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Abstract

THE EFFECT OF REQUIREMENTS PRIORITIZATION ON AVIONICS SYEM
CONCEPTUAL DESIGN

This dissertation will provide a detailed approach and analysis of a new cdilabdora
requirements prioritization methodology that has been used successfully on faur Coas
Guard avionics acquisition and development programs valued at $400M+. A statistical
representation of participant study results will be discussed and adatydetail.

Many technically compliant projects fail to deliver levels of performamzk
capability that the customer desires. Some of these systems compkteHthreshold”
levels of performance; however, the distribution of resources in the process devoted t
the development and management of the requirements does not always represent the
voiceof the customer. This is especially true for technically complex projecitsas
modern avionics systems.

A simplified facilitated process for prioritization of system requieats will be
described. The collaborative prioritization process, and resulting artiéédssthe
systems engineer during early conceptual design. All requirentemstahe same in
terms of customer priority. While there is a tendency to have many threstsbtts of a
system design, there is usually a subset of requirements and system perfdiauaiscef
the utmost importance to the design. These critical capabilities andl ¢eNiels of
performance typically represent the reason the system is being built.

The systems engineer needs processes to identify these critidalitapathe
associated desired levels of performance, and the risks associated wittcifie spe
requirements that define the critical capability. The facilitated if@ation exercise is

designed to collaboratively draw out these critical capabilities and lefvptsformance
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so they can be emphasized in system design. Developing the purpose, scheduling and
process for prioritization events are key elements of systems enggead modern

project management. The benefits of early collaborative prioritizab@ntfiroughout

the project schedule, resulting in greater success during system depiayme

operational testing.

This dissertation will discuss the data and findings from participant studiessenpee
literature review of systems engineering and design processes, and bhggiatiesis
that the prioritization process had no effect on stakeholder sentiment related to the
conceptual design. In addition, the “Requirements Rationalization” processewill
discussed in detail.

Avionics, like many other systems, has transitioned from a discrete elestroni
engineering, hard engineering discipline to incorporate software engiges a core
process of the technology development cycle. As with other software-basedssyste
avionics now has significant soft system attributes that must be considered @sitre
process. The boundless opportunities that exist in software design demartid gircori
to focus effort onto the critical functions that the software must provide. This hraa bee
well documented and understood phenomenon in the software development community
for many years. This dissertation will attempt to link the effect of soéwdegrated
avionics to the benefits of prioritization of requirements in the problem space and

demonstrate the sociological and technical benefits of early prioritizadchiges.
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Chapter 1 — Introduction

Avionics capability, like many technologies, has been in a state of trarafon
from discrete electronic system design to software defined and intbgyestiems. As
with other software defined and software controlled systems, prioritization of
requirements is becoming more critical to successful design effortgitiPation of
requirements is well documented in terrestrial networked architecture anchapps
due to the limitless possibilities that can be achieved through software desige. Thes
types of designs need to be bounded by priority so that the design effort does not exceed
the planned project scope. Prioritization as a design practice, and the adsociate
techniques in software development efforts, has not made the formal methodology
transition in literature to avionics engineering disciplines.

The Requirements Rationalization process is a compressed prioritizatrdriretds
used at the beginning of conceptual design. Study data taken from projects that
incorporate Requirements Rationalization has been analyzed to assess thbathent
and artifacts have any impact on stakeholder acceptance of the conceptualattesig
selected avionics projects. The application of the Requirements Ratioonl@atcess
early in design is intended to align major stakeholders in understanding the problem
provide an opportunity for design teams to extract tacit knowledge relate to how the

system will be used, and perform early risk identification.

1.1 Research Objectives
1 — Determine if there is positive correlation between the process of pnngyiti

requirements and customer satisfaction with avionics system conceptgal desi



2 — Determine if delivered designs meet the expectations of major stakeholders.
3 — Examine the body of knowledge related to prioritized requirements, systems

engineering and avionics system design.

1.2 The Effect of Requirements Prioritization on Avionics Projects
1.2.1 Avionic Systems Evolution

Avionics systems have transformed from discretely controlled fedecataponents
to networked digital systems supported by sophisticated software design. Irythe ea
days of aviation, the pilot needed to be able to see a visible horizon to safelg tiperat
aircraft. As aircraft began to develop capability for longer flights, gilo€eded devices
that could provide an artificial horizon reference when visual conditions were not
available, thus providing the capability for pilots to fly the aircraft onunsénts.
Altimeters and crude radio location equipment were also included in early @vionic
designs to provide references for navigation. “Lieutenant James H. Dodlittfdeted
the world’s first instrumented flight on Septembel' 22929 with these early crude
systems [47].”

Modern avionics systems are integrated, complex, and software defined. Lang wa
radio navigation aids, such as LORAN and OMEGA, transitioned into Variable Omni
Range systems (VOR), Instrument Landing Systems (ILS), and Indatiggation
Systems (INS). VOR, ILS and INS are now being augmented by GlobaloRositi
System (GPS) satellite data providing very accurate navigation aapal@PSs itself is
being enhanced by artificial ground constellations such as Wide Area Augmentat

Systems and Local Area Augmentation Systems (WAAS and LAAS) to syppeaersion



approach and navigation. Legacy electromechanical, pneumatic devicesiged bave
been replaced in modern aircraft with completely digital cockpit environments
Navigation, tactical, aircraft status, and flight information is now digalan high
definition plasma or liquid crystal displays [46].

The variety of avionics has also exploded beyond traditional navigation and
communication equipment. “The complexity of system design has grown exponentially
as sensors, fire control systems, autopilots, Lasers, Infrared systeatyriic Counter-
measures, and cameras have been added [33].” Jim Curran summarizes major trends
avionics designs:

Movement from analog to universal digital processing.

Increased levels of system monitoring, fault detection, and fault isolation.

Reduced equipment size, weight and power consumption.

Increased reliability and maintainability.

More modularization of system hardware and software for better growth

enhancement, survivability, and functional availability.

e Higher levels of commonality and standardization of hardware for
logistics purposes.

e Increased device integration and miniaturization.

e Movement from electromechanical to electronic flight instrument system
displays.

e More integration at the subsystem and functional levels, such as sensor
fusion and integrated image processing.

e Higher-tech approaches to functions, such as datalink instead of voice
com, Fly -By-Wire instead of mechanical/hydraulic flight control syste
satellite communications and satellite navigation instead of their ground-
based counterparts, flat panel displays instead of electromechanical and
cathode ray tube displays.

e Increased information correlation, validation, sharing, and distribution.

e Expanded functional capability and operational integration.

¢ Increased Flight Safety support.

e Pilot workload management through higher levels of functional, human-
centered automation.

e More information availability in a more intuitive graphical presentation

(format/symbology). [20]



1.2.2 The Linkage of Software Engineering Practices to Avionics

All of the above trends are driving modern aircraft to represent more of a networked
processing architecture than just an assembly of disparate federatestesulsyintricate
and detailed engineering processes are called for in order to dstadiisonious
integrations of software and hardware packages from many different manerfactur
Complexity increases once again when military applications of avionics techmlogy
the aircraft design and constraints beyond basic auto-flight, communicatidns
navigation requirements.

The modern aircraft system has a close relationship with terrestsairked
processing systems. The pilot has become impacted by software-defineahalitgti
much in the same way as the user of any desktop application. Control interface,
graphical user interface, display, and software defined functionalitypdigt usability
for the pilot. There is even a great deal of software-defined functiortadityloes not
exist in any singular subsystem, but is created at the interfacesamfsrayistems through
software defined elements. The trend of software defined capability andre&amnce
upon graphical user interfaces transitions avionics engineering into somedtis@doc

application development for terrestrial networks.

1.2.3 Prioritization of Requirements in Software Design

Software designers and systems engineers for terrestrial netvamikchtions have
recognized the benefit of prioritized requirements for many years. Thesigds
driven by the endless possibilities that exist in software design. Withoutipaiton, a

particular aspect of the design could be continually refined at the expestberndesired



functionality. In short, the possibilities encountered in software functioraaktgndless
and can quickly spiral out of control from a cost and schedule perspective.

“Requirements prioritization is executed in a variety of formal and inforragsw
with the purpose of discovering the most important requirements for the systenser”
[66]. Some define priority as a “characteristic of a requirement”\Mble others see
priority as “an opportunity to align stakeholders toward a validated design co86gpt [
Priorities can evolve at heuristic levels or within very specific requnésndefinitions
depending upon the stakeholders’ or customer’s focus. Often priorities then flow into a
“Quality Functional Deployment (QFD) based on the completion and analysisafse H
of Quality (HOQ) [92].” The HOQ represents a prioritized list of functioaguirements
related to very high level technical characteristics and relationshipsdiet
requirements. In many of the basic prioritization efforts such as theitizadon matrix
method, priorities are assigned exclusively by customers [102].” In otstensy such as
the Analytic Hierarchy Process (AHP), “mathematical formulas indha bf advanced
pair-wise comparisons provide relative ratio scales for user defindzlitgriand criteria
[92].”

So how does an organization represent priorities in an attempt align the HOQ or
weight the AHP? Whether at the Heuristic level or at a detailed retgrits level,
organizational and functional goals must effectively flow down to detailedfisjp¢icns
if the designer is to achieve a customer-validated design concept. Tlhie eapecially
problematic if there are many stakeholders with various heuristic @sowho are not

included in setting priorities during the preliminary design process.



All of the traditional software and systems engineering models or methasklog
make assumptions of well defined requirements and stakeholder alignment at stme poi
in the process. Usually this alignment is indicated at a gate or formahreaiere the
customer’s representatives sign off on the concepts and requirementsezkpsess
engineering team. But how was the heuristic architecture that drovejtheeneents
initially decided upon? Key Performance Parameters or Criticédniesd Parameters
are too often presented to the customer by providers in an attempt to accomplsh an ea
to execute design. Other dysfunction can be driven by Integrated Prodons fhed
churn membership or have failed to align the design to higher level organizational
priorities. Senior leadership can spoil the stevadnying offon a high level design
concept prior to fully vetting the impact through organic technical expertsitiedige
buying the PowerPoimresentation.

Some of the above indiscretions are recoverable in some types of engineering and
design processes that support business applications. Avionics system design demands
that no such foolishness occur. The expense and fidelity required for aircraft
functionality requires that direction in early stages of design consider factoys early
on. Peter DeGrace says it best: “The developers of engineering appicaed to
have a much closer relationship with the hardware and communications people than do

the developers of business systems [24].”

1.3 Requirements Rationalization
Selected U.S. Coast Guard Aviation engineering projects utilized a system

engineering process called Requirements Rationalization. RequirenagiotsalRzation



is a facilitated process that results in a prioritized list of requinésraerived from
organizational (functional) objectives or preliminary requirements. The grecagre-
conceptual design, time compressed event that includes major stakeholdees 1FiY
from various disciplines in a prioritization event. The process yields a number ibicspec
benefits:

1 — Prioritized preliminary requirements (enormously beneficial in desigostaetforts).

2 — Consensus among major stakeholders regarding heuristic priorities, thusgdaeicin
risk of politically driven design changes.

3 — Tacit knowledge exploration of how the deliverables will be used by the customer
aiding in development of design concepts.

4 — A milestone and deliverable in the Systems Engineering process that sighals a
records the priorities that will guide conceptual design efforts and spicific

5 — An opportunity to capture initial project risks associated with specific desire
functionality or requirements.

The Requirements Rationalization process was created and utilized on a number of
avionics design/acquisition projects being executed by Coast Guard engirieanisg
Requirements Rationalization events were held supporting the following system
acquisitions: the C-130J Mission system, Rotary Wing EO/IR System (R8&)y
Wing Radar System (RSS), and the Helicopter Integrated Data Storage @yHdSn
project. All of the systems are in various phases of acquisition, design andydeliter
ESS was delivered for integration on 30 April, 2007, the C-130J was delivered in the
Spring of 2008, and the Rotary Wing Radar System will be acquired and prototyped in

2008-09. The RSS and HIDS systems present the best opportunity for analysis from a



schedule perspective. The Requirements Rationalization process is used imphtatte

drive priorities through the design process to a customer-validated desigptconce

Q
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Reqmrements « 2@%
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@ @
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Figure 1-1 The variety of Stakeholders involveaisuccessful Requirements Rationalization process.

1.4 Internal Stakeholders

Leadership within the Aviation Acquisition section has recognized the Requisement
Rationalization effort as helpful in the process of exposing and documenting their
interests and concerns. The requirements elicitation process previousiy inylittes
various external integrators was not widely viewed as providing an adequat@eust
voice and often became very political rather than rational. There has bedrframshif
external integrators to more organic methods of requirements development aad proje
execution. As a direct result of the confidence developed from pilot Requirements

Rationalization efforts, the Requirements Rationalization Team has beenasked t



architect an entire systems engineering process, including integodtiools, to support
requirements elicitation and management for Coast Guard Aviation acquisitions.

The Requirements Rationalization prioritization process can be focused oetgy var
of objectives. In some instances, the customer may desire to establishghdigvbls of
performance inside of certain capabilities while constrained by designttoledhis
particular instance, the design team can help the customer establishigbcajpabilities
that will fund increased performance in the desired areas (figure In&igure 1-2 the
process is focused on performance of certain capabilities. These capabéiiesitally
represent critical functions that the organization recognizes as a higky@ooss all
major stakeholders. In other instances the process can be applied to heuristitsothe
performance such as safety, maintainability, affordability, or “gbahility [37].”

The initial step in any design process is to define clearly what needgugereents
are to be addressed. This seems intuitive and simple enough. This could explain why
processes and methodologies for systems engineering and design go indetgrea
about every process except prioritization. Most simply state that themarsteeds to
establish priorities. In many instances literature points to the deSeagtablishing
priority by rank ordering design goals [101].” But, on any given day, the person that
shows up with the organizational priorities may not have the whole story. Yes, this
includes the designers themselves. Designs are often well down the road bgfore tr
flaws in priorities are discovered. The designer must align the organization and
stakeholders in order to be successful. “It is important to understand who wants the
system built and why. It is also important to understand who does not want the system

built and why [63].”



Blocks of “Capability”

Traditional Requirements View /\

==

Funding Limit
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'+ Performance

Customer sacrificed capability fg
increased performance
in higher priority requirements

Figure 1-2 The Requirements Rationalization view of customer priority.

1.5 External Stakeholders

While the prioritization of requirements has been addressed in a number of other
disciplines, the avionics community has not widely adapted techniques for roadmap
development of avionics capability. For many years, avionics capabibtgetswas very
stable. Introduction of network-centric operations, coupled with new cryptograpdhic
navigation requirements, have exponentially increased cost, risk and technicalitgiffic
of life-cycle management for avionics systems. Aircraft have very muamnieemobile
Information Technology vehicles that host derived security and technology reqotse

from the networks in which they participate. It is therefore paramount thaffickidn
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of customer priorities are considered early in design before commitmenhiteetures

are made that will never be able to satisfy the long term capability egadm

1.6 Barriers

There are significant barriers to acceptance of prioritization as ansgeating
conceptual design initiation. Avionics industry resistance to acceptingrdipation
process centers on marketing objectives. Current strategies in the irmsladtrgused on
packaging of products to capture market share for internally developed graddct
products developed by strategic partners. It is quite likely that if a cussamesires
could be effectively expressed, the only solutions provided would be products marketed

by the company providing engineering and integration services.
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Chapter 2 — Literature Review

2.1  The History of Systems Engineering

“Systema” is the Greek origin of the word system, meaning “an organized whole [9].”
“Systemology is the science and study of systems, their creationatmeatfon, and
their refinement [10].” Systems are everywhere and define the moderofstat
technology. Many systems are intentionally designed to exploit the propdrties
emergence. People have always combined elements from the naturahveonidy that
served a particular function or purpose. As many sciences are up agaimsit$shef |

known physics, advances in technology are becoming grounded in leveraging emergent

properties from the combinations of technologies thus creating systems.

2.1.1 System Definition
The wordsystenmhas many different definitions that depend on the experience of the

person using the word, context of the use of the word, and the period or time frame in
which the definition was provided. Systems are today combining many feorergs
and becoming much more complex. Systems are now interfaced heavilytveith ot
systems, sometimes creating Systems of Systems. They also inwol/stakeholders,
customers, and maintainers both in development and sustainment. As the interfaces and
components increase, “a wider variety and depth of experience is requirechtaimai
systems [27].” Below are a number of system definitions:

INCOSE Definition of a system — “A system is an integrated set ofegles

that accomplishes a defined objective. These elements include products

(hardware, software, firmware), processes (policies, laws, procedweep)e p

(managers, analysts, skilled workers), information (data, reports, media),
techniques (algorithms, inspections, maintenance), facilities (hospitals,

12



manufacturing plants, mail distribution centers), services (evacuation,
telecommunications, quality assurance), and other elements.”[27, 30]

Sage and Armstrong define a system as: “ A group of components that workrtogethe
for a specific purpose [93] .”

Martin uses the following system definition: “A set of integrated end products and
their enabling products. The end products and enabling products are composed of the
one or more of the following: hardware, software, personnel, facilities, daterjaist
services, and techniques [76].”

Parnell take a different approach and defines attributes that are comsysteims:

e Systems have interconnected and interacting elements that perform system
functions to meet the needs of consumers for product and services.

e Systems have objectives that are achieved by system functions.

e Systems interact with their environment thereby creating effects on
stakeholders.

e Systems require systems thinking that uses a systems engineering thought
process.

e Systems use technology that is developed by engineers from all
engineering disciplines.

e Systems have a systems life cycle containing elements of risk¢hat a
managed throughout the life cycle by engineering managers.

e Systems require systems decisions, analysis by systems engineers, and
decisions made by engineering managers. [27]

Eisner recognizes the variety of definitions for systems and preseantipldisd
definition: “a system is any process that converts inputs to outputs [30, 31].”

Maier and Rechtin provide this definition; “System — A set of different elensents
connected or related as to perform a unique function not performable by thatsleme
alone [73].”

Blanchard describes a system as “a complex combination of resources @ntlod f

human beings, materials, equipment, software, facilities, data, informaticiceseetc.)

integrated in such a manner as to fulfill a designated [[i€3d
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Modern systems are becoming more interconnected, complex, and serve multiple
purposes. “Systems also have large numbers of technologies and interfaces that
combined to serve the system function [73].” Blanchard further defines a sysienmms
of the following general characteristics:

1. A system constitutes a complex combination of resources in the form of
human beings, materials, equipment, software, facilities, data, money and
so on. Such resources must be combined in an effective manner, as it is
too risky to leave this to chance alone.

2. A system is contained within some form of hierarchy. As such, the system
is highly influenced by the performance of the higher level system, and
these external factors must be evaluated.

3. A system may be broken down into subsystems and related components,
the extent of which depends on complexity and the function(s) being
performed. A system is made up of different components that interact
with each other. Component interaction must be understood by the
systems engineer/designer/analyst. Because of these interacti®ns, it i
impossible to produce an effective design by considering one component
separately. The system must be studied as a whole, broken down into
component functions, and then reassembled to be completely understood.”

4. A system must have a purpose. It must be functional and thus respond to a
specific identified need and be able to achieve its objective in a cost-
effective manner. There may be conflict of requirements and objectives,
influenced by the higher-level system hierarchy, and the system must be
capable of meeting its stated purpose in the best possible way.[9]

2.1.2 History - The Science of Systems
The industrial revolution began to evolve societies away from agricultural
employment and into creating technologies following the European Renaissanée. Re
Descartes’” is enshrined in the term “Cartesian Reductionism — the conbegdlohg
down big complex things into smaller more understandable parts [48].” Descartes’
created a number of foundational theories and he is credited with many of thegsocess

of engineering, science, and mathematics. Reductionism provided the theory that the

whole system or device could now be explained or understood by aggregating the various
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functions of the parts and descriptions back together into a unified whole. Examples of
Cartesian Reductionism exist in almost every facet of modern life. Engigeetifacts,
modern construction, and the way we are educated, are all effected byotlyeothe
reductionism. When we define requirements, synthesize, and prioritize, wergye usi
René Descartes theories of reducing complexity in order to understand tieesydteim

[48].

Over time, scientists began to notice that not all things could be explained by
reductionism. Some things seemed to function, or be capable of being described, only in
their combined and complex state. “Systems may have been assembleinijpterand
understandable parts, but the parts and their functions could not make the whole
understandable. The systems that could not be explained by their parts wdre calle
Complex Systems or Complexes [48],” and seemed to be made up of parts thatirequi
each other in order to provide function. The various parts of complex systems may only
have identifiable function when they are combined with, and understood in context with,
other parts of the whole system.

