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Abstract

Recent discussions within the Department of Defense highlight the growing need for US military
systems to rapidly respond to new missions, threats, and operational environments that the
warfighter can and cannot anticipate. In an effort to respond to the government-wide emphasis of
fielding Department of Defense systems smarter and faster, this thesis examines the engineering
fundamentals of system design options. The thesis analyzes two umbrella categories of design
strategies: static vs. flexible. It also explores subcategories of the two design approaches:
optimized, robust, real options, and adapt. Relevant literature is used to define the design strategies,
understand the benefits and penalties of each approach, and explore historical examples of each
design's use within the Department of Defense. Based on the literature review, the thesis proposes
a decision framework for selecting an optimal design approach that characterizes system tradeoffs
between dynamic market needs, the rate of technology change, and a system's future operating
environment against the value of the proposed design, with the goal of choosing the most cost
effective and responsive system design under a given set of objectives and uncertainties. A series
of interviews with Air Force Field Grade Officers are used to inform the usefulness and
understandability of the decision framework. The interviews also highlight framework limitations.
Ultimately, the interview responses solidify a recommendation for the Air Force to implement this
framework prior to a system's development.
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1 Introduction

1.1 Background and Motivation

During the February 2019 Air Force Association's Air Warfare Symposium, Dr. Will Roper,
Assistant Secretary of the Air Force for Acquisition, Technology, and Logistics presented on the
importance of "Fielding Tomorrow's Air Force Faster and Smarter" and discussed how US
military systems are required to rapidly respond to new missions, threats, and changes in
operational environments. While the nature of today's conflicts against terrorist organizations in
the Middle East and Africa are defined by irregular warfare, the 2017 National Defense Strategy
recognizes the need to keep pace with different challengers such as Russia and China who "use
technology and information... to shift regional balances of power in their favor." (Anon., 2017)
In order to establish battlespace advantage and maintain military superiority, Department of
Defense (DoD) systems must "be effective in a wide range of operational contexts with the
ability to respond to new or changing conditions" through adaptations and/or rapid fielding.
(Goerger, et al., 2014) As Dr. Roper points out "it is a time of unprecedented technological
advancement; the Air Force must have the fastest acquisition system to keep on winning."
(Christopherson, 2019)

Eight years prior to Dr. Roper's Air Warfare Symposium speech, Ellen Lord, current
Undersecretary of Defense for Acquisition and Sustainment, relayed a similar message at the
2011 Association of the US Army's annual conference. Ms. Lord discussed "a critical need to
get smarter, faster, and cheaper with what we do." (Erwin, 2017) In addition to highlighting the

need to field capabilities faster, she emphasized the desire to reduce costs.

The subject of controlling costs was also outlined in former Deputy Secretary of Defense Ashton
Carter's September 2011 opening statement before the Senate Armed Services Committee.
Carter voiced a priority to deliver better buying power to taxpayers for their defense dollars.
(Carter, 2011) For over seven years and through three separate iterations, the Air Force
encouraged Better Buying Power initiatives organized around the theme of controlling costs in
major weapons systems and the insistence on starting programs with an affordability plan.
(Serbu, 2017)

Several current efforts are aimed at encouraging cheaper, faster decision making in response to
dynamic market forces and the desire to accommodate rapidly changing defense needs. The Air
Force introduced Air Force Pitch Day to drastically reduce contract award timelines and increase
bids from cost-effective startups. In October 2018, the Rapid Sustainment Office was stood up
with the goal of quickly implementing new technologies at scale. (Christopherson, 2019)
Finally, as highlighted in a 2017 hearing before the Committee on Armed Services, the DoD has
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been able to advance more quickly through rapid prototyping and more agile acquisitions,
allowing early failures at a relatively low cost of time and resources. (Office, 2017)
In addition to capitalizing on the current efforts, former Assistant Secretary of Defense for
Research and Engineering, Stephen Welby, argued "in light of mounting budgetary challenges
and the need to make difficult trades in the foreseeable future, one way to [address] future
systems is to strengthen our commitment to systems engineering fundamentals that are the key to
the success of defense programs." (Welby, 2011) This thesis explores the systems engineering
fundamentals of early design options.

In the past 15 years, "Robust", "Flexible", and "Evolutionary" design options have been
introduced as a way to more quickly respond to operational changes enterprises can and cannot
anticipate. However, (Hastings & McManus, 2004) point out "tools for handling [these]
uncertainties are immature and methods for flexible or evolutionary designs are in their infancy".
Additionally, "while traditional approaches to reliability and robustness often add value,
intentionally providing extra value under uncertainty, as part of the system design, is [a] current
challenge." (Hastings & McManus, 2004) An Office of the Deputy Assistant Secretary of
Defense, Systems Engineering report on affordable, adaptable, and effective systems echoes this
statement, explaining, "current processes and tools have failed to keep pace with increasingly
complex interactions among components and disciplines, as well as with operational demands."
(Neches & Madni, 2013)

This thesis defines a method for the Air Force to respond to a range of conditions that result from
uncertainty. The thesis proposes a decision framework for selecting an optimal design approach
that characterizes system tradeoffs between dynamic market needs, the rate of technology
change, and a system's future operating environment against the value of the proposed design.
An MIT Professor of Engineering Systems points out, "to engineer flexibility into systems, we
must be able to measure alternative possibilities so that we can compare them analytically." (de
Neufville, 2002) The thesis argues that by comparing the various design options, the Air Force
can intentionally choose the most cost effective and responsive system under a given set of
objectives and uncertainties.

1.2 Research Questions

This thesis will explore the following research questions:

1. What are the different design strategies?
2. What are the tradeoffs between the design strategies?
3. What is the optimal design strategy for allowing enterprises to quickly respond to

operational changes they can and cannot anticipate?
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4. Is the proposed decision framework a useful tool for choosing the most cost effective and
responsive system design under a given set of objectives and uncertainties?

The questions will be addressed through a literature review, the development of a decision
framework, and a series of interviews with Air Force Field Grade Officers (FGOs).

1.3 Thesis Structure

The thesis is separated into the following seven sections:

Section 1 provides background and motivation for the research topic. It identifies the questions
the thesis seeks to address and how the thesis is structured.

