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Abstract 
 

THE EFFECT OF REQUIREMENTS PRIORITIZATION ON AVIONICS SYSTEM 
CONCEPTUAL DESIGN 

 
This dissertation will provide a detailed approach and analysis of a new collaborative 

requirements prioritization methodology that has been used successfully on four Coast 

Guard avionics acquisition and development programs valued at $400M+.  A statistical 

representation of participant study results will be discussed and analyzed in detail. 

Many technically compliant projects fail to deliver levels of performance and 

capability that the customer desires.  Some of these systems completely meet “threshold” 

levels of performance; however, the distribution of resources in the process devoted to 

the development and management of the requirements does not always represent the 

voice of the customer.  This is especially true for technically complex projects such as 

modern avionics systems. 

A simplified facilitated process for prioritization of system requirements will be 

described.  The collaborative prioritization process, and resulting artifacts, aids the 

systems engineer during early conceptual design.   All requirements are not the same in 

terms of customer priority.  While there is a tendency to have many thresholds inside of a 

system design, there is usually a subset of requirements and system performance that is of 

the utmost importance to the design.  These critical capabilities and critical levels of 

performance typically represent the reason the system is being built. 

The systems engineer needs processes to identify these critical capabilities, the 

associated desired levels of performance, and the risks associated with the specific 

requirements that define the critical capability.  The facilitated prioritization exercise is 

designed to collaboratively draw out these critical capabilities and levels of performance 
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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 engineering and modern 

project management.  The benefits of early collaborative prioritization flow throughout 

the project schedule, resulting in greater success during system deployment and 

operational testing. 

This dissertation will discuss the data and findings from participant studies, present a 

literature review of systems engineering and design processes, and test the hypothesis 

that the prioritization process had no effect on stakeholder sentiment related to the 

conceptual design. In addition, the “Requirements Rationalization” process will be 

discussed in detail. 

Avionics, like many other systems, has transitioned from a discrete electronics 

engineering, hard engineering discipline to incorporate software engineering as a core 

process of the technology development cycle.  As with other software-based systems, 

avionics now has significant soft system attributes that must be considered in the design 

process.  The boundless opportunities that exist in software design demand prioritization 

to focus effort onto the critical functions that the software must provide.  This has been a 

well documented and understood phenomenon in the software development community 

for many years.  This dissertation will attempt to link the effect of software integrated 

avionics to the benefits of prioritization of requirements in the problem space and 

demonstrate the sociological and technical benefits of early prioritization practices.  
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Chapter 1 – Introduction 
 

Avionics capability, like many technologies, has been in a state of transformation 

from discrete electronic system design to software defined and integrated systems.  As 

with other software defined and software controlled systems, prioritization of 

requirements is becoming more critical to successful design efforts.  Prioritization of 

requirements is well documented in terrestrial networked architecture and applications 

due to the limitless possibilities that can be achieved through software design.  These 

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 associated 

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 prioritization event that is 

used at the beginning of conceptual design.  Study data taken from projects that 

incorporate Requirements Rationalization has been analyzed to assess whether the event 

and artifacts have any impact on stakeholder acceptance of the conceptual design for 

selected avionics projects.  The application of the Requirements Rationalization process 

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 prioritizing 

requirements and customer satisfaction with avionics system conceptual design. 
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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 federated components 

to networked digital systems supported by sophisticated software design.  In the early 

days of aviation, the pilot needed to be able to see a visible horizon to safely operate the 

aircraft.  As aircraft began to develop capability for longer flights, pilot’s needed devices 

that could provide an artificial horizon reference when visual conditions were not 

available, thus providing the capability for pilots to fly the aircraft on instruments.  

Altimeters and crude radio location equipment were also included in early avionics 

designs to provide references for navigation.  “Lieutenant James H. Doolittle completed 

the world’s first instrumented flight on September 24th, 1929 with these early crude 

systems [47].” 

Modern avionics systems are integrated, complex, and software defined.  Long wave 

radio navigation aids, such as LORAN and OMEGA, transitioned into Variable Omni 

Range systems (VOR), Instrument Landing Systems (ILS), and Inertial Navigation 

Systems (INS).  VOR, ILS and INS are now being augmented by Global Positioning 

System (GPS) satellite data providing very accurate navigation capability.  GPS itself is 

being enhanced by artificial ground constellations such as Wide Area Augmentation 

Systems and Local Area Augmentation Systems (WAAS and LAAS) to support precision 
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approach and navigation.  Legacy electromechanical, pneumatic devices and gauges have 

been replaced in modern aircraft with completely digital cockpit environments.  

Navigation, tactical, aircraft status, and flight information is now displayed on 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 systems, 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. 
• Higher levels of commonality and standardization of hardware for 

logistics purposes. 
• Increased device integration and miniaturization. 
• Movement from electromechanical to electronic flight instrument system 

displays. 
• More integration at the subsystem and functional levels, such as sensor 

fusion and integrated image processing. 
• Higher-tech approaches to functions, such as datalink instead of voice 

com, Fly -By-Wire instead of mechanical/hydraulic flight control systems, 
satellite communications and satellite navigation instead of their ground-
based counterparts, flat panel displays instead of electromechanical and 
cathode ray tube displays. 

• Increased information correlation, validation, sharing, and distribution. 
• Expanded functional capability and operational integration. 
• Increased Flight Safety support. 
• Pilot workload management through higher levels of functional, human-

centered automation. 
• More information availability in a more intuitive graphical presentation 

(format/symbology). [20] 
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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 federated subsystems.  Intricate 

and detailed engineering processes are called for in order to establish harmonious 

integrations of software and hardware packages from many different manufacturers.  

Complexity increases once again when military applications of avionics technology drive 

the aircraft design and constraints beyond basic auto-flight, communications and 

navigation requirements. 

The modern aircraft system has a close relationship with terrestrial networked 

processing systems.  The pilot has become impacted by software-defined functionality 

much in the same way as the user of any desktop application.  Control interface, 

graphical user interface, display, and software defined functionality all impact usability 

for the pilot.  There is even a great deal of software-defined functionality that does not 

exist in any singular subsystem, but is created at the interfaces of various systems through 

software defined elements.  The trend of software defined capability and heavy reliance 

upon graphical user interfaces transitions avionics engineering into something close to 

application development for terrestrial networks. 

 

1.2.3   Prioritization of Requirements in Software Design 

Software designers and systems engineers for terrestrial networked applications have 

recognized the benefit of prioritized requirements for many years.  The necessity is 

driven by the endless possibilities that exist in software design.  Without prioritization, a 

particular aspect of the design could be continually refined at the expense of other desired 
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functionality.  In short, the possibilities encountered in software functionality are endless 

and can quickly spiral out of control from a cost and schedule perspective. 

“Requirements prioritization is executed in a variety of formal and informal ways 

with the purpose of discovering the most important requirements for the system and user” 

[66].  Some define priority as a “characteristic of a requirement” [45] while others see 

priority as “an opportunity to align stakeholders toward a validated design concept [86].” 

Priorities can evolve at heuristic levels or within very specific requirements definitions 

depending upon the stakeholders’ or customer’s focus.  Often priorities then flow into a 

“Quality Functional Deployment (QFD) based on the completion and analysis of a House 

of Quality (HOQ) [92].”  The HOQ represents a prioritized list of functional requirements 

related to very high level technical characteristics and relationships between 

requirements.  In many of the basic prioritization efforts such as the “prioritization matrix 

method, priorities are assigned exclusively by customers [102].”  In other systems such as 

the Analytic Hierarchy Process (AHP), “mathematical formulas in the form of advanced 

pair-wise comparisons provide relative ratio scales for user 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 requirements level, 

organizational and functional goals must effectively flow down to detailed specifications 

if the designer is to achieve a customer-validated design concept.  This can be especially 

problematic if there are many stakeholders with various heuristic priorities who are not 

included in setting priorities during the preliminary design process. 
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All of the traditional software and systems engineering models or methodologies 

make assumptions of well defined requirements and stakeholder alignment at some point 

in the process.  Usually this alignment is indicated at a gate or formal review where the 

customer’s representatives sign off on the concepts and requirements expressed by 

engineering team.  But how was the heuristic architecture that drove the requirements 

initially decided upon?  Key Performance Parameters or Critical Technical Parameters 

are too often presented to the customer by providers in an attempt to accomplish an easy 

to execute design.  Other dysfunction can be driven by Integrated Product Teams that 

churn membership or have failed to align the design to higher level organizational 

priorities.   Senior leadership can spoil the stew by buying off on a high level design 

concept prior to fully vetting the impact through organic technical experts, essentially 

buying the PowerPoint presentation. 

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 many factors early 

on.  Peter DeGrace says it best:  “The developers of engineering applications need 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 systems 

engineering process called Requirements Rationalization.  Requirements Rationalization 
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is a facilitated process that results in a prioritized list of requirements derived from 

organizational (functional) objectives or preliminary requirements.  The process is a pre-

conceptual design, time compressed event that includes major stakeholders (Figure 1-1) 

from various disciplines in a prioritization event.  The process yields a number of specific 

benefits: 

1 – Prioritized preliminary requirements (enormously beneficial in design to cost efforts). 

2 – Consensus among major stakeholders regarding heuristic priorities, thus reducing the 

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 signals and 

records the priorities that will guide conceptual design efforts and specification. 

5 – An opportunity to capture initial project risks associated with specific desired 

functionality or requirements. 

The Requirements Rationalization process was created and utilized on a number of 

avionics design/acquisition projects being executed by Coast Guard engineering teams.  

Requirements Rationalization events were held supporting the following system 

acquisitions: the C-130J Mission system, Rotary Wing EO/IR System (ESS), Rotary 

Wing Radar System (RSS), and the Helicopter Integrated Data Storage (HIDS) system 

project.  All of the systems are in various phases of 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 

2008-09.  The RSS and HIDS systems present the best opportunity for analysis from a 
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schedule perspective.  The Requirements Rationalization process is used in an attempt to 

drive priorities through the design process to a customer-validated design concept. 

 

Figure 1-1  The variety of Stakeholders involved in a successful Requirements Rationalization process. 

 

1.4   Internal Stakeholders 

Leadership within the Aviation Acquisition section has recognized the Requirements 

Rationalization effort as helpful in the process of exposing and documenting their 

interests and concerns.  The requirements elicitation process previously utilized by the 

various external integrators was not widely viewed as providing an adequate customer 

voice and often became very political rather than rational.  There has been a shift from 

external integrators to more organic methods of requirements development and project 

execution.  As a direct result of the confidence developed from pilot Requirements 

Rationalization efforts, the Requirements Rationalization Team has been asked to 
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architect an entire systems engineering process, including integration of tools, to support 

requirements elicitation and management for Coast Guard Aviation acquisitions. 

The Requirements Rationalization prioritization process can be focused on a variety 

of objectives.  In some instances, the customer may desire to establish very high levels of 

performance inside of certain capabilities while constrained by design to cost.  In this 

particular instance, the design team can help the customer establish sacrificial capabilities 

that will fund increased performance in the desired areas (figure 1-2).   In Figure 1-2 the 

process is focused on performance of certain capabilities.  These capabilities theoretically 

represent critical functions that the organization recognizes as a high priority across all 

major stakeholders.  In other instances the process can be applied to heuristics other than 

performance such as safety, maintainability, affordability, or “changeability [37].” 

 The initial step in any design process is to define clearly what needs or requirements 

are to be addressed.  This seems intuitive and simple enough.  This could explain why 

processes and methodologies for systems engineering and design go into great detail 

about every process except prioritization.  Most simply state that the customer needs to 

establish priorities.  In many instances literature points to the designer “establishing 

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 before tragic 

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].” 
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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 capability as a set was very 

stable.  Introduction of network-centric operations, coupled with new cryptographic and 

navigation requirements, have exponentially increased cost, risk and technical difficulty 

of life-cycle management for avionics systems.  Aircraft have very much become mobile 

Information Technology vehicles that host derived security and technology requirements 

from the networks in which they participate.  It is therefore paramount that identification 

 Performance 

Traditional Requirements View 

Requirements Rationalization View 

Blocks of “Capability” 

Customer sacrificed capability for 
increased performance 

in higher priority requirements 

Funding Limit 
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of customer priorities are considered early in design before commitment to architectures 

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

 

1.6   Barriers 

There are significant barriers to acceptance of prioritization as an event signaling 

conceptual design initiation.  Avionics industry resistance to accepting a prioritization 

process centers on marketing objectives.  Current strategies in the industry are focused on 

packaging of products to capture market share for internally developed products and 

products developed by strategic partners.  It is quite likely that if a customer’s desires 

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  

“Systēma” is the Greek origin of the word system, meaning “an organized whole [9].”  

“Systemology is the science and study of systems, their creation, their formation, and 

their refinement [10].”  Systems are everywhere and define the modern state of 

technology.  Many systems are intentionally designed to exploit the properties of 

emergence.  People have always combined elements from the natural world in a way that 

served a particular function or purpose.  As many sciences are up against the limits of 

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 word system has 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 more elements 

and becoming much more complex.  Systems are now interfaced heavily with other 

systems, sometimes creating Systems of Systems.  They also involve more stakeholders, 

customers, and maintainers both in development and sustainment.  As the interfaces and 

components increase, “a wider variety and depth of experience is required to maintain 

systems [27].”  Below are a number of system definitions: 

INCOSE Definition of a system – “A system is an integrated set of elements 
that accomplishes a defined objective.  These elements include products 
(hardware, software, firmware), processes (policies, laws, procedures), people 
(managers, analysts, skilled workers), information (data, reports, media), 
techniques (algorithms, inspections, maintenance), facilities (hospitals, 
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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 work together 

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, data, materials, 

services, and techniques [76].” 