“The discovery of complexes or complex systems started a movement halled t
Systems Movement [49].” Systems thinking eventually spread into systsiga,de
systems of systems design, and into many areas beyond the hard sciemass su
business. Elements of systems began to be designed to interface with, and even adapt t
each other. “These combinations provided various functions effectively arndreffic
through their combination. Since some designs and combinations of parts may work

better than others, the idea of the best or optimum system design emehgtae wit
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systems movement. A Society of General Systems Research was fouth@8d,iwith

the following principal contributors [48].”

Ludwig von Bertalanffy, a biologist
Kenneth Boulding, an economist

Ralph Gerard, a psychologist

Anatol Rapoport, a bio-mathematician [48]

The General Systems Theory published by the Society had four major goals:

1- To investigate the isomorphs of concepts, laws, and models in various

fields, and to help in useful transfers from one field to another;

2- To encourage the development adequate theoretical models in areas that

lack them;

3- To eliminate the duplication of efforts in different fields;

4- To promote the unity of science through improving communications

between specialists. [48]

Two of the most significant models/theories that were developed as teofesul
General Systems Theory, are the theory of “parallels and isomorphisrddheaconcept
of “open systems versus closed systems [48].” “Both of these concepts were developed
by Bertalanffy. Parallels and Isomorphisms describe a phenomenon thatitus
sciences exhibited a continuous progress towards a parallel of ideas agygtg0onbich
allows for identification of isomorphisms. Isomorphisms are concepts thgtagpks
disciplines and provide the basis of General Systems Theories that applyysieihs
[49].”

The Concept of the Open System — “Bertalanffy described an open sydtema@s
contact with its environment, receiving inputs and emitting outflows [49].” Itis
important to clarify that open system in this context has a different metwangvhen
open system is used in relation to non-proprietary systems. An open systenias able

adapt and conform to its environment while maintaining a steady state. Tityet@bi

remain in a steady state while adapting to a changing environment thabopen
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systems are by their nature internally dynamic or changing, esBeathieving states of
homeostasis on a continuing basis. This defines open system stability as being
fundamentally different than the concept of stability for closed systems ircghyich
are not internally dynamic and generally do not achieve a compensatidy state
when reacting to an externally dynamic environment. In this way, openspsthavior
is similar to the behavior of humans in a social environment. Jung studied and
documented the ways that groups behaved differently than individuals. “Jung noted that
while a social system is in a steady state, that same system couldseaukly, while
remaining in a steady state, evolve and adapt to external stimulation [48].”

In addition to the concepts of open and closed systems, are the concepts of “hard and
soft systems [62].” Hard systems are usually associated with protiiatrean be solved
by use of traditional engineering analysis and classic engngegroblem solving
techniques. Hard problems have definitions and solutions that last over long periods of
time and are testable to quantifiable levels. Soft systems, on the other Qaid, re
investigation into the multiple views of problem situations that resist beingdsbly
hard system problem solving techniques. Many modeling techniques have besth creat
in an attempt to represent the various views of soft systems. “Hard and softssyste
associate with systematic processes and systemic processedjwelypeSystematic’
refers to the systematic procedures followed in order to achieve a plannegaatile
end in the development of a hard system. ‘Systemic’ refers to thinking angdgesdkat
address the whole system and about the problem pace embedded within the opofplexit

the system [62].”
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The next step in the understanding of systems and the history of systemsrenginee
was the revelation of emergence as a property of systems. Emergeamisedasnature
of system behavior that some functions, activities, and capabilities canrititheed to
the functions of any of the parts if viewed in isolation from the systenwasla. Thus
emergence confounds the principle of Cartesian Reduction. Certain capadmilities
functions caremergefrom the combinations of system elements and cannot be allocated
to individual parts. Essentially the capabilities emerge from the intsrfdEenergent
characteristics of organizations and other types of human groups have provided us with
the term synergy. Synergy is described as the unexpected, or emergens henefi

management of people working in groups [49, 62].”

2.1.3 Systems Engineering Definition

“Systems engineering is the discipline of engineering systénsnot merely the
definition of requirements and architecture for such a system but a procesgshat t
establish order in aligning designs with needs while leveraging emanmgcomplex
system properties [76].” Management practices associated witimsysteineering,
such as requirements and risk management, help with the quality consetdncy
schedule of delivered products. However, the success or failure of the end prdduct wi
depend upon successful engineering and design. The INCOSE definition of systems
engineering is: “An interdisciplinary approach and means to enabizatesi of
successful systems [10, 30, 39]

DoD provides a more detailed definition:

Systems Engineering involves design and management of a total system
which includes hardware and software, as well as other system life cycle
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elements. The systems engineering process is a structured, disciplined, and

documented technical effort through which systems products and processes

are simultaneously denned, developed, and integrated. Systems Engineering
is most effectively implemented as part of an overall integrated product and
process development effort using multidisciplinary teamwork.[30]

The Defense Systems Management College defines Systems Emgjraeseri
“An interdisciplinary engineering management process to evolve and verify an
integrated, life cycle balanced set of system solutions that satisfy arsteeds [31].”

NASA defines Systems Engineering at a high level as follows: “A ra@pmsbach to
the design, creation and operation of systems [10].”

Eisner prefers this definition: “Systems Engineering is an iteratoeeps of top-
down synthesis, development, and operation of a real world system that satisfies
near-optimal manner, the full range of requirements for the system [30].”

Sage and Armstrong provide the following description of Systems Engineering
“Systems engineering can be described as a technology managemeribtgchn
Technology is the organization, application, and delivery of scientific knowleddeefor t
betterment of a client group [93].” They also provide a Systems Engineexmegviiork
consisting of three fundamental steps:

» |[ssue formulation, such as to identify the needs to be fulfilled and the
requirements associated with these in terms of objectives to be satisfied,;
constraints and alterables that affect issue resolution and generation of
potential alternative courses of action.

* |[ssue analysis, such as to enable us to determine the impacts of alternative
courses of action including possible refinement of these alternatives.

» [ssue interpretation, such as to enable us to rank order the alternatives in
terms of need satisfaction and to select one for implementation or
additional study. [93]

“Systems Engineering is an interdisciplinary approach and means to dreble t

realization of successful systems, especially large scale syR&hi' The process
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focuses on understanding customer problems or needs and then defining the required
functionality to support customer needs. This is accomplished by documentingdise ne
in the form of requirements and then executing design synthesis. The process is
continuously checked through the work of system verification and validation. Modern
systems engineering considers the problem within the context of the coriiplejele.
Parnell defines several elements or functions of systems engineering:

- Understanding stakeholders of the system well enough to meet the
functions and objectives for the system.

- Measuring the levels of functionality provided to meet customer needs.

- Integrating a team of traditional engineering practitioners and other
stakeholders to evaluate alternatives.

- Maintaining an acquisition/development life cycle involvement in delivery
of the system.

- Assuring adequate system performance and functionality at criticatproje
gates through analysis and modeling.

- Supporting the Engineering management team responsible for life cycle
process beyond initial development and delivery. [27]

Blanchard prefers a modified version of the MIL-STD-499 [23] definition as follows:

Systems Engineering is the application of scientific and engineering
efforts to: (1) transform an operational need into a description of system
performance parameters and a system configuration through the use of an
iterative process definition, synthesis, analysis, design, test and evaluation,
and validation; (2) integrate related technical parameters, and ensure that
compatibility of all physical, functional, and program interfaces in a
manner that optimizes the total definition of design; and (3) integrate
reliability, maintainability, usability (human factors), safetygdurcibility,
supportability (serviceability), disposability, and other such factors into a
total engineering effort to meet cost, schedule, and technical performance
objectives. [9]

As previously discussed, systems engineers design and engineer $gstezes the
needs of customers and stakeholders. There is usually a significant and discetradble s
problems that the customer is trying to solve. Establishing who the customated tel

a particular effort is not always as simple as it would seem. Often tlmnarghat
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delivers the resources and requirements will never use the system. Tha&ipgroha
acquisition agent will likely never derive benefit or function from the systémar than
carrying out their job in the acquisition process. Many times the largeaniaation that
is funding the initial development of the system may not be the end user of the. sjstem
the system is developed for government sources, the system may be leverailed by
agencies that become wider users of the system that the original cusidradrue
customer may be buried in layers of bureaucratic acquisition processeskaho|stzrs.
“It may also be difficult to identify the future users or consumers of thersysThis is
especially true in many government or integrator based systems enggreféoits [27].”
Checkland defined systems engineering as “the set of activities thttdotpad to
the creation of a complex, man-made entity and/or procedures, and the information flows
associated with its operations [14].” “Since this methodology is focused on developing
an engineering solution to a system problem, it is called systems enyinée].”
According to Hitchkins, Systems Engineering has several objectives:
» To scope the problem place
= To explore the problem space
» To characterize the whole problem
» To conceive potential remedies
= To formulate and manifest the optimum solution to the whole problem,
that is, the best solution achievable in the situation, constraints and
circumstances
» Hence to solve, resolve, or dissolve the whole problem [93]
These are closely related to the foundational process developed by Hall:
Problem definition
Choice of objectives
Systems synthesis
Systems analysis
Systems selection

Systems development
Current engineering [43]

NouokrwhE
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Russell Ackoff contributed to soft system theory with the concept of Interactive
Planning. Interactive planning is heavily dependent upon stakeholder participation and
concurrent engineering. The process intends to implement user and stakeholdiespriori
n the design and build processes. The principles of Interactive Planning are:

1. Participative — Implies that the process of planning is more important than
the plan itself and that the process needs to be enriched by the
participation of those who are affected by the plan.

Continuous — In order to account for any unexpected changes.

Holistic — In order to simultaneously and interdependently plan for many
different parts and levels of the system as possible. [1, 62]

w N

The five phases of Interactive Planning are:

Formulating the mess

Ends planning

Means planning

Resource planning

The design of implementation and control. [1, 62]

agrwnE

The products and results from Soft Systems Methodology (SSM) are elytreme
different from those of hard systems engineering processes. “The ieastitieliverables
are not a set of discrete results from analysis, but are recognitionnégand insight
[62].” The following six elements provide the structure for SSM:

= Customers — The victims or beneficiaries of the system.

= Actors — The people who will perform the activities of the system.

= Transformation Process — What input is transferred into what output by
the system? What is the core of the purposeful activity?

=  Weltanschauung — What image of this world makes this system
meaningful? What is the worldview?

=  Owner — Who could abolish or stop this activity?

= Environmental Constraints — What external constraints does this system
take as a given? What are the environmental provisions? [62]

Soft systems methodology does not seek to mechanically design an acceptable

solution by analysis like hard systems processes, but works to craft aspvbces
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learning focused on the product. Essentially, hard systems engineeringspsoce

define the objects, or things, to be achieved. “Soft systems by definition,ahe tot
human systems or heavily interfaced with humans and human performance, and, as
such, make it difficult to establish solidly testable metrics or crifé@a” For soft
systems, there may be many solutions that may be optimal depending on a particular

world view or culture of the stakeholders.

Action to Improve
the Problem
Situation

The Problem
Situation
Unstructured

Feasible,
Desirable
Changes

The Problem
Situation Expressed

Comparison of
Conceptual Models to
the Expressed Problem

Real World

Systems Engineering

The Root
Definitions of
Relevant Systems

Conceptual
Models

Formal
Systems
Concept

Other Systems
Thinking

Figure 2-1 A representation of Soft Systems Methugip[62]

Below are a number of Systems Engineering Strategies

= “Waterfall, in which each phase of a project (problem solving, concept
development, requirements analysis, specification, design, development,
implementation) is completed before preceding to the next [9, 10, 31].”
See figure 2-2 below.

= “Evolutionary, in which new systems are incremental improvements on
previous tried and trusted systems [30].”

= Simultaneous or Concurrent, in which:
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o “Activities which might otherwise be sequential or overlapped to
reduce time to completion”
o “Designs anticipate the needs of development, production,
assembly. etc.” [30]
“Sashimi — like the waterfall, but with some overlap between phases [49,
73]
“Regression — which allows each phase to linger throughout the project
[49, 73]"
“Chaos — breaks the rigid notion of phases and allows them to come and
go as the project evolves.”
o0 “Once rework breaks out, most projects de facto tend towards
chaos.”
o0 “Managers may become unduly concerned about this state, which
may offer the best performance in complex situations [49, 73]”
“Spiral or Helical, involving the use of prototypes to elicit better
understanding of the requirements and to explore potential solutions.
Software engineers have adapted linear sequential models into a highly
iterative process to support risk reduction and to support continually
evolving products [9, 10, 24, 31].” See Figure 2-3 below.
“Goal oriented, in which the objective is to create the emergent features of
a goal system by synthesis and without reduction [49, 73].” “Goals are
desired end states, and operational statements of goals are called
objectives which should be measurable, and where possible, be attainable.
Feedback and control are essential to the effective performance of the
system [62].”
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Figure 2-2 The Waterfall systems engineering 946, 10, 31]

2.2 Establishing Stakeholder Need — The Problem Space

We confrontproblemsalmost every day of our lives. Some of these problems are
small, others are a bit more difficult, and a few are complex, very hard¢ckedvi
problems. In systems engineering and design, there are now many more ¢coetplex
hard and “wicked” [62] problems due to exponentially increasing interfacgsoldem
arises when we need to move a system from one state to another [93], or we may need t
achieve a total change by abandoning the current state and starting overstTagkfin
solving a problem is to define the problem in a standard and understandable process.
Blanchard recommends answering the following question during problem definition:
“What is the magnitude of the problem, and what are the associated risks if thenproble

is not addressed [9].”
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Determine objectives,
alternatives, Bvaluate alternatives,

constraints Identify/resolve risks

Need

Develop, verify next

Plan next phases level project

Figure 2-3 A simplified view of the Spiral systeersgineering process [76]

The first phase of solving any problem is to fully understand the problem and set
goals and objectives related to addressing the problem. Understanding then psciie
absolute necessity to good systems engineering practices. Thessgatgneering
process commences with the desire for something or a need to solve a problem. The
want for something is usually based on a real or perceived gap in angegisicess or
system. The gap causes a high level requirement to be generated for atemwosys
system element. Lower level requirements are then defined, aldng witority for
introduction. “These needs, or goals, are often referred to as customakebioder,
requirements and are most often stated in non-technical terms [76].” ciBrthjat move
forward without these fundamental scope definitions and direction risk stavimng
many times without any improved results in any individual project start’[91je tasks

in the problem or scope definition phase, align all of the early systems enginee
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activities required to really understand the problem. “Once the problem has beed de
to some understandable level, goals and objectives may then be established [53, 62].”

“With the problem fully defined, we need to decide on a course of action to resolve
the problem in thénterpretationphase[76, 93].” “Successful problem solving involves
searching through a maze of possibilities, issues and gaps, and then applyisicthe ba
concepts of Cartesian Reduction to distill them to manageable proportions [62].” The
better we define the problem space, the more likely we are to addressctlgarrthe
solution space. Itis a sound definition and understanding of the problem that is the
foundation of any good design or engineering problem.

As discussed earlier, engineering systems are complex and becomingomplexc
every day. Various forms of Cartesian Reductionism are applied in an atoelonpak
down problems into manageable and understandable chunks. Hierarchy is the term use to
describe the grouping of related problem or solution elements in an attempt ibysimpl
and reduce to understandable and manageable levels of complexity. ‘hesame
frameworks that permit complex engineering designs to be built from sinepleced
designs. Developing hierarchies also provides a framework for establishing and
expressing priorities related to both the problem and solution space [62].”

Fundamental to the systems engineering approach is a top down — bottom up
approach to development. This approach is represented in the classic V ofdtienific
and validation [30].” Traditionally, requirements in many cases do not provideda soli
project foundation in the beginning, resulting in extensive and costly changes during
integration and test. “A solid participative early scope, or need, definitigmsdiollow-

on lower level requirements development, shortens the overall requirements development
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cycle, and encourages stakeholder participation from the outset [51].” When a new
system requirement is defined, it is critical that a standard methodologysarglide is
followed. “Dedication to the process is critical for repeatable positivetsgOl’

The process of properly defining the need of the customer in the beginning of a
project may seem basic. However, it is a common source of project failutieeha
customer’s real need is not reflected in the design. The earlier the custpnugities
can be established, the more likely that a rich representation of thosegswiitiflow
into the design. Software development is especially prone to work being developed prior
to the usefulness of the work, or design, being fully defined. In most of these lsases, t
systems engineer is proceeding with the best of intentions and develops ategstem
they are certain will please the customer. So imagine how disappointing, andie&pe
the design becomes if the customer is late to the party and is immediatppothsad
[9].

Correctly and fully defining the problem is often the most difficult and challenging
part of the systems engineering process. Blanchard recommends exetatitieeds
Analysis” utilizing the following questions:

What is required of the system, stated in functional terms?

What specific functions must the system accomplish?

What are the primary functions to be accomplished?

What are the secondary functions to be accomplished?

What must be accomplished to completely alleviate the stated deficiency?
Why must these functions be accomplished?

When must these functions be accomplished?

Where is this to be accomplished, and for how long?
How many times must these functions be accomplished? [9]

CoNoGO~WNE

The customer or stakeholder that develops the original system need is {osweléd

on the problems and the day-to-day business that the system will address [2TicaA cri
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part of problem definition is defining and explaining tagonale behind each

requirement. The process of rationalization is critical to continuing stakesolojgort

for each individual requirement throughout the life cycle of a system. Humans
rationalize and prioritize everything in the course of day-to-day life. Denting the
reason each particular requirement exists, from a functional or operaticsqieve,

allows an engineer to simplify the design by eliminating unnecessary dewlbpand
focusing on customer priorities. The artifact then persists through the ine\ptaigct

staff and stakeholder turnover on complex systems projects [51]. Driscoll prevides
key questions that need to be answered in converting customer needs to systenmsfuncti
and requirements:

e Who are the stakeholders holding a vested interest in the system?

e What is our methodology for implementing the systems engineering
process to define functions and requirements?

e How do we involve decision makers and stakeholders in our systems
engineering process?

e What are the functions the system needs to perform to create value for
stakeholders?

e What are the design objectives for each function?

e How will we measure the ability of a design solution to meet the design

objectives?

What are the requirements for each function?

How will we allocate system functions to system elements?

How, when, and why do system elements interact?

What are the design, operational, and maintenance constraints?

How will we verify that elements meet their requirements and inteffaces
[27]

The Problem Definition Phase is a deliberate and focused process for fawmafati
the gap, need, problem, or issue [9]. The goal is to define fully the problem before
attempting to define solutions. The risk is that people will chase, or worse - hdild a
deliver, solutions to the wrong problem. The initial problem is rarely ever¢a& ‘and

complete problem or issue [27, 73]. A goal is an envisioned future state of being. Some
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goals may not be specific or realistic enough to be actually attainabéds &l
objectives provide the directions or paths in which customers may like to move [40] with
the objectives representing the “operational expression of goals” [62].

An objective is a statement that captures the intent of a project goal. tidgec
should be attainable [62]”, and written so that it is possible to measure the dattempt
fulfill the objective. Criteria are the specific measurable definitionsaooed in
objectives and facilitate verification and validation. A standard is a fegairement or
objective such as a published set of minimally acceptable measures of value [6]
Standards can be published by the acquirers themselves, or may be an acceptgd industr
or government set of criteria for a specific set of functions or constfaijts A
published Military Standard for aircraft electrical criteria, or an itrgugandard for wire
coverings are good examples of standards [62].

In complex system designs, poor aggregation of requirements into hierarchigs duri
development can increase complexity [10]. “The levels of complexity in systesign,
along with the gradients of solution options, explain why a single optimumasoisit
difficult to achieve in such systems [73].” There are just too many stakeholiders w
differing views, too many conflicting interests, and too many conflic@egirements.
Because systems have become so large and complex, it is difficult to decompose
functional requirements and then aggregate the functional hierarchies into’aHoast
among various solution alternatives [93]. “In any resource-limited situatiotruthe
value of a given service or product is determined by what a buyer is willgiggap in

order to obtain it [73].”
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At the interface of problem definition and solution definition lies requirements
development and management. Hooks and Farry define a process that represents an
expansion of requirements definition:

1. Scope the product by defining needs, goals and objectives, mission or
business case, high-level operational concepts, customer requirements,
constraints, schedules, budgets, authority, and responsibility.

2. Develop operational concepts, expanding them to cover all phases of the
product’s life cycle.

3. ldentify interfaces between your product and the rest of the world,
clarifying your product’s boundaries, inputs, and outputs.

4. Write requirements to guide product design toward what your customers
need and want.

5. Capture the rationale behind each requirement and expose potentially
dangerous assumptions and incorrect facts.

6. Level requirements according to system and system subdivisions, ensuring
that all requirements are written at the right level and can be tracedback t
their origins.

7. Assess verification of each requirement, identifying the verification
technique and the facilities and equipment required.

8. Format requirements and supporting documentation to ensure that you
have included each of the appropriate types of requirements and that your
development team members can find all of the requirements they must
meet.