Section 2 discusses results from a literature review on the topics of system design and
uncertainty. The section distinguishes between two high level system design approaches and
examines four specific system design avenues. It also provides a sample of architecture
principles that enable a flexible design approach.

Section 3 presents the system design framework that serves as the basis for the thesis hypothesis.
Each section of the framework is discussed in detail and examples are provided to enhance an
understanding of the various decision points.

Section 4 outlines the process used to collect data on interview candidates. It also examines the
backgrounds and experience levels of the different participants.

Section 5 summarizes the interview responses gathered from each question. It discusses the high-
level themes central to the collective group of interview candidates and ends with tactical and
strategic observations captured from the interviews.

Section 6 synthesizes responses to interview findings and framework limitations. It provides a
recommendation on where the framework should be integrated into the DoD acquisition lifecycle
and a guide for who should answer the framework's decision steps. The section concludes with a

summary of areas for future research.
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2 Literature Review

In an effort to manage uncertainty, control costs, and create more responsive systems, a growing
amount of research has been published on different engineering design approaches. This section
outlines the array of design options discussed in literature, highlights the design approaches
relevant to the thesis's decision framework, provides examples of DoD systems that
implemented each design approach, and delivers an overview of uncertainty. The sources used
for this review range from international conferences, to university literature, industry journals,
and books.

2.1 Design Approaches

(Ferguson, et al., 2007) explain how traditional engineering design focuses on the optimization
of systems with fixed design variables that are not allowed to change once a system is deployed.
Therefore, system optimization seeks to identify the best point design given a fixed set of
requirements for the entire lifetime of the system. (Saleh, et al., 2009) However, requirements
for design in the 21 st century have led to the emergence of systems that evolve and change based
on conditions of uncertainty. To respond to this uncertainty, a newer field of design research on
flexible, changeable, and reconfigurable systems has emerged. Unfortunately, these design
approaches face ambiguity in terminology. (Ferguson, et al., 2007) Drastically different words
are used interchangeably to mean the same thing, while similar terms are defined differently
across sources. The following list of design approaches and sources provides an overview of
more prominent options and a snapshot of the inconsistency in terminology relevant to the
domain of engineering design.

Similar to the traditional method of optimized design, the concept of robust design has a strong
foundation dating back to the 1960s when Genichi Taguchi pioneered the term to enhance the
quality of manufactured goods. Later, the concept was applied to engineering design to describe
a method for improving the consistency of a system's function across a wide range of conditions.
(de Neufville, 2004) However, in 1978, Mandelbaum developed to the phrase "state flexibility"
to describe a similar concept of a system's ability to function despite changes in the environment.
Then, in 1995, Ku reverted to the term robust to describe a design resistant to change. (Saleh, et
al., 2009)

Sometimes interchanged with the concept of robust design, but introduced more recently, is the
idea of resilient design. A proceeding from the 2014 Conference on Systems Engineering
Research provides a DoD perspective to engineering resilient systems and focuses on the ability
of systems to adapt through reconfiguration or replacement. (Goerger, et al., 2014) In contrast,
an Institute of Electrical and Electronics Engineers Systems Journal publication discusses

© 2019 Kelly A. Chiverton 14 MIT SDM Thesis



resilience engineering as the ability to circumvent accidents through anticipation, survive
disruptions through recovery, and grow through adaptation. (Madni & Jackson, 2008)

(Shultz & Fricke, 1999) introduce "Design for Changeability" (DFC) as an approach for
increasing a company's responsiveness to changing markets. The core of DFC consists of four
system properties: flexibility, agility, robustness, and adaptability. In this methodology, robust
systems are contrasted against adaptable systems. Robustness is defined as a system's ability to
deliver intended functionality under varying operating conditions without being changed.
Alternatively, adaptability involves a system's capability to change itself across varying
environments in order to deliver intended functionality. Flexibility is also contrasted against
robustness as robustness has the quality of a rigid system, where flexibility represents the
property of a system that can be changed easily and without undesired effects.

A proceeding from a 2006 International Council on Systems Engineering (INCOSE)
International Symposium also addresses adaptability as the ability for a system to be changed
and upgraded easily. (Engel & Browning, 2006) In contrast, (Madni, 2012) explores the idea of
adaptable design by targeting platform-based engineering as a cost effective, risk-mitigated
approach that allows for rapid development.

A common theme throughout recent literature is the comparison of flexible system designs
against static system designs. In a conference proceeding dedicated to addressing design
nomenclature, (Ferguson, et al., 2007) contrast flexible, reconfigurable, and changeable systems
(i.e., those systems with the ability to change after system deployment) against the traditional
engineering design of optimized systems with fixed design variables.

Several publications by Dr. Joseph Saleh, to include (Saleh & Hastings, 2000), (Saleh, et al.,
2003), (Saleh, 2005), (Saleh, et al., 2009), and (Saleh, et al., 2014) discuss a similar shift from
"rigid designs" that are optimized for a narrow set of requirements, towards flexible designs that
can better accommodate changes in uncertainty.

Many of Dr. Saleh's publications also create a distinction between flexibility and robustness,
acknowledging that although the two concepts refer to the ability of a system to handle change,
the nature of the change and the system's reaction to the change in each case is very different.
(Saleh, et al., 2003)

While flexibility is generally referred to as the ability to respond to change, flexibility in design
solution is defined and explored in a myriad of journal publications, conference proceedings, and
books by (de Weck, et al., 2004), (Ferguson, et al., 2007), (Cardin, et al., 2008), (de Neufville &
Scholtes, 2011), and (Saleh, et al., 2014) to name a few. In fact, (de Weck, et al., 2004)
developed a case study on communication satellites to compare the'cost of the "traditional" way
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of designing communications satellites that optimizes the design for a specified global capacity
versus a flexible approach using reconfigurable constellations that provide managers with real
options.

