewers were selected from within the DoD and from the private industry based on
their experience level and ability. Invitations were sent out to 47 candidates identified by

DoD personnel at the Pentagon (DoD headquarters) and VAagtarsorAir Force
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Base. These discussions identified a total of 13 candidates from five organizations that
volunteered and completed the experiment, with six novice and seven experienced
revi ewer s. For this experiment, eyhadri ewer s we
more than three years of experience in a DoD position that egqaroigram reviews

similar to those used in the research experinmEmtse included SPOs, research
laboratories, developmental test units, or headquarters level plans and programs
organizations. Experienced reviewers were primarily engineers or scientists but also
included operational aircrew and program managdétexperienced reviewers had

training in using models prior to the experiment, primarily through standardized DoD
trainingthat including DoDAF and SysMINovice reviewers included junior level DoD

(or DoD contractor) engineers and private industry membiknse of the nowe

reviewers had prior experience with modeling in the context of system level engineering.
Table5 shows the general positions, DoD experience, and organization of each
participant. Much of the information has been generalized to protect the anonymity of the
participants. Throughout the experiment, participants were identified bigaeulD

number randomized between 1 and 100.

Table5: Participant Demographic Information

Reviewer Position Years DoD Experience | Organization
ID
1 Test Engineer for a 4 years military DoD SPO
DoD SPO 6 years DoD SPOs

2 Senior Seentist 18 years DoD engineering FFRDC
support

4 Chief Engineer 12 years DoD engineerin¢ DoD Research
support Laboratory

6 Senior Scientist 15 years DoD engineerin( FFRDC
support

10 Head of Training <2 years DoD cfr DoD Contractor

C
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11 Engineer <2 yeaars DoD ctr DoD Contractor
C
15 Senior Application 20+ years DoD related | DoD Contractor
Engineer engineering C
24 Chief Executive 20+ government service, DoD Contractor
Officer including engineering, tes C
and SES
30 Chief Operations <2 yeardDoD ctr DoD Contractor
Officer C
31 Program Support <2 years DoD ctr DoD Contractor
C
44 Application Engineer <2 years DoD ctr DoD Contractor
C
50 Application Engineer <3 years DoD ctr DoD Contractor
C
70 Program Manager 20+ years military DoD Research
10+ years DoD suppoCtr Laboratory
1: Federally Funded Research and Development Corporation
2: Contractor
3: Senior Executive Service

3.3 Experimental Design

The experiment was designed to maxindaéa capture using volunteers that would need

to fit the experinent around their existing work. To do thésDesign of Eperiments

(DOE) approach was developed that maximized the use of randomization throughout the
experimentA DOE based approach was selected based on its abitigtéot effects

using the minimummount of experimental dat®io answer the questions posed earlier

in thisdissertationfour experiment factors were selected, as showWiabie6.

Each requirement was reviewed as a uniquearidleach requirement weategorized

asone of two requirement types (RTs), as showhahle6. The &6 Met 6 RT referr.

requirement that necessitated the comparison a numerical system implementation value
bet ween,

against a numericabnstraint (e.gless thangreatet h a n , etcé).
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OPossessedd RT referred to a requirement

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

Usingatwo-level factor allowed the test to be executed costeffective manney while

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

Table6: Experiment Factors

Factor Level Description
Requirement Document Based The users vyerprowded only the SR.D’
: and no requirement model was provide
Documentation The users were shown the requireme
Method (RDM) Model Based model g
System The user was provided the set of stat
Implementation Document Based documentgSeeTable7) only.
Documentation Model Based The user was provided the system
Method (SIDM) implementation data in model form.
. User had three years or less of DoD
. Novice .
User Experience Leve experience.
(UEL) : User had greater than three yeafr®oD
Experienced .
experience.
The requirement requires the user tc
Met evaluate whether a property value me
Requirement Type a numerical critedn.
(RT) The requirement requires the user tc
Possessed evaluate whether the system possesst
required property, &it, or behavior.

Using these factors, the minimum DOE based experiment could be executed with 16
trials (per a standard' factorial experiment). This could have been executed with a
minimum of two participants (representing the tdieL experiment levelseach

reviewing eight requirements. However, this would not appropriately mitigate the
potential differences between individual reviewansl between differenRTs To

increase confidence in the results, the experimastrepeatedcross multiple reviews
and each reviewer was provided the full set®fequirements. Conducting the
experiment in this manner allowed high levels of replication at relatively low cost (in
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time, since all participants were volunteef)other concern is that the UEL is athn-
subject variable, meaning that it cannot be varied for a given participant. The number of
participants for each UEL level is insufficient to gain robust statistical conclusions for the
effect of the UEL. Ideally this would be addressed by addingiaddltparticipants to

each of the UEL factor levelslowever, such volunteers were not available during the

experimental window. The effects of this will be discusse@hapter4.1.1.

Two response variables were selected &1 bapture the effects of each approach: (1)

Accuracy and (2) active review time (ARTNote that these are both measured for the

review of a single requirememiccuracy captured whether the reviewer correctly
identified the redwWinscamerstf i &@sd. ®S ARITs imead @ r @n
time the reviewer spent actively engaged in requirement review. A distinction was made

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

around their normal work dutiefo measure this time, each participant was required to

log the time they were actively reviewing within the experiment softvidsimg a total

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

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

reasons why the requirement was unmet.

During the experiment, each reviewer was provided the full lig8&tRs to review;

however, each StR was considered a separate experimental tridl capgiase the

differences between approaches. To support this, the experiment was designed such that
every reviewer was presented a unique combination of trials that included random StR
review order and a random combination of RDM and SIDM for each Stks, 8h

reviewer could review one StR using a purely docurbased approach (seeing no
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modelbased data) followed by a requirement that leveraged modeling techniques.

Accomplishing this required the development giuaposebuilt experimental tool to

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

did not change a review intended for documents only. Thigs$bolwn inFigure6)

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

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

Existing modelbased design tools (such as Sparx Enterprise Architect) were evaluated to
determine if they coulderveas experimental tools. Howayé¢hese tools presented

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

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

experiment, and (4) challenges for installation on each pagiae nt 6 s machi nes. |
the authorsé created a custom tool that pres
property table similar to those used by existing modeling {&iswn inFigure6). Note

that inFigure6, the user is presented the model data for both requirements and

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

user is able to access other informaiioriuding visual representation$ the system

modelcreded by Enterprise Archite¢Figurel4) via context menus within the tool,

showing the power diaving a fully connected modéln t he O Requi rement Da
Figure6, t he 6Tr eed c oclhuymno fs htohwes rtehgeu ihrieemmeanrt , wh
column shows the actual text of the requirement. The users could access a context menu

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

with other requirements. Additionally,dgh 6 St at us®é col umn shows whe:

requirement was satisfied by linked system implementation data (shown in the
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Al mpl ement ati on Datao pane). This was only p
available; if the user was not presented mddaled implementimn data, then the user

had the ability to manually entdata from thelocumentbasedartifacts Note that the
colorsonthelefhand si de represent the tool s eval uas
StR has been evaluated as satisfied, while red sribah at least one subordinate

requirement in the StRMierarchyhas been explicitly determined to be unsatisfied.

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

missing data.

I n the Al mpl emenfidlbimen Dat aomnppnesenhhed t he
componentopr operty (properties are annotated by
represents the numericalBooleanvalug and t he AValue Typeodo pres
type as defined in the model. When no systenlémpntation model was presented to

the user, the @Al mpl ementation Datao pane was

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

Once the review of a requirement was completed, the reviesuld not return to that
requirement and edit it. The test itself was conducted asynchronously for each reviewer.
The reviewer was provided access to testing software through either a GitHub repository
or an analysis virtual machine. Both containedgafporting data, including the tools and

all documents and models encrypted files so that the user could not review the data
outside of the toolEach reviewer was also directly provided a unique encrypted
experiment file that was used with the expenmntool, captured all of their data, and was

returned to the experiment tearpon completion of the review.
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Tree
v
v i
v i
v i
r11aa
1112
1113
Mn11.14
rL11S
v r.11.2
1121
1122
v 113
v r1a3a
v rLii3aa
113111
113112
113113
113114
v 11312
rn.1.13.1.21
113122
1113123
r1.1.13.1.24
1133
ria4
v r11as
v 11541
L1150
11512
v r.1152

Requirement Data

Status Text Applicable
cne System Require... True
cne System Function... True
Air Vehicle True
Performance True

The Air Vehicle ... True
Maximum Altitu... True
Endurance True
Time to Climb t... True
Takeoff Weight  True
Communications True
Control Commu... True
Lost Communic... True
Navigation True
Position Accuracy True
Hover Position ... True
Velocity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Moving Accuracy True
Velocity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Lost Communic... True
Airworthiness True
Mass Properties  True
Weight True
Minimum Weight True
Maximum Weight True
Xcg True

A

Name Value
v System
v Air Vehicle
*Maximum Altitude 1200
*Maximum Airspeed 40
*Endurance 120
[ *Time to Climb to 100 feet 30
*Takeoff Weight 50
*Velocity 0
*Airworthiness True
Airframe
Electrical
Propulsion
Communication
v Navigation
*Latitude Error 0.001
*Longitude Error 0.001
*Vertical Error 0.95
*Lost Comms True
» GPS
Flight Control Software
v Mass Properties
> Xeg
Yeg
» Zcg
> Weight
v Payloads
Full Motion Video
» Wide Area Camera
v Mission Software
*Payload Health Monitoring True
> *Video Storage 20

Implementation Data

Figure 6: Example View from Experiment User Interface
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3.4 Scenario

To effectively capture the unique (and potentially inchejemt) effects of capturing
requirements and system data in a model, the authors developed the ability to present the
data to the user in a model form. This required the development of a requirements model,
a systems model, and an integrated model. Tleisosedescribes the modeling

approaches for eachigure7 shows ahigh-level DODAF OperationaView 1 overview

of the OTSSE system, as envisioned by the SPO.