9. Baseline requirements after validating that they are correct, canplet
consistent, meet the project scope, and do not add gold plating (buying
requirements or performance that well exceed the customer’s requiseme
or needs). [51]

2.2.1 Stakeholder Definition
A stakeholder is a person, or element of an organization, that has an mterest
responsibility in a system or its output [93]. Stakeholders may be made up of anyone
associated with the success or failure of the system. Stakeholders can include
manufactures, installers, maintainers, managers [76], as well as thegfwmetypes of

stakeholders defined by Driscoll:

1 — Decision Authority — The Stakeholder(s) with ultimate decision authority
to approve and field a systems solution.
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2 — Client — The person or organization that has a need to be addressed and
solicits systems decision support for a project; the source of project
compensation; the stakeholder that principally defines systems
requirements.

3- Owner — The person or organization responsible for proper and purposeful
system operation.

4 — User — The person or organization accountable for proper and purposeful
system operation.

5 — Consumer — The person(s) or organization(s) that have created intentional
dependencies on the products or services output from the system. [27]

Stakeholder involvement is critical to the success of the systems desigroduack pr
decision process. Stakeholders insure that we have the opportunity to understand the
rationale behind requirements. They provide critical decision support by helping the
systems engineer obtain accurate information about both goals and conskanhts
stakeholder involvement is essential for organizational commitment to the &nd sta
solution. [27, 93]

Stakeholders provide important information regarding the environment that surrounds
the problem space. They are necessary to accurately describe the problem and document
the problem statement. Stakeholders help to identify system objectives [76]. They
provide insights to help identify the requirements, constraints and functionsly,Final
stakeholders validate the criteria that will define system perfaeyamd the final
problem statement [93].

It is critical to understand, comprehensively, who is affected by a systestutiors
to a decision problem. The depth and breadth of people that are affected by development
and deployment of a system can be significant, stretching well beyond ustst, In
users can be the smallest group of stakeholders on some system designs [30, 93].

Stakeholders provide for developing a complete definition of the problem. Systems

engineers use stakeholder input to identify the people and organizations relevant to the
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solving the engineering problem [27]. Additionally, stakeholders add to the pioges
considering issues such as the political, economic, social, ethical, and teatalologi
aspects affecting the problem space.
A belief system is a set of beliefs “developed and reinforced by cule@pgy,
experience and training [48].” Belief systems are held and maintaineduyysgof
people with particular viewpoints related to factors such as organizationa, lpebitics,
and functional structures. The stakeholders’ belief system is very oftéengeal in the
problem space for new system designs, especially for design of disruptive ogobsiol
Several familiar techniques exist for soliciting problem space input $takeholders
and customers. Three commonly used techniques are interviews, studies and focus
groups [9, 48, 62]. Focus groups are a technique for stakeholder analysis and elicitation
that closely relates to Requirements Rationalization. Focus groups aaed® quickly
gain a sense of stakeholder sentiment and alignment related to a padiesiga, project
or problem space. Focus groups create tacit to explicit information exchgnging
group discussion between members who often have a common background related to the
problem. Interviews, in contrast, provide a one way flow of information. “Aenargl
rule, focus groups should be made up of between 6-12 individuals. Too few participants
may lead to a narrow perspective. Too many participants will lead to some intfividua
not being able to provide valuable input [27].”
Tacit knowledge is a definition applied to human experience driven knowledge. Tacit
knowledge facilitates grouping and categorization of memories, learhegibe and
experiences. Human knowledge related to the world is imprinted and reinforced into

memory in order to create universal concepts about the world. Tacit knowledgesrefle
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the realities or truths experienced, and thus known, by a person. Focus groups,
interviews, and other elicitation techniques attempt to capture tacit knowdadge
transfer it into the problem and solution space. Weltanschauung is a related concept
describing a person’s “World View”, philosophy or viewpoint about a particular isituat
[48].

Driscoll provides a few basic practices for focus group sessions:

- Develop a clear statement of the purpose of the focus group and what you
hope to achieve from the session. This should be coordinated with the
project client and provided to the focus group participants.

- Develop a profile of the type of participant that should be part of the session
and communicate that to the project client.

- Select a participant pool with the project client.

- Select and prepare moderators that can facilitate a discussion without
imposing their own biases on the group. If resources permit, hire a
professional moderator.

- Schedule a time and location during which this group can provide 60-90 min
of uninterrupted discussion.

- Develop a set of questions that are open ended and will generate discussion.
Do not use yes/no questions that will yield little discussion. The most
important information may come from discussion about an issue ancillary
to a question posed to the group. [27]

2.2.2 Mission Engineering
Mission Engineering is a critical process element of systemaesgryng that is
frequently overlooked. It involves the description and documentation of the intended
mission set, or use, for the system that is being engineered. The “prisi@nidd],” or
critical operational capability, of the system is sought out in the missianesming
process. The purpose of mission engineering is:
- To verify that the system has legitimate missions to be executed that are
not being carried out by other systems.

- To provide a technical basis for the full definition of requirements for the
system. [10, 31]
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“Mission Engineering serves a critical purpose by providing a technica¢¥vark
based on high level priorities for defining lower level requirements for thensy3®.”
A critical question in mission engineering is what capability is primargdiccessful

operation of the system.

2.3 Process for Transformation — The Solution Space

“Systems Engineers define what elements of the system do; then theyidetehat
the elements of the system or entities should be [10, 30].” The solution spaced&rthe r
in which what the entities should be is defined. The solution space essentiatbtggne
the physical manifestation of the system. Now armed with a fully and veeitided
problem to solve, the systems engineer has the responsibility of defining a range of
possible solutions to the problem. A systematic approach to definition of the solution
space, utilizing standard methodologies and techniques, is required to effectively
transition goals, objectives and criteria into the solution space. Many prablems
engineering are a result of not applying a systems approach to meetictiyebj©].

A successful system must provide for the customer’s need at an affordablé@tves
system has to provide for all of the critical system functions for a periochef
considered acceptable by the sponsor, defined as the lifecycle. Objectiasiyrimg
value of the system to the customer may be difficult, especially for stdinsys Of the
three standard criteria, performance (purpose), schedule, and cost, meeatingidheer’'s
expectations for the useful purpose (or performance) is the most crifieasydtem is
delivered without the critical capability or purpose being satisfied, ladir atriteria

become irrelevant. “Architecting begins with, and is primarily responfblgefining
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and maintaining the system’s utility or purpose [73].” This early architglchpproach
requires a significant effort at early scope definition, including the omssnagineering
component. “Documented scope at both the system of systems level and at the systems
level must be concise and well communicated throughout the projects that airezbnt
within those architectures [51].” “Once a cost-effective system acthnitehas been
defined, the next step is to enter the process of subsystem design [31].” Tire syste
architecting approach to systems engineering allocates a cigmiéffort to
understanding the framework, operating environment, and purpose for the system to be
built prior to lower level specifications being developed.

“Problem solving is a focused effort defining a solution [27].” Designing fereifit
than problem solving, and is concerned with the physical manifestation of thersoluti
Designing identifies how entities, or components of a system, need to transform in the
solution space to attain operational goals. “Designing is considered as a psobiamg
activity that searches through a possible states of entities, whereithes\states
represent possible design solutions [62].” Sage and Armstrong define enpradbl‘an
occurrence of an undesired aspect of the current situation that creates avgap bdtat
is occurring and what we would like to have occur [93].” Below in figure 2-4nisdel

of Systems Methodology presented by Hitchins that shows the transfer fromnprobl
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space to solution space [48].
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Figure 2-4 A conceptual model of the systems oulogy [48]

Stakeholders not only participate in definition of the problem, but participate in the
solution space as well. They assist in the solution space with design, asseasthe
testing activities. Stakeholders attend design reviews and provide feedback and
comments on system design, project artifacts, and deliverables. They contiefiad
constraints and requirements throughout the process. Stakeholders participas in spi
development processes by evaluating each prototype solution [10]. Finally, they
participate in test and evaluation programs [30].

At some point in the solution space, decisions about components and designs must be
made. These decisions must align with the framework provided by the problem space

definitions and stakeholder values. Stakeholders are involved in the scoring of possible
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solutions during source evaluations and in providing criteria for analysis ofadites.
They provide the operational criteria or concepts of operation, data, stamdadgss,

test data, simulation, and expertise to obtain source evaluation scoring and réanking o
alternatives. Stakeholders participate in all project and design reviewsiaéigfbose

that contain decision gates that must be approved by key stakeholders for thdgroject
continue. Stakeholders are critical to successful solution deployment. “Tipedetiee
the tasks and controls required to support solution implementation” [27] and provide
critical political support during initial deployment.

The systems engineering thought process is, at its core, a solution sga&ss.pro
While there are critical steps in the problem space that must be carriétheyprioblem
is to be solved correctly, systems engineering is a process for defolurigpns. The
vast majority of documented systems engineering activities occur in thimsapace.
“Systems engineers guide a process to support system design, systgsis, @amal
systems decision making that maximizes the value delivered by a system to it
stakeholders for the given resources [27].”

Problem solving is the process of applying scientific methodologies to analyze,
understand, and resolve a problem. Designing is a process that leverages eggineerin
processes to manipulate the artificial or man made world in the creation abrsalut
“Natural science studies the natural world as it exists, and is therefargtes.
Engineering, on the other hand, is connected to goals and focused on transformation of
the natural world or of existing synthetic systems into what is desired [62ktems

engineering is a special form of engineering that employs a variepgobs patterned
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activities that have been proven to provide relatively consistent resultse Bigur

represents one such pattern of activities advocated by Blanchard [9, 10] .
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Figure 2-5 The System Engineering Process in tfe@ycle [9, 10]

2.3.1 Systems Engineering Models and Standards
In both Figure 2-5 and Table 2-1 below, it becomes apparent that most of the
traditional systems engineering processes reside in the solution spaities
Arguably, only three of the thirteen sets of activities in the Blanchard moé&ejufe 2-5

reside in the problem space. The problem space activities in the Parnell,|@nsicol
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Henderson model of Table 2-1 are listed as the first six activities. Tioesdaare

examples of a widely distributed pattern related to problem space astimiggstems

engineering. It would appear that the systems engineering communéythamely well

defined processes for the solution space once the assumptions of the problenmespace ar

well defined.

Table 2-1 Parnell, Driscoll, Henderson [27] — System Life Cycle Model f¢

Systems Engineering and Managemer

Dr

~—+

System Life Cycle Stage

Typical Stage Activities

Establish System Need

- Define the problem
- Identify stakeholder needs
- Identify Stakeholder needs
- Identify risk factors and initial risk management plan -

Develop System Concept

- Refine system requirements
- Explore system concepts
- Propose feasible system concepts
- Refine risk factors
- Assess initial performance, schedule, and techragly risks
- Develop preliminary design
- Develop final design
- Assess initial development cost, market, and bugss risks

Design and Develop System

- Perform development tego reduce risk

- Refine performance, schedule, and technology riskssessments;
include mitigation steps in risk management plan

- Build development systems for test and evaluation

- Verify and validate design

- Test for integration, robustness, effectiveness

- Includes production scheduling, economic analysiseliability
assessments, maintainability, and spiral design
implementation considerations, among others

Produce System

- Produce system according to desigpecifications and

production schedules

- Apply Lean Six Sigma as appropriate

- Refine development cost, market, and business kis; include
mitigation steps in risk management plan

- Monitor, measure, and mitigate performance, schade, and
technology risks

- Assess initial operational risk to the system

Deploy System

- Refine operational risk to the sysin
- Develop a deployment plan
- Complete training of users and consumers
- Operate system to satisfy consumer and user needs
- Monitor, measure and mitigate operational risks

Operate System

- Identify opportunities for enhance system performance
- Provide sustained system capability through maimnance,
updates, or planned spiral developed enhancements

Retire System

- Develop retirement plan

- Store, archive, or dispose of the system
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Solution space systems engineering activities “span from conceptual desigght

the retirement of the system [31].” Today’s complex systems can be vensesgpt

maintain if factors beyond delivery are not considered as part of a tetaytife systems

engineering process. In the above Blanchard model of Figure 2-5, systet@nsace

and support is considered very early in the systems engineering processs. iThis

contrast to the build it now - fix it later mentality which often involves delivanss

support considerations.

Table 2-2 Eisner [30] - A Comparison of Standards Driven Life Cycle Models
Standard Description System Life Cycle Stages
MIL-STD-499B Focuses on development = Pre-concept
of defense systems = Concept exploration and definition
» Demonstration and validation
= Engineering and manufacturing
development
=  Production and deployment
= Operations and support
EIA.IS 632 A demilitarized version of = Market Requirements
MILSTD 499B = Concept definition and feasibility
= Concept validation
= Engineering and manufacturing
development
= Operations and support
IEEE 1220 Introduces the = System definition
interdisciplinary nature of = Subsystem definition
tasks involved in = Preliminary design
transforming client need, = Detailed design
requirements, and = Fabrication, assembly, integration
constraints into a system and test
solution *  Production
= Customer support
EIA 632 Focus is on defining Assessment of opportunities

processes that can be
applied in any enterprise-
based life cycle phase to
engineer or reengineer a
system

Solicitation and contract award
System concept development
Subsystem design and pre-
deployment

Deployment, installation,
operations, and support

ISO/IEC 15288

Includes both systems
engineering and
management processes at
a high level of abstraction

Concept process

Development process
Production process

Utilization process

Support process

Retirement or disposal process
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While the build and support activities are obviously represented in all of the models
for life cycle system management in Table 2-2, problem definition is built intiirshe
stage of some of the models as a sub-task. In some models, problem definitios @ppea
be an assumption of entry into the bulk of documented systems engineering activities.
The focus on solution space in systems engineering is again highlighted invhescti

represented in the MIL-STD-499B process in Figure 2-6.

Process Input \

o Customer needs/objectives/ requirements

o Missions

o Measures of effectiveness

o Environments

o Constraints

o Technology base

o Outputs from prior phase

o Program decision requirements

o Requirements applied through specifications and standards/

Military Standard 499B view of
Systems Engineering Process

Requirements Analysis
e Analyze missions & environments
e Identify Functional requirements
e Define/refine performance &
l design constraint requirements

System analysis
and control
(balance)

e Tradeoff studies
e Effectiveness

[ Requirements Loop

analysis

Functional Analysis/Allocation e Risk mar
e Decompose to lower level functions e Configuration
o Allocate performance & other limiting requirements to all . ;':‘at:ffgai':e"t
functional levels EL T

e Define/refine functional interfaces (internal/external) e Data

e Define/refine/integrate functional architecture management
e Performance

based progress

Design Loop g:;:ssurement
°

Synthesis o TPM
e Transform architectures (functional to physical) o Tech Review
e Define alternative system concepts, configuration items&
system elements s

e Define/refine physical interfaces (internal/external)
® Select preferred product & process solutions

Process Output
o Phase Dependent
o Decision support data
o System architecture
o Specification & baselines

Figure 2-6 MIL-STD 499B View of Systems Enginegridrocess
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Eisner approaches the systems engineering process by defining timréntedehat
provide granularity to management and design activities in combination. He al$® detali
a “planning phase” which is designed to aid entry into the full blown design process. The
planning phase contains seven key elements which are also integral to developheent of t
SEMP:

Needs, goals, objectives, and requirements.

Task statements, a statement of work, and a work breakdown structure.
The technical approach to the project.

A project schedule.

Organization, staffing, and a task responsibility matrix.

The project budget.

Risk analysis. [31]

NoakwNpE

The Thirty Elements of Systems Engineering defined by Eisner are:

Needs Goals and Objectives

Mission Engineering

Requirements Analysis and Allocation
Functional Analysis and Allocation
Architecture Design and Synthesis
Alternatives Analysis and Evaluation
Technical Performance Measurement
Life Cycle Costing

. Risk Analysis

10. Concurrent Engineering

11. Specification Development
12.Hardware, Software and Human Engineering
13.Interface Control

14.Computer Tool Evaluation and Utilization
15.Technical Data Management

16. Integrated Logistics Support
17.Reliability, Maintainability and Availability
18. Integration

19.Test and Evaluation

20. Quality Assurance and Management

21. Configuration Management

22.Specialty Engineering

23.Preplanned Product Improvement
24.Training

25.Documentation

26.Production

CoNoO~WNE
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27.Installation

28. Operations and Maintenance

29. Operations Evaluation and Reengineering

30. Systems Engineering Management (Planning, Organizing, Directing, and

Monitoring) [31]

Eisner recommends that the focus areas be examined during the execution of the
thirty elements. The particular emphasis on a focus area will depend perticalar
phase that is being approached:

1. Restatement of the needs/goals/objectives of that phase

2. Reiteration of requirements

3. Preparation of tasks statements, statements of work, and work breakdown

structures

4. Key schedule milestones

5. Budget limitations and constraints

6. Project reviews [31]

The flow-down of requirements in NASA’s systems engineering model is espegis
in Figure 2-7. NASA's perspective is that the definition and tracking efirements are
among the most important aspects of the mission definition and the subsequent system
design process. NASA utilizes a proactive iteration with customers dmthestders to
reduce risk and increase the likelihood of a validated system design. NASA
programmatically insures that all parties involved come to an understandingtof wha
needs to be accomplished and what resources will be required for success. &gher vi
the NASA approach as “an enlightened view [30].”

This tightly coupled collaborative approach between the designer and the gustome
critical to successfully engineering a complex system. Howeveif]dkible and joint
approach can be destroyed by inflexible contracting officers and acgjusifpport

staffs that are focused on the adherence to regulation at the cost of deliveraigeinus

and unsustainable systems. Government contracting personnel are rarely equipped wit
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the education and experience in engineering practices that faciitetesstanding of the
iterative nature of requirements in complex designs. This lack of understanéimg oft
manifests itself as distrust between technical advisors and contraxtiachaical staff

try to explain and document the intangible benefits of a particular approach. [31]

[ Mission Objectives }

{Level 1 Mission Requirements}

Programmatic:
m Cost
m Schedule

< m Constraints

Headquarters m Mission
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A 4

Implementing Center SystemFunctional | _ _ _ _ _ _ _ _ _ _
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System Performance <
Requirements

_________ R S

E Subsystem A E Subsystem B E Subsystem C E [ Subsystem D ]
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Figure 2-7 The Flow Down of Requirements in the®ASystems Engineering Process
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Concurrent Engineering — Concurrent engineering is considered by Eisner to be a
crucial part of architecting a system because “it brings togethafrtake necessary
technical and management skills required to design, test, produce and operatethe sy
[30, 31, 59].” Collaboration between various project perspectives and functional groups
adds strength to the overall design approach and speeds communications by shifting a
number of serial activities to parallel activities. This extensive rahggstem
considerations over the entire life cycle must be addressed to asss@keamportant
system features are not neglected [59].

Concurrent engineering employs multiple disciplines and activities
simultaneously. This cooperation and contribution among many participardstisa
success factor in complex systems designs. Concurrent engineering cdicudetdif
manage. “Negative group behaviors can quickly overcome benefits of group
participation. Some examples of negative behavior include: design by committee
diversionary brainstorming and members who focus their energy on second-guessing t

design efforts [53, 73].”

2.3.2 Architecture
The term Architecture is usually used to describe the engineering and design of
structures and buildings. The term is also applied to the structure of teysieahs.
Beam defines architecture as “comprising design elements whichanacteristic of a
system, and of a class of a system, and of a class of systems to whichgsjg].” A
class of systems, in the previous definition, is distinguished by form, fit, dumcti

performance, cost, or other attributes that allow categorization by comeroards.
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Martin defines architecture as : “The highest-level concept of ansystiés environment
[76].”

Architectural design, which usually provides context for the system, issantes
process to complete before beginning detailed system engineering. d€bg main
theme of a system’s architecture is often viewed and treated as thme sgsizept and
drives many design elements. The individual system architecture, or thre large
architecture that the system will exist within, can drive significant nusndfanterface
and other functional definitions. An individual system within a larger architectaye m
only support the overall function of the architecture itself and not provide any other
identifiable outputs. Modern architecting practices must handle systeyysesf
unknown until very recently such as Systems of Systems and heavily integratedesoft
defined networked systems. Avionics systems now fall within this category of
technologies. Design work on these new types of complex, sometimes globahauelt
systems is leading to development of innovative architecting practoesems, and
tools. “New technology and complexity are also driving acknowledgemenhedv
discipline and engineering profession called systems architecting*fBjstems
architecting is a combination of the principles and concepts of both systems and of
architecting [73].” “New ground broken in architecture literally takes ¢ fof
innovative design and is recognized as architecture only later [6].”