In the classic definition, real options give the decision maker the right, but not the obligation, to

exercise an action or decision at a later time. (Mikaelian, et al., 2011) The term was coined by
Stewert Myers in 1977 and originally applied to the financial sector. However, in the last 20
years, the concept of real options has been adapted to the engineering discipline. The phrase real

options "on" projects refers to managerial flexibility in making strategic decisions on project
investments (Amram & Kulatilaka, 1999), (Wang & de Neufville, 2006), (Miller & Clarke,

2008), (Mikaelian, et al., 2011) Alternatively, real options "in" projects denotes engineering
design decisions that enable the flexibility to change a system in the future. (Hassan, et al., 2005)
(de Neufville, et al., 2005), (Wang & de Neufville, 2006), (Mikaelian, et al., 2011)

Finally, as evident in Figure 2, Figure 1, and Figure 3, several publications categorize the
prominent design approaches and visually depict them on a tradespace detailing when each

approach should be used, or in some cases, how to avoid an unfavorable design approach. In

Figure 1, (Saleh, et al., 2014) categorize the design approaches based on their relationships with
the environment and the system's objectives after fielding. If the environment the system will
operate in is going to change or if it is unknown, but the system's objectives after deployment are

fixed, then the designer should opt for a robust design. Alternatively, if there is an expectation

both the environment and the system's objectives will change after the system is deployed, the

designer should proceed with a flexible design. However, if the environment is expected to

remain the same during the life of the system and the system's objectives are expected to remain

fixed, the designer should incorporate an optimized design. Finally, if the environment is not

expected to change, but the system's objectives after fielding change, the designer built a poor
design that failed to meet user needs. Poor designs should be avoided.

In Figure 2, (Ferguson, et al., 2007) take the concept of using an x and y axis a step further by
incorporating a third axis and depicting the design approaches on a three-dimensional diagram.

In addition to addressing the system's environment and objectives after deployment, (Ferguson,
et al., 2007) look at the system's variables after deployment. If the system's variable's after
fielding are fixed, the designer is directed to either an optimized or robust design. If the system's
variable's after deployment are expected to change, the designer should opt for a reconfigurable

system design, a concept that is synonymous to a flexible design approach. (Ferguson, et al.,
2007) also categorize two types of unfavorable designs: limited designs and overly complex-
designs. They use the cube to depict how a designer could make a mistake and opt for the two
types of poor design approaches. These designs should be avoided.
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Most recently, (Lucero, 2018) developed a unique x/y axis that incorporates a sliding scale of
five design approaches based off a designer's confidence in requirements and ability to respond
to requests for system changes. Instead of looking at subjective forms of measurement (e.g., "is
the system's environment expected change?"), (Lucero, 2018) developed functions to calculate
each axis. (Lucero, 2018) also incorporates the ability to hedge between two contrasting types of
design approaches. Finally, (Lucero, 2018) uses the lower left portion of the tradespace to
illustrate a suboptimal position of acceptance.

Common to all three charts is the use of robust and optimized design. (Ferguson, et al., 2007)
refer to "reconfigurable design" while (Saleh, et al., 2014) use the term "flexible design" and
(Lucero, 2018) breaks up the concept of flexible or reconfigurable design into two types: options
and adapt. (Lucero, 2018) also uses the term "resilient design" as a concept interchangeable with
"robust design." Iy~ 001.04.
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Fixed Changing
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Based on the above literature review of design options, this thesis synthesizes two overarching
strategies decision makers can take in a system's design phase. The thesis decision framework
refers to the two contrasting design categories as flexible and static. Within these categories, the
thesis proposes four more specific design approaches consolidated from the ideas of (Ferguson,
et al., 2007), (Saleh, et al., 2014), and (Lucero, 2018): optimized, robust, adapt, and real options.
Figure 4 represents an adaptation of the tradespace charts from (Ferguson, et al., 2007), (Saleh,
et al., 2014), and (Lucero, 2018). It depicts the attributes addressed in the remainder of the thesis.

Adapt

System's Objectives - Design
(after deployment)

Unknown Unknowns

Changing Poor Options
Design Design Circumstances of

Uncertainty

Known Unknowns
0 Flexible Design

Fixed Optimized Robust 0 Static Design
Design Design

Fixed Changing Environment
and/or Unknown (during system's design lifetime)

Figure 4: Designs and their Relationships Adaptedfor Thesis

The following sections summarize relevant literature on the approaches outlined in Figure 4. The
literature review also defines the terms used to categorize the Figure 4 axis labels.

2.1.1 Static Design

To obtain an overview of static design, this section consolidates ideas from pertinent publications
to define static design, discuss the optimal conditions for static design, and summarize
consequences of incorrectly choosing a static design approach.

The two subcategories of a static design approach, optimized and robust, represent academically
mature concepts. However, the term used to describe the umbrella category for optimized and
robust designs differs greatly across publications. Literature on this topic generally fluctuates
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between the terms "fixed", "static", "rigid", and "non-changing". The term "static" is used for
the purposes of the thesis framework, but recognize there are many acknowledged synonyms.

According to (Ferguson, et al., 2007), "fixed" design variables [such as the diameter on an
aircraft's windshield] are generally not allowed to change once the system has been deployed.
Specifically, an enterprise is prevented from making changes to the system's state after the
system is fielded.

Similar to (Ferguson, et al., 2007), (Saleh, et al., 2003) detail a "rigid" design as one in which a
system's objectives after fielding are fixed.

Both definitions are suitable for the purposes of this thesis, with the key idea that in a static
design approach, it is difficult, if not impossible, to change the system after fielding.
Specifically, it is prohibitively expensive and time consuming to change the system.

While (Ferguson, et al., 2007) and (Saleh, et al., 2003) define characteristics of static design,
(Fricke & Schulz, 2005) highlight optimal circumstances for employing a static design approach,
which include the following three situations:

> Highly expedient, short life systems without needed product variety
> Highly precedented systems in slow changing markets with no customer need variety
> Systems developed for ultrahigh performance markets with no performance loss

allowables

(Ferguson, et al., 2007) also introduce two terms related to the improper application of static
design. They use "limited designs" to highlight those systems with an inability to attain
optimality across multiple operating conditions. Limited designs are realized when the system's
variables after deployment are fixed, but the system's objectives change after the system is
fielded.

A proceeding from the INCOSE 2006 International Symposium outlines consequences of "low
system flexibility." The list details negative outcomes for what (Ferguson, et al., 2007) refer to
as limited designs.

> Extensive upgrade costs
> Significant disruptions to users
> Lost opportunities

'Fricke et al. dedicate research to understanding principles for changeability, which falls in contrast to static design.
They provide a list of conditions where incorporating changeability into a system architecture may not be cost
efficient. The list can also be represented as optimal circumstances for employing a static design approach.
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> Unnecessary value loss for stakeholders (Engel & Browning, 2006)

Similarly, (Mark, 2005) explains how system obsolescence and retirement can be attributed to

the inability of systems to meet changing mission requirements resulting from changing
environments.