Parnell take a different approach and defines attributes that are common to systems:  

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

• Systems have objectives that are achieved by system functions. 
• Systems interact with their environment thereby creating effects on 

stakeholders. 
• Systems require systems thinking that uses a systems engineering thought 

process. 
• Systems use technology that is developed by engineers from all 

engineering disciplines. 
• Systems have a systems life cycle containing elements of risk that are 

managed throughout the life cycle by engineering managers. 
• Systems require systems decisions, analysis by systems engineers, and 

decisions made by engineering managers. [27] 
 
Eisner recognizes the variety of definitions for systems and presents a simplified 

definition: “a system is any process that converts inputs to outputs [30, 31].” 

Maier and Rechtin provide this definition; “System – A set of different elements so 

connected or related as to perform a unique function not performable by the elements 

alone [73].”   

Blanchard describes a system as “a complex combination of resources (in the form of 

human beings, materials, equipment, software, facilities, data, information, services, etc.) 

integrated in such a manner as to fulfill a designated need [10].” 
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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 system in terms 

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 interactions, it is 
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 Renaissance.  René 

Descartes´ is enshrined in the term “Cartesian Reductionism – the concept of breaking 

down big complex things into smaller more understandable parts [48].”  Descartes´ 

created a number of foundational theories and he is credited with many of the processes 

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.  Engineering artifacts, 

modern construction, and the way we are educated, are all effected by the theory of 

reductionism.  When we define requirements, synthesize, and prioritize, we are using 

René Descartes theories of reducing complexity in order to understand the whole system 

[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 assembled from simple and 

understandable parts, but the parts and their functions could not make the whole 

understandable.  The systems that could not be explained by their parts were called 

Complex Systems or Complexes [48],” and seemed to be made up of parts that required 

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 called the 

Systems Movement [49].”  Systems thinking eventually spread into systems design, 

systems of systems design, and into many areas beyond the hard sciences such as 

business.  Elements of systems began to be designed to interface with, and even adapt to, 

each other.  “These combinations provided various functions effectively and efficiently 

through their combination.  Since some designs and combinations of parts may work 

better than others, the idea of the best or optimum system design emerged with the 
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systems movement.   A Society of General Systems Research was founded in 1954, with 

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 a result of 

General Systems Theory, are the theory of “parallels and isomorphisms”, and the concept 

of “open systems versus closed systems [48].”  “Both of these concepts were developed 

by Bertalanffy.  Parallels and Isomorphisms describe a phenomenon that the various 

sciences exhibited a continuous progress towards a parallel of ideas and concepts, which 

allows for identification of isomorphisms.  Isomorphisms are concepts that apply across 

disciplines and provide the basis of General Systems Theories that apply to all systems 

[49].” 

The Concept of the Open System – “Bertalanffy described an open system as being in 

contact with its environment, receiving inputs and emitting outflows [49].”  It is 

important to clarify that open system in this context has a different meaning than when 

open system is used in relation to non-proprietary systems.  An open system is able to 

adapt and conform to its environment while maintaining a steady state.  The ability to 

remain in a steady state while adapting to a changing environment means that open 
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systems are by their nature internally dynamic or changing, essentially achieving states of 

homeostasis on a continuing basis.  This defines open system stability as being 

fundamentally different than the concept of stability for closed systems in physics, which 

are not internally dynamic and generally do not achieve a compensating steady state 

when reacting to an externally dynamic environment.  In this way, open system behavior 

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 could simultaneously, 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 problems that can be solved 

by use of traditional engineering analysis and classic engineering problem 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 hand, require 

investigation into the multiple views of problem situations that resist being solved by 

hard system problem solving techniques.  Many modeling techniques have been created 

in an attempt to represent the various views of soft systems.  “Hard and soft systems 

associate with systematic processes and systemic processes, respectively.  ‘Systematic’ 

refers to the systematic procedures followed in order to achieve a planned and repeatable 

end in the development of a hard system.  ‘Systemic’ refers to thinking and processes that 

address the whole system and about the problem pace embedded within the complexity of 

the system [62].” 
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The next step in the understanding of systems and the history of systems engineering 

was the revelation of emergence as a property of systems.  Emergence describes a nature 

of system behavior that some functions, activities, and capabilities cannot be attributed to 

the functions of any of the parts if viewed in isolation from the system as a whole.  Thus 

emergence confounds the principle of Cartesian Reduction.  Certain capabilities and 

functions can emerge from the combinations of system elements and cannot be allocated 

to individual parts.  Essentially the capabilities emerge from the interfaces.  “Emergent 

characteristics of organizations and other types of human groups have provided us with 

the term synergy.  Synergy is described as the unexpected, or emergent, benefits to 

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

 

2.1.3   Systems Engineering Definition 

“Systems engineering is the discipline of engineering systems.  It is not merely the 

definition of requirements and architecture for such a system but a process that tries to 

establish order in aligning designs with needs while leveraging emergent and complex 

system properties [76].”  Management practices associated with systems engineering, 

such as requirements and risk management, help with the quality consistency and 

schedule of delivered products.  However, the success or failure of the end product will 

depend upon successful engineering and design.  The INCOSE definition of systems 

engineering is:  “An interdisciplinary approach and means to enable realization of 

successful systems [10, 30, 59].” 

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 Engineering as: 

“An interdisciplinary engineering management process to evolve and verify an 

integrated, life cycle balanced set of system solutions that satisfy customer needs [31].” 

NASA defines Systems Engineering at a high level as follows:  “A robust approach to 

the design, creation and operation of systems [10].”   

Eisner prefers this definition:  “Systems Engineering is an iterative process of top-

down synthesis, development, and operation of a real world system that satisfies, in a 

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 management technology.  

Technology is the organization, application, and delivery of scientific knowledge for the 

betterment of a client group [93].”  They also provide a Systems Engineering framework 

consisting of three fundamental steps:  

� Issue 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. 

� Issue analysis, such as to enable us to determine the impacts of alternative 
courses of action including possible refinement of these alternatives. 

� Issue 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 enable the 

realization of successful systems, especially large scale systems [27].”  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 documenting the needs 

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 complete life cycle.  

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 critical project 

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), safety, producibility, 
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 systems to meet the 

needs of customers and stakeholders.  There is usually a significant and discernable set of 

problems that the customer is trying to solve.  Establishing who the customer is related to 

a particular effort is not always as simple as it would seem.  Often the customer that 
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delivers the resources and requirements will never use the system.  The purchasing or 

acquisition agent will likely never derive benefit or function from the system other than 

carrying out their job in the acquisition process.  Many times the larger organization that 

is funding the initial development of the system may not be the end user of the system.  If 

the system is developed for government sources, the system may be leveraged by other 

agencies that become wider users of the system that the original customer.  The true 

customer may be buried in layers of bureaucratic acquisition processes and stakeholders.  

“It may also be difficult to identify the future users or consumers of the system.  This is 

especially true in many government or integrator based systems engineering efforts [27].” 

Checkland defined systems engineering as “the set of activities that together lead 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 engineering [62].” 

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: 

1. Problem definition 
2. Choice of objectives 
3. Systems synthesis 
4. Systems analysis 
5. Systems selection 
6. Systems development 
7. Current engineering [43] 
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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 stakeholder priorities 

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. 

2. Continuous – In order to account for any unexpected changes. 
3. Holistic – In order to simultaneously and interdependently plan for many 

different parts and levels of the system as possible. [1, 62] 
 

The five phases of Interactive Planning are: 

1. Formulating the mess 
2. Ends planning 
3. Means planning 
4. Resource planning 
5. The design of implementation and control. [1, 62] 

 
The products and results from Soft Systems Methodology (SSM) are extremely 

different from those of hard systems engineering processes.  “The results and deliverables 

are not a set of discrete results from analysis, but are recognition, learning, and 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 a process of 
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learning focused on the product.  Essentially, hard systems engineering processes 

define the objects, or things, to be achieved.  “Soft systems by definition, are totally 

human systems or heavily interfaced with humans and human performance, and, as 

such, make it difficult to establish solidly testable metrics or criteria [62].”  For soft 

systems, there may be many solutions that may be optimal depending on a particular 

world view or culture of the stakeholders.  
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Figure 2-1 A representation of Soft Systems Methodology [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.” 

o “Once rework breaks out, most projects de facto tend towards 
chaos.” 

o “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 process. [9, 10, 31] 
 

2.2   Establishing Stakeholder Need – The Problem Space 

We confront problems almost every day of our lives.  Some of these problems are 

small, others are a bit more difficult, and a few are complex, very hard, or wicked 

problems.  In systems engineering and design, there are now many more complex, very 

hard and “wicked” [62] problems due to exponentially increasing interfaces.  A problem 

arises when we need to move a system from one state to another [93], or we may need to 

achieve a total change by abandoning the current state and starting over.  The first task in 

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 the problem 

is not addressed [9].” 
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Figure 2-3  A simplified view of the Spiral systems engineering 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 the problem is an 

absolute necessity to good systems engineering practices.  The systems engineering 

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 an existing process or 

system.  The gap causes a high level requirement to be generated for a new system or 

system element.  Lower level requirements are then defined, along with a priority for 

introduction.  “These needs, or goals, are often referred to as customer, or stakeholder, 

requirements and are most often stated in non-technical terms [76].”  “Projects that move 

forward without these fundamental scope definitions and direction risk starting over 

many times without any improved results in any individual project start [51].”  The tasks 

in the problem or scope definition phase, align all of the early systems engineering 
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activities required to really understand the problem.  “Once the problem has been defined 

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 the interpretation phase[76, 93].”  “Successful problem solving involves 

searching through a maze of possibilities, issues and gaps, and then applying the basic 

concepts of Cartesian Reduction to distill them to manageable proportions [62].”  The 

better we define the problem space, the more likely we are to address it correctly in the 

solution space.  It is 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 becoming more complex 

every day.  Various forms of Cartesian Reductionism are applied in an attempt to break 

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 to simplify 

and reduce to understandable and manageable levels of complexity.  “Hierarchies are 

frameworks that permit complex engineering designs to be built from simpler reduced 

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 of “verification 

and validation [30].”  Traditionally, requirements in many cases do not provide a solid 

project foundation in the beginning, resulting in extensive and costly changes during 

integration and test.  “A solid participative early scope, or need, definition aligns follow-

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 methodology and discipline is 

followed.  “Dedication to the process is critical for repeatable positive results [9].”  

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 failure that the 

customer’s real need is not reflected in the design.  The earlier the customer’s priorities 

can be established, the more likely that a rich representation of those priorities will flow 

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 cases, the 

systems engineer is proceeding with the best of intentions and develops a system that 

they are certain will please the customer.  So imagine how disappointing, and expensive, 

the design becomes if the customer is late to the party and is immediately disappointed 

[9].  

Correctly and fully defining the problem is often the most difficult and challenging 

part of the systems engineering process.  Blanchard recommends execution of a “Needs 

Analysis” utilizing the following questions: 

1. What is required of the system, stated in functional terms? 
2. What specific functions must the system accomplish? 
3. What are the primary functions to be accomplished? 
4. What are the secondary functions to be accomplished? 
5. What must be accomplished to completely alleviate the stated deficiency? 
6. Why must these functions be accomplished? 
7. When must these functions be accomplished? 
8. Where is this to be accomplished, and for how long? 
9. How many times must these functions be accomplished? [9] 

 
The customer or stakeholder that develops the original system need is usually focused 

on the problems and the day-to-day business that the system will address [27].  A critical 
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part of problem definition is defining and explaining the rationale behind each 

requirement.  The process of rationalization is critical to continuing stakeholder support 

for each individual requirement throughout the life cycle of a system.  Humans 

rationalize and prioritize everything in the course of day-to-day life.  Documenting the 

reason each particular requirement exists, from a functional or operational perspective, 

allows an engineer to simplify the design by eliminating unnecessary development and 

focusing on customer priorities.  The artifact then persists through the inevitable project 

staff and stakeholder turnover on complex systems projects [51].  Driscoll provides some 

key questions that need to be answered in converting customer needs to system functions 

and requirements:  

• Who are the stakeholders holding a vested interest in the system? 
• What is our methodology for implementing the systems engineering 

process to define functions and requirements? 
• How do we involve decision makers and stakeholders in our systems 

engineering process? 
• What are the functions the system needs to perform to create value for 

stakeholders? 
• What are the design objectives for each function? 
• 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 interfaces? 

[27] 
 
The Problem Definition Phase is a deliberate and focused process for formulation of 

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 - build and 

deliver, solutions to the wrong problem.  The initial problem is rarely ever the “real” 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 attainable.  Goals and 

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.  “Objectives 

should be attainable [62]”, and written so that it is possible to measure the attempt to 

fulfill the objective.  Criteria are the specific measurable definitions contained in 

objectives and facilitate verification and validation.  A standard is a fixed requirement 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 accepted industry 

or government set of criteria for a specific set of functions or constraints [31].   A 

published Military Standard for aircraft electrical criteria, or an industry standard for wire 

coverings are good examples of standards [62].  

In complex system designs, poor aggregation of requirements into hierarchies during 

development can increase complexity [10].  “The levels of complexity in systems design, 

along with the gradients of solution options, explain why a single optimum solution is 

difficult to achieve in such systems [73].”  There are just too many stakeholders with 

differing views, too many conflicting interests, and too many conflicting requirements.  