The processes of engineering usually involve measurable criteria and/or lyse ana
tools, such as modeling and simulation, derived from mathematics and the hardsscience
Classical engineering, therefore, is a generally consideredugties process that

produces elements that can be verified against a measurable standard. Aghitect
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the other hand, deals with factors that are difficult to measure in a discretiéi@olant
way. Architectures are designed using qualitative tools and guidelindspk/érom
lessons learned or rules of thumb called heuristics. Architectaqgpiged to large scale
and soft system designs that are difficult for classical engine@chgitjues and analysis
to handle. Architecting is often applied when system requirements are havemot bee
well defined by the customer and there could be a wide range of acceptabtnsol
“The system architect cannot usually appeal to the customer for detgl@irements
definition as the architect is usually hired in a capacity to assist withogeweht of the
problem as well as the solution [73].”

Maier and Rechtin have established criteria for systems architectimggfollowing
criteria are in rough order of process:

= A recognition by clients and others of the need to architect complex

systems.
= An accepted discipline to perform that function; in particular, the
existence of architectural methods, standards, and organizations.

= A recognized separation of value judgments and technical decisions

between client, architect, and builder.

= A recognition that architecture is an art as well as a science; inybeartic

the development and use of nonanalytic as well as analytic techniques.

= The effective utilization of an educated professional cadre; that is, of

masters -level, if not doctoral - level, individuals and teams engaged in the
process of systems - level architecting. [73]

“The four significant methodologies in system architecting are chaerdeas
normative, rational, participative, and heuristic [30].” Normative methodology is
solution-based and relies upon documented constructs such as standards and existing
designs. Normative technique defines system attributes in accordahaeelVit

documented detailed requirements and specifications. The Rational methodotogy use

deductive techniques applied to largely quantifiable criteria. Ratiortatentng
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utilizes analysis, modeling, simulation and other deductive engineecimgdees in a
method-based approach. Participative methodology is heavily dependent on stakeholder
user, and customer assistance in defining architecture trough a vaeétytaftion
techniques. Finally, the Heuristic methodology relies on lessons learned andfrule
thumb and is typically applied to soft systems or other situations where idatif
criteria establishing project success are difficult to define [73].

A successful architecture will incorporate or manifest the client'saisaestomer’s
operational purposes. “Architecture is not just about the structure of components, but
addresses the functions as well [73].” “A common method for identifying oriliescr
system architecture is the aggregation of operational requirements, tittemaace and
support concept, and the identification and prioritization of TPMs [10].”

Experience with the design of systems provides engineers with the capacity f
insight. These experiences, often grounded in painful lessons learned, afastbre
recalled in rules calleldeuristics a Greek term for guide. “An example of a heuristic is:
Simplify, Simplify, Simplify. Another common heuristic is: Design the systath

good bones [73].”

2.3.3 Environments and Trends
There are several widespread and dynamic trends that are creatifigast systems
engineering challenges. “Systems have become more complicatedjynansic,
interconnected, and involve more stakeholders than legacy systems [27].” hgreasi
security concerns, especially network security threats, also ¢eotas requirements and

systems engineering processes.
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“Modern systems include more software elements and interfaces and more
requirements are fulfilled by software functionality [30].” System rexuments that are
addressed by software design are making up more of the total systemmeqtsras
systems depend heavily on software solutions. “As a result, softwaresragqots
specification development and requirement analysis have benefited froat depakof
research [31].” The combination of software defined products and software driven
control mechanisms for hard systems are pervasive in all aspects ofeeimgind he
focus on processes related to software integration and design is evidence of the
importance of methodologies for software design to the success of the modenmssys
engineer.

The complexity of real world problems, driven by massive advances in technology
and integration, cannot be handled by just applying the traditional scientihodnet
“Classical scientific methodology has limitations when dealing withcaakor human
component or other soft system factors [62].” Current trends point to exponentially
increasing complexity in interfaces and software requirements, anbdahenges
associated with the design and delivery of new systems is increasing ielparall
Software driven requirements are dynamic and constantly changing, dritviesa by
introduction and integration of new technologies. Because of rapidly increasing
replacement costs, combined with better maintenance practices, lé#e ofmany
systems are being extended. Recapitalization of heavily networked sysinmultiple
interfaces can be very expensive and drive changes into enterprise andlitec
definitions that drive additional recapitalization. At the same time, theyifles of

individual and specific technologies are becoming shorter, especially if Qorahudf-
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the-Shelf (COTS) technology is leveraged. “Systems are also being latokeate in
terms of interoperability requirements and how they interface within arsystsystems
environment [9].”

“Defining system (or project) interfaces is now a critical scopingrablem
definition, issue [51].” At the problem level, interface definition takes on a
functional/operational nature and usually identifies interfaces between iystems. At
the system definition stage, interface definition often turns inward and fonsaternal
interfaces within the system. Interface definitions within the systermasaually more
technical in nature and can flow down to the internal component level.
Software/hardware interfaces add another critical dimension frdeneytle
management perspective. “At some level, familiarity of the interfattetixe
environment is crucial to the understanding of context [93].” Future systems must be
designed with an open architecture approach in mind in order to open up possibilities for
future system enhancement. “Open architecture will be critical int&dicily the
incorporation of quick configuration changes and new technology insertions, and in
allowing flexibility to respond to system interoperability requirements on parsled
basis [9].”

The increase in the number of interfaces and components is a result of an éhcrease
focus on performance and system functionality. While performance is iimgyess
emergent properties are exploited from complex designs, reliability antydwaile
become more difficult to manage and thus are decreasing. Since the greateéghibyppor
to increase reliability, performance, and quality, while reducing reworkyatens cost,

exists at the early stages of development, a highly disciplined approach must bd pursue
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in design and development as early as possible. “This is in conflict with the trend of
designers leaving definitions more open, early in the design, in order to take adwdntage

inserting rapidly developing technology [37].”

2.3.4 Requirements Management

NASA, DoD and INCOSE all advocate a strong requirements managementeoracti
The transition from problem space, or user requirements, to lower level solutien spa
requirements demands a rigorous methodology. Requirements are reviewed and updated
continuously in detail. Problems and risk associated with specific requirements a
managed as part of the systems engineering process. Issues witmregtareannot be
hidden for long. The systems engineer must identify problems involving requirements
and raise the issues with management. Often the issues are significait enoagant
discussing the issues with the customer [31]. Requirements Rationalizatiantlope
door to the process of requirements negotiation.

System requirements may emerge or be provided from groups of users or from a user
organization. “Requirements fall into three basic types: functional, perfoenaauc
constraint [76].” Users are generally not certain of exactly whatrdedly need. This is
especially true if users and stakeholders have no experience with sysitans, and if
the system represents disruptive technology and does not currently exist smedfini
product. Beam provides descriptive statements about requirements:

= Requirements will in most cases be fragmentary, at least in some sespect

= Requirements will usually address high level system needs, but key

requirements may be omitted from attention.
= Systems requirements are often overstated, beyond actual needs, because

special groups of users pose their own requirements independently without
overall control within the using organization.
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Fine detail requirements are often included among true top level
requirements.

Seldom are requirements prioritized; users are always hopeful that they
will achieve every need or wish.

It is not uncommon to find sets of inconsistent requirements for any large
or complex system.

Some requirements may be given whether really needed or not, and some
may be given merely because it has become traditional to ask for them.
This is often true where there are documented standards, since haming a
standards document is often simpler than deciding what is truly required.

[6]

Analysis of requirements must be carried out by objective knowledgeabtanpet.

Expert system engineers will be required to seek out risk, conflicts andpotisems in

written requirements. Systems engineers will often employ concurrgineening and

assemble teams of system architects, designers and other domain expefidsno per

requirements analysis. Many times, there are no documented requirementslyor poor

developed requirements, provided by the customer at the beginning of the project.

Experienced analysts, designers, architects and systems engineas®rikwsith

customers, stakeholders, and users to develop or refine the initial set ofmeaasr§5].

Hooks and Farry define five myths associated with requirements as theyogbaoject

execution:

agrwbnE

Everyone knows what this project is about.

Everyone knows how to write requirements.

We already have a Requirement Management Process in place.
Everyone understands our requirements management process.
Nothing can be done about bad requirements. [51]

Systems developments for military systems have a history of very complex

requirements. The challenges related to good system design for theseftypgtems

are compounded by rigid contractually binding requirements agreementseddsgsd a

good deal of requirement uncertainty as inflexible contractual processes drive
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requirement language. Requirement uncertainties can arise in devel@ioes for
teams that do not have complete control the requirements life cycle up to tllegime
system is fielded. The result can be shifting requirements that introduzeepteable

risk or irreconcilable requirements conflicts. “The goal of requirgmmanagement is

to remove uncertainty embedded in the requirements, and thus, reduce cost, risk and
rework. Unless uncertainty is reduced, chances of delivering a satigfagstem are

very poor [6].” Beam identifies two recognized ways to plan and proceed witlndesig
programs for which significant requirement uncertainty exists:

1. Set up and carry out a preliminary program whose objectives are to
resolve uncertainties prior to proceeding with system design.

2. Establish initial program objectives which are consistent with those
requirements least likely to change. Develop a system meeting these more
limited requirements, but make provisions for future evolution
incrementally, as requirements continue to evolve. [6]

2.3.5 Conceptual Design

Horenstein defines design “as the arrangement of parts, details, form, colar,astc. s
to produce an artistic or skilled intervention [53].” Design is the processiafrdgan
acceptable solution space strategy when a variety of solutions existutthtclve the
problem. If the process of engineering problem solving includes elemengplplying
heuristics, creativity, analysis, decision making, testing and iteratiisrijkiely a design-
based solution. Design involves elements of creativity and intuition, as opposed to hard
engineering practices that apply deductive engineering processemtramatical
analysis.

The first stages of system design are highly creative activitiesdd@rsdeveloping

high level concepts. These early design activities are focused on prouidtogner
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value by transitioning specific customer priorities into the design prodéssdesign
process develops a possible solution space and weeds out solution paths that are not in
alignment with customer needs. “A central element in engineering dégliga an
ability to conceptualize. The design engineer must often determine howra syste
operates or why it may fail to meet customer needs [6].” “Operation sittem should
drive decisions about systems engineering, not the system itself [27].” Thagotent
designs are then down-selected according to customer priority and withontestoof
project scope. Once the full customer problem is defined, the conceptual desigs proce
can begin [10, 27].

Every designer and systems engineer is enabled, and limited, by experiensds. Thi
especially true in regards to aggregated heuristics, or codifiethtegelated to the
design process. The application of heuristics and intuition are often used t@tgener
system designs and in developing testing methodologies to verify requisem@nt
heuristic is any principle, procedure or other device that contributes to aieadoct
complexity and supports the search for a satisfactory solution [62]."tddrakperience
of critical team members can be a significant factor in achiesonplex designs. This
effect is amplified in designs for which no single individual on the team, nor podsbly t
entire team, is likely to have personal experience in all of the problem spactsas
“For most large or complex systems, no one individual has the knowledge, or the time,
required to carry out a complete design; a team approach will be required [6].”

A well-defined methodology during source evaluations, design reviews, and testing
required to ensure that the “Voice of the Customer” is represented throughdesitne

process. During the early stages of conceptual design, it is esHeaitigdod
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communications between the design team and the major stakeholders behestaltlis
has been well documented that most project failures are related to mistaleesarig in
the conceptual design. Most of these failures can be traced to miscomrusieaiil
poorly documented system requirements. “Without a solid high-level speotiithat
represents the customer’s objectives and priorities, lower-levelispéoihs are likely to
produce undesirable results [9].”

Conceptual design immediately follows the problem space, definition of need or
scope definition step in the systems engineering process [93]. Blanctizates that
conceptual design includes the following elements:

= System Planning

= System Feasibility Analysis

= Operational Requirements

= Maintenance Concept

= Development & Prioritization of Technical Performance Measures

» Functional Analysis

= Requirements Allocation

= System Specification [9]

An Abstract System is a system of concepts that are linked together. cAbstra

Systems are used in conceptual design to express an initial design or idea tieateina

before been expressed in the proposed form [27].

2.3.6 Modeling
Modeling is essentially thinking about and representing a system’s critical
components, important attributes, and necessary relationships in abstmctiMaking
about these elements, or modeling, should occur throughout the system life cycle to
support understanding of new interfaces and requirements in the environment

surrounding the system [27]. Descriptive models describe the systemoritiselv the
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system will be employed [93]. Prescriptive models describe a recommenuted of
action. Prescriptive models describe the best thing to do in a given setaistaioces
[53].

Value modeling provides the systems engineering team a method and frarf@work
evaluating or refining possible solutions. Constructing a value model rethoresigh
understanding of what stakeholder, user, and customer groups are expressing during
interviews and group sessions. Value modeling is focused on distilling the fundamental
objective or the critical capability. The fundamental objective, or critiggability, is
the most basic and important objective the stakeholders are trying to aclitetteew

system [27].

2.3.7 Risk Management

Risk analysis is needed right from the very start of the project and muistugon
actively throughout the project life cycle. INCOSE recognizes fagoaies of risk that
must be considered and mitigated throughout a systems decision problem: “tett$inical
cost risk, schedule risk, and programmatic risk [31].” Driscoll adds Operatiohkal Ris
which refers to the likelihood and consequences of potential threats to systemglauring
operational stage of the system life cycle [27]. Operational risk inctideges to
operational necessity for the system, as well as, the environmentalezatisias that
interface with and contain the system. Eisner calls for the managemeichoicEd,
schedule and cost risk as well, but replaces programmatic risk with the term

“administrative risk” [30, 31].
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Driscoll, Henderson and Parnell describe the elements of a complete es&masat
for all life cycles:

1- Identification of risk that is to be analyzed and potentially controlled

2- A qualitative description of the risk: why it might happen, events that

would make it more or less likely to occur or may increase or decrease the
subsequent impact should the event occur, and possible actions to take that
might reduce the risk effectively

3- A semi-quantitative or quantitative assessment of risk.

4- Development of risk management options that are available

5- Selection of the most cost-effective and efficient risk management options

6- Implementing the approved risk management plan

7- Communicating the plan and its basis to all relevant stakeholders [27]

The goal of risk management is to define policy and take action to reduce the
negative effects of risk on the triple constraints; cost, schedule, and perferavamthe
entire system life cycle. Risks are traditionally assessed andyethaacording their
potential to damage the project. “Not all risks are equal, and they should &ioé rac
equal amount of effort to mitigate [27].” The systems engineer mustthil@ugh all of
the requirements and identify, as early as possible, those requirementssiat Ipigh
risk to the system development effort. The systems engineering tedaofbass special
attention on how to meet high-risk requirements or attempt to relax the requirements
through negotiation with the customer. This is an especially important qeehihi
overall performance is not significantly affected while signiftaask reduction is
achieved. Typically, high-risk requirements involve developmental or state-afithe
technology and often involve integration innovation or interface complexity. Erampl

of such areas include:

Integration of COTS software with development software
Advanced expert systems

Voice-activated computer systems

Extremely high-power or high frequency devices
Multimedia devices

58



e Very high capacity, dense storage systems

¢ Real time command and control system

e Forcing the team to adopt a development approach where a commercial

off the shelf approach would be sufficient [31]

“One of the techniques used to draw out stakeholder tacit knowledge in describing
risks, is to have a facilitator use a prompt list in a session focused on riskedéotit
The prompt list stimulates follow on discussion amongst stakeholders [27].”
Brainstorming works in the same way but is facilitated by a neutraitéail The key
to a successful brainstorming session is the participation of key stakeholders.
Prioritization, brainstorming, and other facilitated events usually requingattieipation
of a number of very bust professionals. Because many stakeholders can be involved,
these events are typically viewed as a significant investment of resoditoe® is a

good deal of value in combining early risk identification with requirements {zettron

[27, 93].

2.3.8 Software Engineering

Simon developed the theory of “Bounded Rationality and Unbounded Certainty” to
describe how choices of alternatives are rationalized [95]. The theosyitd@ccount
that there are cognitive and experiential limits of the designer andotesiaker that
bound decisions within certain practicalities. That is to say in simple terrakraw
what we know. This means that, if we accept the theory, that even if choices are
technically rational or possible, they are still constrained by praciicaimstances. “In
contrast to maximizing behavior, Simon proposes the concept of ‘satisfi@hgvior.
Satisficing is assumed to exist because the human mind does not have the capability

choosing from hundreds of alternatives that might be placed in front of him [62].”
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Problem space conundrums connected with priority, rationalization, and uncenainty a
the reason that systems engineering processes exist. Many of the grappsise by
designers early in design are focused on providing frameworks for ratetraii of the
trade space.

Unprecedented rates of advance in computer, network, software, and information
technologies further complicate management of interfaces, technologydlés, and
requirements. The advent of highly interfaced, software-intensive sysgoducing a
true paradigm shift in system design and requirements management. Sofiware
satisfies an enormous amount of capability requirements. Software has made the
transition from an interface tool or method of connecting discrete devices to bémome
“device” itself. “Organizations find trouble when their workload moves from haslwa
to software dominated but their management and development skills no longer fit the
systems they should support [73].”

Software has unique properties that influence overall system structure:

1. Software provides a palette of abstractions for system behavior. Software

is extensible through layered programming to provide abstracted user
interfaces and development environments. Through the layering of
software it is possible to directly implement concepts such as relational
data, natural language interaction, and logic programming that are far
removed from their computational implementation. Software does not
have a neutral hierarchal structure, at least not one that mirrors the-syste
subsystem-component hierarchy of hardware.

2. Itis economically and technically feasible to use evolutionary delivery for
software. If architected to allow it, the software component of a deployed
system can be completely replaced on a regular schedule.

3. Software cannot operate independently. Software must always be resident
on some hardware system and, hence, must be integrated with some
hardware system. The interactions between, and integrations with, this

underlying hardware system becomes a key element in software-centered
system design. [73]
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“The developers of engineering applications need to have a closer relgtiamtbhi
engineers that support the hardware and communications elements [24].”

Wicked Problems — The waterfall model was developed to represent a system for
engineering computer and software systems. As computer and informakinalégges
have evolved, the focus of design has shifted from technology to the human interface
with the technology. Information systems organize or provide information that the
human needs to accomplish work. A focus in information systems engineering is on
optimizing the human experience with controlling and exploiting the information system
These new soft system interface problems are termed “Wicked PrépfthsSome of
the characteristics of wicked problems include:

=  Wicked problems defy a specific description or formulation.

= Some of the solution space lies within the problem space. That is to say
that the problem is only fully understood after it is solved to certain level
of satisfaction.

= Users may need stable intermediate forms of solutions in order to help
them fully understand the problem.

= Wicked problems are often not easy to differentiate from regular system
problems.

=  Wicked problems have no stopping rules. Work stops for external reasons
such as lack of time money, or patience, however, the problem itself may
be changing while solutions are rolled out.

= Solutions to wicked problems are not true-false but “good or bad”. There
are no hard, quantifiable measures of the success or failure of a wicked
problem solution.

= Political or turf battle problems that have a “moral” solution set are
wicked problems.

= There is no immediate, timely (capable of being scheduled), or ultimate
test of a solution for a wicked problem.

= Solutions for wicked problems tend to generate waves of consequences
over an extended, virtually unbounded, period of time.

= Every solution (delivered to a customer) to a wicked problem must work
to an acceptable level in order to continue to define the problem/solution
set. There is little or no opportunity to learn by trial and error and every
attempt counts significantly.

= All of the solutions for a wicked problem, even though sequential, set a
forward path and leave a trail of residual effects that cannot be undone.
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=  Wicked problems do not have a bounded or describable set of potential
solutions.
= Every wicked problem has unique characteristics and no two are exactly
alike. Therefore, wicked problems resist transfer of solution sets from
other problems.
= Wicked problems are often identified as “symptoms” of issues with
solution sets for other problems, or symptoms of other unresolved
problems.
= Wicked problems are prone to collective organizational decisions that
result in the true unfolding of the “Abilene Paradox” [44]. In essence, the
organization builds momentum in the direction of solution set for no
logical of definable reason. Their actions may be completely contrary to
what they want to do, and thereby, result is undesirable outcomes.[24]
2.4 Avionics
Avionics systems have transformed from discretely controlled fedecatmponents
to networked digital systems supported by sophisticated software design. Idythe ea
days of flight, visual meteorological conditions or a visible horizon were requir¢de
pilot to safely operate an aircraft. Aircraft began to develop capafaititonger flights
and the popularity of flying drove pilots to attempt flight in all types of meteaidbg
conditions. New instrumentation was now required to maintain flight when visible
horizons were not available. Artificial horizon instrumentation, altimeters,aahol r
direction finding equipment enabled flight in marginal conditions. “It was with such a
crude array of systems that Lieutenant James H. Doolittle lifted off tpletarthe
world’s first instrument flight on September'24.929 [47].”
Today’s avionics systems are highly integrated, interfaced and networked.
Navigation systems transitioned from long wave radio navigation aids like LORAN int
Variable Omni Range systems (VOR) that act like radio beacons providints fadia

precise navigation. VOR technology evolved into Instrument Landing Systein (ILS

technology that provides electronic paths that represent the runwayioerdaed
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glideslope angles. Inertial Navigation Systems (INS) were develo@didwofor
independent navigation free from reception of ground transmitted radio signals. VOR,
ILS and INS are now being augmented by Global Positioning System (GEl8)esat

data. GPS itself is being enhanced by artificial ground constellations to sugomston
approach. Legacy electromechanical, pneumatic devices and gauges thatedagder
aircraft instrument panels have transitioned to a completely digital ¢@skpronment

with navigation and flight information displayed on high definition plasma or liquid
crystal displays.