(Ferguson, et al., 2007) describe another undesirable scenario in which a system is designed to

be reconfigurable (not static), but the environment and system objectives after deployment
remain fixed. They classify systems falling within this scenario as overly complex designs.

Overly complex designs typically result in an unnecessary expenditure of funds.

The thesis decision framework seeks to direct decision makers to a static design when it provides

the most responsive and cost-effective approach for DoD systems and aims to prevent decisions

that lead to limited and overly complex designs.

Table 1 presents a summary of a static design approach.

Ke y Takeaways
• Umbrella approach for optimized and robust designs

• The system's objectives after fielding are fixed

• Optimized for short life systems or those systems in a slow changing market

Pro

• Can result in a system design that offers the highest level of performance under a given

set of requirements or objectives

Cons
• Technically difficult, prohibitively costly, and/or exorbitantly time consuming to make

changes to the system after it is fielded

• If the mission, user needs, or environment changes after system deployment, the system

can be rendered obsolete before reaching the end of its design lifetime

Table 1: Static Design Approach

2.1.2 Optimized

An optimized design represents the traditional DoD engineering approach in which a need is

defined and a design is created to meet the need. The concept dates back to at least 1947 when

George Dantzig published work on linear optimization. Since then, the idea behind optimization

has become a common paradigm used for decision-making in a variety of disciplines, including

engineering design. Today, optimization focuses on various mathematical techniques for

determining the best design out of a set of alternatives and a given set of constraints. Therefore,

© 2019 Kelly A. Chiverton MIT SDM Thesis20



when one refers to an optimized system, there is an understanding that the system is best at what

it does. An unmanned aerial vehicle optimized for endurance, for example, will have a different

design than the same type of vehicle optimized for speed and aggressive maneuvering (Saleh, et

al., 2009).

According to a proceeding from the 2007 International Design Engineering Technical

Conference, optimized designs are realized when the configuration of a system is set to achieve

maximum performance under fixed operating conditions (environment). To be optimal, both the

operating environment and the system objectives must be fixed (or non-changing) after

deployment. In cases where the operating environment and the system objectives remain fixed,

there is no need to design a system that is capable of changing configuration after deployment.

(Ferguson, et al., 2007) Therefore, optimized systems are technically difficult, costly, and/or

time consuming to change after fielding.

Although not the focus of this thesis, optimized systems should follow the traditional approach

of performing a tradespace analysis that represents desired design tradeoffs and allows for the

selection of an architecture design on the pareto front. Figure 5 provides an example tradespace

analysis for a Low Earth Orbit (LEO) satellite constellation design that optimizes lifecycle costs

and system capacity. Each asterisk corresponds to a different design option. The non-dominated

designs on the pareto front represent the best achievable tradeoff between capacity and life cycle

cost. (de Weck, et al., 2004)

Trade space analysis: Traditional Approach

*** Pareto
•*a ed *Front

10 05 '10 108

1, q I I System Capacity Nch

Figure 5: Tradespace of 600 LEO Constellation Architectures
(de Weck, et al., 2004)
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(Saleh, et al., 2014) explain, "for well-defined, static markets and fixed requirements, finding an
optimal point design that minimizes cost will be the best design choice. However, today's
systems are rarely characterized by such stability."

Table 2 presents a summary of an optimized design approach.

Key Takeaway
•A static design approach that should be used when both the operating environment and

the system's objectives are fixed after the system is fielded

Pros
• The system is developed using the best design out of a set of alternatives and constraints
• Can result in a system with the highest possible level of performance and lowest
development costs under fixed operating conditions

Cons
• Technically difficult, prohibitively costly, and/or exorbitantly time consuming to make
changes to the system after it is fielded
• If the mission, user needs, or environment changes after system deployment, the system
can be rendered obsolete before reaching the end of its design lifetime

Table 2: Summary of Optimized Design

2.1.3 Robust

Robust design was pioneered by Dr. Genichi Taguchi in the 1960s and applied extensively to the
manufacturing process. In 1989, Madhav S. Phadke redirected Dr. Taguchi's concept of robust
design to the engineering discipline and published the book "Quality Engineering Using Robust
Design." Since then, various scholars have explored the idea of robustness in engineering design.

(Saleh, et al., 2009) define robust design as the property of a system which allows it to "satisfy a
fixed set of requirements, despite changes in the environment or within the system (or noise
factors)." (Ferguson, et al., 2007) explain robust design "as a means to allow a system to satisfy
a fixed set of system requirements despite stochastic changes to the operating environment, by
designing the system to be insensitive to disturbances" and highlight "the expectation in robust
design is that once decided upon, the design will not change as it is operated." Likewise, (Saleh
& Hastings, 2000) explain robustness as "the property of a system which allows it to satisfy a
fixed set of requirements despite changes occurring after the product has entered service, in the
environment, or within the system itself, from the nominal or expected environment or system
design parameters." They highlight the objective of robust design is to "maintain a target
performance despite the various noise factors such as variations in the conditions of use of the
system." (Saleh & Hastings, 2000)
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Each definition of robust design, listed above, is suitable for the purpose of this thesis. The

important distinction for a robust system is that it is designed for changing or unknown
environments, but fixed requirements. Robust systems are not modified after fielding.

In addition to defining robust design, (Phadke, 1989) discusses the purpose of robust design: "to

improve the quality of a product by minimizing the effect of the causes of variation without

eliminating the causes" and "to economically reduce the variation of a product's function in the

customer's environment." He explains that robust design is "achieved by optimizing the product

and process designs to make the performance minimally sensitive to the various causes of
variation."

(Phadke, 1989) also highlights several benefits of robust design and explains how the

methodology improves productivity during R&D, allowing high-quality products to be fielded
quickly and at low cost. In "Quality Engineering Using Robust Design," M\r. Phadke chronicles a

series of AT&T systems that used robust design principles and demonstrates how robust design

offers simultaneous improvements to performance and cost while enhancing an organization's

ability to meet market windows.