- ; Capable Sensors
Proven Vehicle «  Day/ Night HD video
Built on successful » 400,000 sq ft persistent coverage
commercial system
Long endurance — 35
minute missions
High performance

. =

Mobile GCS

« Easily transported
Full vehicle control
Connected to
combat networks

Figure 7: OTSSE Operational View 1
3.4.1 Requirenents
For the experiment, the autlsareated 78 unique StRs to specify the OFES@ogram.
The requirements were documented in accordance withRHIIBK-520, System
Requirements Document Guidarjd&], which additionally specifiéthe categories of
requirements. For the experiment, the requiremeate limitedto static requirement®
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moreclosely align with existing DoD progranasiring the experimenDynamic
requirementsvere omittedoecause most DoD programs currently spe@tuirements
comparing static properties the results of systeimehaviorrather than dynamic
requirementsHowever, thiglissertatiorwill address some aspectsdynamic

requirements where applicable.

Thenotional program utilized dowestprice techncally acceptabléacquisition model
This model focuses on selecting the lowest price option that meets the minimum
technical requirements defined in the solicitation. For OEStis meant that the

developer did not receive any additional credit foreexting a requirement threshold

valueg i.e.,either the requirement waatisfied,or it was not.

As stated above, StRs are very similar to the general classification of Huasfore
the authors created a stakeholder requirements model (StRM) toecalp®iRs listed in
the SRD and clearly document the assumptions related to each StR. The StRM consisted

of three types of elements:

1 StRs as stated in the SRhe formally tracked StRs that must be evaluated and

documented

9 Hierarchical structure linkinthe StRsThe requirement elements that are created to

document the AND/OR relationships of the GORE model but are not otherwise

tracked. They correspond to the hierarchical paragraph structure from tha&RD

1 Decomposed StR3he formal expression ofi¢ parameter evaluation function

( ) and the condition evaluation functign ( ) linked by an AND relationship.
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Note that  may represent multiple levels of additional GORE hierarchy to

appropriately capture the compigxof the specified system Condition.

Each StR was included in the model as both a textual representation and a mathematical

representatiorAn exampleStRevaluatedsr1.1.2.1.4.2:

AThe Ful | Mot i on V GoundSampledDistancEsEH)heas! | have

than 0.50 during nighdperations 0

In thetextualSRD, o6éni ght operationsé was defined gl
measurement of reflected light) value less than 1.0 lux. To avoid repeating this statement
in every requirement, the SRD included tstigtement separately apart of the glossary.

This StR has was decomposed into BiBs

rl.1.2.1.4.2.1: System::Payloads::Full Motion Video::Resolution < 0.50 m GSD

rl.1.2.1.4.2.2: System::Environment::llluminance < 1.0 lux

In themathematical modef1.1.2.1.4.2 was modeled as: r1.1.2.1.4.2.1 AND
rl1.1.2.1.4.2.2Thus both subrequirements must bevaluated as TRUfor r1.1.2.1.4.2 to
be consideretb besatisfied. This approach was utilized for multiple performance
requirements, especially in theearof payload performance. All StRs were linked
together in one large AND/OR tree leveraging the hierarchy described in the SRD,
beginning with rl, the full system requirement. This provided the capability to rapidly
evaluate the satisfiability of all sgsh requirements into a single evaluation function, if
given a full set of system properties. While the full tree is too large to show here, the

above example is shown kigure8, with the appropriate traséighlighted.
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Figure 8: Stakeholder Requirement Model Excerpt

For trials where the RDM was document based, the participants were provided a full
copy of the SRD, so that they could make their own assessment of what other SRD
statements ere related to the requirement under evaluation. For trials where the RDM

was model based, the participants were provided access to the full requirements model, as

shown inFigure9 and described above.
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Tree
v
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rniLi2
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ARRRF]
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v 2
2
1122
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113113
ARRERRE)
v i3z
r13a2
11322
113123
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n1133
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v 115
1151
Mm11512
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Requirement Data

Status Text Applicable A

cne System Regquire.. True

e System Function... True
Air Vehicle True
Performance True
The Air Vehicle .. True
Maximum Altitu... True
Endurance True
Time to Climb t... True
Takeoff Weight  True
Communications  True
Control Commu... True
Lost Communic... True
Navigation True
Position Accuracy True
Hover Position ... True
Veloaity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Mowing Accuracy  True
Veloaity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Lost Communic... True
Airworthiness True
Mass Properties  True
Weight True
Minimum Weight True
Maximum Weight True
Xcg True v

Requirement Data

This requirement does not Include & requirement model, please see above for requirement text and consult the document
ropostory for more information about the requirement.

The requremnent block in the system model has identified the system component asserted to verify thes requrement. The
properties associated with this component are shown to the right

Figure 9: Requirements User Interface
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When a system model was not present, the evaluator was still able to take advantage of
the mathematical precision of the requirements model. However, to do so required the
evaluators manually parse the system docunteritxate the appropriate parameter data.
This data could then be entered into the requirement model to support evaluation of the
appropriate StR, with the provided tool performing the mathematical calculdtignse
10shows ths visually.The particular example iRigure10 has only a single parameter
manually input (Air Vehicle::Maximum Airspeed). On the {eéind side, a single StR

has been evaluated as satisfied (r.1.1.1.1.1), showing that the maairspeed input by

the evaluator satisfied the requirement.
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Requirement Data

Implementation Data

Tree
v ol
v i
v i
v 11
r.1.1.11
r.1.1.1.2
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Status

cne

cne
cne
cne

cne

cne

cne
cne
cne
cne
cne
cne
cne
cne
cne
cne
cne

cne
cne
cne
cne
cne

Text Applicable
System Require... True
System Function... True
Air Vehicle True
Performance True
The Air Vehicle ... True
Maximum Altitu... True
Endurance True
Time to Climb t... True
Takeoff Weight  True
Communications True
Control Commu... True
Lost Communic... True
Navigation True
Position Accuracy True
Hover Position ... True
Velocity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Moving Accuracy True
Velocity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Lost Communic... True

Airworthiness True
Mass Properties  True
Weight True

Minimum Weight True
Maximum Weight True
Xcg True

MName
v System
v Air Vehicle

*Maximum Airspeed

*Maximum Altitude

*Endurance

*Time to Climb to 100 feet

Takeoff Weight

elacity

*Airworthiness

v Communication
*Range
*Detect Lost Comms
v Navigation
*Latitude Error
*Longitude Error
*Vertical Error
*Lost Comms
v Environment
*Slant Range to Target
*Time of Day

Value

34

Value Type

miles per hour
feet AGL
minute

second

pound

feet per second
boolean

mile
boolean

second
second
feet
boolean

feet
enum

Figure 10: Requirements User Interface without System Model
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3.4.2 System Data

In the OTSSE program, the fictitious XYZ Aerospace was developed, and the Nomad
system was tésd, which included an air vehicle, ground station, and support equipment.
Nomad verification was conducted across multiple system configurations because of the

following reasons:

T Use otheshefl ff 6:the gesetopeneverage previously compleatsting
and test artifact® reduce cost

1 Varying maturity to accelerate scheduléght performance was tested prior to the
finalized payload and ground station desjgns

1 Risk reductionfor certain tests (e.gendurance testinggxpensive equipmentas

removed to minimize loss in the event of a mishap.

Therefore, the reviewers had to evaluate a total of six different Nomad configurations
over a total of 28 verification eveniBhe term verification event refers to a specific test
designed twerify that the requirements have been realized by the system. One example
of this from the notional program is the legacy flight testing. For the Nomad program, the
developer presented data from testing of a previous design to show that the Nomad
design met the ggpopriate flight performance requirements. This is separate from other
events that showed satisfaction of payload or other requirenfentsake the program as
realistic as possible, various documents were generated for reviewers to analyze. These

includedthe SRD and various design documents, presentations, and test reports.
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Table7: System Document Overview

Document Name Document | Pages/Slideg
Type

Air Vehicle Summary MS 6
PowerPoint

Control Software Summary MS 9
PowerPoint

Ground Control Station Overview MS 6
PowerPoint

Payloads Overview MS 6
PowerPoint

Program Overview MS 8
PowerPoint

System Configurations MS Word 8

Test Reports
017 Legacy Flight Performance Testingg MS Word 9
027 Nomad Flight Performance MS Word 7
Expansion

03i Initial Payload Testing MS Word 8

047 Final Payload Testing] MS Word 10

057 Deployment Testingl MS Word 6

The artifacts were developed based

reviews in the DoD, with input from othexperiencedoD professionalsThe OTSSE
program implemented a variation modelthgt represestthe commonalities and
variabilities of systems together in the same motleis method was described [#3]

and[49] as an integrated variability documentation approHalsestreelike structures
thatrepresent both the commonality and variability features of products in a product line.
Each feature modelomprisesa root that is the producrily and leaves thatathe
instances of the family. The OTSESprogram utilized this concept to document the

various configurations of the system that were tested as part of the verification effort as

shown inFigurell.
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bdd [package] Configurations [Configurations] /

-

|-pjtansereron| | Nomason.
: 01: System 01: System
L. |owox: . |0401: System
------ i0k:System| | l0402:System

_|0103:
........ 0501: System
...... 0301: System

xblock»
Nomad::System
parts
: Emvironment < SyStem Class
* Alr Vehicle
: External Interfaces
: Ground Control Station
: Payloads o0
o
=4 p=—=3 === =3 o= ==m =3 == -i- = = e} ==m - - =
o _piNomagoroz: | .| Nomado2. o Nomada2. | ¢ System Configurations
; System ! 02: System ' 03: System
L. |060L:System| | |1002:System| | |1501:System )
...... 0801:System| | |1003:System| | [1601:System
...... 0901:System| | |1102:System| | |170L: System
1103: System e "
1 =—>System Verification Instances
L..|1201: System
L1801 system
L....|1802: System
R

Figure 11: Nomad System Configurations
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Each of thdive configurations are instances of the Nomad::System fa(8ilgML

Class) The root block, Nomad::System, contains a full tree structure of components that
each have a full set of system properties. Eastamte could have a unique value for a
given property, but it has to conform to the valueType defined by the root block structure.
Thus, the model permits explicit formal reasoning on the differences between system
configurations. The authors extended #pproach to capture test data, creating system
verification instances (SVI) of each system configuration to capture the unique
environmental data associated with each test as properties within the model. This data
wasused as part of the system verificatianalysis described below. Figurell, the

SVIs are shown vertically underneath each system configuration. Their replicated system

component hierarchy is omitted for clarity (and space).