There has been an explosion in the variety of avionics systems beyond traditiona
navigation and communication equipment. “The complexity of system design has grown
exponentially as sensors, fire control systems, autopilots, lasersgihéygstems,
electronic counter-measures, and cameras have been added [33].” Jim Curran
summarizes major trends in avionics designs:

Movement from analog to universal digital processing.

Increased levels of system monitoring, fault detection, and fault isolation.

Reduced equipment size, weight and power consumption.

Increased reliability and maintainability.

More modularization of system hardware and software for better growth

enhancement, survivability, and functional availability.

e Higher levels of commonality and standardization of hardware for logistics
purposes.

e Increased device integration and miniaturization.

e Movement from electromechanical to electronic flight instrument system
displays.

e More integration at the subsystem and functional levels, such as sensor fusion and
integrated image processing.

e Higher-tech approaches to functions, such as datalink instead of voice com, Fly -
By-Wire instead of mechanical/hydraulic flight control systems psatand
satnav instead of their ground-based counterparts, flat panel displays instead of
electromechanical and cathode ray tube displays.

¢ Increased information correlation, validation, sharing, and distribution.

e Expanded functional capability and operational integration.

e Increased Flight Safety support.
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¢ Pilot workload management through higher levels of functional, human-centered

automation.

e More information availability in a more intuitive graphical presentation

(format/symbology). [20]
2.4.1 The Linkage of Software Engineering Practices to Avionics

All of the above trends are driving the modern aircraft to represent more of a
networked processing architecture than just an assembly of disparatéei@édera
subsystems. Intricate and detailed engineering processes arearailtedrtler to
establish harmonious integrations of software and hardware packages from many
different manufacturers. Complexity increases once again when milgpligations of
avionics technology drive the aircraft design and constraints beyond basitighit
communications, and navigation requirements.

The modern aircraft system has a close relationship with terrestsainked
processing systems. The pilot has become as impacted by software defitieddlity;
much in the same way as the user of any desktop application. Control interface,
Graphical User Interface, display, and software defined functiondlitydct usability
for the pilot. There is even a great deal of software defined functionalitgdles not
exist in any singular subsystem but is created at the interfacesaiwayistems through
software defined elements. The trend of software defined capability andregamce
upon Graphical User Interfaces transitions avionics engineering into sometisrgo

application development for terrestrial networks.
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2.5 Project Challenges / Failures

Eisner identifies three project challenge areas: “Schedule, Cost dathRarce
[30].” These are routinely referred to as the triple constraints, ortbpédriangle
[105],” in project management. The success of a project is often viewed withinglas tri
constraint paradigm until the system enters sustainment and operation. khgstderi
sustainment and operation phase of the system life cycle, in which the nuaness of le
than optimal conceptual designs come home to roost. Soft systems ardlggpeca
to customer acceptance issues following a perfectly run project that dehvithen the
triple constraints. There are many various factors and reasons why spectspto not
satisfy these three key aspects of a system development; some exarapited below
[30, 31, 51, 93]
Inadequate articulation and synthesis of requirements
Poor project planning
Inadequate technical skills and continuity within the project staff
Lack of teamwork within the project staff. There are times when a
manager must remove a project person who is not able to be part of the
team. Problem behavior includes being isolated, or acting as a divisive
force in the team effort [31]
5. Poor communications and coordination both within the project staff and
with the customer
Insufficient monitoring of design and project progress

Inferior corporate support in terms of staffing and other resource
levels[30]

PowbdPE

No

Inadequate articulation of requirements is often identified as the mosalgpitoject
issue [51]. Poorly written or expressed requirements remains a problem teragite
project and design. Problems in requirements management are accentuated if the
requirements cannot be negotiated and modified for various contractual or cultural
reasons [31]. Customers, users and systems engineers all complain abouttthefqual

requirements with the impact differing from each perspective. Custonensfeél as if
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they are being manipulated in the requirements process. Engineers ofteisteaett by
rigid and inflexible requirements sets that shift too many resources togsttndards

and specifications that do not contribute to critical elements of systenmarice.
Everyone in the systems engineering community agrees that somethingsnevbaa

done regarding how requirements are defined, synthesized, satisfied, angdalida
Many proposals and techniques have been developed (such as the spiral model) in an
attempt to improve customer and user satisfaction with the end product [93]. Riexibili
must be achieved, especially for soft system design, in contractual situatibnart be
extremely formal and unyielding. Project managers and systems asdiage to keep
requirements definition and management high on their list of potential problem radeas a
develop strategies to maintain flexibility in requirements for as long asfE30].

As systems become more complex and heavily interfaced, both within themselves and
to their environment, internal and external interfaces must now be identified as a ver
early part of the project life cycle in order to avoid major mistakes and subsequent
rework. New systems, and systems of systems, have interfaces that ang grow
exponentially in number. The project focus on interfaces must grow accordingly
successful systems are to be fielded. Hooks and Farry identify threedeheétly
interface identification:

= Identifying interfaces will clarify your product scope with the boundaries

imposed by their product.

= |dentifying interfaces aids risk assessment.

= Identifying interfaces early reduces product development rework and

improves customer satisfaction. [51]

They also offer five questions that can aid in assessment of complex irderface

1. What does my product do to the world?
2. What does the world do to my product?
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3. What is the worst thing that can happen across the interface?

4. Is this interface likely to change during the development of my product?

5. lIs this interface likely to change after my product is in use? [51]

Hooks identifies that the majority of problems in any system development flow from
the initial requirements phase when the systems engineer is attemptingtify tte
user/customer needs. This is especially true for software-defintsdrsy/[51]. While
the majority of traditional systems engineering processes have b rahd
documented over the years, the need for new processes and process refinemargan the
of requirement alignment with customer needs is evident. Customers often cagnot full
describe the true nature of their problem when they first establisheansgsbject. This
is especially true of “wicked problems [24].” The trend toward more complex prepblem
and thus complex designs, also clouds both the problem and solution space. These
factors result in customers and designers defining solutions rather thanglafidi
resolving the core problem, drifting in expectation during the course of thetpaodc
defining initial requirements that are inflexible and too ambitious [93].

“In 1991 and 1992, NASA studied cost overruns on 29 various programs. The
average cost and schedule overruns were around 65% for all of the projects. An initial
diagnostic indicated that projects that consumed 10% or more of project funding before
freezing requirements, had much lower cost overruns than those that froze regggireme
early, as measured by the consumption of resources, in the project [51].” While these
figures seem to point to the benefits of an early focus on requirements definition and
customer involvement, there could be more to the story such as the nature, hard — soft or

open - closed, of the individual projects.
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A comprehensive set of project records and artifacts is also a requiredramfor
a successful project. These project records are established through tbprdeweof
the Systems Engineering Management Plan (SEMP) [9] and the tradgdrojeadt
reviews and subsequent artifacts. This is especially important for congpters
designs and projects that will run long enough for multiple iterations of thecptegn.
However, the traditional artifacts, the Systems Requirements Reviei) (&fhg one of
the earliest in the project, do not necessarily map or codify the voice of the eustan
way the customer can understand on complex systems, systems of systems [30], or
wicked problems. So it is apparent that there is a missing element in the process

Requirements are defined during the very early stages of the systentlgetoys,
setting the course for the rest of the project. As discussed previously, devalogpme
good requirements is one of the most problematic areas of systems engineering
Requirements are often incomplete and inappropriately stated, leadingdoliyifin
architecting, designing and building. Negative issues can develop betweerndhessys
engineer and stakeholders due to poorly defined or unachievable requirements. The
situation between stakeholders and systems designers can further degrade bec
requirements are not easily changed once defined. Rigid application of taitrac
agreements combined with inflexible acquisition processes work to delivemsysten
if the requirements are found to be inadequate or reflect a design that wikase pthe
customer. Contracts, non-technical contracting officials, and inflexibds of
competition, that define government acquisition processes, add to the risktadsotia

requirements definition. Requirements are the foundation of any engineering angjec
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are the most frequent problem area when examining causality for systgimsering
and development issues [10, 31].

Soft system design offers special challenges related to good initial reqoise
definition. These technologies respond well to results driven incremental development
By definition, the techniques applied to soft systems are best suited to open ended
requirements and flexible programs. Politics and acquisition program mamdgdtan
constrain the boundaries of technology projects. This can be both a negative and a
positive agent in system development. Programmatic constraints can keggtsaft s
developments from becoming too open ended and delivering nothing but notions and
endless upgrades. An overactive political element holds potential to exehala
rigidity that can kill innovation and prevent critical course corrections in theqiroj
“The best engineering solutions are not necessarily the best pddlosibns and are
often unachievable in a complex project [73].”

Projects can fail miserably and very late in the game if a total tife@pproach is
not taken at the outset. A total life cycle and systems approach must be appti¢iaefr
beginning of the project in order to effectively and efficiently maintastesy
performance objectives after the system is transitioned to sustainment.tias, the
overall requirements process is not focused on a robust analysis of customerasbject
and desired capabilities. Too often, the approach is a “buy now, fix later” meiggdol
both from a customer requirement and a life cycle management perspectiveysiemes
engineering and development process has generally struggled with a lackl efagly
planning and requirements definition process. The foundation of requirements must be

laid down in a complete methodical manner. “If the critical requirementsitit@fiis not
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carried out methodically, many total life cycle considerations wébdrte be addressed
after the fact at great cost and discomfort [9].”

Paraphrased below, Blanchard identifies a number of challenges in modemssyst
engineering that must be addressed in total, as an integrated set [9, 37].

1. Constantly Changing Requirements — A good definition of the “problem
space” is often missing between the customer and the developer from the
beginning. Requirements for new systems are changing more rapidly due
to dynamic conditions worldwide. The continuous introduction of new
technologies, combined with shifting mission objectives and priorities,
make anchoring system requirements difficult.

2. More Emphasis on Systems — There is a greater emphasis on the system as
a whole rather than the dissected functions of system components.
Components need to be addressed in the context of the whole system to
account for possible function emergence and other factors. The system
function must also be addressed throughout the total life cycle.

3. Increasing System Complexities — The context and assembly of systems
becoming more complex. The number of interfaces is expanding, driving
further complexity. This interface phenomenon occurs both at the system
level and with the system in the context of a higher system hierarchy such
as a system of systems architecture. System components must become
more modular and allow for design by changeability criteria of flexybili
and agility [37].

4. Extended System Life Cycles — Shorter Technology Life cycles — FEhe lif
cycles of many systems are being extended, possibly due to increased
efficiency in sustainment and cost avoidance of large scale system
recapitalization. While whole system life cycles are lengtheniray, t
technology inside of systems at the component level is changing more
rapidly. It will become increasingly more important to design systems
with an open architecture.

5. Greater Utilization of Commercial Off-the-Shelf Technologies — Guirre
goals, driven by large scale acquisition strategies, are focused on the
integration of commercially available system components in order to
exploit market innovation and competition. This process demands more
focus on initial customer requirement definition and there is a greater
emphasis on the design of the integration of components.

6. Increasing Globalization — The world is becoming virtually smaller which
allows the opportunity for systems to be composed of components from a
variety of worldwide sources. Improved transportation systems, modern
communications, and electronic commerce are all forces that enhance
globalization.

7. Greater International Competition - This effect is enhanced by the
utilization of COTS and the effects of globalization mentioned previously.
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The coagulation of global partnerships and acquisitions is also fueling the
international competition effect.

8. More Outsourcing — As more efficient manufacturing and business
processes are sought, there is more outsourcing of equipment, software,
and process development. Outsourcing is fundamentally linked to
globalization. This drives more supplier complexity into designs as the
number of suppliers for a given assembly increases. It is important, in
configuration management throughout the life cycle, to manage stability in
sources of supply for system components.

9. Eroding Industrial Base — Many of the previously mentioned effects and
trends make it more difficult to find domestic suppliers for system
components. Itis also likely that the number of overall suppliers for a
given product is shrinking due to enhanced manufacturing specialization.
This effect is largely driven by economic efficiency and volume
production efficiencies. The end result is a smaller pool of suppliers for
any given component or technology.

10.Higher Overall Life Cycle Cost — The life cycle cost of many system
today is increasing. This effect is due to myopic focus on system
acquisition and little focus on the complexity of managing more mature
systems with increasing architectural complexity. Total cost anaagrog
risk must be considered throughout the life cycle. [9]

Eisner provides a similar list of six problem or challenge areas spdlgifielating to
requirements and requirements development:

= Requirements creep and volatility

= Requirements are not testable and verifiable

= Projects are unable to prioritize requirements

= Designers and customers jump to predefined solutions

= Requirements are incomplete

= Stakeholders are not sufficiently involved [30]
2.6 Experimentation

Scientific study involves selecting a small portion of science for inagtigand

then carrying out experiments over and over again. This process is designedfio ident
and ignore anomalistic results. The validated homogenized results are thetoatided

body of knowledge related to the topic area. The scientific process is howeredibl

scientific knowledge is accumulated and built over time. “This is of coursesumles
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particular body of knowledge is refuted by another scientific experiment [62his “T
replication of experimental results stems from the fact that the phenomenaon unde
investigation must be homogenous through time”[79].

Some of the basic steps recommended for performing an analysis are:

Recognizing community problems and values.

Establishing goals and defining objectives.

Establishing criteria.

Designing alternative actions to achieve step 2.

Evaluating the alternative action in keeping with the goals and objectives,
criteria, standards, and value sets established, through iteration, until a
satisfactory solution is reached. [62]

agrwnE

Attitude Data — There are several standardized techniques commonly useddp devel
scales or measures of human perceptions. Lickert scales typicallgigoeoselection of
five categories of response for each question or item being analyzedlysapmgpve,
approve, undecided, disapprove, strongly disapprove. These criteria are ranked from 1 to
5, respectively, and the ranked values are summed to provide a total score for each
criteria or element. Lickert scales are normally used for measatiitudes, sentiment,
or perceptions. “Some of the variations of the Lickert scale include wasan terms
such as the following: regularly, frequently, sometimes, rarely or never

Semantic differential scaling is another technique used in attitude and behavioral
measurement. It consists of two polar adjectives, such as good — bad, positivieve nega
with ratings in between. The scale is usually defined around the breadth of theesspons
desired. Common breadth values are 0 to 5 or 7 or 10 [26].” The score for criteria is
calculated by summing the ratings of the values. Interval tests typisald to measure

sentiment are evaluated by the relationships of data, or score, means. stie t-te
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traditionally used to perform analysis of the means data captured in the varieus sca
techniques [15, 62].

The theories established by the scientific method are essentially lgersetiaat are
bounded by a given set of conditions and occur within a certain probabilistic rEingge.
is to say that there are conditions required for the theory to be valid and thate¢here a
limits related to the knowledge. The scientific method was developed spécifical
produce testable knowledge about the world for which repeatability of reslilksly.

It is always possible that new types experiments will yield addititvealrtes or change

the way we understand a problem. This phenomenon is driven by the conditional nature
of the scientific method. Small changes in the conditions of the test can yield
significantly varied results.

Some important characteristics of the scientific method are:

= Hypothesis Setting and Testing — Scientists make provisions or
suppositions for reasoning, investigation, or experimentation, for a very
small limited number of variables. Then, experiments are conducted to
test the hypothesis, holding all other variables constant. If the hypothesis
turns out to be correct, it adds to our current knowledge base. If not, the
results are rejected. The rejection of a particular study adds value to the
body of research in helping to structure analysis by other researaiters, a
for follow-on analysis, that allows continuing research to refine or reject
the previous methodologies.

= Replicability — Scientific knowledge must be as objective as possible,
which means that a number of observers performing the same experiment,
independent of one another, under the same conditions and assumptions,
should be able to replicate results and verify observations. This is the
scientist’s way of verifying, validating, or falsifying or rejectingposed
hypotheses.
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Figure 2-8 Flow Chart of System Analysis Process [62]

= Refutability — While it is impossible for an individual or group to conduct
all possible experiments on a particular topic, due to lack of time, it is
important to perform good experiments using appropriate scientific and
mathematical techniques to decide between competing hypothesis.
Although many scientists tend to have their theories corroborated by good
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scientific techniques, it is quite possible that these theories could be
refuted through a series of additional experiments.[48]
= Reductionism — The real world under study is so complex and messy that
scientists can only perform simple experiments to capture and comprehend
it. As a result, scientists experiment with only small units or entitidseof t
real world that can explain cause and effect in a linear measurable way.
This style of thinking and experimentation, called reductionism, consists
in isolating the phenomenon under investigation from its environment,
which eventually produces a mechanistic view of the world. According to
the scientific method, all genuine inquiry and knowledge should be based
on hard facts, experimentation, and explanation. [62]
2.7 Prioritization
2.7.1 Prioritization of Requirements in Software Design
Software designers and systems engineers for terrestrial netivagklications have
recognized the benefit of prioritized requirements for many years. Thegiigds
driven by the endless possibilities that exist in software design. Withoutipaithon, a
particular aspect of the design could be continually refined at the expentberndesired
functionality. In short, the possibilities encountered in software functioraaktgndless
and can quickly spiral out of control from a cost and schedule perspective.
Requirements prioritization is executed in a variety of formal and inforagé with
“a goal of discovering the most important requirements for the system [86irie
define priority as “a characteristic of a requirement [45],” while rstisee priority as “an
opportunity to align stakeholders toward a validated design concept [86].” iBsican
evolve at heuristic levels or within very specific requirements definitionsxdégeupon
the stakeholders’ or customer’s focus. Often priorities then flow into atQuali
Functional Deployment (QFD) based on the completion and analysis of a “House of

Quality” (HOQ). The HOQ represents a prioritized translation of fanetirequirements

to very high level technical characteristics. In many of the basic pratioin efforts
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such as the prioritization matrix method, priorities are assigned exdiusiveustomers
[102]. In other systems such as the Analytic Hierarchy Process (AHM)gmeatical
formulas in a form of advanced pair-wise comparison “provide relativee gadiles for
various defined attributes and criteria [92].”

So how does an organization represent priorities in an attempt align the HOQ or
weight the AHP? Whether at the Heuristic level or at a detailed retgrits level,
organizational and functional goals must effectively flow down to detailedfisjpg¢icns
if the designer is achieve a customer validated design concept. This caallgspec
problematic if there are many stakeholders with various heuristic @sowho are not
included in setting priorities during the preliminary design process.

All of the traditional software and systems engineering models or methasklog
make assumptions of well defined requirements and stakeholder alignment at stme poi
in the process. Usually this alignment is indicated at a “gate” or formalweavinere the
customer’s representatives sign off on the concepts and requirementsezkpress
engineering team. But how was the heuristic architecture that drovejtheeneents
initially decided upon? Too often, Key Performance Parameters or Cfiéichnical
Parameters are presented to the customer by providers that repreggachaeved
results. Other dysfunction can be driven by Integrated Product Teams that churn
membership or have failed to align the design to higher level organizational gsioriti
Senior leadership can spoil the stew by “buying off” on a high level designptqrea
to fully vetting the impact through organic technical experts essentialjyritptine

PowerPoint” presentation.
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Some of the above indiscretions are recoverable in some types of engineering and
design processes that support business applications. Avionics system design demands no
such foolishness occur. The expense and fidelity required for aircraft funityional
requires that direction in early stages of design consider many faatigrereaPeter
DeGrace says it best: “The developers of engineering applications need tonasie a
closer relationship with the hardware and communications people than do the developers

of business systems [24].”

2.7.2 Values, Decision and Methods

The lead systems engineer guides the team in how the team approachdsitie sys
decision. “A decision is an intentional allocation of resources [93].” There are two
significant programmatic approaches that dominate the decision stgatigdiernative-
focused thinking (AFT) and value-focused thinking (VFT) [27].” Values are an
aggregate of cultural and organizational priorities that define the contexbotia g
decision. Values shape the standards for the evaluation of alternativesognaalde
context for the motivation of making or delaying particular decisions.