To put the concept of robust design into context, (Phadke, 1989) describes how customers
purchasing a car want a vehicle that will easily start in northern Canada in the winter and not

overheat in southern Arizona in the summer. In this case, customers desire a car that is robust

with respect to variations of use conditions. Similarly, customers prefer the car works just as well

at 50,000 miles as when new. This characteristic reflects a desire for robustness against time and

wear.

Although both robust and optimized approaches fall under the category of static designs, (Saleh,
et al., 2003) provide a visual depiction of the difference between an optimized and robust

solution. The illustration assumes performance is a function of only one variable, x. For a robust

design, a developer is interested in identifying the flat part of the curve near the performance

target because this is the area where there is a reduction in variations of performance responses

caused by variations in the design variables. Alternatively, if the objective is to move the

performance towards M, and considerations for a robust design are not necessary, then x = popt is

a better choice.
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Figure 6: Optimized vs. Robust Design Solutions (Saleh, et al., 2003)

Finally, while not the focus of this thesis, (Taguchi & Clausing, 1990) describe how to add
robustness to a product. They define robustness as the virtue of a product with a high signal-to-
noise ratio and take a three-step approach to incorporating robustness into system design:

1. Define the specific robustness objective, selecting the most appropriate signal and
estimating the concomitant noise.

2. Define feasible options for the critical design values, such as dimensions and electrical
characteristics.

3. Select the option that provides the greatest robustness or the greatest signal-to-noise ratio.

Alternatively, (Phadke, 1989) outlines eight steps for creating a robust design that offer a similar
approach to the above three-step process.

Table 3 presents a summary of a robust design approach.
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Summary of Robust

Key Takeaway
• A static design approach that should be used when the system's objectives after fielding

are fixed, but when the operating environment could change

Pros
• Approach that allows a system to be fielded more quickly and potentially at a lower cost

than that of a flexible system
• Designed to be insensitive to noise factors/environmental changes, which reduces the

chance the system will be rendered obsolete before reaching the end of its design lifetime

Cons
• Technically difficult, prohibitively costly, and/or exorbitantly time consuming to make

changes to the system after it is fielded
• Design can result in a system performance penalty compared to the design of an

optimized system

Table 3: Summary ofRobust Design

2.1.4 Flexible Design

To obtain an overview of flexible design, this section consolidates ideas from relevant

publications to define flexible design, discuss when flexible design is needed, highlight benefits

and shortfalls of flexible design, and compare the approach against static design options.

In a 2005 internet search on the ratio of occurrence between the words optimal/optimality/

optimization, robust/robustness, and flexible/flexibility in scholarly literature (Saleh, et al., 2009)

prove flexibility is a much less academically mature concept than optimization or robustness.

Despite this, several prominent publications define flexibility in the context of engineering

design. Additionally, a literature review reveals flexibility in engineering design addresses two

different problems. The first focuses on flexibility in the design process and includes activities,

methods, and tools designed to mitigate cost, schedule, and performance risks derived from

requirement changes prior to system deployment. (Saleh, et al., 2003) The second issue

addresses flexibility of a design itself and is concerned with changes occurring after fielding, or

Tops. This thesis is only concerned with flexibility of a design, graphically displayed in Figure 7.
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Figure 7: Time Periods Associated with Flexibility (Saleh, et al., 2003)

(Gupta & Goyal, 1990) determine flexibility is the ability to change and adapt to a range of

states. (Roser & Kazmer, 1999) explain the notion of flexibility as the ability "to change

performance while requiring minor time and cost to change the design parameters." Similarly,
(Fricke & Schulz, 2005) highlight flexibility as a property characterizing a system's ability to be

changed easily. Using the phrase "changeable systems," (Ferguson, et al., 2007) describe

systems whose "configurations can be changed, altered, or modified after the system has been

deployed." Most recently, (Saleh, et al., 2014) define flexible design "as the property of a system

that allows it to respond to changes in its initial objectives and requirements, both in terms of

capabilities and attributes, occurring after the system has been fielded (i.e., while in operation) in

a timely and cost-effective way."

Each definition of flexible design, listed above, is suitable for the purpose of this thesis, but the

(Saleh, et al., 2014) definition will be used based on the definition's level of detail.

While several publications define flexible design, (Fricke & Schulz, 2005) highlight optimal

circumstances for employing a flexible design approach, which include the following situations:

> The system has stable core functionality, but variability in secondary functions and/or

external styling

> The system has a long lifecycle with fast cycle times of implemented technologies

driving major quality attributes (e.g., functionality, performance, reliability)

> The architecture and system are subject to a dynamic (i.e., rapidly growing and strongly

changing) marketplace with a varying customer base and strong competition

© 2019 Kelly A. Chiverton MIT SDM Thesis26



The architecture and system are highly interconnected with other systems sharing their
operational context

> It is a complex and highly unprecedented system, with an unknown market

Additionally, (Ferguson, et al., 2007) discuss why enterprises need to imbed flexibility into the
design of a system. They explain, "changes to system objectives and operating conditions within
the operating environment can create designs that do not perform as well as originally intended."

(Saleh, et al., 2009) offer a more detailed reason for flexible design emphasizing "flexibility
should be sought when the uncertainties in a system's environment are such that there is a need
to evolve the system after it has been fielded in order to mitigate market/environment risks, and
when the system's technology base evolves on time scales considerably shorter than the system's
design lifetime, thus requiring a solution for mitigating risks associated with technology
obsolescence."

(Saleh, et al., 2014) expand on the above 2009 publication and discuss why and when enterprises
need to embed flexibility into the design of a system. They explain the need for flexibility comes
from a mismatch between:

1.) A system's design lifetime
2.) The time constants associated with the market dynamics the system is serving, and
3.) The technology embedded in the system

Specifically, two critical changes to a system's objectives can occur after a system is fielded:

1.) Technology can change, rendering a system obsolete or competitively inferior, and/or
2.) Market needs can change, resulting in a system that no longer meets customer needs.

According to (Saleh, et al., 2014), flexible design is necessary when "the expected lifetime of a
system in operation is significantly greater than the time constants associated with the dynamics
of its technology and its market." (Saleh, et al., 2014) also emphasize the case for flexibility can
only be made when the cost of upgrading or adding to the system is lower than replacing the
system.