Because systems have become so large and complex, it is difficult to decompose 

functional requirements and then aggregate the functional hierarchies into a “best” choice 

among various solution alternatives [93].   “In any resource-limited situation, the true 

value of a given service or product is determined by what a buyer is willing to give up 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. Identify 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 traced back to 
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, complete, 
consistent, meet the project scope, and do not add gold plating (buying 
requirements or performance that well exceed the customer’s requirements 
or needs). [51] 

 
 

2.2.1   Stakeholder Definition 

A stakeholder is a person, or element of an organization, that has an interest or 

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 the five major types 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 design and product 

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 constraints.  Early 

stakeholder involvement is essential for organizational commitment to the end state 

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 functions.  Finally, 

stakeholders validate the criteria that will define system performance, and the final 

problem statement [93].  

It is critical to understand, comprehensively, who is affected by a system or solution 

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 users.  In fact, 

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 process by 

considering issues such as the political, economic, social, ethical, and technological 

aspects affecting the problem space.  

A belief system is a set of beliefs “developed and reinforced by culture, theology, 

experience and training [48].”  Belief systems are held and maintained by groups of 

people with particular viewpoints related to factors such as organizational habits, politics, 

and functional structures.  The stakeholders’ belief system is very often challenged in the 

problem space for new system designs, especially for design of disruptive technologies. 

Several familiar techniques exist for soliciting problem space input from stakeholders 

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 can be used to quickly 

gain a sense of stakeholder sentiment and alignment related to a particular design, project 

or problem space.  Focus groups create tacit to explicit information exchange by using 

group discussion between members who often have a common background related to the 

problem.  Interviews, in contrast, provide a one way flow of information.  “As a general 

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 individuals 

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, learned behavior, and 

experiences.  Human knowledge related to the world is imprinted and reinforced into 

memory in order to create universal concepts about the world.  Tacit knowledge reflects 
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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 knowledge and 

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 situation 

[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 systems engineering 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 “prime mission [30],” or 

critical operational capability, of the system is sought out in the mission engineering 

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 technical framework 

based on high level priorities for defining lower level requirements for the system [30].”  

A critical question in mission engineering is what capability is primary for successful 

operation of the system. 

 

2.3   Process for Transformation – The Solution Space 

“Systems Engineers define what elements of the system do; then they determine what 

the elements of the system or entities should be [10, 30].”  The solution space is the realm 

in which what the entities should be is defined.  The solution space essentially generates 

the physical manifestation of the system.  Now armed with a fully and well described 

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 problems in 

engineering are a result of not applying a systems approach to meeting objectives [9]. 

A successful system must provide for the customer’s need at an affordable cost.  The 

system has to provide for all of the critical system functions for a period of time 

considered acceptable by the sponsor, defined as the lifecycle.  Objectively measuring 

value of the system to the customer may be difficult, especially for soft systems.  Of the 

three standard criteria, performance (purpose), schedule, and cost, meeting the customer’s 

expectations for the useful purpose (or performance) is the most critical.  If a system is 

delivered without the critical capability or purpose being satisfied, all other criteria 

become irrelevant.  “Architecting begins with, and is primarily responsible for defining 
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and maintaining the system’s utility or purpose [73].”  This early architectural approach 

requires a significant effort at early scope definition, including the mission engineering 

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 are contained 

within those architectures [51].”  “Once a cost-effective system architecture has been 

defined, the next step is to enter the process of subsystem design [31].”  The system 

architecting approach to systems engineering allocates a significant effort 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 is different 

than problem solving, and is concerned with the physical manifestation of the solution.  

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 problem-solving 

activity that searches through a possible states of entities, where the various states 

represent possible design solutions [62].”  Sage and Armstrong define a problem as “an 

occurrence of an undesired aspect of the current situation that creates a gap between what 

is occurring and what we would like to have occur [93].”   Below in figure 2-4 is a model 

of Systems Methodology presented by Hitchins that shows the transfer from problem 
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space to solution space [48]. 
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Figure 2-4   A conceptual model of the systems methodology [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, assessment, and 

testing activities.  Stakeholders attend design reviews and provide feedback and 

comments on system design, project artifacts, and deliverables.  They continue to define 

constraints and requirements throughout the process.  Stakeholders participate in spiral 

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 of alternatives.  

They provide the operational criteria or concepts of operation, data, standards, models, 

test data, simulation, and expertise to obtain source evaluation scoring and ranking of 

alternatives.  Stakeholders participate in all project and design reviews, especially those 

that contain decision gates that must be approved by key stakeholders for the project to 

continue.  Stakeholders are critical to successful solution deployment.  “They help define 

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 space process.  

While there are critical steps in the problem space that must be carried out if the problem 

is to be solved correctly, systems engineering is a process for defining solutions.  The 

vast majority of documented systems engineering activities occur in the solution space.     

“Systems engineers guide a process to support system design, systems analysis, and 

systems decision making that maximizes the value delivered by a system to its 

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 engineering 

processes to manipulate the artificial or man made world in the creation of solutions.  

“Natural science studies the natural world as it exists, and is therefore descriptive.  

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 [62].”  Systems 

engineering is a special form of engineering that employs a variety of special patterned 
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activities that have been proven to provide relatively consistent results.  Figure 2-5 

represents one such pattern of activities advocated by Blanchard [9, 10] . 
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Figure 2-5 The System Engineering Process in the Life Cycle [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 space activities.  

Arguably, only three of the thirteen sets of activities in the Blanchard model of Figure 2-5 

reside in the problem space.  The problem space activities in the Parnell, Driscoll and 
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Henderson model of Table 2-1 are listed as the first six activities.  These models are 

examples of a widely distributed pattern related to problem space activities in systems 

engineering.  It would appear that the systems engineering community has extremely well 

defined processes for the solution space once the assumptions of the problem space are 

well defined. 

Table 2-1   Parnell, Driscoll, Henderson [27]  –  System Life Cycle Model for 
Systems  Engineering and Management 

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 technology risks 
- Develop preliminary design 
- Develop final design 
- Assess initial development cost, market, and business risks 

Design and Develop System - Perform development tests to reduce risk 
- Refine performance, schedule, and technology risk assessments;   

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 analysis, reliability 

assessments, maintainability, and spiral design 
implementation considerations, among others 

Produce System - Produce system according to design specifications and 
production schedules 

- Apply Lean Six Sigma as appropriate 
- Refine development cost, market, and business risks; include 

mitigation steps in risk management plan 
- Monitor, measure, and mitigate performance, schedule, and 

technology risks 
- Assess initial operational risk to the system 

Deploy System - Refine operational risk to the system 
- 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 enhanced system performance 
- Provide sustained system capability through maintenance, 

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 design through 

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

maintain if factors beyond delivery are not considered as part of a total life cycle systems 

engineering process.  In the above Blanchard model of Figure 2-5, system maintenance 

and support is considered very early in the systems engineering process.  This is in 

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

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 
of defense systems 

� Pre-concept 
� Concept exploration and definition 
� Demonstration and validation 
� Engineering and manufacturing 

development  
� Production and deployment 
� Operations and support 

EIA.IS 632 A demilitarized version of 
MILSTD 499B 

� Market Requirements 
� Concept definition and feasibility 
� Concept validation 
� Engineering and manufacturing 

development 
� Operations and support 

IEEE 1220 Introduces the 
interdisciplinary nature of 
tasks involved in 
transforming client need, 
requirements, and 
constraints into a system 
solution 

� System definition 
� Subsystem definition 
� Preliminary design 
� Detailed design 
� Fabrication, assembly, integration 

and test 
� Production 
� Customer support 

EIA 632 Focus is on defining 
processes that can be 
applied in any enterprise-
based life cycle phase to 
engineer or reengineer a 
system 

� Assessment of  opportunities 
� 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 into the first 

stage of some of the models as a sub-task.  In some models, problem definition appears to 

be an assumption of entry into the bulk of documented systems engineering activities.  

The focus on solution space in systems engineering is again highlighted in the activities 

represented in the MIL-STD-499B process in Figure 2-6. 
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Figure 2-6  MIL-STD 499B View of Systems Engineering Process 
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Eisner approaches the systems engineering process by defining thirty elements that 

provide granularity to management and design activities in combination.  He also details 

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 development of the 

SEMP:  

1. Needs, goals, objectives, and requirements. 
2. Task statements, a statement of work, and a work breakdown structure. 
3. The technical approach to the project. 
4. A project schedule. 
5. Organization, staffing, and a task responsibility matrix. 
6. The project budget. 
7. Risk analysis. [31] 
 

The Thirty Elements of Systems Engineering defined by Eisner are:  

1. Needs Goals and Objectives 
2. Mission Engineering 
3. Requirements Analysis and Allocation 
4. Functional Analysis and Allocation 
5. Architecture Design and Synthesis 
6. Alternatives Analysis and Evaluation 
7. Technical Performance Measurement 
8. Life Cycle Costing 
9. 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 
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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 on the particular 

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 represented 

in Figure 2-7.  NASA’s perspective is that the definition and tracking of requirements are 

among the most important aspects of the mission definition and the subsequent system 

design process.  NASA utilizes a proactive iteration with customers and stakeholders to 

reduce risk and increase the likelihood of a validated system design.  NASA 

programmatically insures that all parties involved come to an understanding of what 

needs to be accomplished and what resources will be required for success.  Eisner views 

the NASA approach as “an enlightened view [30].”   

This tightly coupled collaborative approach between the designer and the customer is 

critical to successfully engineering a complex system.  However, this flexible and joint 

approach can be destroyed by inflexible contracting officers and acquisition support 

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

and unsustainable systems.  Government contracting personnel are rarely equipped with 
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the education and experience in engineering practices that facilitates understanding of the 

iterative nature of requirements in complex designs.  This lack of understanding often 

manifests itself as distrust between technical advisors and contracting as technical staff 

try to explain and document the intangible benefits of a particular approach. [31] 
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Figure 2-7  The Flow Down of Requirements in the NASA Systems 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 together all of the necessary 

technical and management skills required to design, test, produce and operate the system 

[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 range of system 

considerations over the entire life cycle must be addressed to assure that some important 

system features are not neglected [59].  

Concurrent engineering employs multiple disciplines and activities 

simultaneously.  This cooperation and contribution among many participants is a critical 

success factor in complex systems designs.  Concurrent engineering can be difficult to 

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 the 

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 technical systems.  

Beam defines architecture as “comprising design elements which are characteristic of a 

system, and of a class of a system, and of a class of systems to which it belongs [6].”  A 

class of systems, in the previous definition, is distinguished by form, fit, function, 

performance, cost, or other attributes that allow categorization by common elements.  
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Martin defines architecture as : “The highest-level concept of a system in its environment 

[76].” 

Architectural design, which usually provides context for the system, is an essential 

process to complete before beginning detailed system engineering design.  The main 

theme of a system’s architecture is often viewed and treated as the system concept and 

drives many design elements.  The individual system architecture, or the larger 

architecture that the system will exist within, can drive significant numbers of interface 

and other functional definitions.  An individual system within a larger architecture may 

only support the overall function of the architecture itself and not provide any other 

identifiable outputs.  Modern architecting practices must handle systems of types 

unknown until very recently such as Systems of Systems and heavily integrated software 

defined networked systems.  Avionics systems now fall within this category of 

technologies.  Design work on these new types of complex, sometimes global, multimode 

systems is leading to development of innovative architecting practices, concepts, and 

tools.  “New technology and complexity are also driving acknowledgement of a new 

discipline and engineering profession called systems architecting [6].”  “Systems 

architecting is a combination of the principles and concepts of both systems and of 

architecting [73].”  “New ground broken in architecture literally takes the form of 

innovative design and is recognized as architecture only later [6].” 

The processes of engineering usually involve measurable criteria and/or use analytic 

tools, such as modeling and simulation, derived from mathematics and the hard sciences.  

Classical engineering, therefore, is a generally considered a deductive process that 

produces elements that can be verified against a measurable standard.  Architecting, on 
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the other hand, deals with factors that are difficult to measure in a discrete quantifiable 

way.  Architectures are designed using qualitative tools and guidelines developed from 

lessons learned or rules of thumb called heuristics.  Architecting is applied to large scale 

and soft system designs that are difficult for classical engineering techniques and analysis 

to handle.  Architecting is often applied when system requirements are have not been 

well defined by the customer and there could be a wide range of acceptable solutions.  

“The system architect cannot usually appeal to the customer for detailed requirements 

definition as the architect is usually hired in a capacity to assist with development of the 

problem as well as the solution [73].” 

Maier and Rechtin have established criteria for systems architecting.  The following 

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; in particular, 
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 characterized as 

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 accordance with well 

documented detailed requirements and specifications.  The Rational methodology uses 

deductive techniques applied to largely quantifiable criteria.  Rational architecting 
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utilizes analysis, modeling, simulation and other deductive engineering techniques in a 

method-based approach.  Participative methodology is heavily dependent on stakeholder, 

user, and customer assistance in defining architecture trough a variety of elicitation 

techniques.  Finally, the Heuristic methodology relies on lessons learned and rules of 

thumb and is typically applied to soft systems or other situations where quantifiable 

criteria establishing project success are difficult to define [73].  

A successful architecture will incorporate or manifest the client’s/user’s/customer’s 

operational purposes.  “Architecture is not just about the structure of components, but 

addresses the functions as well [73].”  “A common method for identifying or describing 

system architecture is the aggregation of operational requirements, the maintenance and 

support concept, and the identification and prioritization of TPMs [10].” 