“The primary difference between AFT and VFT is at what point in the project, or
decision process, that the values are specified. In value focused thinking, “by
understanding the decision maker’s values before identifying alternaliezsatives
tailored for decision content can be generated [93].” On the other hand, the alternative-
focused approach identifies various alternatives and then uses valaksxt@slirection
for the decision. In general, a Justification for Other Than Fair and Open Qmnpet

would be a manifestation of a VFT approach, while a performance based open market
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solicitation and source selection would represent a manifestation of AFT.idbecis
opportunities can be created once there is organizational alignment thatsttmegic
objectives and values to be clearly identified. “Prioritization is a ketgrfan
establishing objectives and uncovering values hidden in the tacit knowledge of
stakeholders [27].”

A pure AFT approach offers risk in one particular way. In a pure AFT approach,
stakeholders may fixate on criteria associated with the existingatitees and thus
frame their priorities within those given criteria. The trouble comes wWiesavailable
criteria within the given alternatives does not align well with organizatialaks. On
the other hand, a pure VFT approach may be negatively impacted by misalignment
amongst stakeholders related to values. “Finally there is the chicken-aegethe-
dilemma that states that values are formed through the experience obkteketvith
alternatives. This denotes a cycling iterative nature of problem solving [27].”

The most important task in any systems decision process within the solution space is
to fully identify and understand the problem. If the team fails to understandtthe r
problem, they may end up expending a lot of critical project time and resouratsgee
great solution for the wrong problem. Establishing priorities of technicarpeathce
measures (TPMs) is a traditional method of grouping functional hierarchiestémsy
design. The challenge is that by the time TPMs are developed, many design assumpti
are typically under way. The earlier that objectives and needs can be dointithe
system design, the more likely that customer and stakeholder objectives cantdlthei
front end of the design process. Prioritization should begin as soon as some form of

stakeholder and customer objectives exists for the system. The proceesitfipg, in
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combination with the developing the rationalization for each requirement, is a powerful
early detailed requirement elicitation process.

Customers are often reluctant to accept prioritization as part of thensyste
engineering process. The first impression is that the designemig toyestablish trade
space in project before the design has even started. “The realitytisetteais a natural
priority to all objectives, goals, needs, and requirements that reflectsréhgeason’
that the customer wants the system in the first place [93].” If the syssgmdi®mes not
reflect the priority, that the customer is often reluctant to provide, the pvajenbt be
well received in the end. The “voice” of the customer that is much discussedatutier
is heavily influenced by priority. “While prioritizing can frontload expéotas if
resources are suddenly cut for a project, it is really about optimizing resdiocagion
within the entire requirements set [51, 76].”

Farry and Hooks recommend the following five steps to prioritize system
requirements:

Define priority classes
Classify the requirements
Resolve the differences

Create priority based development schedules
Maintain the priorities[51]

agrwnE

Assuming that the requirements definition activity has prioritized or ranked the
requirements, each concept alternative should be weighted in some fashionthghins
ranking or priority list [6, 51, 59, 76].

“It is important to define the customer needs in mission level requirements irt@rde
avoid premature derivation of a solution set or specific design concept [76].” The basic

problem space issue is to define “what” is required to solve the problem befthewlie
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to solve the problem or the design concept is formulated. Once a set of custaiser nee
or the problem space is fully established, the objectives within the problemesjsice
essentially as all equally important. This is of course not the realitystbmer’s
problem. There are certain elements within the problem space that are of utmost
importance to the customer. It is extremely important to establish tlosrarsand
stakeholder priority for the various objectives. This is a critical procassd@rstand the
relationship of the objectives to each other. Blanchard then calls for the needs to be
represented in an “objective tree or other representation that is equivalenire[8ht
There are a number of elicitation and prioritization techniques applied in both the
problem and solution space. Brainstorming, brainwriting, interviews, group intstview
groupware (software aided), Zwicky’'s Morphological Box, and Nominal Group
Technique (NGT) are all used in a variety of applications depending on the joooject
system development stage [6, 9, 10, 27, 30, 62, 93]. “NGT is probably the least familiar
group technique that resembles a structured and facilitated brainstorming pe3jes
In all cases, a significant commitment to problem identification, scopatoef, and
goal prioritization is required from the organization if the techniques and subsequent

artifacts are to be integrated into the solution space for the system.

2.7.3 Requirements Rationalization
The U.S. Coast Guard has utilized a facilitated prioritization technigleel cal
Requirements Rationalization on aviation select engineering projects. Regjulise
Rationalization is a facilitated group process that delivers a prioriiiteaf |

requirements derived from organizational (functional) objectives, operational
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requirements, or preliminary requirements. The process is typically deddatche end
of scope definition or at the very beginning of conceptual design. The event is a time
compressed group event that includes major stakeholders (see Figure 1-lgrioams
disciplines in a prioritization event. The process yields a number of specifittisiene
1 — Prioritized preliminary requirements (enormously beneficial in desigrstaetforts).
2 — Consensus among major stakeholders regarding heuristic priorities, thusge¢deci
risk of politically driven design changes.
3 — Tacit knowledge exploration of how the deliverables will be used by the customer
aiding in development of design concepts.
4 — A milestone and deliverable in the Systems Engineering process that sighals a
records the priorities that will guide conceptual design efforts and speicific
5 — An opportunity to capture initial project risks associated with specific desire
functionality or requirements.

The Requirements Rationalization process was initially developed toipaaiset
of requirements in a design to cost effort. The process was then utilized on a number of
subsequent avionics design/acquisition projects being executed by Coast Guard
engineering teams. Requirements Rationalization events were held supiharting
following system avionics system acquisitions: the C-130J Mission syRiaary Wing
EO/IR System (ESS), Rotary Wing Radar System (RSS), and the Helibtuptgated
Data Storage (HIDS) system project. All of the systems are in variousspbias
acquisition, design and delivery. The ESS was delivered for integration on 30 April,
2007, the C-130J was delivered in the Spring of 2008, and the Rotary Wing Radar

System will be acquired and prototyped in 2009-10. The RSS and HIDS systems
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presented the best opportunity for analysis from a schedule perspective. The
Requirements Rationalization process is used in an attempt to drive prioribigghthine
design process to a customer-validated design concept.

2.7.3.1 Internal Stakeholders

As previously discussed, initial application of prioritization activity wasl usea
design to cost effort. There had been two previous attempts to reach a desggt fmnc
the project, neither of which was accepted by stakeholders. A good piece of both the
project schedule and financial resources had been consumed on the initial efforts. The
variety of approaches had left an atmosphere of misalignment among intejeei and
program stakeholders. The early attempts at requirements elicitation ondh@dfect
resulted in disagreements among stakeholders related to priorities for \capalmslities.
These misalignments made it very difficult for the lead systems emgmestablish a
foundational set of requirements. The government participants utilized Requsement
Rationalization to determine a government strategy, or set of prioritiesaftagement
of the design team. Following the Requirements Rationalization event, the project
stakeholders aligned, the initial requirements were developed and agreed upon, and the
project was completed successfully.

While the Requirements Rationalization process is best utilized prior tdiamtet
conceptual design, the process can be used in a variety of circumstanaetheteers
stakeholder misalignment. Some of these instances can include major scheslule sli
where a variety of programmatic options may alter the design or breaksiga déort
into phases. Major negative project effects from unmitigated risks nayegjsire a

reprioritization of the requirements being executed. This is especiadlyf the project
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is focused on technology development and there is a sudden realization that the
technology is still out of practical reach. Requirements Rationalizatfondamentally

a problem space engineering technigue and should be applied routinely prior to
conceptual design. Once the solution space has been entered, the technique can be
applied in cases of project disruption where new project priorities need to beshstibl
or initial priorities need to be validated.

The initial step in any design process is to define the customer needs. This seems
intuitive and simple enough. But establishing the needs in a vacuum from the priority
relationship between those needs is insufficient. One could extract from rthieitee
that establishing priority is a process exclusive to the customer. These anal
assumption in many processes that the customer has already establishessghatiare
widely accepted within their organization. This could explain why processles a
methodologies for systems engineering and design go into great detail abgut ever
process except prioritization. Most simply state that the customer neetabisks
priorities. In many instances literature points to the designer ekiafglisriority by rank
ordering design goals [101]. There are often many competing priorities ttdyhel
various stakeholders. Unless these priorities are rationalized ewatltheastakeholders
aligned, a ticking time bomb can exist within the project. The designer hgmsttee
entire stakeholder organization to be successful. “It is important to understand who
wants the system built and why. It is also important to understand who does not want the
system built and why [63].” Once the design effort has started, changes in couree can b

very expensive and disruptive to the project.
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2.7.3.2 External Stakeholders

While the prioritization of requirements has been addressed in a number of other
disciplines, the avionics engineering community has not widely adapteizaiown
techniques for development of avionics capability. For many years, avionicslitapabi
as a set was very stable. Introduction of military network-centri@atpes, coupled
with new cryptographic and navigation requirements, have exponentially increased cost
risk and technical difficulty of life cycle management for avionicsesyst Aircraft
systems now represent a major investment in resources and avionics subsgst&mw
be the most expensive and complicated part of the aircraft system. It is nowhdse
importance that the correct priorities be established in the problem spacarniuatide

the design of an avionics system to a successful customer accepted system
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Chapter 3 - Statement of the Problem

3.1 Problem Statement

Many avionics system designs meet requirements verification but faili$ys

the customer from a user validation perspective. The cost and system complexi
of avionics design, coupled with the migration to software-defined functionality
and human machine interface, have significantly complicated achieving gdlidat

design concepts.

3.2 Economic Significance of Avionics

Why is this important in terms of scale? Avionics can comprise more than 50%

of the cost of a modern aircraft. Below are figures from Avionics Magazine and

Vanderbilt University that capture the 2008 industry outlook [13, 100].

Commercial Avionics — $8B — $9B per year

Military Aircraft Modifications and Acquisitions —

Fighter aircraft $15.7B

Rotary Wing $10.9B

UAV $3.37 to $8.3B by 2015

Transport $5.1B

Trainers $1.1B

Civil Aviation Aircraft Market — $23.3B

Estimated Total Avionics Industry — $31.46B per year
Estimated Global 2009 Computer Hardware Market — $442.6B
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Hypothesis

« Application of the Requirements Rationalization Process (prioritization of
requirements) in development of conceptual design for avionics systems provides
better customer acceptance of the finished product (validation).

e The Requirements Rationalization process forces the customer to prialiitize
requirements associated with the project and thus establish a high levaptoahc
design and risk identification early in the project. The Requirements
Rationalization process attempts to transition tacit knowledge, of system
operation and requirements, to explicit knowledge that is recorded during a
project event (milestone), and provides a systems engineering aréifaiting

customer priorities to source selection, design and integration teams.
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Chapter 4 — Research Methodology

4.1 Methodology

Studies were developed for use with traditional statistics in order to dstéliie
hypothesis has relevance, that is to say that there is a measurable sistibmer
sentiment about conceptual design as it relates to representation of themmegts. The
studies were taken by participants in the Requirement Rationalization evirgs a

beginning and then again at the end of the event.

4.2 Research Objectives

1 — Determine if prioritizing requirements has measurable sentiment iraganeasured
with a participant study, on subsequent customer satisfaction with avigsiems
conceptual designs.

2 — Determine if conceptual designs meet the expectations of the customer.

3 — Examine the body of knowledge related to systems engineering, pribritize

requirements and avionics system design.

4.2.1 Process

Research will be conducted in the areas of Requirements Prioritization, Avionic
System Conceptual Design, Systems Engineering and Statisticas&naBtudy metrics
extracted from avionics system design projects will be sorted by projeanahged
using classical statistical analysis. Three studies will be cordifateach project under

analysis. The first study was administered prior to the Requiremetntei&iaation
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event. The second was administered immediately after the event. Thedisttidies
are identical, and attempt to isolate shifts in sentiment related to the ddsrgyn Efie
third, and final, study captures data relative to how well the conceptual design was
represented in the final design. Hypothesis testing seeks to reveal ianwduédiveen
stages of studies or individual projects.

The individual project study data sets have been analyzed using traditatissilcst
to establish if the hypothesis has relevance, that is to say that the null sygadtia no
shift occurred, can be rejected, and that there is a measurable shdtamer sentiment
about the preliminary design and the conceptual design process, as it relates to
representation of the requirements.

Study Section Il data sets were examined using Minitab 14 statistid¢gdiartaols.
The data sets were tested for normality using the Anderson-Darlindtat variance
were then measured with an F-test for normal data and Levene’s test fosinaometric
data in order to establish if the data sets have equal of variance. The daEs¢iew
compared with a Two Sample-T test, in order to test the null hypothesis (HO) that no
change in sentiment study data was noted between the sample points previously
discussed. The Two-Sample T test assumes equal variance if the F-egte’t test
indicates equal variance.

Study Section Il data attempts to corroborate the positive affect on ovejatitp
performance and the “feeling” amongst stakeholders of a validated desicgpt. Data
was examined through the statistical analysis construct above, using dagd ttem
study/ interview question responses at various stages of projects to measumeicus

satisfaction.
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Study Section | results were used in a follow-on study to perform pair-wise
comparison of customer sentiment related to the following system attributes:

Supportability, Safety, Performance, Cost, and Availability.

4.3 Requirements Rationalization Process Described

Requirements Rationalization is a simplified facilitated process forifzation of
system requirements. Many Coast Guard avionics system projects haviedtwitiy
conceptual designs that failed to satisfy the customer’s expectationshaSis w
happening? Avionics system design is becoming more defined by softwareriafitti
and interfaces than by individual subsystem functionality. Advanced avioniemsys
consist of a networked processing, storage and application environment. Hgsential
avionics systems have transitioned from hard-closed systems to soft-omenssgat
now experience “wicked problems”. Many critical capabilities and funditmsaexist
at the interfaces of subsystems. This is especially true in systensterhsy
developments. Like many other systems with wicked problems, avionics sysiéfer
from trends in unachievable thresholds and operational requirements that are poorly
transitioned to specifications. The “everything is a threshold” requirerdeatsnent
(sponsor expectations) is also a recurring problem area as custorhersriegulnerable
to the whims of software integrators and subsystem suppliers.

The history of prioritization in Coast Guard avionics design includes: HC-130J
Mission System design, when 6 Air Force slick C-130J cargo aircradt puechased by
the Coast Guard and required conversion into maritime patrol aircraft; theyRding

Electro-Optic Sensor System (ESS) acquisition which was a rapid procurante
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deployment of advanced sensor technology supporting Homeland Security airborne use
of force capability; the Helicopter Integrated Data Storage systejact, which

provided for a multiplatform acquisition of advanced mission data recording and
processing. The process was also used on the Rotary Wing Radar SystaitiGacqui

project, which is to procure, and integrate, a replacement of weather avoidiarse ra

with maritime surveillance radar capability.

ESS

Figure 4-1 Coast Guard C-130J in work and the ESS

What is Requirements Rationalization? The process involves both vertically and
horizontally integrated stakeholders that are brought together in a fadil@avironment
to prioritize user, or operational, requirements. The facilitator guidesdbg trough
the difficult task of rank ordering every single requirement. The proessardis that all
requirements be considered in context of “what is important in the operation of the
system”. Constraints are integrated with requirements in order to higluitite group
the challenges of meeting all of the requirements in a real world ¢orRexjuirements

Rationalization combines elements of mission engineering, brainstorming, and
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prioritization, to provide a unique set of outcomes. The following charaaterisscribe
the process:

= A simplified facilitated prioritization event

= Includes horizontally and vertically integrated stakeholders

= Provides artifacts early in the project to map priority and risk

= Captures large amounts of tacit-to-explicit knowledge about system

utilization
= Builds consensus and political support for the project

= Not an IPT but the IPT may participate

Table 4-1 A Comparison of Requirements Rationtibraand IPTs

Integrated Product Team Reguirements
Rationalization
Characteristics A team that conducts many An event.

meetings.
Purpose A team established for the life ofA facilitated prioritization

the development that is derived event designed to extract an
to support Integrated Product & organizational vision of high
Process Development (IPPD). | level conceptual design.

Participation Chartered membership Usually much larger than IPTs.
established. Usually tied to A wide variety of
“positions” rather than organizational levels
individuals. Matrix often made | represented from very senior
up of supervisory level leadership to users. Multi-

personnel. Hold decision rights.discipline participation
including source selection
personnel and integration

teams.
Duration Life of the Project and beyond.| Singular meeting (may take
Conducts many meetings. multiple days).
Artifacts Many diverse SE/PM atrtifacts. List of prioritized

requirements, significant
comments, initial risk matrix.

Applications Classic approach is application| Any size project for which
to large product and process | there exists preliminary
developments. requirements.
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Requirements Rationalization provides several pt@eifacts and effects. Early risk

matrix development begins related to the desigme [i5t of requirements is prioritized

and tacit to explicit comments are associated wdlividual requirements. There is also

a record of attendance that demonstrates for feloieams, that an organizationally

sanctioned set of priorities was established bgtakeholder groups with the authority to

represent the interests of their sections. CG Ra@lResults/Benefits of Prioritization in

Early Conceptual Design:

Risk mitigation

Early identification of technical risk

Early identification of political/programmatic risk

Stakeholder alignment

Prioritization of resources

Visualization of system function and deploymenintgjor stakeholders
Early matrix development for cost by capability

Prioritization input for analysis of requirementadicts (could be used
for house of quality)

Revised requirements documents

In order to prepare for a rationalization evenis itequired that some preliminary

work be conducted. The team should address thenfiolg areas:

Review requirements
Perform preliminary market analysis
Align support for the process

Arrange for senior leadership kickoff
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= Manage expectations in the invitation
= Establish the significance

= Fill gaps in organizational attendance
= Assess participant agendas

= Scope the number of requirements to less than 150

Senior Leadership
Mandate - q
-

Tacit to Explicit Recorder

Vision
Feedback to
Stakeholders

Facilitator —™
Prioritization Recorder ¥

Vertically

Risk Recorder > Integrated

Horizontally . o
Integrated Rationalization

//

Figure 4-2 A high level view of Requirements Ratlization

Vertically and horizontally integrated attendaneertitical to the success of
Requirements Rationalization. Too often, teamsaasembled within functional
stovepipes, or are matrixed functionally but arevestically diverse. The most
dangerous risk within any project is usually nobewided in the risks that the collective
organization is managing, but the risk that hasegamobserved. It is quite likely that

someone involved with the project had some undedstg of the issue in advance and
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was not positioned or empowered to elevate theigputhe correct channels. This effect
is especially prevalent in large teams working claxplesigns. Some criteria for
participants are detailed below:

= Cross functional

= Varying priorities

= Champions

= Skeptics

=  Workers (hands on)

= Leaders

= Decision makers

= Flat atmosphere

During the event it is critical to begin with thensor leadership
introduction/mandate. Many of the attendees mayaseopportunity to disrupt the event
to achieve a personal or political agenda. A gdeedership kickoff sets the tone of
organizational sanction and establishes the exji@tsaof behavior for the group.
Transition the group to work by asking the parteifs to read the requirements and label
each as High, Medium or Low in importance as thgc#ically relate to “Operational
Capability” of the system.

Upon completion of the categorization by particiigaand following a break, ask for
each person to rank order their top 5 requirememthieir document. Begin the active
facilitation by soliciting each participant’s numitiepriority requirement. Capture the
requirements on a whiteboard or flipchart to féaie ranking. Ask each participant

about their thoughts related to their number 1 irequent.
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Following tacit discussion of everyone’s highestked requirement, proceed with
prioritization using multi-voting and other facdiion techniquesAllow the group all
the time they require to discuss and negotiateingsk This is the period when the
majority of tacit knowledge can be transferredxplieit by the recorders. Use
paraphrasing extensivelyWhat | heard you say was...... "There are no parking lots in
a rationalization event. Every requirement musplaeed in a position in the rank order.
No grouping of requirements is allowed. The grogpimust form as part of the
requirement-by-requirement process. The facilitatakes the final call on priority
placement.

Any priority can be revisited by anyone during éwent. Continue by writing on the
board all High ranked requirements and facilitateoadingly. Then proceed with
Mediums and Lows. Draw out comments from sileninioers; do not stifle input from
knowledgeable individuals, but guard against gralrpsng agendas.

After the event, deliver artifacts to the projesdm and participants. It is important
for participants to receive, digest, and relatetters the results. Report out on
deliverables in a formal setting to leadershiprt Bamaking Requirements
Rationalization outputs organizationally validasgain senior leadership support for due
diligence in requirements analysis.

Use the artifacts to define work/priorities in soeiselection plans and design
documents. Constantly reinforce the linkage tdigpant directorates that their input
and priorities are reflected in the choices andgmethrough out the project. The artifacts

are not shoot-and-forget documents.
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Assess the preliminary risk matrix. Many of thestfiproject risks, especially
programmatic and political ones, will emerge asthevents. It is never too early to
begin active risk management. Work with the spotsproperly scope operational
requirements and acquisition plans with a focusgireduction, or said another way,
with a focus on project success. Sponsor participavill set the stage for compromise
necessary for success.