To capture the system data for each $M, authors created a SysML model of the

system (BOD shown inFigure12). This model captured the decomposed elements of the
system, including properties for each system element and relationships between them.
The same BDD was repted for each SVI, thus allowing for standardized analysis to be

rapidly repeated for each instance.
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bdd [package] Nomad [System] J

blocks
System -

ablocks
System:Payloacts e
s

ablocks
System::Air Vehicle
alacks eblockns
Sysbem:iAir System:Air
Vehicle: Wehicle::
Airframe Mavigation
ablack=
Systam:; #blocka
T System:iAir
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Communication P‘Uﬂllm
ablocks whilocke
System::Air Sysbem::Air
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Electrical Contral
Saftwane
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System;:Paylaads:
Full Motion Video
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Resolution @ G50
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Wikde Area Camera
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Mission Saftware
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Communications
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Figure 12. OTSSE Block Definition Diagram
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For trials where the 8IM was document based, the participants were provided dccess
the design documentation descrilied able?. For trials were the SIDM was model
based, the participants were provided access to the system model, as sthewefin

side ofFigurel3.

The data providd to the user included a summarized table of all of the system properties,
organized hierarchically in accordance with the SysML BDD shoviiigare12, similar

to summary tables provided in commercially available MBSE toolspfdvded data
included the parameter value as well as its unit type. Thehgid side oFigure13

shows the view presented to the user when no system model was avaiidbie,

requirements model was available.
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Implementation Data Implementation Data

Name Value Value Type muqulmmmt dows not inclede an emplementation model, pleass consult the docwument repository for Implementation
W System '
~  Air Vehicle
“Maximum Altitude 1200 feet AGL
“Maximum Airspeed 40 miles per hour
“Endurance 120 minute
*Time to Climb to 100 feet 30 second
“Takeof! Weight 50 pound
Nelocity o feet per second
*Airworthiness True boolean
Airframe
Electrical
Prapulsion
» Communication
~ Navigation
“Latitude Emor 0.001 sacond
“Longitude Error 0.001 second
“Vertical Error 0.95 feet
*Lost Commis True boolean
> GPS
» Flight Cantrol Software
v Mass Properties
> Meg
> Yeg
» Zog
> Weight
v Payloads
» Full Motion Video
> Wide Area Camera
w Mission Software
*Payload Health Monitaring True boolean
*Video Storage 20 minute

Figure 13: System Implementation User Interface
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3.4.3 Integrated RequirementSystem Model

To explore the experiment state space in detail, the authors built an integrated model to
enable the use of both a requirement model and a system implaarentadel in the

same trial. The conceptual approach developed by the authors linked the requirements
and systems models described above into a single roalidthe Integrated
RequirementsSystemModel (IRSM) As part of this effort, the StRM describadove

was implemented within SysML. Because SysML currently has limited support for

formal logic in the requirements diagrams, this implementation occurred primarily
through a parametric diagram. Each StR was modeled as a constraint block that compared
two or more inputs from decomposed requirements and returned evaluation results to the
next level of requirements. For OTES all requirements were either satisfied or

unsatisfied. Thus, the StR constraint equation was a Boolean evaluation. The concept
could be expanded to support additional logic (e.g., algorithms to support scalable

preference) if desired.

Each leaf level StR was modeled as a requirement block, with the associated evaluation
criteria typed by an appropriate valueType. The evaluationiamftir each requirement

was modeled within a constraint block, which enables the system attributes and
verification criteria to be referenced and evaluated mathematically using one of many
analysis toolsFigure14 shows how thetRM is related to the StR constraint blocks.

Note that the r1.1.2.1.4.2 block is logic representing the AND relationship between
rl.1.2.1.4.2.1 and r1.1.2.1.£2Zrom the StRM described above, with r1.1.2.1.4.2.1
representing the parameter evaluation fiamcand r1.1.2.1.4.2.2 representing the

condition evaluation function.
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par |[package] Parametrics [r1.1.2.1.4.2] )/

' [ |Result

112142
L [r11.2.1421 [ ]r1.1.2.1.4.2.2)
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:Full Motion Vi Environment
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{franf AR B

mrg; uire, Fntsj'
e.qrmr ments,

Figure 14: RelationshipbetweerStakeholder Requirement Constraint Blocks and System
Requirement Constraint Blocks

The accuracy of evaluatirige StR satisfaion in this way is predicated on the concept
that all conditions are explicitly defined in the context of the StR. Any condition not
explicitly defined in this way (i.eas children of the StR in the GORE model) are not

considered.

In many cases, it isxtremely challenging to exhaustively define all potential conditions
that could affect a given StR, especially when the StRs are defined prior to the system
design proces#s the condition complexity increases, there is a greater chance that the
requirenent writers miss important conditions. Meaning that an evaluator looking only at
subordinate (i.edecomposed) requirements may wrongly consider an StR to be satisfied

when it would not in fact result in delivering the appropriate capability. To minitiige
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risk, the authors developed an approach that rapidly reviewed the entire StRM for each
requirement. In this way, the evaluator was presented a clear automated evaluation of the
specific StR. I f the StR eval ucanfiderdthaas A TRUEG®G
the StR and itexplicitly definecconditions were met. In addition, the reviewer was

presented the evaluation of the entire StRMhe same SVT he intent of this process

was to alert the evaluator to potential implicit ditions, by slowing where other StRs

were violated by system properties expressed in the SVI. In these cases, the full StRM

would be evaluated as FALSE, and the evaluator was alerted to the specific StRs that

were unsatisfied. In this way, the evaluator could makeexmd@tation about whether the

failure represented an implicit condition (meaning that a requirement failure) or was an

acceptable violation.

For example, in the OTSE scenario, testing of the Nomad system was conducted in
multiple phases. Early in the matal program (and prior to the final payload

configuration), the flight performance of the system was demonstrated through a series of
flight tests. Later phases of the program demonstrated the performance of the payloads
but did not repeat all flight tepoints from the previous phases. Because of this,

evaluators had to be very careful to consider the effeatesifin drift on the previously
demonstrated flight test capabilities. In at least one case, the flight performance actually
decreased based ohanges to the design later in the program. The evaluator would have
to be knowledgeable enough to catch the design change and understand its impact. In the
documents, this required the evaluator to read not only the test report associated with the
payloadStR, but also crosseference the test data with other documents such as the

System Configuration report and previous test reports. In contrast, with the integrated

72



approach, despite the fact that the payload StR evaluated as FALSE, the full StRM

evaluatd as FALSE by considering other data within the SVI model.

This concept can be described mathematically by updgtingtion3 considering the

review of a single requirement against a single system implementation.

© | YOOHOD Yodd ) ©O6é&£&aQnt

Equation4

Where
@ is the results of the evaluation of a single requirement (StR)
SVistr, Cstr, ard psir are the SVI, condition and parameter of the StR

T “Yo'G¥ R isthe evaluation of the parameter anddkglicitly

definedconditions associated with it at the given &¥I

| "Yw "0 is thequalitativeevaluation of the entire StRM against S\

This will result in either

True: The analyst believes that any unsatisfied StRs do not affect the

satisfaction of StRrarget or

False: The analyst believes that one or more unsatisfied StRsSthus

Target to be consideremsatisfied

An interesting application of thishallengds the evaluation of system resilience
requirements, where the system is perturbed in one or more variables and the response of

the entire system is measured. For eXamPTSSE StR r1.6.3.4 states that the system
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shall be resilient to GPS jamminfo theOTSSE SPQresilience in this context meant
that the system would operate as normal (satisfy the remaining StRs) even in the presence

of jamming.