In addition to understanding when and why an enterprise should use a flexible design approach,
it is important to capture the benefits and costs of flexibility.

By definition, flexibility allows for timely and cost-effective changes after a system has been
developed and fielded. By nature of the design approach, flexibility modifies a system's
exposure to uncertainty and minimizes its risk of obsolescence. Similarly, flexibility can extend
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the service life and ability of a system to remain useful despite changes in the system's
operational environment. (Saleh, et al., 2003) explain flexible systems can more easily adapt to
changing environments, last longer, or outlast more rigid systems. The relationship between the
ability of a system to cope with change and its life span is illustrated in Figure 8.

Rigidity

Life span

Long

. ...............

Short

Flexibility

Figure 8: Relationship Between Lifespan and Flexibility (Saleh, et al., 2003)

(Saleh, et al., 2003) emphasize another advantage of flexible design, explaining "critical system

requirements need not be narrowly specified prior to launch, because changes can be

accommodated afterwards."

Alternatively, (Fricke & Schulz, 2005) highlight benefits of what they deem "changeable"

systems, explaining such systems enable the ability to "stay ahead of competition in dynamic

environments" and "ensure the sustainment of superior system capabilities."

(de Weck, et al., 2004) emphasize an alternative benefit of flexibility, explaining, "flexibility can

reduce economic risk compared to the traditional [static] approach, even if an upfront penalty

must be incurred."

In the book "Flexibility in Engineering Design," (de Neufville & Scholtes, 2011) argue a similar

benefit to the one emphasized by (de Weck, et al., 2004). They explain "both theory and case

studies reveal designing a system with the flexibility to adapt to future needs and opportunities

greatly increases the long-term expected value, compared to traditional [static] procedures for

developing and implementing projects." The case studies in the book demonstrate increases of up

to 80% in expected value. (de Neufville & Scholtes, 2011)
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Figure 9 represents an example pulled from (de Neufville & Scholtes, 2011)'s "Flexibility in
Engineering Design". The table shows a side by side comparison of the value of optimized
versus flexible designs for a fleet of geostationary satellites.

Flexibility leads to major gains: Satellite fleet

A detailed analysis of alternative ways to deploy geostationary satellites
over different regions showed that a flexible system design, which enabled
system operators to reposition satellites as demand for broadcast services
changed, greatly outperformed the system "optimized" for the specified
"most likely" pattern of demand.!

As table 1.1 shows, flexible design increases overall expected value.
Instead of launching the final fleet right away, systems operators initially
launcb a smaller fleet, reducing initial capital expenditure, and therefore
the amount at risk and potentiallosses.The flexible design, however, allows
the capture of the upside, too, when operators deploy the second module,
sized and located according to actual need, thereby obtaining a maximum
value if demand exceeds initial capacity.

Table 1.1
Comparison of value of "optimized" and flexible designs for a satellite fleet

Present value, S millions

Design Expected Maximum Minimum Fixed cost

"Optimized" 49.9 192 -162 -393
Flexible 95 193 68 -275

Which better? Flexible Flexible Flexible Flexible

The design "optimized" for a single forecast performs poorly on average across the
range of possible scenarios.
Source: Hassan et al. (2005)

Figure 9: Value of Optimized versus Flexible Designs
(de Neufville & Scholtes, 2011)

(de Neufville & Scholtes, 2011) also determine flexible designs provide the following two

advantages:

1.) Flexibility limits losses by avoiding bad consequences when the future is unfavorable

2.) Flexibility increases possible gains by enabling systems to take advantage and benefit
from new opportunities

Alternatively, (Stigler, 1939) observes "flexibility is not a free good" and (Saleh, et al., 2009)
highlight the likeliness that "flexibility can only be obtained through performance and/or cost
penalties." In many cases, the increased complexity required to embed flexibility into the design
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of a system can result in higher initial development costs, a longer development timeline, and/or
performance penalties. As (de Weck, et al., 2004) point out, "the vast majority of space systems
are designed without any consideration of flexibility... flexibility is not for free and various
forms of upfront performance, mass, reliability and cost penalties must often be accepted in order
to embed flexibility in a complex, technical system."

In Figure 10, (Fricke & Schulz,~2005) describe the relationship between the sources of cost
imposed on a flexible system architecture.

0

Total Cost

Cost of
Changeability

Cost of Changes

Degree of Changeability

Figure 10: Relationship Between Costs and Degree of Changeabilitn
(Fricke & Schulz, 2005)

The diagram highlights the optimal point where the cost of changes and cost of flexibility are the
same, resulting in lowest total system costs. From this point, as the degree of flexibility
increases, the cost of imbedding flexibility into the system exponentially rises, resulting in an
overly complex and unnecessarily costly system. Likewise, if the degree of flexibility in a system
is too small, the cost to make changes to the system is very high, resulting in an overly
expensive, limited system.

Several publications discuss the difference between flexible designs and the two static design
approaches used in this thesis: optimized and robust. Figure 11 and Figure 12 highlight the
performance tradeoffs between an optimized and flexible design approach. In Figure 11, (Saleh,
et al., 2009) visually depict optimization over a single period and the resulting large performance
gap should requirements change in a second period. The Period 2 portion of the diagram
highlights what (Ferguson, et al., 2007) refer to as limited designs.
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Required
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the design to evolve)

0 Time
Period I Period 2

Figure 11: Optimized Design (Saleh, et al., 2009)

Alternatively, Figure 12 depicts a flexible system's design evolution. Although the initial system
may experience a performance gap with respect to the optimal point design, there is a
comparatively smaller performance gap in Period 2 when the requirements change.

Objective
function (b)

Required
performance

in P2

Required
performance

in P1

- Flexible design

New performance gap
- of the flexible design

Possibly a small performance gap with
respect to the optimal point design

Time
Period I Period 2

Figure 12: Flexible Design (Saleh, et al., 2009)

Whereas (Saleh, et al., 2009) discuss the difference between optimized and flexible designs,
(Saleh, et al., 2003) comment on the distinction between robust and flexible designs. They
explain, "although both concepts refer to the ability of a system to handle change, the nature of
the change and the system's reaction to the change are very different in each type of design".
Specifically, flexible designs are capable of "satisfying changing requirements after a system has
been fielded", whereas robustness involves "satisfying a fixed set of requirements despite
changes in the system's environment or within the system itself." (Saleh, et al., 2003)
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To capture the difference between flexible and robust designs, (Saleh, et al, 2003) provide the
hypothetical example of designing a spacecraft. The challenge ofmaintaining on-board
functionality after launch and despite changes in spacecraft characteristics due to radiation
impacts, malfunctions, aging, etc. is indicative of the need for robustness of design.
Alternatively, the challenge ofcreating new functionalities on-board for changes in requirements
occurring after launch, as new environments are explored and new data becomes available, is
indicative of the need for flexibility of design.