Requirements Rationalization event pitfalls asvitable. Any time a diverse group of
people assemble to accomplish a task, there caarlgalesirable, but also very
undesirable outcomes. Some level of pitfall avoaacan be instituted with the

following actions:

» The Facilitator must remain neutral and does nt#,&xpress opinions, or hold
positions.

= Managers must resist the urge to “make the calilifty personnel should wear
business casual).

= Do not assume constraints or specifications aréheftable.

= Do not interrupt ongoing negotiations or dialogedween participants.

= Do not mix KPPs with regular requirements and diyjes.

= |tis encouraged to prioritize Thresholds and Otfbjes in context with each
other.

Based on Coast Guard project experience, good apptes for prioritization

present themselves in all projects, but a formaheéis especially useful on:
= Heavy Graphical User Interface development

= Design to cost efforts
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New operational requirements that have not be@sitraned to TPMs or
technical requirements

Projects where there are vast differences in iatesrganizational objectives
(stakeholder conflict)

Technically difficult or high risk projects
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Chapter 5 — Research Results and Analysis

5.1 Data Set 1 HIDS Project Study Data Normalityfest (Prior to Requirements
Rationalization)

The following analysis was performed on study dastured at organizationally
sanctioned prioritization events. The first datalgsis was conducted on an initial study
administered to participants at the beginning tf@day prioritization event in
September of 2007, and a second at the end o&the svent. The exact same study was
administered on both occasions. The first staperdata analysis is to establish if the
data set is from a normal distribution. The Andar®arling test was utilized to
establish if the data is normal or must be assuiméé non-parametric for further
analysis.

e P-Value for the first data set HIDS Prior is < .05
Therefore:
e DI1-HO: Sentiment Data Expressed in the HIDS PredRements Rationalization

Study set is normal — is rejected.

e DI1-H1: Sentiment Data Expressed in the HIDS PredRements Rationalization

Study set is non-parametric — is significant

As the data set is non-parametric, Levene’s tdsbeiused to compare variance

between the data sets.
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D1 - Survey Summary for HIDS Pre-Requirements Rationalization
Anderson-Darling Normality Test

- A-Squared 4.50

P-Value < 0.005

Mean 2.0278

I StDev 4.1278

Variance 17.0387

| ——T—] Skewness -0.378420

] \\ Kurtosis ~ -0.489264

| N 432

v Minimum -9.0000

| 1st Quartile 0.0000

Median 3.0000

T T T T T T T 3rd Quartile 5.0000

= 0 3 0 3 6 9 Maximum 9.0000
95% Confidence Interval for Mean

* I N 1.6374 2.4181
95% Confidence Interval for Median

2.0000 3.0000
95% Confidence Interval for StDev

95% Confidence Intervals 3.8697 4.4231

Mean I ® i
Median- | ®
1.I50 1.I75 2.(I)0 2.I25 2.I50 2.I75 3.(I)0

Figure 5-1 Graphical Summary Analysis of HIDS Rie Data

5.2 Data Set 2 HIDS Project Study Data Normalityest (Following Requirements
Rationalization)
e P-Value for the first data set HIDS Following isG5
Therefore:
e D2-HO: Sentiment Data Expressed in the HIDS PosfuRements
Rationalization Study set is normal — is rejected.
e D2-H1: Sentiment Data Expressed in the HIDS PosfuRements

Rationalization Study set is not normal — is siigaifit
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D2 - Survey Summary for HIDS Post Requirements Rationalization
Anderson-Darling Normality Test
— A-Squared 10.43
— P-Value < 0.005
Mean 3.4383
StDev 3.7158
™~ Variance 13.8073
\ Skewness  -0.874412
\ Kurtosis -0.116940
N 324
Minimum -7.0000
1st Quartile 2.0000
Median 4.0000
T T T T T T 3rd Quartile 6.0000
© E © g © ? Maximum 9.0000
95% Confidence Interval for Mean
* R ox I N 3.0321 3.8444
95% Confidence Interval for Median
4.0000 5.0000
95% Confidence Interval for StDev
959% Confidence Intervals 3.4500 4.0263
Mean{ | ® i
Median | ¢ i
T T T T T
3.0 35 4.0 45 5.0

Figure 5-2 Graphical Summary Data HIDS Post RRaDa

5.3 HIDS Study (1 and 2) Variance Test
Means Data sets are assumed to be non-parametbotfosets of HIDS Study

results using the Anderson-Darling test. Thearare test generated in Minitab
create a plot that displays Bonferroni 95% confadeimtervals for the population
standard deviation at both factor levels. The gr@pb displays the side-by-side
boxplots of the raw data for the two samples. Fyné#he results of the F-test and
Levene's test are given. The F-test is relevérginvithe data comes from a normal
distribution and Levene's test when the data cdrnoes a continuous, but not
necessarily normal, distribution (which will be dga this circumstance). The 95%
confidence level applies to the family of intervated the asymmetry of the intervals

is due to the skewness of the chi-square distobutiAs both sets of data are
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assumed to be non-parametric for Data sets 1 #HtDIS Project), the Levene’s

statistic is relevant for the Hypothesis.

All of the analysis will assume a 95% confidendeilwal. The value of will be

.05 for all hypothesis tests.

HO: variance of HIDS D1 Data set (Prior to RR) xiaace D2 (Following RR)

H1: variance of HIDS D2 Data set (Prior to RRyariance D2 (Following RR)

Levene’s Test rejected the null hypothesis: HO .90d5

Variance of D1 and D2 are not equal - is signiftcan

The Two - Sample T test will be used as approxiomadis the sample set is large

and the data is non-parametric.

C1+

C2+

C14

C24

Test for Equal Variances for HIDS Pre RR - HIDS Post RR

F-Test

Test Statistic 1.23

P-Value 0.045

Levene's Test

Test Statistic 8.35
P-Value 0.004

T
3.50 3.75

T T
4.00 4.25 4.50

95%o Bonferroni Confidence Intervals for StDevs

Data

Figure 5-3 Variance Test for HIDS Pre and PosfuRements Rationalization Study Data
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5.4 Two Sample T-Test HIDS Study Data Sets 1 ard

Two-Sample T-Test and CI: HIDS Pre RR Study (DIP$ Post RR Study (D2)
Two-sample T for D1 vs D2

ID N Mean StDev SE Mean

D1 432 2.03 4.13 0.20

D2 324 344 372 0.21

Difference = mu (D1) - mu (D2)

Estimate for difference: -1.41049

95% ClI for difference: (-1.97287, -0.84812)

T-Test of difference = 0 (vs not =): T-Value = -2.9P-Value = 0.000 DF =729
The Null Hypothesis that data sets are equal &ctegl as the P Value is less than
.05 - HO: P-Value = 0.000 < .05.

H1: D1+# D2 is significant

Individual question data plot of Pre Requiremerasidhalization event (Figure 5-4)

and Post Requirements Rationalization event Stesiylts indicate increased positive

sentiment effect and individual question Boxplag(fe 5-5) of the same data sets, also

indicating increased positive sentiment effecte gnestions in the study were designed

to measure sentiment related to a number of prajet{program factors. The vast

majority of questions in the study are relatechis¢onceptual design effort and the

design team. There are also requirements relatestigns that try to frame stakeholder

perceptions related to reasonableness of the mmgants set, as well as any known or

perceived risk elements related to any individeguirement.
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Individual Value Plot of HIDS Pre RR - HIDS Post RR
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Figure 5-4 Individual question value plots of H[Pre RR and Post RR
Boxplot of D1 (HIDS Pre RR), D2 (HIDS Post RR)
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Figure 5-5 Boxplots of HIDS Pre RR and Post RR
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The group of stakeholders is exposed to an intEtddated event designed to draw
out tacit knowledge about the operational contéxihe user, or sponsor requirements.
The process leverages a number of group technapae&orces” participant
stakeholders to prioritize requirements outsidthefrequirement functional hierarchy.
Figure 5-6 graphically represents averages oftilndysesults by question. That is to say
that the scores for each of the 27 discrete questiere captured, summed for all studies
by question, and then divided by the number ofisgidThis process was repeated for

both the Pre RR and Post RR studies.

mPre-RR
@ Post-RR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 21 22 23 24 25 26 27

Figure 5-6 Average Scores by Question in HIDS HReaRd Post RR Studies

The data represented in Figure 5-6 allows anabfssentiment shift by question.
The study questions are broken down into the falgveategories:
Conceptual Designl, 5, 6, 7, 8,9, 11, 12, 13, 14, 16, 17, 18,2022, 23, 24, 26
Requirements Quality 2, 10, 14, 15, 16, 19, 22, 23, 24

Constraints 4, 25, 27
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Program Related Question3

5.5 Data Set 3 HIDS Project Study Data Normalityrest (Following PDR)

While the first two data sets were taken from stgdit the Requirements

Rationalization event, the third set was takenralifdinary Design Review. By PDR the
system components had been selected and conteauddtie integration design was well

defined. In essence, the priorities expresseddarRequirements Rationalization event

could be “witnessed” within the design, if in fakbse priorities were represented.

e P-Value for the first data set HIDS Prior is < .0%herefore:
e D3-HO: Sentiment Data Expressed in the HIDS P&seliminary Design Review
Study set is normal — is rejected.
e D3-H1: Sentiment Data Expressed in the HIDS P&seliminary Design Review
Study set is not normal — is significant
Survey Summary for HIDS Post PDR
Anderson-Darling Normality Test
A-Squared 12.18
— P-Value < 0.005
Mean 4.3914
] — StDev 3.2374
™~ Variance 10.4807
\ Skew ness -1.26112
\ Kurtosis 2.09467
N 405
/ Minimum -9.0000
ist Quartile  3.0000
Median 5.0000
— - I — 3rd Quartile  7.0000
A -6 -3 -0 3 6 9 Maximum 9.0000
95% Confidence Interval for Mean
PO T} 4.0751 4.7076
95% Confidence Interval for Median
5.0000 5.0000
95% Confidence Interval for StDev
959% Confidence Intervals 3.0287 3.4772
Mean ® |
Median [
4.I0 4.I2 4.I4 4.I6 4.I8 5.IO

Figure 5-7 Graphical Summary of HIDS Post PDRIgtData
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5.6 HIDS Study (1 and 3) Variance Test

e Means Data sets are assumed to be non-parametalt foree sets of HIDS
study results following the Anderson-Darling test$e null hypothesis that the
data sets are normally distributed was rejecteal icases.

e The variance test generated in Minitab (Figure Br8ates a plot that displays
Bonferroni 95% confidence intervals for the popiolatstandard deviation at both
factor levels. The graph also displays the sideildg-boxplots of the raw data for
the two samples. Finally, the results of the F-&&st Levene's test are given. The
F-test is relevant when the data comes from a natist@ibution and Levene's
test when the data comes from a continuous, butexessarily normal,
distribution (which will be used in this circumsta). The 95% confidence level
applies to the family of intervals and the asymmefrthe intervals is due to the
skewness of the chi-square distribution. As betk ef data are non-parametric
for Data Sets 1 and 3 (HIDS Project), the Levestsistic is relevant for the
equal variance Hypothesis.

e All of the analysis will assume a 95% confidenaeival. The value af will be
.05 for all hypothesis tests.

e HO: variance of HIDS D1 Data set (Prior to RR) xiaace D3 (Following RR)

e H1: variance of HIDS D1 Data set (Prior to RR)ariance D3 (Following RR)

e Levene’s Test rejected the null hypothesis: HO 9005 (Figure 5-8)

e Variance of D1 and D3 are not equal - is signiftcan

e The Two - Sample T test will be used as approxiomadis the sample set is large

and the data is assumed to be non-parametric.

106



C14

C31

C1+

C34

Test for Equal Variances for D1 - HIDS Pre RR and D3 - HIDS post PDR

F-Test

Test Statistic 1.63
P-Value 0.000

Levene's Test

Test Statistic 37.62
P-Value 0.000

3.0

T T T T T
3.2 3.4 3.6 3.8 4.0 4.2

95% Bonferroni Confidence Intervals for StDevs

4.4

=43 0 5 10

Figure 5-8 Test for Equal Variance of HIDS Pre RRR ost PDR Data

5.7 Two-Sample T-Test HIDS Study Data Sets 1 ard

Two-Sample T-Test and CI: HIDS Pre RR Study (DIP$ Post PDR Study

(D3)

Two-sample T for D1 vs D3

ID N Mean StDev SE Mean

D1 432 2.03 4.13 0.20

D3 405 439 3.24 0.16

Difference = mu (D1) - mu (D3)

Estimate for difference: -2.36358

95% ClI for difference: (-2.86525, -1.86191)

T-Test of difference = 0 (vs not =): T-Value = -8.2P-Value = 0.000 DF =810
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The Null Hypothesis that data sets are equal &ctegl as the P Value is less than

.05 - D1 — D3 HO: P-Value = 0.000 < .05.

D1 - D3 H1: D1# D3 is significant

Individual Value Plot of D1 - Pre RR and D3 - Post PDR
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Figure 5-9 Individual Question Value Plots of FilPre RR and Post PDR

The data in Figure 5-9 graphically demonstratagrifgcant positive shift in the data
from the initial set of stakeholder studies giveioipto the Requirements Rationalization
event and the study given following the PreliminBgsign Review. Figure 5-10
represents the same data as 5-9 in a boxplot formgtire 5-11 allows analysis of
sentiment shift by question. The study questiafisrito the following categories:
Conceptual Designl, 5, 6,7, 8,9, 11, 12, 13, 14, 16, 17, 18,220,22, 23, 24, 26
Requirements Quality 2, 10, 14, 15, 16, 19, 22, 23, 24

Constraints 4, 25, 27
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Program Related Question3

Boxplot of D1 - HIDS Pre RR and D3 - Post PDR
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Figure 5-10 Boxplots of HIDS Pre RR and Post PDR
HIDS Pre RR - Post PDR
10

Score

123456 7 8 9101112131415161718192021222324 252627

Question Numbers

®m Pre RR @mPost PDR

Figure 5-11 Average Scores by Question in HIDSE R and Post PDR Studies
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HIDS Requirements Rationalization Survey Data

10

-
S
,

Score

-7

7 8 9|10 11

12| 13

15

16 17 18

%20 21

22 23

25 26

Question Number

‘+ HIDS Post PDR —e— HIDS Post RR —a—HIDS Pre RR

Figure 5-12 HIDS Studies Averages by Question

Averages for all of the HIDS studies, by questiang, graphically represented in

Figure 5-12. Figure 5-13 represents the samesgdta an empirical cumulative

distribution function along with a representatidritee mean for the displayed data. The

average shift per question is represented in Figtré. The HIDS project had

significant positive shifts in multiple areas oétbtudies. The following three questions

received the largest shift in positive sentimemntfce RR to Post PDR as expressed in the

studies:

7 — Do you have a clear mental picture of how the system will perform operationally?

17 - In your opinion, does the design team fully understand the requirements as currently

documented?
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24 - Rate your confidence that all of the threshold requirements can be met in the system

integration.

Percent

Empirical CDF of HIDS Pre-RR, Post-RR and Post PDR
Normal

100

801

60

40-

20

Variable
Pre RR
Post RR
Post PDR

Mean
2.028
3.438
5.489

StDev N
1.554 27
2.040 27
1.553 27

5.0
Data

7.5 10.0

Figure 5-13 Empirical CDF of Average HIDS Studgt® by Question

111




HIDS Shifts

mHIDS Shifts

Figure 5-14 Stakeholder Sentiment Shift from HIPX® RR and Post PDR Studies

Questions that received a negative sentimentshithe HIDS project were:
13 — How confident are you that the system will have a logistics support plan that will
provide required operational availability?
20 — Rate your confidence that conflicting requirements will be addressed by the design
team.

The Helicopter Integrated Data Storage Systendmta recorder that is being
integrated to support mission data recording. @lestakeholder concern, as expressed
in the design review studies, that the desire talleaSearch and Rescue video that is
Unclassified quickly, is in conflict with securitgquirements for other data elements that

will be captured by the system.
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5.8 Data Set Radar Project Study Data Normality &st (Prior to Requirements
Rationalization)

The Rotary Wing Radar project is focused on insgrsitate of the art maritime
surveillance radar capability into the largesttfleeDepartment of Homeland Security
aircraft. The procurement is pending at the wgitrfi this dissertation. The two sets of
data available for the project are the Requirematsonalization event study data sets.
The first set is from the Pre event study and du®sd set of data was from a study at the
end of a three day prioritization event. The fat&p in the data analysis is to establish if
the data set is from a normal distribution. Thel@rson-Darling test was utilized to
establish if the data is normal or must be assuiméé non-parametric for further
analysis.

e P-Value for the first data set Radar Prior is < .05

Therefore:

e D4 HO: Sentiment Data Expressed in the Pre RegemgrRationalization Study

is normal - is rejected.

e D4 H1: Sentiment Data Expressed in the Pre Reqgem&rRationalization - is

assumed to be non-parametric.
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Radar Pre Requirements Rationalization
Anderson-Darling Normality Test
— A-Squared 10.81
- — P-Value < 0.005
Mean 1.4259
StDev 4.3727
V ariance 19.1207
=T T Skewness  -0.724491
l\ Kurtosis -0.074915
N 540
Minimum -9.0000
1st Quartile -0.7500
Median 3.0000
T T T T T T T 3rd Quartile 5.0000
< © E © g ® ® Maximum 9.0000
95% Confidence Interval for Mean
I ——— 1.0563 1.7956
95% Confidence Interval for Median
2.0000 3.0000
. 95% Confidence Interval for StDev
959% Confidence Intervals 4.1266 4.6503
Mean{ | ® i
Median | I ®
T T T T T
1.0 15 2.0 25 3.0

Figure 5-15 Graphical Summary of Radar Pre Remerdgs Rationalization Study Data

5.9 Data Set 4 Radar Project Study Data Normalityrest (Post - Requirements
Rationalization)
e P-Value for the data set Radar Following is < .05
Therefore:
e D5 HO: Sentiment Data Expressed in the Radar PegtiiRements
Rationalization Study is normal - is rejected.
e D5 H1: Sentiment Data Expressed in the Post Regeinés Rationalization Study

is assumed to be non-parametric.
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Radar Post Requirements Rationalization

Anderson-Darling Normality Test

A-Squared 7.53

] P-Value < 0.005

- — Mean 3.4868

O I . StDev 3.8543

I~ V ariance 14.8553

— N Skewness  -0.742946

\ Kurtosis -0.120211

N 378

Minimum -9.0000

1st Quartile 1.0000

‘=|;|_,_/|7 Median 4.0000
/= 3rd Quartile 7.0000

-9 -6 -3 0 3 6 9 Maximum 9.0000
95% Confidence Interval for Mean
% I — 3.0970 3.8766
95% Confidence Interval for Median
4.0000 5.0000
95% Confidence Interval for StDev
959% Confidence Intervals 3.5977 4.1505
Mean- I i
Median ¢ i
T T T T T
3.0 35 4.0 4.5 5.0

Figure 5-16 Graphical Summary of Radar Post Remqénts Rationalization Study Data

5.10 Radar Study (D4 and D5) Variance Test

e Data is assumed to be non-parametric for Radaafitd’>ost Requirements
Rationalization study results using the Andersonlibgtest. HO: P-Value < .05
indicating a Non-parametric data set. Levene’s f@svariance was used rather
than F-Test and the Two Sample T-Test was used ap@oximation technique
due to the large sample.

e The variance test generated in Minitab creategttipat displays Bonferroni 95%
confidence intervals for the population standandaten at both factor levels.
The graph also displays the side-by-side boxplbtseraw data for the two
samples. Finally, the results of the F-test andebels test are given. The F-test

is relevant when the data comes from a normalibligton and Levene's test
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when the data comes from a continuous, but notssacky normal, distribution.
The 95% confidence level applies to the familyraérvals and the asymmetry of
the intervals is due to the skewness of the chasgdistribution.

All of the analysis will assume a 95% confidendeilval. The value of will be
.05 for all hypothesis tests.

HO: variance of D4 Radar Data sets Prior to RRariance of D5 Following RR
H1: variance of D4 Radar Data sets Prior to RRariance of D5 Following RR
Levene’s Test rejected the null hypothesis: H®28.8 .05

Variance of D4 and D5 are not equal - is signiftcan

The Two - Sample T test will be used as approxiomadis the sample set is large

and the data is non-parametric.

Radar Pre-RR, Post-RR

F-Test

Test Statistic 0.34
t O | P-Value 0.007

Levene's Test

Test Statistic 5.11
P-Value 0.028

T T T
1.0 1.5 2.0 2.5 3.0
95% Bonferroni Confidence Intervals for StDevs

Data

Figure 5-17 Levene'’s test of Radar Study Data Satiance
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5.11 Two Sample T-Test HIDS Study Data Sets 4 arad

Although the data sets were not found to be noandlthe variances are not equal,

the Two Sample T-Test was chosen for an approxamatf equality due to the large

sample size. The results indicate a significaift shsentiment as indicated by the

rejection of the Null Hypothesis.