Rather thamestatiry all system requirements as children of this requirement (which
would require significant duplication), the SPO decided to clearly identify which
requirements would be relaxed in the presence of GPS jamming. To dbekiissed

OR relationships and a Gfamming environmental variable. Throughout the
requirements model, the team identified StRs that would be impacted and decomposed
them into sukrequirements joined by OR relationships. For example: the SPO

decomposed StR r1.1.1.3i%.,positionaccuray, into three sulyequirements:

rl.1.1.3.1.1 establishes the maximum position error for a stationary vehicle

rl.1.1.3.1.2 establishes the maximum position error for a moving vehicle

rl.1.1.3.1.3 establishes the maximum position error for a vedplerencing

GPS jamming

These three requirements essentially establish a state machine based on two variables:

velocity of the air vehicle and the GPS jamming state.
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Table8: Position Accuracy Requiremeot theState Machine

System::Air Vehicle::Velocity
<1fps > 1 fps
r1.1.1.3.1.1 r1.1.1.3.1.2
System::Air Syst_em::Air o ‘
Vehicle::Navigation::Latitude | Vehicle::Navigation::Latitude
Error < 0.1 second Error < 0.05 second
FALSE System::Air Syst_em::Air o _
Vehicle::Navigation::Longitudq Vehicle::Navigation::Longitude
Error < 0.1 second Error < 0.05 second
System:: . :
Air Vehicle:: System::Air System:Air _
Navigation:: Vehicle::Navgation::Vertical | Vehicle::Navigation::Vertical
GPS Error < 10 feet Error < 5 feet
Jamming
rl.1.1.3.1.3
System:Air Vehicle::Navigation::Latitude Error < 0.2 second
TRUE
System::Air Vehicle::Navigation::Longitude Error < 0.2 second
System::Air Vehicle::Navigation::Vertical Error < 10 feet

These three requirements are linked via OR relationshipsh meanshat requiement
r1.1.1.3.1 is satisfied if any of its subquirements are satisfied. Each-saQuirement is

further decomposed to allow single parameter comparison. This is shévgure15.
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rl.1311.2
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ri.131.14
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ri.1.3.1.31

ril.31.32

ri1.2.1.33

ri.1.3.1.34

r1.1.3.1.2.1

rl.1.3.1.2.2

r1.1.3.1.23

r1.1.3.1.24

Figure 15. Decomposed Requirement Showing OR Relationships

76




When r1.6.3.4 is reviewed, the reviewer first evaluates the term

i 0 OO N in Equation4. In this case, the SVI is
Nomad0101-:0402 which correspond® Test 0402 (a specific GPS jamming test),

which was caducted with configuration Nom&@il01.n is the value for
System::Environment::GPS Jamming shown in Tesdd®4in this case TRUE).

n represents the allowable vaJue., TRUE. Thus,this term is satisfied.

However the other term oEquationd requires the evaluation of the entire SVI

requirement tree, including the position accuracy StR (r1.1.1.3.1). Because GPS Jamming
is TRUE, r1.1.1.3.1 could be considered satisfied widtiaude error of 0.15 second. If

all other requirements are satisfied, then r1.6.3.4 is consitebebatisfied. This type

of analysis is currently done manually in many cakesever explicitly linking the
requirement model to the system model éemthis type of analysis in an automated
fashion.Figure16 shows the user view of the IRSM for a given requirement. When both
models are present, the tool automatically provides the system implementation data to the
evaluator, wih no manual input required. However, the evaluator must still review the

data (including implied conditions), determine whether the requirement was satisfied and

manually input his/her result into the tool.
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r.1.1.2.2
v 1113
v r1.1.1.31
~ 11311
r1.1.1.3.1.11
r1.1.1.3.1.1.2
r1.1.1.3.1.1.3
r.1.1.3.1.14
v r1.1.1.3.1.2
r1.1.1.3.1.21
r1.1.1.3.1.2.2
r1.1.1.3.1.23
r1.1.1.3.124
r1.1.1.33
r1.1.1.4
v r1.1.1.5
v r1.1.1.51
r1.1.1.5.1.1
r1.1.1.5.1.2
v r1.1.1.52

Text Applicable
System Require... True
System Function... True
Air Vehicle True
Performance True
The Air Vehicle ... True
Maximum Altitu... True
Endurance True
Time to Climb t... True
Takeoff Weight  True
Communications True
Control Commu... True
Lost Communic... True
Navigation True
Position Accuracy True
Hover Position ... True
Velocity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Moving Accuracy True
Velocity True
Latitude Accuracy True
Longitude Accu... True
Vertical Accuracy True
Lost Communic... True
Airworthiness True
Mass Properties  True
Weight True
Minimum Weight True
Maximum Weight True
Xeg True

Implementation Data

~ Name Value
v System
v Air Vehicle
*Maximum Altitude 1200
*Maximum Airspeed 40
*Endurance 120
*Time to Climb to 100 feet 30
*Takeoff Weight 50
*Velocity 0
*Airworthiness True
Airframe
Electrical
Propulsion
Communication
v Navigation
*Latitude Error 0.001
*Longitude Error 0.001
*Vertical Error 0.95
*Lost Comms True
> GPS
Flight Control Software
v Mass Properties
Xcg
Yecg
Zcg
Weight
v Payloads
Full Mation Video
Wide Area Camera
v Mission Software
*Payload Health Monitoring True
~ *Video Storage 20

Figure 16. User Intaface with Full Model Approach
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3.5 Error Seeding

The experiment was executed on the O'ES&allenge problem, with multiple artifacts
produced for the participants to review. These included design documents, test reports,
and programmatic overviews. The errarsre seeded throughout the scenario in both
documents and models, resulting in the system satisfying 43 out of the 78 requirements.

The errors were based on the authorsodo exper.i

1 The primary parameter fell outside the evéhacriteria;
1 A conditionfell outsideof the evaluation criteria;
1 The necessary data were omitted by the developer; and

1 Reviewer was required to calculate or understand conflicting data.

The experiment did not differentiate between different types oferfrhe authors
considered using error type as an experimental factor, but decided against it for multiple
reasons, including challenges randomizing the error seeding for each reviewer and the
requirement for additional samples to maintain statisticdidemce. In general, the

errors were replicated in both document and model approaches. Two deviations were

allowed:

1 Data missing from the documents were explicitly addressed in the model (in all cases
marked with either a O or FALSE). This was allowed beean a real scenario, the
model would be evaluated for completeness prior to being accepted for evaluation.
This is impossible for documents because there is no efficient method to analyze the

document for completeness before the review.
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1 Unit conversionsvere completed in the model. In a real scenario, these would
ideally be completed during pprocessing (if the tools allow). This scenario

assumed that the necessary tools existed in the SPO to accomplish this activity.
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4 Experimental Results

4.1 Overall

The 13 participating users reviewed a total of 562 requirements, leading to an average of

43 requirements per reviewer. In general, the data collection proceeded smoothly, with no

major problems. Some minor issues that occurred were related to making stire tha
experiment software could run on each users?o
in some cases. There were also some issues related to sending and receiving the files
because the unique encrypted fil eesin were bl oc
those cases, the files were made available via Google drive rather than email. The only

issue that affected data was that 24 runs had a value of 0.0 for the ART. This could have

been caused by many factors, including inadvertent input by the asavoid

compromising the experiment, these runs were omitted from the ART analysis below.

The runs were retained for accuracy analysis because the accuracy data were unaffected.

For the results described below, the authors utilized Design Expert 1Zdmpéwro

primary types of analyses: (1) direct analysis of data, and (2) DoE effects models. Direct
analysis of the data was accomplished using both summary statistics and graphical
methods. In this analysis, subsets of data were created by segregatingrtiedata set

based on the variable(s) of interest. Then the response variables were averaged across the
data subset3his is shown graphically in the figures@hapte.3. In addition, the

authors createDoE effectsmocels for each of the response variables. Multiple potential
models (including various combinations of main effects and +fadtor interactions)

were evaluated using an Analysis of Variance (ANOVA), resulting in a single model
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being developed for each resyse variableThe use of DoE and ANOVA enabled the

authors to evaluate the statistisanificanceof each factor on the responses.

4.1.1 Data Sufficiency

The experiment was designed to utilize replication to increase the confidence in the
results. However, thfact that all participants were volunteers with varying levels of
available time for the experiment resulted in challenges during experiment execution. The
authors planned for this by planning for additional replication to ensure sufficient test
coverageHowever, this also created an unbalanced design, as shdahle®. A

balanced design has an equal number of observations for all passiideations of

factor levels. In contrast, an unbalanced design has an unequal ndirobsemwations.
Generally DOE techniques prefer a balanced design because it will have a larger
statistical power and because it is less susceptible to departures from the underlying

statistical assumptions.

Table9: ExperimentaReplication of Individual Factors

Experience Novice
Document Model Document Model
Document 26 33 19 26
Met
Model 34 22 24 18
Document 53 56 51 34
Possessed
Model 63 45 31 27

The table shows that the experiment had a minimum replication ofith8specific

factor combinations possessing additional
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performance. To account for the unbalanced design, the authors utilized regression
analysis rather than analyzing the original experimetdsign As describedn the
experimental design section, the authors recognized that there were not enough
participants to fully account for withisubject experimental factors. This limited the
ability to make statistically confident predictions based on the experimentahddtthis

is taken into account during the discussion of results related to experience.

4.1.2 Overall Results

Out of the 562 reviewed requirements, the participants cormestigwed(i.e., they

correctly determined whether the requiremeas satisfied or natatisfied)402, giving

an accuracy of 71.5%. Comparison of these results to actual programs is challenging
because most programs do not document the errors encountered during their review. In
general, errors are only documented when there is a protserother irregularity in

the review.The use of the DOE based experiment, with document based approaches
included as factors, was intended to enable comparison model based approaches to

document based ones.

On average, each user spent approximately @ubsslof ART. Considering that each

participant was a volunteer, this amount of effort was highly appreciated. Comparing the

time commitment to a normal program was difficult because no data were available

trackingARTf or r e al pr ogr a mperiencé and conversatonsawitht hor s 6 e
experienced experiment participants, reviewers generally spend 40+ total hours on a

review; this time considerably varied depending on the size of the program, program

strategy, and other factors. To help control for tlgability, the OTSSE experiment
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measured the ART for each requirement for all review metAdds.helps understand

the effect of the selected factors on a single requirement for the notional program, and
would likely be useful for other programs of tseme general complexity and typEhe
results should not be used to predict the actual time spent on reviayemné@program

but could help inform the relative improvement (or decrement) expected by different
approachedA predictive model for generalse would need to account for the complexity

of the overall program among other potential factors.