Experience with the design of systems provides engineers with the capacity for 

insight.  These experiences, often grounded in painful lessons learned, are stored and 

recalled in rules called heuristics, a Greek term for guide.  “An example of a heuristic is: 

Simplify, Simplify, Simplify.  Another common heuristic is: Design the system with 

good bones [73].” 

 

2.3.3   Environments and Trends 

There are several widespread and dynamic trends that are creating significant systems 

engineering challenges.  “Systems have become more complicated, more dynamic, 

interconnected, and involve more stakeholders than legacy systems [27].”  Increasing 

security concerns, especially network security threats, also drive special 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 requirements that are 

addressed by software design are making up more of the total system requirements as 

systems depend heavily on software solutions.  “As a result, software requirements 

specification development and  requirement analysis have benefited from a great deal of 

research [31].”  The combination of software defined products and software driven 

control mechanisms for hard systems are pervasive in all aspects of engineering.  The 

focus on processes related to software integration and design is evidence of the 

importance of methodologies for software design to the success of the modern systems 

engineer. 

The complexity of real world problems, driven by massive advances in technology 

and integration, cannot be handled by just applying the traditional scientific method.  

“Classical scientific methodology has limitations when dealing with a social or human 

component or other soft system factors [62].”  Current trends point to exponentially 

increasing complexity in interfaces and software requirements, and the challenges 

associated with the design and delivery of new systems is increasing in parallel.  

Software driven requirements are dynamic and constantly changing, driven by the 

introduction and integration of new technologies.  Because of rapidly increasing 

replacement costs, combined with better maintenance practices, life cycles of many 

systems are being extended.  Recapitalization of heavily networked systems with multiple 

interfaces can be very expensive and drive changes into enterprise architectural 

definitions that drive additional recapitalization.  At the same time, the life cycles of 

individual and specific technologies are becoming shorter, especially if Commercial-off-
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the-Shelf (COTS) technology is leveraged.  “Systems are also being looked at more in 

terms of interoperability requirements and how they interface within a system of systems 

environment [9].” 

“Defining system (or project) interfaces is now a critical scoping, or problem 

definition, issue [51].”  At the problem level, interface definition takes on a 

functional/operational nature and usually identifies interfaces between major systems.  At 

the system definition stage, interface definition often turns inward and focuses on internal 

interfaces within the system.  Interface definitions within the system are usually more 

technical in nature and can flow down to the internal component level.  

Software/hardware interfaces add another critical dimension from a life cycle 

management perspective.  “At some level, familiarity of the interface with the 

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 in facilitating the 

incorporation of quick configuration changes and new technology insertions, and in 

allowing flexibility to respond to system interoperability requirements on an expanded 

basis [9].” 

The increase in the number of interfaces and components is a result of an increased 

focus on performance and system functionality.  While performance is increasing as 

emergent properties are exploited from complex designs, reliability and quality have 

become more difficult to manage and thus are decreasing.  Since the greatest opportunity 

to increase reliability, performance, and quality, while reducing rework and system cost, 

exists at the early stages of development, a highly disciplined approach must be pursued 
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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 advantage of 

inserting rapidly developing technology [37].” 

 

2.3.4    Requirements Management 

NASA, DoD and INCOSE all advocate a strong requirements management practice.  

The transition from problem space, or user requirements, to lower level solution space 

requirements demands a rigorous methodology.  Requirements are reviewed and updated 

continuously in detail.  Problems and risk associated with specific requirements are 

managed as part of the systems engineering process.  Issues with requirements cannot be 

hidden for long.  The systems engineer must identify problems involving requirements 

and raise the issues with management.  Often the issues are significant enough to warrant 

discussing the issues with the customer [31].  Requirements Rationalization opens the 

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, performance and 

constraint [76].”  Users are generally not certain of exactly what they really need.  This is 

especially true if users and stakeholders have no experience with similar systems, and if 

the system represents disruptive technology and does not currently exist in a finished 

product.  Beam provides descriptive statements about requirements:  

� Requirements will in most cases be fragmentary, at least in some respects.  
� 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 naming a 
standards document is often simpler than deciding what is truly required. 
[6] 

 
Analysis of requirements must be carried out by objective knowledgeable personnel.  

Expert system engineers will be required to seek out risk, conflicts and other problems in 

written requirements.  Systems engineers will often employ concurrent engineering and 

assemble teams of system architects, designers and other domain experts to perform 

requirements analysis.  Many times, there are no documented requirements, or poorly 

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

Experienced analysts, designers, architects and systems engineers must work with 

customers, stakeholders, and users to develop or refine the initial set of requirements [6].  

Hooks and Farry define five myths associated with requirements as they relate to project 

execution:  

1. Everyone knows what this project is about. 
2. Everyone knows how to write requirements. 
3. We already have a Requirement Management Process in place. 
4. Everyone understands our requirements management process. 
5. 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 these types of systems 

are compounded by rigid contractually binding requirements agreements.  This leads to a 

good deal of requirement uncertainty as inflexible contractual processes drive 
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requirement language.  Requirement uncertainties can arise in development efforts for 

teams that do not have complete control the requirements life cycle up to the time the 

system is fielded.  The result can be shifting requirements that introduce unacceptable 

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

to remove uncertainty embedded in the requirements, and thus, reduce cost, risk and 

rework.  Unless uncertainty is reduced, chances of delivering a satisfactory system are 

very poor [6].”  Beam identifies two recognized ways to plan and proceed with design 

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, color, etc. so as 

to produce an artistic or skilled intervention [53].”  Design is the process of defining an 

acceptable solution space strategy when a variety of solutions exist that could solve the 

problem.  If the process of engineering problem solving includes elements like applying 

heuristics, creativity, analysis, decision making, testing and iteration, it is likely a design-

based solution.  Design involves elements of creativity and intuition, as opposed to hard 

engineering practices that apply deductive engineering processes and mathematical 

analysis. 

The first stages of system design are highly creative activities focused on developing 

high level concepts.  These early design activities are focused on providing customer 
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value by transitioning specific customer priorities into the design process.  The design 

process develops a possible solution space and weeds out solution paths that are not in 

alignment with customer needs. “A central element in engineering design skill is an 

ability to conceptualize.  The design engineer must often determine how a system 

operates or why it may fail to meet customer needs [6].”  “Operation of the system should 

drive decisions about systems engineering, not the system itself [27].”  The potential 

designs are then down-selected according to customer priority and within the context of 

project scope.  Once the full customer problem is defined, the conceptual design process 

can begin [10, 27]. 

Every designer and systems engineer is enabled, and limited, by experiences.  This is 

especially true in regards to aggregated heuristics, or codified lessons, related to the 

design process.  The application of heuristics and intuition are often used to generate 

system designs and in developing testing methodologies to verify requirements.  “A 

heuristic is any principle, procedure or other device that contributes to a reduction in 

complexity and supports the search for a satisfactory solution [62].”  Limited experience 

of critical team members can be a significant factor in achieving complex designs.  This 

effect is amplified in designs for which no single individual on the team, nor possibly the 

entire team, is likely to have personal experience in all of the problem space aspects.  

“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 is 

required to ensure that the “Voice of the Customer” is represented throughout the design 

process.  During the early stages of conceptual design, it is essential that good 
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communications between the design team and the major stakeholders be established.  It 

has been well documented that most project failures are related to mistakes made early in 

the conceptual design.  Most of these failures can be traced to miscommunications and 

poorly documented system requirements.  “Without a solid high-level specification that 

represents the customer’s objectives and priorities, lower-level specifications 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].  Blanchard indicates 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.  Abstract 

Systems are used in conceptual design to express an initial design or idea that has never  

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 abstract ways.  Thinking 

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 system itself or how the 
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system will be employed [93].  Prescriptive models describe a recommended course of 

action.  Prescriptive models describe the best thing to do in a given set of circumstances 

[53]. 

Value modeling provides the systems engineering team a method and framework for 

evaluating or refining possible solutions.  Constructing a value model requires thorough 

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 critical capability, is 

the most basic and important objective the stakeholders are trying to achieve with the 

system [27]. 

 

2.3.7   Risk Management 

Risk analysis is needed right from the very start of the project and must continue 

actively throughout the project life cycle.  INCOSE recognizes four categories of risk that 

must be considered and mitigated throughout a systems decision problem: “technical risk, 

cost risk, schedule risk, and programmatic risk [31].”  Driscoll adds Operational Risk, 

which refers to the likelihood and consequences of potential threats to systems during the 

operational stage of the system life cycle [27].  Operational risk includes changes to 

operational necessity for the system, as well as, the environmental considerations that 

interface with and contain the system.  Eisner calls for the management of Technical, 

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 risk assessment 

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 performance over the 

entire system life cycle.  Risks are traditionally assessed and managed according their 

potential to damage the project.  “Not all risks are equal, and they should not receive an 

equal amount of effort to mitigate [27].”  The systems engineer must filter through all of 

the requirements and identify, as early as possible, those requirements that present high 

risk to the system development effort.  The systems engineering team has to focus 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 technique if 

overall performance is not significantly affected while significant risk reduction is 

achieved.  Typically, high-risk requirements involve developmental or state-of-the-art 

technology and often involve integration innovation or interface complexity.  Examples 

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 
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• Very high capacity, dense storage systems 
• Real time command and control system 
• 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 risk identification.  

The prompt list stimulates follow on discussion amongst stakeholders [27].”  

Brainstorming works in the same way but is facilitated by a neutral facilitator.  The key 

to a successful brainstorming session is the participation of key stakeholders.  

Prioritization, brainstorming, and other facilitated events usually require the participation 

of a number of very bust professionals.  Because many stakeholders can be involved, 

these events are typically viewed as a significant investment of resources.  There is a 

good deal of value in combining early risk identification with requirements prioritization 

[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 theory takes into account 

that there are cognitive and experiential limits of the designer and decision maker that 

bound decisions within certain practicalities.  That is to say in simple terms – we know 

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 practical circumstances.  “In 

contrast to maximizing behavior, Simon proposes the concept of ‘satisficing’ behavior.  

Satisficing is assumed to exist because the human mind does not have the capability of 

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 uncertainty are 

the reason that systems engineering processes exist.  Many of the processes applied by 

designers early in design are focused on providing frameworks for rationalization of the 

trade space.   

Unprecedented rates of advance in computer, network, software, and information 

technologies further complicate management of interfaces, technology life cycles, and 

requirements.  The advent of highly interfaced, software-intensive systems is producing a 

true paradigm shift in system design and requirements management.  Software now 

satisfies an enormous amount of capability requirements.  Software has made the 

transition from an interface tool or method of connecting discrete devices to become the 

“device” itself.  “Organizations find trouble when their workload moves from hardware 

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 system-
subsystem-component hierarchy of hardware. 

2. It is 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 relationship with 

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 information technologies 

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 Problems” [24].  Some 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 federated components 

to networked digital systems supported by sophisticated software design.  In the early 

days of flight, visual meteorological conditions or a visible horizon were required for the 

pilot to safely operate an aircraft.  Aircraft began to develop capability for longer flights 

and the popularity of flying drove pilots to attempt flight in all types of meteorological 

conditions.  New instrumentation was now required to maintain flight when visible 

horizons were not available.  Artificial horizon instrumentation, altimeters, and radio 

direction finding equipment enabled flight in marginal conditions.  “It was with such a 

crude array of systems that Lieutenant James H. Doolittle lifted off to complete the 

world’s first instrument flight on September 24th, 1929 [47].” 

Today’s avionics systems are highly integrated, interfaced and networked.  

Navigation systems transitioned from long wave radio navigation aids like LORAN into 

Variable Omni Range systems (VOR) that act like radio beacons providing radials for 

precise navigation.  VOR technology evolved into Instrument Landing System (ILS) 

technology that provides electronic paths that represent the runway centerline and 
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glideslope angles.   Inertial Navigation Systems (INS) were developed to allow for 

independent navigation free from reception of ground transmitted radio signals.  VOR, 

ILS and INS are now being augmented by Global Positioning System (GPS) satellite 

data.  GPS itself is being enhanced by artificial ground constellations to support precision 

approach.  Legacy electromechanical, pneumatic devices and gauges that populated older 

aircraft instrument panels have transitioned to a completely digital cockpit environment 

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 traditional 

navigation and communication equipment.  “The complexity of system design has grown 

exponentially as sensors, fire control systems, autopilots, lasers, infrared systems, 

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. 
• Higher levels of commonality and standardization of hardware for logistics 

purposes. 
• Increased device integration and miniaturization. 
• Movement from electromechanical to electronic flight instrument system 

displays. 
• More integration at the subsystem and functional levels, such as sensor fusion and 

integrated image processing. 
• Higher-tech approaches to functions, such as datalink instead of voice com, Fly -

By-Wire instead of mechanical/hydraulic flight control systems, satcom and 
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. 
• Expanded functional capability and operational integration. 
• Increased Flight Safety support. 
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• Pilot workload management through higher levels of functional, human-centered 
automation. 

• 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 disparate federated 

subsystems.  Intricate and detailed engineering processes are called for in order to 

establish harmonious integrations of software and hardware packages from many 

different manufacturers.  Complexity increases once again when military applications of 

avionics technology drive the aircraft design and constraints beyond basic auto-flight, 

communications, and navigation requirements. 