Two-Sample T-Test and Cl: Radar Pre RR Study (Rdylar Post RR Study (D5)
Two-sample T for D4 vs D5

ID N Mean StDev SE Mean

D4 540 143 4.37 0.19

D5 378 3.49 3.85 0.20

Difference = mu (D4) - mu (D5)

Estimate for difference: -2.06085

95% CI for difference: (-2.59731, -1.52439)

T-Test of difference = 0 (vs not =): T-Value = -Z.5P-Value = 0.000 DF = 868
The Null Hypothesis that data sets are equal &ctegl as the P Value is less than
.05 — D4/D5 HO: P-Value = 0.000 < .05.

D4/D5 H1: D4+ D5 is significant

Individual question plot (Figure 5-18) of beforedaafter Study results indicates

increased positive sentiment effect and individpedstion plot of before-and-after Study

results indicates an increased positive sentinféette Figure 5-19 is a Boxplot of the

same data represented in the individual questioh) iplalso demonstrates a significant

positive shift in sentiment.
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Individual Value Plot of D4 Radar Pre RR and D5 Radar Post RR
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Figure 5-18 Individual Question Value Plots ofd@aPre RR and Post RR
Boxplot of D4 Radar Pre RR and D5 Radar Post RR
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Figure 5-19 Individual Question Boxplots of HIP%e RR and Post PDR
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5.12 Radar Study Shifts

The data in Figure 5-20 demonstrates graphicadigmaificant positive shift in the
data from the initial set of stakeholder studiagegiprior to the Requirements
Rationalization event and the study given followihg event. The group of stakeholders
is exposed to an intense facilitated event desigmeldaw out tacit knowledge about the
operational context of the user, or sponsor requargs. Figure 5-20 graphically
represents averages of the study results by questibat is to say, that the scores for
each of the 27 discreet questions were capturedn®al for all studies by question, and
then divided by the number of studies. This preseas repeated for both the Pre RR
and Post RR studies. The study questions falltidollowing categories:
Conceptual Design1, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16, 17, 18,220,22, 23, 24, 26
Requirements Quality 2, 10, 14, 15, 16, 19, 22, 23, 24
Constraints 4, 25, 27
Program Related Question3

Average shifts for all of the Radar studies, bysfiosm, are graphically represented in
Figure 5-21. The Radar project had significanttpasshifts in multiple areas of the
studies. The following five questions received ldrgest shift in positive sentiment for
Pre RR to Post PDR as expressed in the studies:
1 — How confident are you that you understand which requirement is the highest priority
requirement as it relates to the operational performance of the proposed system?
6 — Do you have a clear mental picture of how the system will look, including the system

after it is integrated?
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8 — Do you have a clear mental picture of risks associated with the design from a
physical integration perspective?

18 — Rate your confidence that you understand the 10 most significant requirements as it
relates to providing operational capability.

26 — How confident are you that you understand which requirements are the highest
priority requirements as it relates to the operational performance of the proposed

system?

Radar Pre RR - Post RR

Score

112 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 20 21 22 23 24 26 27

2+

Question Number

m Pre RR mPost RR

Figure 5-20 Average Scores by Question in RadaiRR and Post RR Studies

It should be noted that question 6, “Do you haetear mental picture of how the
system will look, including the system after iingegrated?”, was one of the lowest
scoring questions prior to the prioritization eveifihe effect of mental imagery is very

powerful. It is not a stretch, based upon thearsps in the studies, to extrapolate that a
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very diverse group of stakeholders left the evatit @ common mental picture of the
project objectives.

In summary, the Requirements Rationalization pmb&as demonstrated statistically
verifiable impact on the perception of stakeholdegarding complex CG avionics
designs. The Requirements Rationalization procassitions tacit knowledge of system
operation, integration and requirements to expkioiwledge. The process provides a
systems engineering artifact detailing customeorfiies to source selection, design and
integration teams. The process removes organimdtimarriers long enough to align
requirements with customer needs and expectatiBesised requirements have resulted

from the process.

RADAR

B RADAR

12345678 910111213141516171819 2021 22 23 24 25 26 27

QUESTION NUMBER

Figure 5-21 Radar Requirements Rationalizationls&hifts
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Chapter 6 - Conclusions

The Requirements Rationalization method of requamis) prioritization was utilized
on multiple Coast Guard avionics projects prioctigstomer sentiment data being
captured in entrance and exit studies. The systiatgered to the frontlines of
Homeland Security operations, are some of the absinced, and successful avionics
systems ever fielded by the organization. Thedamuoperational capability
optimization has been very well received by alkstlders. By focusing on the
customer’s “Critical Capability”, the systems erggning team was able to execute
system delivery in a very cost efficient model. eD$10M in life cycle cost avoidance
was achieved in one project alone. That same grdgivered the most advanced
technology in its class, on schedule, on budget.

The story above is largely anecdotal. The focubisfstudy was to apply scientific
methodology to validation of the anecdotes. Tisailis of the study demonstrated a
significant shift in sentiment represented in thales. On both projects, positive
sentiment more than doubled with mean study ddtesas follows:

Mean of HIDS Pre Requirements Rationalization ssidi 2.02778

Mean of HIDS Post Preliminary Design Review studies39136

Mean of Radar Pre Requirements Rationalizationtestedies = 1.42593
Mean of Radar Post Requirements Rationalizationtesteidies = 3.48677

The shifts were measurable and statistically sicgmit, thus validating the positive
effect of requirements prioritization on complexamics system conceptual design
efforts. In all cases where the technique wasiegpptequirements negotiation was a

collaborative follow-on effort that enhanced projsgccess and customer satisfaction.
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The repeatable nature of the effect on multiplgguts also speaks to the validity of the
process.

The value of raw prioritization or “forcing”, as ppsed to hierarchical or grouped
priority techniques, is not the prioritization &atit itself, but the exchange of valuable
tacit knowledge from stakeholders to the desigmtaa they experience the conflicts
between each individual requirement and constradrbuping makes prioritization
easier, quicker and more logical; however, it &s¢bnflict and difficulty, full of logic
disconnects, that excites the group experiencgpemddes enormous insight into the
political, cultural, operational, sustainment, aachnical challenges that lie ahead.

The most powerful outcome of the study was theadisy of the nature of the
guestions that experienced the largest shiftsntirment. The Requirements
Rationalization process inspired confidence indégign team that did not exist at the
outset. The participants left the event with aciaental picture of how the system
would look, including the integration, even beftne first component had been
purchased or the first specification had been enittThe design team was then able to
transfer that collective vision into the desigroeff More importantly, the studies
demonstrated that the participants gained a newrstahding of conflicting
requirements and constraints within the formal nesents documents. In all cases, this
was a catalyst for revision of the documents, befren high risk requirements. In the

end, the hypothesis is validated.
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Appendix A
United States Coast Guard Rotary Wing Radar
Requirements Rationalization

DATE : LOCATION : ATTC Elizabeth Cty

NAME (Optional):

Part 1
Heuristics

Circle the number that best represents your persorigriorities related to the system

under discussion. A space for comments is availabat the end of this section.
Please note the comparison number next to your conents.

SAFETY
OPERATIONAL PERFORMANCE
COST
AVAILABILITY
SUPPORTABILITY
1 -
TR Ty NSNS USRS T, NN, N S MU M N - Y . Ny MU S

SAFETY NEUTRAL PERFORMANCE

2 —

TN Ty NSO U NS, SRS T, NN, N G MO M N - Y . Ny MU . S

COST NEUTRA SAFETY
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3-

TR Ty SN U UM, S T, N, N G MU M N - O . Ny MU SO

SAFETY NEUTRAL AVAILABILITY

4 -

TN T J O S, N TN O NN, WA SR, T S, O S o Oy - W«

SUPPORTABILITY NEUTRAL SAFETY

5-

TN Ty J O S, NN TN O NN, WO SR, T S, O S o My - W«

PERFORMANCE NEUTRAL COST

6 -

TN Ty MUY U U, SRS T, NN, N G MU M O - Y . Ny MU S

AVAILABILITY NEUTRAL PERFORMANCE

7 -

TN Ty M O SO, N TN O NN, WA W, T U, O S o Oy O - W«

PERFORMANCE NEUTRAL SUPPORTABILITY

8 -

TN Ty ST U RUNE, SRS T, N, N G MU M N - O . Ny MU . S

COST NEUTRAL SUPPORTABILITY

9 -

TN Ty JS O SO, N TN O NS, WO SR, T S, O S o My O - W«
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AVAILABILITY NEUTRAL COST
10 -
TN T J O S, N TN M NN, WO SR, T U, O S o Oy - W«

SUPPORTABILITY NEUTRAL AVAILABILITY

Heuristics Comments:
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Part 2
Requirements

Circle the number that best represents your sentimd related to the question. Be
specific to the system under discussion. A spac® tomments is available at the end
of this section. Please note the question numbeext to your comments.

1 — How confident are you that you understand whecfuirement is the highest priority
requirement as it relates to the operational perémrce of the proposed system?

TN T N O S, NN T O NN, WA SR, T S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE

2 — How confident are you that the requirementadperioritized capture all of the
operational system performance required for missiamtess?

TN T J O S, N TN M NN, WA SR, T U, O S o Oy - W«

NEGATIVE NEUTRAL POSITIVE
3 — How confident are you that there are enougburegs to build the desired system?

TN Ty J O SO, N TN M [NUN, WA SR, SO S, O S o Oy - W«

NEGATIVE NEUTRAL POSITIVE

4 — Rate how well you understand most of the emging constraints involved with
system integration.

TN Ty J O SO, N TN M [N, WO SR, S S, O S o Oy - W«
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NEGATIVE NEUTRAL POSITIVE

5 — How confident are you that you understand rab#ite opportunities at subsystem
interfaces for enhanced system performance?

TN Ty N O SO, N TN MO NN, WA W, T U, O SO o Sy - W«

NEGATIVE NEUTRAL POSITIVE

6 — Do you have a clear mental picture of how gstesn will look, including the system
after it is integrated?

TN T S O S, N T M NN, WO W, T U, O SO . Sy - W«

NEGATIVE NEUTRAL POSITIVE

7 — Do you have a clear mental picture of how gstesn will perform operationally?

TN Ty SN U RUNE, SO T, NN, N S MU M N - Y . Ny MU S

NEGATIVE NEUTRAL POSITIVE

8 — Do you have a clear mental picture of riskeeissed with the design from a physical
integration perspective?

TR Ty NSO U USSR T, NN, N G MO M N - O . Ny MU SO

NEGATIVE NEUTRAL POSITIVE

9 — Do you have a clear mental picture of riskeassed with the design from a Human
Machine Interface perspective?
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9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
10 — How confident are you that the system will tmaest or all of the operational
requirements?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
11 — How confident are you that the system wilelsy for the crew to use
operationally?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9

NEGATIVE NEUTRAL POSITIVE

12 — How confident are you that the system camtegyrated with a proper human
machine interface?

TR Ty NSNS UM, SRS T, N, N G MU M O - Y . Ny MU S

NEGATIVE NEUTRAL POSITIVE

13 — How confident are you that the system willdnavogistics support plan that will
provide required operational availability?

TN Ty J O S, NN TN O NN, WO SR, O S, O S . Oy MO - W«

NEGATIVE NEUTRAL POSITIVE

14 - Would you expect that a system of this nasin@uld provide more operational
capability than contained in the requirements atem?
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9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9

NEGATIVE NEUTRAL POSITIVE

15 — Do you expect the delivered system to exdeedhreshold performance of the
requirements document?

TN Ty S O SO, N TN MO NN, WA SR, T U, O S o My - W«

NEGATIVE NEUTRAL POSITIVE

16 — Do you expect the system to meet or exceedfime objective (optional)
requirements?

TN T JS O S, N TN M NN, WO SR, T S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE

17 - In your opinion, does the design team fullgenstand the requirements as currently

documented?

TR Ty NSO U UM, SO T, NN, N G MU M N - O . Ny MO S

NEGATIVE NEUTRAL POSITIVE

18 — Rate your confidence that you understand Ghmdst significant requirements as it
relates to providing operational capability?

TN Ty J O S, N TN MO NN, WO SR, T S, O OO . Sy - W«

NEGATIVE NEUTRAL POSITIVE
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19 — Rate your confidence that there are no reaueings that conflict with each other?

TN Ty UM U UM, S T, NN, N S MO M R - O . Ny MO SO

NEGATIVE NEUTRAL POSITIVE

20 — Rate your confidence that conflicting requieats will be addressed by the design

team?

TN Ty S O SO, NN TN M NN, WO W, T U, O O . My - W«

NEGATIVE NEUTRAL POSITIVE

21 — Rate your confidence that most of the requar@swill be addressed in the design?

TN Ty SN CYUN UN UNE, S T, NN, N G MU M N - O . Ny MU S

NEGATIVE NEUTRAL POSITIVE

22 — Rate your confidence that all of the thresmetfliirements can be met in the
conceptual design?

TR Ty ST U U, SAE T, NN, N S MO M N - O . Ny MU S

NEGATIVE NEUTRAL POSITIVE

23 - Rate your confidence that most of the threshadgirements can be met in the
system component choices?
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9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
24 - Rate your confidence that all of the thresholdinegments can be met in the system
integration?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
25 — Rate your belief that the platform constrawils not significantly affect
performance of the system?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
26 — How confident are you that you understand ivhégjuirements are the highest
priority requirements as it relates to the operatigerformance of the proposed system?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9

NEGATIVE NEUTRAL POSITIVE

27 — Rate your belief that trade offs in performeandll be reasonable based on platform
and other constraints.

TN T J O SO, NN TN U NN, WA SR, T U, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE
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Appendix B
United States Coast Guard Helicopter Integrated Dat Storage
Working Group

DATE : LOCATION : Rockwell Collin€Cedar Rapids, lowa

NAME (Optional):

Part 1
Heuristics

Circle the number that best represents your persorigriorities related to the system

under discussion. A space for comments is availabat the end of this section.
Please note the comparison number next to your conents.

SAFETY

OPERATIONAL PERFORMANCE

COST

AVAILABILITY

SUPPORTABILITY

1-
9----8----7----6----5----4----3----2----1----0----%--2----3----4 ----5----6----7 ----8----9

SAFETY NEUTRAL PERFORMANCE

2 —

TN Ty J O S, N TN O NN, WO SR, T S, O S o Oy - W«

COST NEUTRA SAFETY
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3-

TN Ty J O SO, NN TN U NN, WA SR, T U, O SO o My N - W«

SAFETY NEUTRAL AVAILABILITY

4 -

TN Ty SN U UM, SAE T, N, N G MO M R - Y . Ny MO . SO

SUPPORTABILITY NEUTRAL SAFETY

5 -

TN Ty NSO N UNE, SAE T, NN, WA G MU M R - Y . Ny MU S

PERFORMANCE NEUTRAL COST

6 -

TN Ty J O S, NN T O NN, WO SR, T S, O S o Oy - W«

AVAILABILITY NEUTRAL PERFORMANCE

7 -

TR Ty NSO U OSSO T, NN, N S MU M R - Y . Ny MO S

PERFORMANCE NEUTRAL SUPPORTABILITY

8 -

TN Ty JS O SO, NN TN MO NS, WA SR, T S, O OO o Oy - W«

COST NEUTRAL SUPPORTABILITY

O -

TN Ty USRS UM, SRS T, N, N G MO M O - Y . Ny MU SO
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AVAILABILITY NEUTRAL COST
10 -
TR Ty SN U UM, S T, N, N G MU M N - O . Ny MU SO

SUPPORTABILITY NEUTRAL AVAILABILITY

Heuristics Comments:
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Part 2
Requirements

Circle the number that best represents your sentimd related to the question. Be
specific to the system under discussion. A spacw tomments is available at the end
of this section. Please note the question numbeext to your comments.

1 —How confident are you that the system design represts the highest priority
requirement well in terms of operational performane?

TN T J O SO, N TN M NN, WO SR, T U, O S o My - W«

NEGATIVE NEUTRAL POSITIVE

2 —How confident are you that system or modificationss delivered provide all of
the performance required for operational mission sacess?

9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
3 —Were there enough resources to build the system?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
4 —Rate how well you understand most of the engineerjnconstraints of the system.

TN Ty S O SO, N T MO NN, WO SR, SO S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE
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5 —How confident are you that most of the opportunitis for enhanced system
performance at the interfaces will be achieve?

TN Ty SN U UM, S T, NN, N G MO M N - Y . Ny MU S

NEGATIVE NEUTRAL POSITIVE

6 —Did the system as integrated (or delivered) look #nway you expected it to look?

TN Ty J O SO, N TN O NN, WO SR, O S, O O . Sy O - W«

NEGATIVE NEUTRAL POSITIVE

7 —Do you have a clear mental picture of how the systewill perform
operationally?

TN Ty J O S, NN T MO NN, WO SR, S S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE

8 —How confident are you that most of the risks assoaied with the physical
integration of the system have been addressed?

TN Ty S O SO, N TN O NN, WO SR, T U, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE

9 —How confident are you that most of the risks assaaied with the Human
Machine Interface integration of the system have len addressed?

TN Ty J O SO, N T O NN, WO SR, T S, O S o Oy - W«

NEGATIVE NEUTRAL POSITIVE
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10 —How confident are you that the system as deliveredill meet most or all of the
operational requirements?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
11 —How confident are you that the system will be eadpr the crew to use
operationally?

TN Ty S O SO, N S M NN, WO SR, SO S, O S o Oy O - W«

NEGATIVE NEUTRAL POSITIVE

12 —How confident are you that the initial system desig represents a proper human
machine interface?
9----8----7----6----5----4----3----2----1----0----4--2----3----4----5----6----7----8----9

NEGATIVE NEUTRAL POSITIVE

13 —How confident are you that the system has in place, logistics support plan that
will provide required operational availability?

9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
14 -Would you expect that a system of this nature shodlprovide more operational
capability than the delivered system?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9

NEGATIVE NEUTRAL POSITIVE
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15 —In your opinion, did the delivered system to exceethe threshold performance
of the requirements document?

TN T S O S, N TN M NN, WA W, T S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE

16 —In your opinion, did the system to meet or exceedy of the objective (optional)
requirements?

TN T S O SO, N TN M NN, WA SR, T S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE

17 -In your opinion, did the design team fully understand the requirements as
currently documented?

TN Ty NSO U UM, SO T, NN, N G MU M O - Y . Ny MU S

NEGATIVE NEUTRAL POSITIVE

18 —Rate your confidence that the 10 most significantaquirements, as it relates to
providing operational capability, have been addres=d in the design?

TN Ty J O SO, NN TN M NN, WA SR, S S, O SO o Oy - W«

NEGATIVE NEUTRAL POSITIVE
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19 —Rate your confidence that there are no requiremeistthat conflict with each
other?

TN Ty MUY U UM, SAE T, NN, N G MU M R - U . Ny MU S

NEGATIVE NEUTRAL POSITIVE

20 —Rate your confidence that conflicting requirementsvere addressed by the
design team?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9

NEGATIVE NEUTRAL POSITIVE

21 —Rate your confidence that most of the requirementa/ere addressed in the
design?

TN Ty J O S, N TN MU NN, WO SR, T S, O S . Oy - W«

NEGATIVE NEUTRAL POSITIVE

22 —Rate your confidence that all of the threshold regirements were met in the
conceptual design?

TN T J O SO, N TN MO NN, WA SR, T S, O SO . Oy N - W«

NEGATIVE NEUTRAL POSITIVE

23 - Rate your confidence that most of the threshold ragirements can be met in the
system component choices?

TN Ty J O SO, N T M NN, WA SR, T S, O SO o Oy O - W«

NEGATIVE NEUTRAL POSITIVE
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24 - Rate your confidence that all of the threshold regirements can be met in the
system integration?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
25 —Rate your belief that the platform constraints didnot significantly reduce
desired levels operational performance of the delered system?
9----8----7----6----5----4----3----2----1----0----%--2----3----4----5----6----7----8----9
NEGATIVE NEUTRAL POSITIVE
26 —How confident are you that the system design repsents the highest priority
requirements well in terms of operational performarce?

TN T J O S, N SN U NS, WO SR, T S, O SO o Oy O - W«

NEGATIVE NEUTRAL POSITIVE

27 —Rate your belief that trade offs in performance forthe delivered system were
reasonable based on platform and other constraints.

TN Ty S O SO, NN T O NN, WA SR, S S, O O o Oy - W«

NEGATIVE NEUTRAL POSITIVE
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