4.2 Model Development

To appropriately handle the binary responses for the AccldaEymodel, a logistic
regression transform was selected, thereby enablenguthors to appropriately model

the probability that the participant would accurately review a given requirement. For the
ART model, the data also requirad_og10 transfornto account for poor linearity in the
normal plot of residuals, which indicatedhtterrors in the unmodified data were not
normally distributed. The techniques selected for the analysis were based on a normal
distribution of errors for accurate results. Upon using a Log10 transform, the errors
displayed a normal distribution, and arespondingly linear normal plot of residuals (as

show inFigurel?).
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Figure17: ART Model Diagnostic Tests
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4.3 Effect Comparison

4.3.1 RDM Main Effect

Surprisingly, the results showed that documenting regeinesrusing a model actually

led to a decrease in the average accuracy and an increase in the time taken to review a
requirementA total of 298 requirements were reviewed using Docurhesed
requirements, and 264 using modélpon analysis of the dathe difference in accuracy
was determined to be statistically insignificmtthis experimenfseeFigure18). This
analysis was conducted by evaluating multiple potential DoE effects models and
performing ANOVA on each candidateodtel. In no cases did the ANOVA show
significance for the RDM main effect on Accuracy\glues generally around 0.80).

Note that even though the main effect for RDM on Accuracy was insignificaifti; m

factor interactiongnvolving RDM were investigatedna will be discussed below.

In contrastthe increase in review time when using a requirements moddiatiasarge
(~24% increaseandstatisticallysignificant.Again, ANOVA was performed on multiple
candidate DoE effects models, with the significarfce overall model evaluated for
each candidaté-igure18 shows the most significant model identified by the authors,
with a pvalue less than 0.0001 and awa&tue of 12.63.In this model, the RDM main
effect factor had a-palue of 0.0048, denoting that the effect of the requirement model

played a significant role in the overall ART.
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Figure 18: Requirements Documentation Method: Accuracy Eftep) Gnd ART Effect
(bottom
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4.3.2 SIDM Main Effect

The useof a systems model both significantly improved the accuracy and significantly
decreased the time for a revietvtotal of 301 requirements were reviewed with
documemntbased systerdata, and 261 with model based system daithout accounting

for other fator interactions, the use of the system model increased the average accuracy
from 70% to 79% (a 9% improvement) and decreased the review time by 21% during the
experimentFor the accuracipoE effect model, the best model resulted in an overall

model pvalue of less than 0.0001, and a SIDM main facteajue of 0.0166. For the

ART effect model, the overall modelyalue was again less than 0.0001 and the SIDM
main factor pvalue was 0.0030. For both effects models, the SIDM showed strong

statistical confience.
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4.3.3 RDM-UEL and SIDMUEL Two Factor Effects

Next, the authors examined hdyEL affected both accuracy and review tirkégure20
shows that there is no real interactive effattAccuracybetweenJEL andeitherRDM
or SIDM in the dataThis means that while the use of a systems model increases
accuracy(shown by the main effect described abote¢data do not show any
difference in effect for experienced users versus inexperienced leseascuracy effect
model, the ANOVA showed ayalueof 0.6473for theRDM-UEL, and 0.1359 for

SIDM-UEL, meaning that neither term was significant to the respearsables.
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Figure 20: Interactive Accuracy Effect between RDM and Utelp)(and between SIDM
and UEL potton)

The ART showed very different behavior for users based both on their experience level
and the use of a systems mbdeperienced users showed virtually no difference (the

difference was both small and insignificarp-values =0.29 between documeiitased
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and modebased approachésr requirementsin contrast, inexperienced users showed a
dramatic decrease (~40%)ART when using a system mode&his factor interaction

was also significant to the model, with ag@ue of 0.0008. However, it should also be
noted that any inferences based on UEL related effects should take into account the low
number of discrete pactpants in the experiment. This wile discussed furthém the

Conclusions.
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Figure 21: Interactive ART Effect between RDM and UEip) & between SIDM and
UEL (bottom)

Interestingly, the authors found that thelti-factor nteractions between documentation

method (for either requirements or systems) and requirement type were insignificant for
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boththe Accuracy and ART response moddlse pvalues for the tests involving these

interactionsareshown inTable10.

Table10: Summary of RT Interactions

Response Multi -Factor P-Value
Interaction
RDM-RT 0.70
Accuracy
SIDM-RT 0.75
RDM-RT 0.98
ART
SIDM-RT 0.11

4.3.4 SIDM-UEL-RT Three Factor Effect

The difference®etweenSIDM methodsvere highlighted further when accounting for

the interaction effects between SIDM, UEL d@@is When evaluating requirements
usingunconnected systedocuments, an inexperienced user took, on an average, 127%
longer to review a requirement that necessitatedparing values (RT =i@ Figure22)
versus simply determining if a system had a given property (RihFiure22). When

a system model was availablegthexperienced user still look longer to renvigout only
20%longer compared to 127%n contrast experienced users showed no difference
between using a system model or documents for dRfierThethreefactor interaction

of SIDM-UEL-RT is statistically significant (jwvalue = 0.0186) when the twadtor

interactions involving RT are netatisticallysignificant
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5 Analysis, Limitations and Conclusions

This Chapter will discuss hothe results supported the Research Questions, the

limitations of the research, and conclusions of the effort.

5.1 Hypothesis Analysis

5.1.1 Hypothesis 1
When a requirement model is present, a user will be able to more accurately determine

that a requirement was safied.

This hypothesis was not supported by the data. The experiment was not able to detect any
significant difference in accuracy between trials using a requirement model and trials

using only traditional requirement documents.

5.1.2 Hypothesi
When a requirment model is present, a user will determine requirement satisfaction

faster.

This hypothesis was not supported by the data. The experiment actually found that users
took more time to review requirements when they used a requirement model versus when

theyused only traditional requirement documents.

5.1.3 Hypothesis3
When a system implementation model is present, a user will be able to more accurately

determine that a requirement was satisfied.
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This hypothesis was supported by the data. When a system implearentatiel was
used, the average accuracy incrdas@ 70% to 79% (a 9% improveménin addition,
the DOE model showed that the SIDM main effect was statistically significant as

described in Chapter.3.2

5.1.4 Hypothesist
When a sstem implementation model is present, a user will determine requirement

satisfaction faster.

This hypothesis was supported by the data. When a system implementation model was
used, the ARTecreased by 21%n addition, the DOE model showed that the SIDM

main effect was statistically significant as described in Chap8e?

5.1.5 Hypothesi$
Experienced users will show less difference in accuracy between-basdel and

documenbased approaches than novice users.

This hypothesis wasot supported by the dat@ihere was no statistical difference in
accuracy between modehsed and documehased approaches for either experienced or

novice reviewers. This is shown in Chapte3.3

5.1.6 Hypothesi$
Experienced w=s will show less difference in review time between rzastd and

documenbased approaches than novice users.
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This hypothesis ipartially supported by the dat&/hen using a requirements model,
there was no statistically significant difference in ABRSiween modebased and

documentbased approaches for either experienced or novice users.

When using a system implementation model, experienced users saw no statistically
significant difference in RT between moddbased and documehased approaches.
However, novice users saw a decrease in ART that appears to be statistically significant
based on the experimental data. However, it is important to note that the sample size of
users was small for this experiment. This will be discussed further in the liomsgtat

section later in this chapter.

5.1.7 Hypothesis/
The difference in accuracy between mduketed and documebtsed approaches will

increase as requirement complexity increases.

This hypothesis wasot supported by the data. The experiment did not detgct an
statistically significanbetweermodetbased and documehased approachésr either

requirement types, meaning that no difference could be detected as complexity increases.

5.1.8 Hypothesis3
The difference imeview timebetween modédased and documebased approaches will

increase as requirement complexity increases.

This hypothesis was not supported by the data. The experiment did not detect any
statistically significant betweemodetbased and documehased approachésr either

requirement types, meang that no difference could be detected as complexity increases.
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5.2 Research Question Analysis

Tablel1ll: Research Question Analysis

Research Research Question Answered | Supporting
Question by Hypotheses
Research
What effect does thpresence of a
reqguirements model
1 qto accurately determine whether a Yes 1.2
requirement was satisfied?
What effect does the presence of a syste
i mpl ementation mod
2 ability to accurately determine whetteer Yes 3.4
requirement was satisfied?
What effect does user experience have on| Partially,
3 user o6s ability to a| withlow 5,6
a requirement was satisfied? confidence
What effect does requirement complexity
4 hav e ons abilityeto gccsjratelyo Partially 78
determine whether a requirement was
satisfied?

5.2.1 ResearchQuestion 1
What effect does the presence of a require:]

accurately determine whether a requirement was satisfied?

From a prely statistical perspective, the data described above show that the use of a
requirements model does not create a significant difference from the legacy decument
based approach. In addition, the data show that the requirements model auttedlses

the time taken foreview. While important, the statistics alone taily part of the story

as the experience level of the participants with requirements modeling likely affected the

outcome

During informal interviews, participants stated that the useaiirements models

confused them more than helped them. Participants described a lack of clarity on what
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the requirements models were for and how to use them to review individual requirements.
Multiple participantgincluding both experienced and inexpaded participants)

expressed confusion regarding why the entire requirement tree was being presented to

them when they were only reviewing a single requirement. This was especially true for
relatively simple requiremeentsswhéretheg. , Oposse
amount of time it took to understand the tree was longer than it would take to find the

attribute. Considering thauchrequirements were in the majority, users experienced this

additional time sink repeatedly, leading to confusionfanstration In general this is
likelyaresultofalogicali sconnect between the &6requireme
context. 6 The requirement model is intended
structure is based on the most efficient wayescribe the requirements. Its structure

does not necessarily correspond to the structure used by the system model, which is an
expression of the implementation of the system. This was most apparent when looking at
requirements such as the one showhigurel4, where a requirement fo
was shown in close relationship with a payload performance requirement. In the

requirement model it makes perfect sense for these to-loeated in the hierarchy.