The modern aircraft system has a close relationship with terrestrial networked 

processing systems.  The pilot has become as impacted by software defined functionality, 

much in the same way as the user of any desktop application.  Control interface, 

Graphical User Interface, display, and software defined functionality all impact usability 

for the pilot.  There is even a great deal of software defined functionality that does not 

exist in any singular subsystem but is created at the interfaces of various systems through 

software defined elements.  The trend of software defined capability and heavy reliance 

upon Graphical User Interfaces transitions avionics engineering into something close to 

application development for terrestrial networks. 
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2.5   Project Challenges / Failures 

Eisner identifies three project challenge areas: “Schedule, Cost and Performance 

[30].”  These are routinely referred to as the triple constraints, or the “scope triangle 

[105],” in project management.  The success of a project is often viewed within this triple 

constraint paradigm until the system enters sustainment and operation.  It is during the 

sustainment and operation phase of the system life cycle, in which the nuances of less 

than optimal conceptual designs come home to roost.  Soft systems are especially prone 

to customer acceptance issues following a perfectly run project that delivered within the 

triple constraints.  There are many various factors and reasons why some projects do not 

satisfy these three key aspects of a system development; some examples are listed below 

[30, 31, 51, 93]: 

1. Inadequate articulation and synthesis of requirements 
2. Poor project planning 
3. Inadequate technical skills and continuity within the project staff 
4. 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 

6. Insufficient monitoring of design and project progress 
7. Inferior corporate support in terms of staffing and other resource 

levels[30] 
 
Inadequate articulation of requirements is often identified as the most critical project 

issue [51].  Poorly written or expressed requirements remains a problem during the entire 

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 about the quality of 

requirements with the impact differing from each perspective.  Customers often feel as if 
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they are being manipulated in the requirements process.  Engineers often are frustrated by 

rigid and inflexible requirements sets that shift too many resources to meeting standards 

and specifications that do not contribute to critical elements of system performance.  

Everyone in the systems engineering community agrees that something new has to be 

done regarding how requirements are defined, synthesized, satisfied, and validated.  

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].  Flexibility 

must be achieved, especially for soft system design, in contractual situations that can be 

extremely formal and unyielding.  Project managers and systems engineers have to keep 

requirements definition and management high on their list of potential problem areas and 

develop strategies to maintain flexibility in requirements for as long as possible [30].  

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 very 

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 are growing 

exponentially in number.  The project focus on interfaces must grow accordingly if 

successful systems are to be fielded.   Hooks and Farry identify three benefits of early 

interface identification:  

� Identifying interfaces will clarify your product scope with the boundaries 
imposed by their product. 

� Identifying 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 interfaces:  

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. Is 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 attempting to identify the 

user/customer needs.  This is especially true for software-defined systems [51].  While 

the majority of traditional systems engineering processes have been refined and 

documented over the years, the need for new processes and process refinement in the area 

of requirement alignment with customer needs is evident.  Customers often cannot fully 

describe the true nature of their problem when they first establish a system project.  This 

is especially true of “wicked problems [24].”  The trend toward more complex problems, 

and thus complex designs, also clouds both the problem and solution space.  These 

factors result in customers and designers defining solutions rather than defining and 

resolving the core problem, drifting in expectation during the course of the project, and 

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 requirements 

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 required component for 

a successful project.  These project records are established through the development of 

the Systems Engineering Management Plan (SEMP) [9] and the traditional project 

reviews and subsequent artifacts.  This is especially important for complex system 

designs and projects that will run long enough for multiple iterations of the project team.  

However, the traditional artifacts, the Systems Requirements Review (SRR) being one of 

the earliest in the project, do not necessarily map or codify the voice of the customer in a 

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 system life cycle, thus, 

setting the course for the rest of the project.  As discussed previously, development of 

good requirements is one of the most problematic areas of systems engineering.  

Requirements are often incomplete and inappropriately stated, leading to difficulty in 

architecting, designing and building.  Negative issues can develop between the systems 

engineer and stakeholders due to poorly defined or unachievable requirements.  The 

situation between stakeholders and systems designers can further degrade because 

requirements are not easily changed once defined.  Rigid application of contractual 

agreements combined with inflexible acquisition processes work to deliver systems even 

if the requirements are found to be inadequate or reflect a design that will not please the 

customer.  Contracts, non-technical contracting officials, and inflexible rules of 

competition, that define government acquisition processes, add to the risk associated with 

requirements definition.  Requirements are the foundation of any engineering project and 
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are the most frequent problem area when examining causality for systems engineering 

and development issues [10, 31]. 

Soft system design offers special challenges related to good initial requirements 

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 management often 

constrain the boundaries of technology projects.  This can be both a negative and a 

positive agent in system development.  Programmatic constraints can keep soft system 

developments from becoming too open ended and delivering nothing but notions and 

endless upgrades.  An overactive political element holds potential to exert irrational 

rigidity that can kill innovation and prevent critical course corrections in the project.  

“The best engineering solutions are not necessarily the best political solutions and are 

often unachievable in a complex project [73].”  

Projects can fail miserably and very late in the game if a total lifecycle approach is 

not taken at the outset.  A total life cycle and systems approach must be applied from the 

beginning of the project in order to effectively and efficiently maintain system 

performance objectives after the system is transitioned to sustainment.  Many times, the 

overall requirements process is not focused on a robust analysis of customer objectives 

and desired capabilities.  Too often, the approach is a “buy now, fix later” methodology, 

both from a customer requirement and a life cycle management perspective.  The systems 

engineering and development process has generally struggled with a lack of good early 

planning and requirements definition process.  The foundation of requirements must be 

laid down in a complete methodical manner.  “If the critical requirements definition is not 
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carried out methodically, many total life cycle considerations will need to be addressed 

after the fact at great cost and discomfort [9].”  

Paraphrased below, Blanchard identifies a number of challenges in modern systems 

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 is 
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 flexibility 
and agility [37].  

4. Extended System Life Cycles – Shorter Technology Life cycles – The life 
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 lengthening, the 
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 – Current 
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.  



 71

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.  It is 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 systems 
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 and program 
risk must be considered throughout the life cycle. [9] 

  
Eisner provides a similar list of six problem or challenge areas specifically relating 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 investigation and 

then carrying out experiments over and over again.  This process is designed to identify 

and ignore anomalistic results.  The validated homogenized results are then added to the 

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

scientific knowledge is accumulated and built over time.  “This is of course unless a 
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particular body of knowledge is refuted by another scientific experiment [62].”  “This 

replication of experimental results stems from the fact that the phenomenon under 

investigation must be homogenous through time”[79].  
Some of the basic steps recommended for performing an analysis are:  

1. Recognizing community problems and values. 
2. Establishing goals and defining objectives. 
3. Establishing criteria. 
4. Designing alternative actions to achieve step 2. 
5. 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] 

 
Attitude Data – There are several standardized techniques commonly used to develop 

scales or measures of human perceptions.  Lickert scales typically provide a selection of 

five categories of response for each question or item being analyzed: strongly approve, 

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 measuring attitudes, sentiment, 

or perceptions.  “Some of the variations of the Lickert scale include variations in 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, positive – negative, 

with ratings in between.  The scale is usually defined around the breadth of the responses 

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 typically used to measure 

sentiment are evaluated by the relationships of data, or score, means.  The t-test is 
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traditionally used to perform analysis of the means data captured in the various scale 

techniques [15, 62].  

The theories established by the scientific method are essentially generalities that are 

bounded by a given set of conditions and occur within a certain probabilistic range.  That 

is to say that there are conditions required for the theory to be valid and that there are 

limits related to the knowledge.  The scientific method was developed specifically to 

produce testable knowledge about the world for which repeatability of results is likely.   

It is always possible that new types experiments will yield additional theories 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 researchers, and 
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 rejecting proposed 
hypotheses. 

 
 



 74

Investigate and Identify the
Problem

Develop the Problem
Statement

Establish Goals and
Objectives

Test and Evaluate Alternative Actions
in Terms of Effectiveness and Costs

Establish Criteria for
Design and Evaluation

Design Alternative Action

Collect relevant Data

Question Objectives and
Assumptions

Satisfied

Yes
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No

 

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 entities of the 
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 networked applications have 

recognized the benefit of prioritized requirements for many years.  The necessity is 

driven by the endless possibilities that exist in software design.  Without prioritization, a 

particular aspect of the design could be continually refined at the expense of other desired 

functionality.  In short, the possibilities encountered in software functionality are endless 

and can quickly spiral out of control from a cost and schedule perspective. 

Requirements prioritization is executed in a variety of formal and informal ways with 

“a goal of discovering the most important requirements for the system [66].”  Some 

define priority as “a characteristic of a requirement [45],” while others see priority as “an 

opportunity to align stakeholders toward a validated design concept [86].”  Priorities can 

evolve at heuristic levels or within very specific requirements definitions depending upon 

the stakeholders’ or customer’s focus.  Often priorities then flow into a Quality 

Functional Deployment (QFD) based on the completion and analysis of a “House of 

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

to very high level technical characteristics.  In many of the basic prioritization efforts 
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such as the prioritization matrix method, priorities are assigned exclusively by customers 

[102].  In other systems such as the Analytic Hierarchy Process (AHP), mathematical 

formulas in a form of advanced pair-wise comparison “provide relative ratio scales 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 requirements level, 

organizational and functional goals must effectively flow down to detailed specifications 

if the designer is achieve a customer validated design concept.  This can especially 

problematic if there are many stakeholders with various heuristic priorities who are not 

included in setting priorities during the preliminary design process. 

All of the traditional software and systems engineering models or methodologies 

make assumptions of well defined requirements and stakeholder alignment at some point 

in the process.  Usually this alignment is indicated at a “gate” or formal review where the 

customer’s representatives sign off on the concepts and requirements expressed by 

engineering team.  But how was the heuristic architecture that drove the requirements 

initially decided upon?  Too often, Key Performance Parameters or Critical Technical 

Parameters are presented to the customer by providers that represent easily achieved 

results.  Other dysfunction can be driven by Integrated Product Teams that churn 

membership or have failed to align the design to higher level organizational priorities.   

Senior leadership can spoil the stew by “buying off” on a high level design concept prior 

to fully vetting the impact through organic technical experts essentially “buying the 

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 functionality 

requires that direction in early stages of design consider many factors early on.  Peter 

DeGrace says it best: “The developers of engineering applications need to have a much 

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 approaches the systems 

decision.  “A decision is an intentional allocation of resources [93].”  There are two 

significant programmatic approaches that dominate the decision strategies: “alternative-

focused thinking (AFT) and value-focused thinking (VFT) [27].”  Values are an 

aggregate of cultural and organizational priorities that define the context of a good 

decision.  Values shape the standards for the evaluation of alternatives and also provide 

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 alternatives, alternatives 

tailored for decision content can be generated [93].”  On the other hand, the alternative-

focused approach identifies various alternatives and then uses values to select a direction 

for the decision.  In general, a Justification for Other Than Fair and Open Competition 

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.  Decision 

opportunities can be created once there is organizational alignment that allows strategic 

objectives and values to be clearly identified.  “Prioritization is a key factor in 

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 existing alternatives and thus 

frame their priorities within those given criteria.  The trouble comes when the available 

criteria within the given alternatives does not align well with organizational values.  On 

the other hand, a pure VFT approach may be negatively impacted by misalignment 

amongst stakeholders related to values.  “Finally there is the chicken-and-the-egg 

dilemma that states that values are formed through the experience of stakeholders with 

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 understand the right 

problem, they may end up expending a lot of critical project time and resources creating a 

great solution for the wrong problem.  Establishing priorities of technical performance 

measures (TPMs) is a traditional method of grouping functional hierarchies in system 

design.  The challenge is that by the time TPMs are developed, many design assumptions 

are typically under way.  The earlier that objectives and needs can be prioritized in the 

system design, the more likely that customer and stakeholder objectives can flow into the 

front end of the design process.  Prioritization should begin as soon as some form of 

stakeholder and customer objectives exists for the system.  The process of prioritizing, 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 the systems 

engineering process.  The first impression is that the designer is trying to establish trade 

space in project before the design has even started.  “The reality is that there is a natural 

priority to all objectives, goals, needs, and requirements that reflects the core ‘reason’ 

that the customer wants the system in the first place [93].”  If the system design does not 

reflect the priority, that the customer is often reluctant to provide, the project will not be 

well received in the end.  The “voice” of the customer that is much discussed in literature 

is heavily influenced by priority.  “While prioritizing can frontload expectations if 

resources are suddenly cut for a project, it is really about optimizing resource allocation 

within the entire requirements set [51, 76].” 

Farry and Hooks recommend the following five steps to prioritize system 

requirements:  

1. Define priority classes 
2. Classify the requirements 
3. Resolve the differences 
4. Create priority based development schedules 
5. Maintain the priorities[51] 
 
Assuming that the requirements definition activity has prioritized or ranked the 

requirements, each concept alternative should be weighted in some fashion against that 

ranking or priority list [6, 51, 59, 76]. 

“It is important to define the customer needs in mission level requirements in order to 

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 before the “how” 



 80

to solve the problem or the design concept is formulated.  Once a set of customer needs 

or the problem space is fully established, the objectives within the problem space exist 

essentially as all equally important.  This is of course not the reality of customer’s 

problem.  There are certain elements within the problem space that are of utmost 

importance to the customer.  It is extremely important to establish the customer and 

stakeholder priority for the various objectives.  This is a critical process to understand 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 equivalent in nature [9].”  