Finally, while not the focus of this thesis, (de Neufville & Scholtes, 201]) provide guidance on
how managers can implement flexibility into a system using a four phased approach.
Additionally, (Saleh, et al., 2009) highlight the importance ofunderstanding that flexibility in
design "implies a system has been designed with certain characteristics, for example, additional
design parameters, design margins, or a particular modular or platform-based architecture that
allow the system to be easily modified should the requirements change after the system has been
fielded." They also emphasize that "the requirements changes can be known or unknown
upfront." (Saleh, et al, 2009)

Table 4 presents a summary ofa flexible design approach.

Summary of Flexible Design

Key Takeaways

" Umbrella approach for real options and adapt designs
d Allows for modifications to the system after development
p The system's objectives and environment can change after fielding
* Optimized for systems with long lifecycles, systems operating in dynamic markets, and
system's with varying customer needs (i.e., systems exposed to uncertainty)

Pros
" Enables timely, cost-effective changes to the system after fielding
" Approach mitigates the risk of technology obsolescence and the risk of designing a
system that no longer meets user needs during the design lifetime of the system
* Can extend the service life of a system and allow the system to last longer than a static
counterpart
Cons

- The added complexity of designing for flexibility can result in higher upfront
development costs, a longer upfront development schedule, and/or initial system
performance penalties

Table 4: Summary of Flexible Design
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2.1.5 Real Options

The idea behind real options was developed by Stewert Myers in the 1970s in the context of
strategic decision making within the financial sector. (Mikaelian, et al., 2011) explain "the goal
of Real Options Analysis (ROA) is to value decisions under uncertainty by taking into account
the options available to the decision maker in the future." In the classic definition, a real option is
defined as "the right, but not the obligation, to take an action at a future time." (Mikaelian, et al.,
2011)

More recently, the concept of real options moved to the engineering realm in order to value and
design flexibility in uncertain environments. In the context of ROA, literature provides methods
to calculate the financial value of engineering flexibility into the design of a system. More
applicable to this thesis is the idea of embedding flexibility into a project. A distinction has been
set between real options "on" projects and real options "in" projects. The former involves the
management domain and references a decision maker's ability to make strategic decisions on
project investments. The latter term refers to "engineering design decisions that enable the
flexibility to change the system in the future." (Mikaelian, et al., 2011)

This thesis focuses on real options "in" projects; the act of actively designing systems that enable
flexibility in future operational settings.

In order to represent the future flexibility of a design, several different types of real options have
been documented. The following list and associated definitions are applicable types of real
options for this thesis:

> Defer: wait to proceed or invest in subsequent development
> Abandon: leave the project
> Switch: move between different inputs and/or outputs
> Expand: increase capacity or capability
> Contract: downsize the level of operations (Mikaelian, et al., 2011) and (Kalligeros & de

Weck, 2004)

(de Neufville, et al., 2005) walk through an example of designing real options into a parking
garage with multiple levels. The case discusses uncertainty around demand for the garage, as the
location of the structure is proposed in a region where the population is expected to grow by an
unpredictable amount. Developers face a dilemma of designing a parking garage too large for the
eventual size of the population, resulting in costs that cannot be recovered. Alternatively, if
developers design a small parking garage, there could be missed opportunities for revenue if the
population increase results in demand that cannot be met by the size of the garage. As a solution,
(de Neufville, et al., 2005) propose using real options in the design of the structure by
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strengthening the buildings footings and columns. The design involves greater upfront costs,
materials, and resources, but provides the option to build a smaller parking garage now and
expand to additional levels, if future demand necessitates such expansion. Through this case

study, (de Neufville, et al., 2005) demonstrate the benefits of real options:

> The expected value of a project increases
> The maximum possible loss of a project is reduced
> The maximum possible gain of a project is increased
> Initial capital costs are reduced

Similarly, (de Weck, et al., 2004) evaluated real options in satellite communication systems. The
case study involved using additional positioning rockets and fuel in order to achieve a flexible
design that could adjust capacity according to speed. Through the study, they determined their

use of flexible options could increase the value of satellite communications systems by at least
25%.

In addition to the benefits, (Mikaelian, et al., 2011) highlight the major limitation of a real
options approach, explaining "real options are most appropriate for managing uncertainties that

are anticipated to be resolved in the future, and are not well suited for managing unknown
unknowns." The developer must have some level of understanding in where the uncertainty will
come from in order to build in the appropriate real option.

While not the focus of this thesis, (Mikaelian, et al., 2011) discuss how real options can be
embedded into the design of a system using a "mechanism". The term, mechanism "is defined as
an action, decision, or entity that enables a real option." The mechanism, or source of flexibility,
enables the future real options to take place. For example, "designing a modular payload bay for
a UAV is a mechanism that enables the real option to switch the type of payload." (Mikaelian, et
al., 2011) Likewise, (Wang & de Neufville, 2006) propose a screening and simulation model for
how to identify real options "in" engineering systems.

Table 5 presents a summary of a real options design approach.
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Summary of Real Options Design

Key Takeaways

* A flexible design approach that should be used when the system is subjected to

anticipated uncertainties (known unknowns)

• Allows for modifications to the system after development

Pros
• Enables timely, cost-effective changes to the system after fielding

• Reduces the maximum possible loss of a system

• Increases the maximum possible gain of a system

• Approach mitigates the risk of technology obsolescence and the risk of designing a

system that no longer meets user needs during the design lifetime of the system
• Can extend the service life of a system and allow the system to last longer than a static

counterpart
Cons

• There can be upfront cost, schedule, and/or performance penalties for imbedding an

option, even if it never exercised

Table 5: Summary of Real Options Design

2.1.6 Adapt

While the idea of real options in projects is relatively new, the concept is well defined and

recognized with similar understanding across various publications and sources. Unfortunately, a

literature review on an adapt design approach yields different results; publications that reference

adaptable design offer few clarifying details to differentiate adaptability from the umbrella

category of flexible systems.