However, in a syem model these values are unlikely to be organized close together. In

fact, the system model located the payload parameioratd::System::Payloads::Full

Motion Video::Resolution, and the illuminance parameter at
Nomad::System::Environment::llluminand&xperienced participants all had prior

training in the use of system models, with all having experience with DoDAF in practice.

Most had at least some practical experience with SysML. However, only two had any

training or experience with requirements modge
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In post experiment discussions, multiple users expressed that additional training,
documentation, and tool improvemesgsecific to requirements modeling (as opposed to
system modelingyvould make the requirement model much more useful. Among these
recommendations, the most important was natural language description of the analysis
results, providing clarity to the model within the modeling tbobther words, the
participants needed the tool to explicitly explain itself in words that a laypersth co
understandAdditionally, note that the learning curve was intentionally limited to support
the experiment. Users were presented random configurations of verification methods,
which improved statistical confidence but limited their ability to get cotalide with
unfamiliar approachedhis was intentional, because it ensured that each participant
reviewed the last requirement with the same relative experience as the first requirement.
Combined with the immaturity of tools and training, this likely cimited to the less

than expected performance of the requirements model.

5.2.2 ResearclQuestion 2
What effect does the presence of a system

ability to accurately determine whether a requirement was satisfied?

The systemmplementation model improved user accuracy and reduced the time needed
to review a requirement. As shown above, the presence of a systems implementation
model resulted in an average improvement of accuracy by 12.9% and a 21% reduction in

review time.
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5.2.3 ResarchQuestion 3
What effect does user experience have on t|

whether a requirement was satisfied?

The results show that in general, experienced users were both more accurate and took
more time in analysis than inexparced reviewers. From post experiment discussions,
experienced users stated that regardless of the verification approach, they spent time with
the documents verifying the model. This may explain the increased time for experienced
reviewers. Informal feeditk from novice users was that they had little understanding of
the technical terms, concepts, and measures specific to thd #hSadixample. Some
experienced users also stated that they did not have experience with the technical jargon
of smallUASs butthey felt more comfortable gaining the necessary information through
other means (often through the internet), contributing to both their extended review time

and greater accuracy.

In addition to the primary effects, the experiment showed interactivet®effetheART

model between the SIDM and UEEXxperienced users observed limited difference in

review timebetween documenand modebased review methods. Inexperienced users,

however, observedraduction in review time that was both large and stesibyi

significant This improvementi.e., reducedeview time)was even more marked for

requirements that required comparison of technical values (RT = 0). In this case, the

interactive effects between SIDM, UEL, and RT showed that the largest timeiosaduct

was experienced by inexperienced users revie
implementation models. Novice users expressed frustration with even the relatively

simplistic program documentation, highlighting the fact they were required to cross
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reference data from multiple independent documents to verify a requirement. In addition,
multiple users were challenged by having to convert developer supplied data to the
format/structure used by the requirements. One cited example was the challenge in
conveting feet to longitude seconds to assess the position error requirement. Having the
conversion automatically done for every review (using the model) enabled greater

confidence that the novice user had the correct value.

As has been stated previously, thihars are careful to point out that these results cannot
be considered conclusive due to the relatively small sample size. Thus the most that can
be said (for now) is that the data tends to indicate that inexperienced may benefit more
from modelbased apmaches than experienced reviews. Additional experimentation is

required have greater confidence in this concept.

5.2.4 ResearclQuestion 4
What effect does requirement complexity ha

determine whether a requirement was $egds?

Based on this experiment, the type of requirement by itself does not play a large role in
the requirement evaluation. However, the results imply that the complexity of a
requirement may interact with other factors (UEL in this casegtome more

significant. The authors believe that this means that care should be taken in future
experiments to understand, and more importantly control for, differences in requirement

complexity because interactive effects may unexpectedly emerge.
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5.3 Research Objective Alysis

Research Objective: To understand the quantitative differences demonstrated by use of
models to communicate requirements and system implementation details to key

stakeholders.

The research described throughout this section generally met the redgantive. For
each research question, the work described in this dissertation provided a strong
foundation for future research (as described in Chaptey &lentifying areas where the
use of models to communicate produced quantifiable differences.Mdovitewas also

subject to the limitations described in the next section.

5.4 Limitations

While theresearclsuccessfully accomplished its primary objectives, it also had

limitations in its scope and execution. First, teeearchacked sufficient participda to

create statistically significant predictive metrics for the effect of professional experience
of review performance. This means that whilerdsearchmplies that modelingnay

havea greater benefit for less experienced users, it cannot configeatlict that this

will be true in practice. Another limitation was that the requirements (while realistic) did
not include more compledynamicrequirements. The authors made this choice for many
reasons, including managing the cost and duration of fheriexent as well as the need

to train participants. Because of this, care should be taken when extrapolating the results

of this experiment to more compleynamicrequirements.
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Lastly, is there was no identification of the degree of experience any péthapants

had withrequirements modeling as distinct from the more widely utilized systems
modeling As discussed in Chapter 2, the concepts of requirement modeling are very
different from those of systems modeling, including the types of semantitsasd

used. During participant selection, users responded with their level of modeling
knowledge, but no specific questions were asked about requirements modeling. During
exit interviews, no participants identified themselves as having previous requisemen
modeling experience, so it is possible (even likely) that this had an impact on the

requirements modeling performance.

5.5 Conclusions

In general, the experiment results enabled to answering of the research questions with
sufficient confidence to identifyraas of further research. However, the sample size
(especially regarding crossser interactions) was not large enough to develop predictions

on performance for future programs.
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6 Recommendations and Next Steps

6.1 Larger Sample Size

The single largest reconendation is to increase the participant pool to enable greater
statistical confidence for factors that relate to a particular participant, such as their
individual talent, training and experience. Factors specific to their expeneii be

discussed in wre detail in Chapte.3

6.2 Requirements Modeling

One major topic that emerged from the experiment was that effective tools and training

are absolutely required when interacting with requirements models. Théndatedsthat

users were not confident with the purpose or capabilities of these models mainly because

the experiment tool was optimized for data collection rather than usability, which

hampered the participantso6 perliatvestudies,ce. Thi s
including[50], as wel | as with the authorsdé experie
the DoD (including the DARPA Cyber Assured Systems Engineering program). Post

experiment discussions with OT&Sexperimenparticipants highlighted the following

areas of improvement for requirements modeling tools:

1 Understanding of requirements model capabilities. Participants asked for better
clarity regarding the 6whyodé of wusing thes
post experiment explanations, multiple users stated that if they had understood the
purpose better during the experiment, they would have been able to more

effectively use the tools.
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1 Interpretation of results. Participants noted that the model by itsslf wa
insufficient for analysis, especially for users who had limited previous modeling
experience. This was especially true when the full requirements model displayed a
result of oOunsatisfiedd even when a partd.
flow of the experiment, participants were confused by how to interpret this result
even when they generally understood the concept. The use of the natural language
result summaries and-itool help documentation were proposed as partial

methods to address this ceng.

These improvements should be considered both for adoption in production engineering
environments, but also for future quantitative experiments. The E&I&®eriment

showed that it is challenging to balance the requirements of experimentation wathtrol

the fact that poor tools can also impact the experimental results. Because these impacts
are so pronounced in the application of modeling, future experiments should account for

tool usability during experimentation.

6.3 The Effect of User Professional getience

The difference in the improvement between experienced and inexperienced reviewers is
an important result because it may (at least partially) explain the slow adoption of
modeling practices bpracticingengineersModelbased engineering advocates/e
frequentlyassertdthat the slow adoption is because experienced engineers (who are
often decision makers) are resistant to change and do not understand the true benefit of
models. The results of the OTESexperiment show that these experiencednergs

may actually be correct about the limited benefit for their peer group. However, this
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position omits the benefit to less experienced reviewers (who are rarely included in

process improvement decisions) and other benefits that have not been glantifie

Based on the OTSE experiment, the authors recommend that:

1. Addition research be conducted to better understand the effects of user experience
on the benefits of modeling (both requirements and systems). Rather than a
simple binary factor used in thiesearch, additional experimentation should take
into account factors such as education, domain experience, previous modeling
experiencdincluding different domains of modeling to include requirements

modeling) and experience with certain tools.

2. Decisicn-makers considering using a modbelsed verification approach should
consider the impact fall potential userswith modelingapproaches tailored
towards the potential benefit of enabling inexperienced users to succeed faster. At
the tactical level, tlsi means that tools should be designed for the novice, rather
than the expert, in mind. The adoption of modeling practices should also be
incorporated into early professional education, including new employee on

boarding, at all phases of practice.

6.4 Requirenent Complexity

While the OTSSE experiment was successful and produced results that apply to current
DoD (and similar) programs, the authors believe that expanding the research to include
more complex requirements is an important next step. The expeshwmaed that

models produced greater improvements for complex requirements (such as comparison of
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dissimilar values). Future studies should investigate the requirements for complex
guantitative assessments. Specifically, the addition of StRs that takeaapbvah

behavioral modeling to better capture stakeholder intent should be analyzed. Behavioral
requirements have shown promise in the extant literature but have not been widely
adopted in system acquisition, in part due to the challenge of consisterat®rahcross
competing designs. The authors believe that the additional consistency provided by

automated verification may add sufficient confidence to expand their adoption.

6.5 Quality of the Model

Multiple participants noted that their ability to interptiee modeling data affected their
ability to successfully execute the experiment, especially in regards to requirement
modeling. While no quantitative data on this effect was collected, informal discussions
with participants showed that they had varyiegels of comfort reasoning on the models
themselves. This phenomenon has been previously discussed in information systems and
conceptual modeling related research sudbHs Because of these effects, the authors
recommend tat future research take into account different modeling techniques to
increase the robustness of these conclusions to models of varying quality. In addition, it
would be beneficial to capture participants experience with different modeling paradigms
as & experimental variable separate from professional experiéhcewould include
breaking down the specific domain of their modeling experience, including (but not

limited to requirements modeling).
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1. Scope/Introduction

This System Requirement Document (SRD) establishes the requirements for acquisition of the
Organic Tactical Surveillance System — Expeditionary (OTSS-E). .