There are a number of elicitation and prioritization techniques applied in both the 

problem and solution space.  Brainstorming, brainwriting, interviews, group interviews, 

groupware (software aided), Zwicky’s Morphological Box, and Nominal Group 

Technique (NGT) are all used in a variety of applications depending on the project, or 

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 process [93].”  

In all cases, a significant commitment to problem identification, scope definition, 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 technique called 

Requirements Rationalization on aviation select engineering projects.  Requirements 

Rationalization is a facilitated group process that delivers a prioritized list of 

requirements derived from organizational (functional) objectives, operational 
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requirements, or preliminary requirements.  The process is typically conducted at the 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 1-1) from various 

disciplines in a prioritization event.  The process yields a number of specific benefits: 

1 – Prioritized preliminary requirements (enormously beneficial in design to cost efforts). 

2 – Consensus among major stakeholders regarding heuristic priorities, thus reducing the 

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 signals and 

records the priorities that will guide conceptual design efforts and specification. 

5 – An opportunity to capture initial project risks associated with specific desired 

functionality or requirements. 

The Requirements Rationalization process was initially developed to prioritize a set 

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 supporting the 

following system avionics system acquisitions: the C-130J Mission system, Rotary Wing 

EO/IR System (ESS), Rotary Wing Radar System (RSS), and the Helicopter Integrated 

Data Storage (HIDS) system project.  All of the systems are in various phases of 

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 priorities through the 

design process to a customer-validated design concept. 

2.7.3.1   Internal Stakeholders 

As previously discussed, initial application of prioritization activity was used on a 

design to cost effort.  There had been two previous attempts to reach a design concept for 

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 internal project and 

program stakeholders.  The early attempts at requirements elicitation on the third project 

resulted in disagreements among stakeholders related to priorities for various capabilities.  

These misalignments made it very difficult for the lead systems engineer to establish a 

foundational set of requirements.  The government participants utilized Requirements 

Rationalization to determine a government strategy, or set of priorities, for management 

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 to initiation of 

conceptual design, the process can be used in a variety of circumstances where there is 

stakeholder misalignment.  Some of these instances can include major schedule slips 

where a variety of programmatic options may alter the design or break the design effort 

into phases.  Major negative project effects from unmitigated risks may also require a 

reprioritization of the requirements being executed.  This is especially true if 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 Rationalization is fundamentally 

a problem space engineering technique 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 be established 

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 the literature 

that establishing priority is a process exclusive to the customer.  There is also an 

assumption in many processes that the customer has already established priorities that are 

widely accepted within their organization. This could explain why processes and 

methodologies for systems engineering and design go into great detail about every 

process except prioritization.  Most simply state that the customer needs to establish 

priorities.  In many instances literature points to the designer establishing priority by rank 

ordering design goals [101].  There are often many competing priorities that held by 

various stakeholders.  Unless these priorities are rationalized early, and the stakeholders 

aligned, a ticking time bomb can exist within the project.  The designer must align the 

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 course can be 

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 adapted prioritization 

techniques for development of avionics capability.  For many years, avionics capability 

as a set was very stable.  Introduction of military network-centric operations, coupled 

with new cryptographic and navigation requirements, have exponentially increased cost, 

risk and technical difficulty of life cycle management for avionics systems.  Aircraft 

systems now represent a major investment in resources and avionics subsystems can now 

be the most expensive and complicated part of the aircraft system.  It is now of the utmost 

importance that the correct priorities be established in the problem space that can guide 

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 fail to satisfy 

the customer from a user validation perspective.  The cost and system complexity 

of avionics design, coupled with the migration to software-defined functionality 

and human machine interface, have significantly complicated achieving validated 

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). 

• The Requirements Rationalization process forces the customer to prioritize all 

requirements associated with the project and thus establish a high level conceptual 

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 artifact detailing 

customer priorities to source selection, design and integration teams. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 87

Chapter 4 – Research Methodology 

 

4.1   Methodology 

Studies were developed for use with traditional statistics in order to establish if the 

hypothesis has relevance, that is to say that there is a measurable shift in customer 

sentiment about conceptual design as it relates to representation of the requirements.  The 

studies were taken by participants in the Requirement Rationalization events at the 

beginning and then again at the end of the event.  

 

4.2   Research Objectives 

1 – Determine if prioritizing requirements has measurable sentiment impact, as measured 

with a participant study, on subsequent customer satisfaction with avionics system 

conceptual designs. 

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

3 – Examine the body of knowledge related to systems engineering, prioritized 

requirements and avionics system design. 

 

4.2.1 Process 

Research will be conducted in the areas of Requirements Prioritization, Avionics 

System Conceptual Design, Systems Engineering and Statistical Analysis.  Study metrics 

extracted from avionics system design projects will be sorted by project and analyzed 

using classical statistical analysis.  Three studies will be conducted for each project under 

analysis.  The first study was administered prior to the Requirements Rationalization 
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event.  The second was administered immediately after the event.  The first two studies 

are identical, and attempt to isolate shifts in sentiment related to the design effort.  The 

third, and final, study captures data relative to how well the conceptual design was 

represented in the final design.  Hypothesis testing seeks to reveal a variation between 

stages of studies or individual projects. 

The individual project study data sets have been analyzed using traditional statistics 

to establish if the hypothesis has relevance, that is to say that the null hypothesis, that no 

shift occurred, can be rejected, and that there is a measurable shift in customer sentiment 

about the preliminary design and the conceptual design process, as it relates to 

representation of the requirements.   

Study Section II data sets were examined using Minitab 14 statistical analysis tools.  

The data sets were tested for normality using the Anderson-Darling test.  Data variance 

were then measured with an F-test for normal data and Levene’s test for non-parametric 

data in order to establish if the data sets have equal of variance.  The data sets were then 

compared with a Two Sample-T test, in order to test the null hypothesis (H0) 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-test or Levene’s test 

indicates equal variance. 

Study Section II data attempts to corroborate the positive affect on overall project 

performance and the “feeling” amongst stakeholders of a validated design concept.  Data 

was examined through the statistical analysis construct above, using data derived from 

study/ interview question responses at various stages of projects to measure customer 

satisfaction.   
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Study Section I 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 for prioritization of 

system requirements.  Many Coast Guard avionics system projects have struggled with 

conceptual designs that failed to satisfy the customer’s expectations.  So what is 

happening?  Avionics system design is becoming more defined by software functionality 

and interfaces than by individual subsystem functionality.   Advanced avionics systems 

consist of a networked processing, storage and application environment.  Essentially, 

avionics systems have transitioned from hard-closed systems to soft-open systems and 

now experience “wicked problems”.   Many critical capabilities and functionalities exist 

at the interfaces of subsystems.  This is especially true in systems of systems 

developments.  Like many other systems with wicked problems, avionics systems suffer 

from trends in unachievable thresholds and operational requirements that are poorly 

transitioned to specifications.  The “everything is a threshold” requirements document 

(sponsor expectations) is also a recurring problem area as customers feel more vulnerable 

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 aircraft were purchased by 

the Coast Guard and required conversion into maritime patrol aircraft; the Rotary Wing 

Electro-Optic Sensor System (ESS) acquisition which was a rapid procurement and 
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deployment of advanced sensor technology supporting Homeland Security airborne use 

of force capability; the Helicopter Integrated Data Storage system project, which 

provided for a multiplatform acquisition of advanced mission data recording and 

processing.  The process was also used on the Rotary Wing Radar System acquisition 

project, which is to procure, and integrate, a replacement of weather avoidance radars 

with maritime surveillance radar capability. 

 
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 facilitated environment 

to prioritize user, or operational, requirements.  The facilitator guides the group through 

the difficult task of rank ordering every single requirement.  The process demands 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 highlight to the group 

the challenges of meeting all of the requirements in a real world context.  Requirements 

Rationalization combines elements of mission engineering, brainstorming, and 

ESS 
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prioritization, to provide a unique set of outcomes.  The following characteristics describe 

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 Rationalization and IPTs 

 Integrated Product Team Requirements 
Rationalization 

Characteristics A team that conducts many 
meetings. 

An event. 

Purpose A team established for the life of 
the development that is derived 
to support Integrated Product & 
Process Development (IPPD). 

A facilitated prioritization 
event designed to extract an 
organizational vision of high 
level conceptual design. 

Participation Chartered membership 
established.  Usually tied to 
“positions” rather than 
individuals.  Matrix often made 
up of supervisory level 
personnel.  Hold decision rights. 

Usually much larger than IPTs.  
A wide variety of 
organizational levels 
represented from very senior 
leadership to users.  Multi-
discipline participation 
including source selection 
personnel and integration 
teams. 

Duration Life of the Project and beyond.  
Conducts many meetings. 

Singular meeting (may take 
multiple days). 

Artifacts Many diverse SE/PM artifacts. List of prioritized 
requirements, significant 
comments, initial risk matrix. 

Applications Classic approach is application 
to large product and process 
developments. 

Any size project for which 
there exists preliminary 
requirements. 
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Requirements Rationalization provides several project artifacts and effects.  Early risk 

matrix development begins related to the design.  The list of requirements is prioritized 

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

a record of attendance that demonstrates for follow-on teams, that an organizationally 

sanctioned set of priorities was established by all stakeholder groups with the authority to 

represent the interests of their sections. CG Realized Results/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 deployment by major stakeholders 

� Early matrix development for cost by capability 

� Prioritization input for analysis of requirements conflicts (could be used 

for house of quality) 

� Revised requirements documents 

In order to prepare for a rationalization event, it is required that some preliminary 

work be conducted.  The team should address the following 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 

 

 
 

Figure 4-2   A high level view of Requirements Rationalization 
 

 
Vertically and horizontally integrated attendance is critical to the success of 

Requirements Rationalization.  Too often, teams are assembled within functional 

stovepipes, or are matrixed functionally but are not vertically diverse.  The most 

dangerous risk within any project is usually not embedded in the risks that the collective 

organization is managing, but the risk that has gone unobserved.  It is quite likely that 

someone involved with the project had some understanding of the issue in advance and 
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was not positioned or empowered to elevate the issue up the correct channels.  This effect 

is especially prevalent in large teams working complex designs.   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 the senior leadership 

introduction/mandate.  Many of the attendees may see an opportunity to disrupt the event 

to achieve a personal or political agenda.  A senior leadership kickoff sets the tone of 

organizational sanction and establishes the expectations of behavior for the group.  

Transition the group to work by asking the participants to read the requirements and label 

each as High, Medium or Low in importance as they specifically relate to “Operational 

Capability” of the system. 

Upon completion of the categorization by participants, and following a break, ask for 

each person to rank order their top 5 requirements on their document.  Begin the active 

facilitation by soliciting each participant’s number 1 priority requirement.  Capture the 

requirements on a whiteboard or flipchart to facilitate ranking.  Ask each participant 

about their thoughts related to their number 1 requirement.   
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Following tacit discussion of everyone’s highest ranked requirement, proceed with 

prioritization using multi-voting and other facilitation techniques.  Allow the group all 

the time they require to discuss and negotiate rankings.  This is the period when the 

majority of tacit knowledge can be transferred to explicit by the recorders.  Use 

paraphrasing extensively.  “What I heard you say was……”.  There are no parking lots in 

a rationalization event.  Every requirement must be placed in a position in the rank order.  

No grouping of requirements is allowed.  The groupings must form as part of the 

requirement-by-requirement process.  The facilitator makes the final call on priority 

placement. 

Any priority can be revisited by anyone during the event.  Continue by writing on the 

board all High ranked requirements and facilitate accordingly.  Then proceed with 

Mediums and Lows.  Draw out comments from silent members; do not stifle input from 

knowledgeable individuals, but guard against groups driving agendas. 

After the event, deliver artifacts to the project team and participants.  It is important 

for participants to receive, digest, and relate to others the results.  Report out on 

deliverables in a formal setting to leadership.  Part of making Requirements 

Rationalization outputs organizationally valid is to gain senior leadership support for due 

diligence in requirements analysis.   

Use the artifacts to define work/priorities in source selection plans and design 

documents.  Constantly reinforce the linkage to participant directorates that their input 

and priorities are reflected in the choices and design through out the project.  The artifacts 

are not shoot-and-forget documents. 
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Assess the preliminary risk matrix.  Many of the first project risks, especially 

programmatic and political ones, will emerge at these events.  It is never too early to 

begin active risk management.  Work with the sponsor to properly scope operational 

requirements and acquisition plans with a focus on risk reduction, or said another way, 

with a focus on project success.  Sponsor participation will set the stage for compromise 

necessary for success. 

  Requirements Rationalization event pitfalls are inevitable.  Any time a diverse group of 

people assemble to accomplish a task, there can be very desirable, but also very 

undesirable outcomes.  Some level of pitfall avoidance can be instituted with the 

following actions: 

 
� The Facilitator must remain neutral and does not vote, express opinions, or hold 

positions. 

� Managers must resist the urge to “make the call” (Military personnel should wear 

business casual). 

� Do not assume constraints or specifications are off the table. 

� Do not interrupt ongoing negotiations or dialogue between participants. 

� Do not mix KPPs with regular requirements and objectives. 

� It is encouraged to prioritize Thresholds and Objectives in context with each 

other. 