1.1 Identification

The OTSS-E system will be designed to directly support tactical operations in austere deployed
environments. The system will provide day/night imagery, secure communications relay, and
acoustic surveillance capabilities with near real time dissemination and exploitation. The OTSS-
E system will be operated by tactical ground units from both Air Combat Command (ACC) and
Air Force Special Operations Command (AFSOC), including specialists from Security Forces,
Tactical Air Control, Pararescue and Combat Weathermen. OTSS-E will be operated directly by
tactical airmen, without the need for dedicated rated aircrew or maintenance specialists. When
maintenance action is required, OTSS-E will be replaced with spares and returned to depot for
repair. The OTSS-E program will be managed by the Air Force Materiel Command (AFMC)
Tactical Surveillance Program Office, with AFSOC as lead sponsor.

1.2. Document Overview

This SRD establishes performance requirements for all aspects of the OTSS-E Unmanned
Aircraft System (UAS), including the Air Vehicle (AV), Ground Control Station (GCS), and all
required support equipment.

1.3 Application

This document is intended to be the sole authoritative source of requirements for the
development of the OTSS-E system.

2. Applicable Documents

In the event of conflict between the requirements of this document and any other referenced
document, the requirements of this document shall take precedence except as specifically
provided for in the contract. All conflicts shall be brought to the attention of the procuring
activity. The following additional documents form a part of this SRD to the extent specified
herein. Documents listed in this section are specified in sections 3, 4, or 5 of this SRD. This
section does not include documents cited in other sections of this specification or recommended
for additional information or as examples. While every effort has been made to ensure the
completeness of this list, document warfighter’s are cautioned that they should meet all specified
requirements of documents cited in sections 3, 4, or 5 of this specification, whether or not they
are listed.

Note: This section has been omitted from this experiment. Participants should not need to
reference external documents.

3. System or Subsystem Requirements
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This section provides the detailed requirements for the OTSS-E system. Each requirement
represents the minimum level of technical acceptability for the system; consequently, there are
no objective measures. In all cases, Threshold = Objective.

3.1 System Functional Requirements

3.1.1.  Air Vehicle

3.1.1.1. Performance

3.1.1.1.1. Maximum Airspeed

The Air Vehicle shall have a maximum airspeed greater than 30 miles per hour. (r1.1.1.1.1)
3.1.1.1.2. Maximum Altitude

The Air Vehicle shall have a maximum altitude greater than 1000 feet above ground level.
(r1.1.1.1.2)

3.1.1.1.3. Endurance

The Air Vehicle shall have a maximum endurance greater than 30 minutes. (r1.1.1.1.3)
3.1.1.1.4. Time to Climb

The Air Vehicle shall climb to 100 feet above ground level in less than 15 seconds. (r1.1.1.1.4)
3.1.1.1.5. Takeoff Weight

The Air Vehicle shall have a takeoff weight less than 30 pounds. (r1.1.1.1.5)

3.1.1.2. Communication

3.1.1.2.1. Control Communication Range

The Air Vehicle control communications system shall have a maximum operational range greater
than 10 miles. (r1.1.1.2.1)

3.1.1.2.2. Lost Communications Detection

The System shall detect the loss of control communications link. (r1.1.1.2.2)
3.1.1.3. Navigation

3.1.1.3.1. Stationary Position Accuracy

The Air Vehicle shall have position error of less than 0.1 second in Latitude and Longitude and
less than 10 feet vertically while stationary. (r1.1.1.3.1.1)

3.1.1.3.2. Moving Position Accuracy

The Air Vehicle shall have position error of less than 0.05 second in Latitude and Longitude and
less than 5 feet vertically while in motion. Motion is defined as an absolute velocity greater than
1 foot per second. (r1.1.1.3.1.2)
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3.1.1.3.3. Moving Position Accuracy (GPS Jammed)

The Air Vehicle shall have position error of less than 0.2 second in Latitude and Longitude and
less than 10 feet vertically while in motion and while GPS is being jammed. Motion is defined as
an absolute velocity greater than 1 feet per second. (r1.1.1.3.1.3)

3.1.1.3.4. Lost Communication Behavior

In the event of loss of the control communications link, the Air Vehicle will return to the launch
location. (r1.1.1.3.3)

3.1.2.  Payloads

Note: for the purposes of payload performance measurement, ‘night operations’ refers to
conditions where the illuminance is measured as less than 1.0 lux.

3.1.2.1. Full Motion Video Camera
3.1.2.1.1. Camera Metadata

The Full Motion Video metadata shall comply with Motion Imagery Standards Board (MISB)
ST 0902 minimum metadata set. (r1.1.2.1.1)

3.1.2.1.2. Imaging Range
3.1.2.1.2.1. High Accuracy

The Full Motion Video system shall have a Ground Sample Distance (GSD) less than 0.25 meter
outside of 800 feet slant range. (r1.1.2.1.2.1)

3.1.2.1.2.2. Low Accuracy

The Full Motion Video system shall have a Ground Sample Distance (GSD) less than 0.50 meter
outside of 0.5 mile slant range. (r1.1.2.1.2.1)

3.1.2.1.3. Pointing Accuracy

The Full Motion Video system shall have pointing error less than 2 degrees in all modes.
(r1.1.2.1.3)

3.1.2.1.4. Resolution
3.1.2.1.4.1. Day Resolution

The Full Motion Video system shall have a GSD less than 0.10 during daytime operations.
(r1.1.2.1.4.1)

3.1.2.1.42. Night Resolution

The Full Motion Video system shall have a GSD less than 0.50 during night operations.
(r1.1.2.1.4.2)
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3.1.2.1.5. Frame Rate
3.1.2.1.5.1.  Day Frame Rate

The Full Motion Video system shall have a framerate of 30 frames per second during day
operations. (r1.1.2.1.5.1)

3.1.2.1.5.2. Night Frame Rate

The Full Motion Video system shall have a framerate of 25 frames per second during night
operations. (r1.1.2.1.5.2)

3.1.2.2. Wide Area Camera
3.1.2.2.1. Resolution
3.1.2.2.1.1. Day Resolution

The Wide Area Camera system shall have a GSD less than 0.50 meters during day operations.
(rl.1.2.2.1.1)

3.1.2.2.1.2. Night Resolution

The Wide Area Camera system shall have a GSD less than 0.75 meters during night operations.
(rl.1.2.2.1.2)

3.1.2.2.2. Frame Rate
3.1.2.2.2.1. Day Frame Rate

The Wide Area Camera system shall have a frame rate greater than 2 frames per second during
day operations. (r1.1.2.2.2.1)

3.1.2.2.2.2. Night Frame Rate

The Wide Area Camera system shall have a frame rate greater than 1 frame per second during
night operations. (r1.1.2.2.2.2)

3.1.2.2.3. Latency
3.1.2.23.1. Day Latency

The Wide Area Camera system shall have a latency less than 2 seconds during day operations.
(rl.1.2.2.3.1)

3.1.2.2.3.2. Night Latency

The Wide Area Camera system shall have a latency less than 3 seconds during night operations.
(r1.1.2.2.3.2)

3.1.2.2.4. Coverage Area

The Wide Area Camera system shall have a continuous coverage area of 375,000 square feet at
an altitude of 200 feet AGL. (r1.1.2.2.4)

OTSS-E System Requirements Document, Version 2.0, 01 Apr 19
Tactical Surveillance Program Office
UNCLASSIFIED
FOR TRAINING USE ONLY

126



FOR TRAINING USE ONLY
Systems Requirements Document

3.1.2.3. Mission Software

3.1.2.3.1. Payload Health Monitoring

The Mission Software shall monitor the health of payloads. (r1.1.2.3.1)

3.1.2.3.2. Imagery Re-transmission

The Mission Software shall re-transmit Wide Area images upon operator request. (r1.1.2.3.3)
3.1.2.4. Payload Communications

3.1.2.4.1. Range

The Payload communications link shall have a maximum range greater than 2 miles. (r1.1.2.4.1)

3.1.2.4.2. Data Offboard Rates

The Payload communications link shall have a data rate greater than 30 Mb/s. (r1.1.2.4.3)
3.1.3.  Ground Control Station

3.1.3.1. Flight Software

3.1.3.1.1. Autonomous Control

3.1.3.1.1.1.  Fly Programmed Route

The System shall execute a user defined route. (r1.1.3.1.1.1)

3.1.3.1.1.2.  Hold Position

The System shall maintain position when commanded. (r1.1.3.1.1.2)

3.1.3.1.2. Direct Control

3.1.3.1.2.1.  Pitch Control

The System shall enable the operator to directly control pitch angle. (r1.1.3.1.2.1)
3.1.3.1.2.2. Roll Control

The System shall enable the operator to directly control roll angle. (r1.1.3.1.2.2)
3.1.3.1.2.3. Yaw Control

The System shall enable the operator to directly control yaw angle. (r1.1.3.1.2.3)
3.1.3.1.2.4.  Lateral Speed Control

The System shall enable the operator to directly control lateral speed. (r1.1.3.1.2.4)
3.1.3.1.2.5. Vertical Speed Control

The System shall enable the operator to directly control vertical speed. (r1.1.3.1.2.5)
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3.1.3.1.3. Flight Planner

3.1.3.1.3.1.  User Planned Route

The System shall enable the user to plan a route. (r1.1.3.1.3.1)

3.1.3.1.3.2. Display Current Route

The Ground Control Station shall display the current active route. (r1.1.3.1.3.2)
3.1.3.1.3.3. Display Weather Data

The System shall display weather data on a common operating picture. (r1.1.3.1.3.3)
3.1.3.1.3.4. Display Threat Data

The System shall display threat data on a common operating picture. (r1.1.3.1.3.4)

3.1.3.1.3.5. Display Blue Force Data

The System shall display blue force data on a common operating picture. (r1.1.3.1.3.5)
3.1.3.1.4. Primary Flight Display

3.1.3.1.4.1. Airspeed

The Primary Flight Display shall display the current airspeed. (r1.1.3.1.4.1)
3.1.3.1.42. Altitude

The Primary Flight Display shall display the current altitude. (r1.1.3.1.4.2)
3.1.3.1.43. Heading

The Primary Flight Display shall display the current heading. (r1.1.3.1.4.3)
3.1.3.1.44. Yaw Angle

The Primary Flight Display shall display the current yaw angle. (r1.1.3.1.4.4)
3.1.3.1.45. Roll Angle

The Primary Flight Display shall display the current roll angle. (r1.1.3.1.4.5)
3.1.3.1.4.6. Pitch Angle

The Primary Flight Display shall display the current pitch angle. (r1.1.3.1.4.6)
3.1.3.1.47. Lateral Speed

The Primary Flight Display shall display the current lateral speed. (r1.1.3.1.4.7)
3.1.3.1.4.8. Vertical Speed

The Primary Flight Display shall display the current vertical speed. (r1.1.3.1.4.8)
3.1.3.1.49. Current Waypoint

The Primary Flight Display shall display the current waypoint. (r1.1.3.1.4.9)
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3.1.3.2. Mission Software

3.1.3.2.1. System Management

The Ground Control Station shall display the system health and status. (r1.1.3.2.1)

3.1.3.2.2. FMV Camera Control

3.1.3.22.1. Pan

The Ground Control Station shall enable the operator to pan the FMV Camera. (r1.1.3.2.2.1)
3.1.3.222. Tilt

The Ground Control Station shall enable the operator to tilt the FMV Camera. (r1.1.3.2.2.2)
3.1.3.2.23. Zoom

The Ground Control Station shall enable the operator to zoom the FMV Camera. (r1.1.3.2.2.3)
3.1.3.2.2.4. Take Still Image

The Ground Control Station shall enable the operator to take a still image using the FMV
Camera. (r1.1.3.2.2.4)

3.1.3.2.2.5. Switch Day/Night Modes

The Ground Control Station shall enable the operator to switch the FMV Camera modes between
day and night operations. (r1.1.3.2.2.5)

3.1.3.2.3. Wide Area Camera Control
3.1.3.2.3.1. Manual Image Collection

The Ground Control Station shall enable the operator to manual collect Wide Area images.
(r1.1.3.2.3.1)

3.1.3.2.3.2. Automated Image Collection

The Ground Control Station shall enable the operator to initiate automated collection of Wide
Area images. (r1.1.3.2.3.2)

3.1.3.3. Physical

3.1.3.3.1. Power Requirements

3.1.3.3.1.1. Battery Life

The Ground Control Station shall have a battery life greater than 5 hours. (r1.1.3.3.1.1)
3.1.3.3.1.2.  Shore Power

The Ground Control Station shall be able to connect to shore power using a standard 110 volt 15
amp electrical outlet. (r1.1.3.3.1.2)
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3.1.3.3.2. Transportability
3.1.3.3.2.1. Handling Equipment

The System shall not require peculiar equipment to transport, setup or breakdown. All equipment
necessary for operation must be included in the basic packout. (r1.1.3.3.2.1)

3.1.3.3.2.2.  Setup Time
The System shall be able to be setup in less than 15 minutes by a single operator. (r1.1.3.3.2.2)
3.1.3.3.2.3. Weight

The System (including all transportation equipment) shall weigh less than 100 pounds.
(rl.1.3.3.2.3)

32 System External Interface Requirements
3.2.1. Interface Identification and and Diagrams

The OTSS-E system is intended for use in austere location with limited support. Because of this,
the system shall be designed to minimize dependencies on external systems to the greatest extent
possible.

Connected to external sources through existing networks

Blue Force
s Threats
*  Weather

3.2.2.  Mission Support Data Ingestion
3.2.2.1. Weather Data

The System shall be able to ingest external weather data. (r1.2.2.1)
3.2.2.2. Threat Data

The System shall be able to ingest external threat data. (r1.2.2.2)
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3.2.2.3. Blue Force Data

The System shall be able to ingest external blue force data. (r1.2.2.3)

3.2.3.  Data Dissemination

3.2.3.1. Video Data

The System shall be able to disseminate streaming video to external sources (r1.2.3.1)
3.2.3.2. Imagery

The System shall be able to disseminate imagery files to external sources (r1.2.3.2)
3.3: System Internal Interface Requirements

Intentionally omitted for training.

3.4. System Internal Data Requirements

Intentionally omitted for training.

3.5 Safety Requirements

Intentionally omitted for training.

3.6. Security and Privacy Requirements

3.6.1.  Link Encryption

3.6.1.1. Control Link

The Vehicle Control link must be encrypted using FIPS 140-2 compliant encryption. (r1.6.1.1)
3.6.1.2. Payload Link

The Payload communications system must be encrypted using FIPS 140-2 compliant encryption.
(rl.6.1.2)

3.6.2.  Data at Rest Encryption
3.6.2.1. Flight Computer

The Flight Computer must be encrypted at rest. (r1.6.2.1)
3.6.2.2. Mission Computer

The Mission Computer must be encrypted at rest. (r1.6.2.2)
3.6.3.  Threat Resilience
3.6.3.1. Link Flooding

The system shall be resilient to control link flooding. Link flooding is defined as receiving 10 or
more messages per second on the control link. (r1.6.3.2.2)
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3.6.3.2. GPS Jamming

The system shall be resilient to GPS jamming. GPS jamming is assumed to make GPS
inoperable during the period of jamming. (r1.6.3.4.2)

3:%: System Environment Requirements
3.7.1.  Weather
3.7.1.1. Percipitation

The system shall be resilient to moderate or higher rain. Moderate rain is defined as greater than
2.5 millimeter per hour. (r1.7.1.1.2)

3.8. Computer Resource Requirements

Intentionally omitted for training.

3.9. System Quality Factors

Intentionally omitted for training.

3.10. Design and Construction Contraints

3.10.1. Computing Equipment Origin

3.10.1.1. Flight Computer

The Flight Computer shall be manufactured in the United States. (r1.6.4.1)
3.10.1.2. Mission Computer

The Mission Computer shall be manufactured in the United States. (r1.6.4.2)
3:11. Personnel-Related Requirements

Intentionally omitted for training.

3:12: Training-Related Requirements

Intentionally omitted for training.

3.13. Logistics-Related Requirements

Intentionally omitted for training.

3.14. Packaging Requirements

Intentionally omitted for training.

3.15. Statutory, Regulatory, and Certification Requirements
Intentionally omitted for training.

3.16. Precedence and Criticality of Requirements
Intentionally omitted for training.

3.17.  Demilitarization and Disposal
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Intentionally omitted for training.
4. Verification Provisions
Intentionally omitted for training.
5. Requirements Traceability

Intentionally omitted for training.
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9 Appendix B: Nomad System Implementation Documents

9.1 Program Overview
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Aerospace

Nomad Program
Overview

For Instructional Use Only

X
ly Overview

Aerospace

* Nomad Overview

* Wanderer Description

* Nomad Program Overview

* Nomad Specific Modifications
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135




X
ly% Nomad Overview (Nomad ]

Aerospace

@i ahicl Capable Sensors  Built from wildly successful Wanderer
roven Vehicle \ »  Day/ Night HD video i
+  Built on successful 400,000 sq ft persistent coverage heaVy ”ft quadCOpter ) )
commercial system B : + Over 800 currently operating in US
Long endurance - 35 4 p
minute missions airspace

High performance = e = ! « FAA14CFR part 107 COmp'iant

» Tailored for OTSS-E requirements

+ Non-Import vehicle computers
High performance sensors
GPS Jam resistant
Rapidly deployable ground station
Military communications

z- 2
Mobile GCS
Easily transported
Full vehicle control

+ Connected to
combat networks %

For Instructional Use Only

X
1"% History Homad

Aerospace

10 Jul 19: OTSS-E Phase 1 Award

Jul - Dec 19: Nomad Development
Jul 19: Legacy system analysis/re-testing
Aug 19: Flight Performance Expansion
Sep 19: Initial Payload Testing
Nov 19: Final Payload Testing
Nov 19: Deployment Testing

For Instructional Use Only
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Aerospace

/% on 2\

@

High Performance — Heavy Lift Utility Quadcopter

Extremely Capable
Heavy payloads — up to 80 Ibs
Long endurance — as long a 2 hours
High altitude — greater than 1200 ft AGL
High speed — 50 mph capable

*depending on configured options

Proven Operations
» Over 800 currently operating in US
airspace — film, gas pipelines, aerial
survey, security operations
+ FAA 14 CFR part 107 Compliant
» Robust long range control link
+ Highly reliable > 600 flight hour life

For Instructional Use Only

Versatile Payloads
Offered with multiple payloads
Or configurable by user
Modular mounting plate for payload
attachment
Flexible ground station options

X
ly% Wanderer Variants

Aerospace

N

* Mark 1 — Video Photography

« Configured with multiple camera configurations,
including 4k filming rig, ultra zoom photography,
thermal survey cameras

+ Short range, high bandwidth optical payload
datalink
* Mark 2 — Aerial Survey

» Multiple wide angle cameras to capture large
swathes of land

* Intended for semi-autonomous operation

* Mark 3 — Remote access point
* Long range line of sight comms to air vehicle

+ Wifi networking to remote points beneath vehicle

For Instructional Use Only
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