Based on Coast Guard project experience, good opportunities for prioritization 

present themselves in all projects, but a formal event is especially useful on: 

� Heavy Graphical User Interface development 

� Design to cost efforts 
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� New operational requirements that have not been transitioned to TPMs or 

technical requirements 

� Projects where there are vast differences in internal organizational 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 Normality Test (Prior to Requirements 

Rationalization) 

 The following analysis was performed on study data captured at organizationally 

sanctioned prioritization events.  The first data analysis was conducted on an initial study 

administered to participants at the beginning of a two-day prioritization event in 

September of 2007, and a second at the end of the same event.  The exact same study was 

administered on both occasions.  The first step in the data analysis is to establish if the 

data set is from a normal distribution.  The Anderson-Darling test was utilized to 

establish if the data is normal or must be assumed to be non-parametric for further 

analysis. 

• P-Value for the first data set HIDS Prior is < .05 

Therefore: 

• D1-H0: Sentiment Data Expressed in the HIDS Pre-Requirements Rationalization 

Study set is normal – is rejected. 

• D1-H1: Sentiment Data Expressed in the HIDS Pre-Requirements Rationalization 

Study set is non-parametric – is significant 

As the data set is non-parametric, Levene’s test will be used to compare variance 

between the data sets. 
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Figure 5-1   Graphical Summary Analysis of HIDS Pre RR Data 

5.2   Data Set 2 HIDS Project Study Data Normality Test (Following Requirements 

Rationalization) 

• P-Value for the first data set HIDS Following is < .05 

Therefore: 

• D2-H0: Sentiment Data Expressed in the HIDS Post-Requirements 

Rationalization Study set is normal – is rejected. 

• D2-H1: Sentiment Data Expressed in the HIDS Post-Requirements 

Rationalization Study set is not normal – is significant 
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Figure 5-2   Graphical Summary Data HIDS Post RR Data 
 
 

5.3   HIDS Study (1 and 2) Variance Test 

Means Data sets are assumed to be non-parametric for both sets of HIDS Study 

results using the Anderson-Darling test.   The variance test generated in Minitab 

create a plot that displays Bonferroni 95% confidence intervals for the population 

standard deviation at both factor levels. The graph also displays the side-by-side 

boxplots of the raw data for the two samples. Finally, the results of the F-test and 

Levene's test are given.   The F-test is relevant when the data comes from a normal 

distribution and Levene's test when the data comes from a continuous, but not 

necessarily normal, distribution (which will be used in this circumstance). The 95% 

confidence level applies to the family of intervals and the asymmetry of the intervals 

is due to the skewness of the chi-square distribution.  As both sets of data are 
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assumed to be non-parametric for Data sets 1 and 2 (HIDS Project), the Levene’s 

statistic is relevant for the Hypothesis. 

• All of the analysis will assume a 95% confidence interval.  The value of α will be 

.05 for all hypothesis tests. 

• H0: variance of HIDS D1 Data set (Prior to RR) = variance D2 (Following RR)  

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

• Levene’s Test rejected the null hypothesis: H0 .004 < .05 

• Variance of D1 and D2 are not equal - is significant 

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

and the data is non-parametric. 
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Figure 5-3   Variance Test for HIDS Pre and Post Requirements Rationalization Study Data 
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5.4   Two Sample T-Test HIDS Study Data Sets 1 and 2 

• Two-Sample T-Test and CI: HIDS Pre RR Study (D1), HIDS 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   3.44    3.72     0.21 

• Difference = mu (D1) - mu (D2) 

• Estimate for difference:  -1.41049 

• 95% CI for difference:  (-1.97287, -0.84812) 

• T-Test of difference = 0 (vs not =): T-Value = -4.92   P-Value = 0.000  DF = 729 

• The Null Hypothesis that data sets are equal is rejected as the P Value is less than 

.05 - H0: P-Value = 0.000 < .05. 

• H1: D1 ≠ D2 is significant 

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

and Post Requirements Rationalization event Study results indicate increased positive 

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

indicating increased positive sentiment effect.  The questions in the study were designed 

to measure sentiment related to a number of project and program factors.  The vast 

majority of questions in the study are related to the conceptual design effort and the 

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

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

perceived risk elements related to any individual requirement. 
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Figure 5-4   Individual question value plots of HIDS Pre RR and 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 intense facilitated event designed to draw 

out tacit knowledge about the operational context of the user, or sponsor requirements.  

The process leverages a number of group techniques and “forces” participant 

stakeholders to prioritize requirements outside of the requirement functional hierarchy.  

Figure 5-6 graphically represents averages of the study results by question.  That is to say 

that the scores for each of the 27 discrete questions were captured, summed for all studies 

by question, and then divided by the number of studies.  This process was repeated for 

both the Pre RR and Post RR studies. 
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Figure 5-6 Average Scores by Question in HIDS Pre RR and Post RR Studies 

 

The data represented in Figure 5-6 allows analysis of sentiment shift by question.  

The study questions are broken down into the following categories: 

Conceptual Design  1, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16, 17, 18, 20, 21, 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 Question 3 

5.5   Data Set 3 HIDS Project Study Data Normality Test (Following PDR) 

While the first two data sets were taken from studies at the Requirements 

Rationalization event, the third set was taken at Preliminary Design Review.  By PDR the 

system components had been selected and contracted and the integration design was well 

defined.  In essence, the priorities expressed in the Requirements Rationalization event 

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

• P-Value for the first data set HIDS Prior is < .05    Therefore: 

• D3-H0: Sentiment Data Expressed in the HIDS Post - Preliminary Design Review 

Study set is normal – is rejected. 

• D3-H1: Sentiment Data Expressed in the HIDS Post - Preliminary Design Review 

Study set is not normal – is significant 
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Figure 5-7   Graphical Summary of HIDS Post PDR Study Data 
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5.6   HIDS Study (1 and 3) Variance Test 

• Means Data sets are assumed to be non-parametric for all three sets of HIDS 

study results following the Anderson-Darling tests.  The null hypothesis that the 

data sets are normally distributed was rejected in all cases. 

• The variance test generated in Minitab (Figure 5-8) creates a plot that displays 

Bonferroni 95% confidence intervals for the population standard deviation at both 

factor levels. The graph also displays the side-by-side boxplots of the raw data for 

the two samples. Finally, the results of the F-test and Levene's test are given.  The 

F-test is relevant when the data comes from a normal distribution and Levene's 

test when the data comes from a continuous, but not necessarily normal, 

distribution (which will be used in this circumstance). The 95% confidence level 

applies to the family of intervals and the asymmetry of the intervals is due to the 

skewness of the chi-square distribution.  As both sets of data are non-parametric 

for Data Sets 1 and 3 (HIDS Project), the Levene’s statistic is relevant for the 

equal variance Hypothesis. 

• All of the analysis will assume a 95% confidence interval.  The value of α will be 

.05 for all hypothesis tests. 

• H0: variance of HIDS D1 Data set (Prior to RR) = variance D3 (Following RR)  

• H1: variance of HIDS D1 Data set (Prior to RR)  ≠ variance D3 (Following RR)  

• Levene’s Test rejected the null hypothesis: H0 .000 < .05 (Figure 5-8) 

• Variance of D1 and D3 are not equal - is significant 

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

and the data is assumed to be non-parametric. 
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Figure 5-8 Test for Equal Variance of HIDS Pre RR and Post PDR Data 

 

5.7   Two-Sample T-Test HIDS Study Data Sets 1 and 3 

• Two-Sample T-Test and CI: HIDS Pre RR Study (D1), HIDS 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   4.39    3.24     0.16 

• Difference = mu (D1) - mu (D3) 

• Estimate for difference:  -2.36358 

• 95% CI for difference:  (-2.86525, -1.86191) 

• T-Test of difference = 0 (vs not =): T-Value = -9.25   P-Value = 0.000  DF = 810 
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• The Null Hypothesis that data sets are equal is rejected as the P Value is less than 

.05 – D1 – D3 H0: P-Value = 0.000 < .05. 

• D1 – D3 H1: D1 ≠ D3 is significant 
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Figure 5-9   Individual Question Value Plots of HIDS Pre RR and Post PDR 
 
 

The data in Figure 5-9 graphically demonstrates a significant positive shift in the data 

from the initial set of stakeholder studies given prior to the Requirements Rationalization 

event and the study given following the Preliminary Design Review.  Figure 5-10 

represents the same data as 5-9 in a boxplot format.  Figure 5-11 allows analysis of 

sentiment shift by question.  The study questions fall into the following categories: 

Conceptual Design  1, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16, 17, 18, 20, 21, 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 Question 3 
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Figure 5-10   Boxplots of HIDS Pre RR and Post PDR 
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Figure 5-11   Average Scores by Question in HIDS Pre RR and Post PDR Studies 
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HIDS Requirements Rationalization Survey Data
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Figure 5-12   HIDS Studies Averages by Question 

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

Figure 5-12.  Figure 5-13 represents the same data set in an empirical cumulative 

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

average shift per question is represented in Figure 5-14.  The HIDS project had 

significant positive shifts in multiple areas of the studies.  The following three questions 

received the largest shift in positive sentiment for Pre 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. 
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Figure 5-13   Empirical CDF of Average HIDS Study Data by Question 
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HIDS Shifts
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Figure 5-14   Stakeholder Sentiment Shift from HIDS Pre RR and Post PDR Studies 

 

Questions that received a negative sentiment shift on the 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 System is a data recorder that is being 

integrated to support mission data recording.  There is stakeholder concern, as expressed 

in the design review studies, that the desire to handle Search and Rescue video that is 

Unclassified quickly, is in conflict with security requirements for other data elements that 

will be captured by the system. 

 



 113

5.8   Data Set Radar Project Study Data Normality Test (Prior to Requirements 

Rationalization) 

The Rotary Wing Radar project is focused on inserting state of the art maritime 

surveillance radar capability into the largest fleet of Department of Homeland Security 

aircraft.  The procurement is pending at the writing of this dissertation.  The two sets of 

data available for the project are the Requirements Rationalization event study data sets.  

The first set is from the Pre event study and the second set of data was from a study at the 

end of a three day prioritization event.  The first step in the data analysis is to establish if 

the data set is from a normal distribution.  The Anderson-Darling test was utilized to 

establish if the data is normal or must be assumed to be non-parametric for further 

analysis. 

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

Therefore: 

• D4 H0: Sentiment Data Expressed in the Pre Requirements Rationalization Study 

is normal - is rejected. 

• D4 H1: Sentiment Data Expressed in the Pre Requirements Rationalization - is 

assumed to be non-parametric. 



 114

9630-3-6-9

Median

Mean

3.02.52.01.51.0

1st Q uartile -0.7500

Median 3.0000

3rd Q uartile 5.0000

Maximum 9.0000

1.0563 1.7956

2.0000 3.0000

4.1266 4.6503

A -Squared 10.81

P-V alue < 0.005

Mean 1.4259

StDev 4.3727

V ariance 19.1207

Skewness -0.724491

Kurtosis -0.074915

N 540

Minimum -9.0000

A nderson-Darling Normality  Test

95% C onfidence Interv al for Mean

95% C onfidence Interv al for Median

95% Confidence Interv al for S tDev
95% Confidence Intervals

Radar Pre Requirements Rationalization

 

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

 

5.9   Data Set 4 Radar Project Study Data Normality Test (Post - Requirements 

Rationalization) 

• P-Value for the data set Radar Following is < .05 

Therefore: 

• D5 H0: Sentiment Data Expressed in the Radar Post Requirements 

Rationalization Study is normal - is rejected. 

• D5 H1: Sentiment Data Expressed in the Post Requirements Rationalization Study 

is assumed to be non-parametric. 
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Figure 5-16   Graphical Summary of Radar Post Requirements Rationalization Study Data 

 

5.10   Radar Study (D4 and D5) Variance Test 

• Data is assumed to be non-parametric for Radar Pre and Post Requirements 

Rationalization study results using the Anderson-Darling test.  H0: P-Value < .05 

indicating a Non-parametric data set.  Levene’s Test for Variance was used rather 

than F-Test and the Two Sample T-Test was used as an approximation technique 

due to the large sample.  

• The variance test generated in Minitab creates a plot that displays Bonferroni 95% 

confidence intervals for the population standard deviation at both factor levels. 

The graph also displays the side-by-side boxplots of the raw data for the two 

samples. Finally, the results of the F-test and Levene's test are given.   The F-test 

is relevant when the data comes from a normal distribution and Levene's test 
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when the data comes from a continuous, but not necessarily normal, distribution. 

The 95% confidence level applies to the family of intervals and the asymmetry of 

the intervals is due to the skewness of the chi-square distribution. 

• All of the analysis will assume a 95% confidence interval.  The value of α will be 

.05 for all hypothesis tests. 

• H0: variance of D4 Radar Data sets Prior to RR =  variance of D5 Following RR 

• H1: variance of D4 Radar Data sets Prior to RR  ≠ variance of D5 Following RR 

• Levene’s Test rejected the null hypothesis: H0 - .028 < .05 

• Variance of D4 and D5 are not equal - is significant 

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

and the data is non-parametric. 
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Figure 5-17   Levene’s test of Radar Study Data Sets Variance 
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5.11   Two Sample T-Test HIDS Study Data Sets 4 and 5 

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

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

sample size.  The results indicate a significant shift in sentiment as indicated by the 

rejection of the Null Hypothesis. 

• Two-Sample T-Test and CI: Radar Pre RR Study (D4), Radar Post RR Study (D5) 

• Two-sample T for D4 vs D5 

• ID      N  Mean  StDev  SE Mean 

• D4   540   1.43    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 = -7.54   P-Value = 0.000  DF = 868 

• The Null Hypothesis that data sets are equal is rejected as the P Value is less than 

.05 – D4/D5 H0: P-Value = 0.000 < .05. 

• D4/D5 H1: D4 ≠ D5 is significant 

Individual question plot (Figure 5-18) of before-and-after Study results indicates 

increased positive sentiment effect and individual question plot of before-and-after Study 

results indicates an increased positive sentiment effect.  Figure 5-19 is a Boxplot of the 

same data represented in the individual question plot; it also demonstrates a significant 

positive shift in sentiment. 
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Figure 5-18   Individual Question Value Plots of Radar Pre RR and Post RR 
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Figure 5-19   Individual Question Boxplots of HIDS Pre RR and Post PDR 
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5.12   Radar Study Shifts 

The data in Figure 5-20 demonstrates graphically a significant positive shift in the 

data from the initial set of stakeholder studies given prior to the Requirements 

Rationalization event and the study given following the event. The group of stakeholders 

is exposed to an intense facilitated event designed to draw out tacit knowledge about the 

operational context of the user, or sponsor requirements.  Figure 5-20 graphically 

represents averages of the study results by question.  That is to say, that the scores for 

each of the 27 discreet questions were captured, summed for all studies by question, and 

then divided by the number of studies.  This process was repeated for both the Pre RR 

and Post RR studies.  The study questions fall into the following categories: 

Conceptual Design  1, 5, 6, 7, 8, 9, 11, 12, 13, 14, 16, 17, 18, 20, 21, 22, 23, 24, 26  

Requirements Quality  2, 10, 14, 15, 16, 19, 22, 23, 24 

Constraints  4, 25, 27 

Program Related Question 3  

Average shifts for all of the Radar studies, by question, are graphically represented in 

Figure 5-21.  The Radar project had significant positive shifts in multiple areas of the 

studies.  The following five questions received the largest 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
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Figure 5-20  Average Scores by Question in Radar Pre RR and Post RR Studies 

 

It should be noted that question 6, “Do you have a clear mental picture of how the 

system will look, including the system after it is integrated?”, was one of the lowest 

scoring questions prior to the prioritization event.  The effect of mental imagery is very 

powerful.  It is not a stretch, based upon the responses in the studies, to extrapolate that a 
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very diverse group of stakeholders left the event with a common mental picture of the 

project objectives. 

In summary, the Requirements Rationalization process has demonstrated statistically 

verifiable impact on the perception of stakeholders regarding complex CG avionics 

designs.  The Requirements Rationalization process transitions tacit knowledge of system 

operation, integration and requirements to explicit knowledge.  The process provides a 

systems engineering artifact detailing customer priorities to source selection, design and 

integration teams.  The process removes organizational barriers long enough to align 

requirements with customer needs and expectations.  Revised requirements have resulted 

from the process. 
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Figure 5-21  Radar Requirements Rationalization Study Shifts 
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Chapter 6 - Conclusions 
 
 

The Requirements Rationalization method of requirements prioritization was utilized 

on multiple Coast Guard avionics projects prior to customer sentiment data being 

captured in entrance and exit studies.  The systems delivered to the frontlines of 

Homeland Security operations, are some of the most advanced, and successful avionics 

systems ever fielded by the organization.  The focus on operational capability 

optimization has been very well received by all stakeholders.  By focusing on the 

customer’s “Critical Capability”, the systems engineering team was able to execute 

system delivery in a very cost efficient model.  Over $10M in life cycle cost avoidance 

was achieved in one project alone.  That same project delivered the most advanced 

technology in its class, on schedule, on budget. 

The story above is largely anecdotal.  The focus of this study was to apply scientific 

methodology to validation of the anecdotes.  The results of the study demonstrated a 

significant shift in sentiment represented in the studies.  On both projects, positive 

sentiment more than doubled with mean study data values as follows: 

Mean of HIDS Pre Requirements Rationalization studies = 2.02778 

Mean of HIDS Post Preliminary Design Review studies = 4.39136 

Mean of Radar Pre Requirements Rationalization event studies = 1.42593 

Mean of Radar Post Requirements Rationalization event studies = 3.48677 

The shifts were measurable and statistically significant, thus validating the positive 

effect of requirements prioritization on complex avionics system conceptual design 

efforts.  In all cases where the technique was applied, requirements negotiation was a 

collaborative follow-on effort that enhanced project success and customer satisfaction.  
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The repeatable nature of the effect on multiple projects also speaks to the validity of the 

process. 

The value of raw prioritization or “forcing”, as opposed to hierarchical or grouped 

priority techniques, is not the prioritization artifact itself, but the exchange of valuable 

tacit knowledge from stakeholders to the design team as they experience the conflicts 

between each individual requirement and constraint.  Grouping makes prioritization 

easier, quicker and more logical; however, it is the conflict and difficulty, full of logic 

disconnects, that excites the group experience and provides enormous insight into the 

political, cultural, operational, sustainment, and technical challenges that lie ahead. 

The most powerful outcome of the study was the discovery of the nature of the 

questions that experienced the largest shifts in sentiment.  The Requirements 

Rationalization process inspired confidence in the design team that did not exist at the 

outset.  The participants left the event with a clear mental picture of how the system 

would look, including the integration, even before the first component had been 

purchased or the first specification had been written.  The design team was then able to 

transfer that collective vision into the design effort.  More importantly, the studies 

demonstrated that the participants gained a new understanding of conflicting 

requirements and constraints within the formal requirements documents.  In all cases, this 

was a catalyst for revision of the documents, or relief on 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 City 
 
 
 
NAME (Optional): ____________________________________ 
 

 

Part 1 
Heuristics 

 
Circle the number that best represents your personal priorities related to the system 
under discussion.  A space for comments is available at the end of this section.  
Please note the comparison number next to your comments. 

 
 

SAFETY 
OPERATIONAL PERFORMANCE 
COST 
AVAILABILITY 
SUPPORTABILITY 
 
 
1 -  

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

 
SAFETY                                      NEUTRAL     PERFORMANCE 

 
 
 

2 –  
 

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

COST                                         NEUTRAL              SAFETY 
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3 - 

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

 
SAFETY        NEUTRAL        AVAILABILITY 

 
 

4 -  
 

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

SUPPORTABILITY                 NEUTRAL                     SAFETY 
 
5 -  

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

 
PERFORMANCE      NEUTRAL           COST 

 
 

6 - 
 

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

AVAILABILITY         NEUTRAL   PERFORMANCE 
 

 
7 -  

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

 
PERFORMANCE                            NEUTRAL                      SUPPORTABILITY 

 
 
8 -  

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

 
COST        NEUTRAL   SUPPORTABILITY      

 
 

9 -  
 

9----8----7----6----5----4----3----2----1----0----1----2----3----4----5----6----7----8----9 
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AVAILABILITY      NEUTRAL                COST 
 
10 - 

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

 
SUPPORTABILITY      NEUTRAL         AVAILABILITY 
 
 
 

Heuristics Comments: 
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Part 2 

Requirements 
 
 
 

Circle the number that best represents your sentiment related to the question.  Be 
specific to the system under discussion.  A space for comments is available at the end 
of this section.  Please note the question number next to your comments. 
 
 
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? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
2 – How confident are you that the requirements being prioritized capture all of the 
operational system performance required for mission success?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE  
3 – How confident are you that there are enough resources to build the desired system?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 

 
4 – Rate how well you understand most of the engineering constraints involved with 
system integration. 
 
 

9----8----7----6----5----4----3----2----1----0----1----2----3----4----5----6----7----8----9 
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NEGATIVE    NEUTRAL    POSITIVE 

 
5 – How confident are you that you understand most of the opportunities at subsystem 
interfaces for enhanced system performance? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 

 
8 – Do you have a clear mental picture of risks associated with the design from a physical 
integration perspective?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 

9 – Do you have a clear mental picture of risks associated with the design from a Human 
Machine Interface perspective?  
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9----8----7----6----5----4----3----2----1----0----1----2----3----4----5----6----7----8----9 
 

NEGATIVE    NEUTRAL    POSITIVE 
10 – How confident are you that the system will meet most or all of the operational 
requirements? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

 
11 – How confident are you that the system will be easy for the crew to use 
operationally?   
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

 
 
12 – How confident are you that the system can be integrated with a proper human 
machine interface?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
13 – How confident are you that the system will have a logistics support plan that will 
provide required operational availability?  
 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 

14 - Would you expect that a system of this nature should provide more operational 
capability than contained in the requirements as written?  
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9----8----7----6----5----4----3----2----1----0----1----2----3----4----5----6----7----8----9 
 

NEGATIVE    NEUTRAL    POSITIVE 
15 – Do you expect the delivered system to exceed the threshold performance of the 
requirements document?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
16 – Do you expect the system to meet or exceed any of the objective (optional) 
requirements?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
 
17 - In your opinion, does the design team fully understand the requirements as currently 
documented?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
 
18 – Rate your confidence that you understand the 10 most significant requirements as it 
relates to providing operational capability?  
 
 

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

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
 
20 – Rate your confidence that conflicting requirements will be addressed by the design 
team? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
21 – Rate your confidence that most of the requirements will be addressed in the design?  
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
22 – Rate your confidence that all of the threshold requirements can be met in the 
conceptual design? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

  
 
23 - Rate your confidence that most of the threshold requirements can be met in the 
system component choices? 
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9----8----7----6----5----4----3----2----1----0----1----2----3----4----5----6----7----8----9 
 

NEGATIVE    NEUTRAL    POSITIVE 
24 - Rate your confidence that all of the threshold requirements can be met in the system 
integration? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
25 – Rate your belief that the platform constraints will not significantly affect 
performance of the system? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
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? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
27 – Rate your belief that trade offs in performance will be reasonable based on platform 
and other constraints. 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
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Appendix B 
United States Coast Guard Helicopter Integrated Data Storage 

 Working Group 
 
 

DATE :______________   LOCATION : Rockwell Collins Cedar Rapids, Iowa 
 
 
 
NAME (Optional): ____________________________________ 
 

 

Part 1 
Heuristics 

 
Circle the number that best represents your personal priorities related to the system 
under discussion.  A space for comments is available at the end of this section.  
Please note the comparison number next to your comments. 

 
 

SAFETY 
OPERATIONAL PERFORMANCE 
COST 
AVAILABILITY 
SUPPORTABILITY 
 
 
1 -  

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

 
SAFETY                                      NEUTRAL     PERFORMANCE 

 
 
 

2 –  
 

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

COST                                         NEUTRAL              SAFETY 
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3 - 

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

 
SAFETY        NEUTRAL        AVAILABILITY 

 
 

4 -  
 

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

SUPPORTABILITY                 NEUTRAL                     SAFETY 
 
5 -  

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

 
PERFORMANCE      NEUTRAL           COST 

 
 

6 - 
 

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

AVAILABILITY         NEUTRAL   PERFORMANCE 
 

 
7 -  

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

 
PERFORMANCE                            NEUTRAL                      SUPPORTABILITY 

 
 
8 -  

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

 
COST        NEUTRAL   SUPPORTABILITY      

 
 

9 -  
 

9----8----7----6----5----4----3----2----1----0----1----2----3----4----5----6----7----8----9 
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AVAILABILITY      NEUTRAL                COST 
 

10 - 
 

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

SUPPORTABILITY      NEUTRAL         AVAILABILITY 
 
 
 
 
 

Heuristics Comments: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 140

Part 2 
Requirements 

 
 
 

Circle the number that best represents your sentiment related to the question.  Be 
specific to the system under discussion.  A space for comments is available at the end 
of this section.  Please note the question number next to your comments. 
 
 
1 – How confident are you that the system design represents the highest priority 
requirement well in terms of operational performance? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
2 – How confident are you that system or modifications as delivered provide all of 
the performance required for operational mission success? 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 

 
4 – Rate how well you understand most of the engineering constraints of the system. 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 



 141

5 – How confident are you that most of the opportunities for enhanced system 
performance at the interfaces will be achieved? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

 
 
6 – Did the system as integrated (or delivered) look the way you expected it to look? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 

9 – How confident are you that most of the risks associated with the Human 
Machine Interface integration of the system have been addressed? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
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10 – How confident are you that the system as delivered will meet most or all of the 
operational requirements? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

 
11 – How confident are you that the system will be easy for the crew to use 
operationally? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

 
 
12 – How confident are you that the initial system design represents a proper human 
machine interface? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
13 – How confident are you that the system has in place, a logistics support plan that 
will provide required operational availability?  
 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 

14 - Would you expect that a system of this nature should provide more operational 
capability than the delivered system? 
 

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

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
16 – In your opinion, did the system to meet or exceed any of the objective (optional) 
requirements? 
 
 

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

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
 
18 – Rate your confidence that the 10 most significant requirements, as it relates to 
providing operational capability, have been addressed in the design? 
 
 

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

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

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
20 – Rate your confidence that conflicting requirements were addressed by the 
design team? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
21 – Rate your confidence that most of the requirements were addressed in the 
design? 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
22 – Rate your confidence that all of the threshold requirements were met in the 
conceptual design? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 

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

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

NEGATIVE    NEUTRAL    POSITIVE 
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24 - Rate your confidence that all of the threshold requirements can be met in the 
system integration? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
25 – Rate your belief that the platform constraints did not significantly reduce 
desired levels operational performance of the delivered system? 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
26 – How confident are you that the system design represents the highest priority 
requirements well in terms of operational performance? 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
27 – Rate your belief that trade offs in performance for the delivered system were 
reasonable based on platform and other constraints. 
 
 

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

NEGATIVE    NEUTRAL    POSITIVE 
 
 
 
 
 
 
 
 
 
 
 