According to (Ferguson, et al., 2007), "adaptability has been defined as characterizing a

system's ability to adapt itself to deliver intended functionality under varying conditions through

the design variables changing their physical values." (Crawley, et al., 2004) define adaptability

as "the ability of a system to change internally to fit changes in its environment, usually by self-

modification to the system itself." (Fricke & Schulz, 2005) describe adaptability as a system's

ability to adapt itself towards changing environments and under varying operating conditions,

through changing themselves. Finally, (Engel & Browning, 2006) look to Webster and define

adaptability as "the ability of the system design to be changed to fit altered circumstances, where

circumstances include both the context of a system's use and its stakeholders' desires."

(Madni, 2012) takes the above definitions a step further and explains, "system engineering

methods...need to be transformed to enable rapid, cost-effective development of both anticipated

and unanticipated changes in the operational environment." He points to "adaptable platform-
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based engineering" as a specific adaptable design method capable of responding to unanticipated
changes, or what (Hastings & McManus, 2004) deem unknown unknowns.

(Madni, 2012)'s understanding of adaptable designs provides a helpful compliment to real
options. In a real options approach, the enterprise has a deliberate understanding of the
uncertainty (e.g., future budget uncertainty, future capacity uncertainty, uncertainty with regards
to how long the avionics technology will remain relevant, etc.). Real options represent a design
paradigm that reduce risks for known unknowns.

Alternatively, in the context of this thesis, adapt designs will be used to imply a faster and more
cost-effective method for managing unknown unknowns or emergent uncertainties that an
enterprise may not be able to anticipate at the time of development.

Design approaches that enable new variants, platform-based engineering that employs a common
structure from which derivative products can be more rapidly developed, or large-scale block
upgrades represent various ways to employ an adapt design approach.

(Madni, 2012) provides the example of Lockheed Martin's C-130, which was developed in the
1950s using a common platform-based engineering approach, modular software and avionics
subsystems, and with the intention of developing a series of block upgrades or major aircraft and
avionics revisions. Originally designed as a troop, medevac, and cargo transport aircraft, (Madni,
2012) explains, "today's C-130s fill roles as diverse as Search and Rescue to Gunship
applications, all leveraging a common airframe." Additionally, "a variety of software and
weapons suites can be added to the airframe" with varying cost and schedule impacts. Lockheed
Martin's website touts the C-130 as having "17 different mission capabilities and 11 production
variants" many of which were not anticipated during the aircraft's initial development in the
1950's. (Stinn, 2019)

Table 6 presents a summary of an adapt design approach.
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Summary of Adapt Design

Key Takeaways

• A flexible design approach that should be used when the system is subjected to

anticipated and unanticipated uncertainties (unknown unknowns)

• Allows for modifications to the system after development

Pros
• Enables timely, cost-effective changes to the system after fielding

• Approach mitigates the risk of technology obsolescence and the risk of designing a

system that no longer meets user needs during the design lifetime of the system

* Can extend the service life of a system and allow the system to last longer than a static

counterpart

Cons

• The added complexity of an adapt design can result in higher upfront development costs,

a longer upfront development schedule, and/or initial system performance penalties

Table 6: Summary ofAdapt Design

2.2 Architecture Principles that Enable Real Options Designs

There are many architecture principles that enable flexibility. This thesis does not address each

method in detail, but attempts to provide a small sample of principles to better enhance the

reader's understanding of how to implement flexibility. This section provides a brief overview of

three architecture concepts that enable real options designs: modularity, integrability, and

scalability.

According to (Fricke & Schulz, 2005), modularity "aims at building a system architecture that

clusters the system's functions into various modules while minimizing the coupling among the

modules (loose coupling) and maximizing the cohesion within the modules (strong cohesion)."

According to (Fricke & Schulz, 2005), "modularity is strongly supported by making modules as

independent as possible from other modules, because this reduces the number of interfaces and

makes a clustering of modules much easier."

(Fricke & Schulz, 2005) highlight six types of modularity distinguished in literature. The six

examples are graphically displayed in Figure 13. Component sharing modularity uses the same

components within several architectures. Component swapping varies the same platform by

adding different components. Fabricate to fit uses standardized components that are scalable.

Mix modularity uses standardized components that are not scalable. Bus modularity varies the

same platform by adding different components using a standardized interface. Finally, sectional

modularity uses various components with standardized interfaces, but no platform. (Fricke &

Schulz, 2005).
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Figure 13: Six Types of Modularity (Fricke & Schulz, 2005)

(Fricke & Schulz, 2005) also describe the principle of integrability. They explain how

integrability is "characterized by compatibility and interoperability applying generic open, or

common/consistent interfaces." (Crawley, et al., 2016) describe a Lego block as an example of a

design with open variants because of the large number of shapes that can be constructed by

combining many different Lego blocks. Likewise, (Fricke & Schulz, 2005) provide the example

of universal serial bus (USB) ports, which provide integrability to external devices. This

architecture principle supports a real options design approach because it provides the user with a

switch option. In the case of a laptop USB port, users can switch between charging a cell phone,
backing up pictures to an external thumb drive, or playing a DVD. Figure 14 shows a graphical

depiction of the principle of integrability and highlights the difference between closed interfaces,

or those interfaces that are not interchangeable, and open interfaces that allow for

interchangeable components.
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(a) proprietary interfaces
(all units have specific interfaces and are not interchangeable)

Unit C Unit B Unit A

r

Unit F Unit E Unit D

(b) generic and common interfaces
(all units share a common interface and are interchangeable)

Figure 14: Principle of Integrability (Fricke & Schulz. 2005)

The third and final architecture principle highlighted in this section is the principle of scalability.

According to (Fricke & Schulz, 2005), scalability is "characterized by units independent from

scale or self-similar/fractals." This principle allows architectures to scale up or down. One way
this can be accomplished is when the basic system architecture provides the capability for an

unrestricted increase or decrease of total unit size within the system. In this case, a single
element of the architecture is downsized or upsized. (Fricke & Schulz, 2005) This method is

visually depicted in part (a) of Figure 15. A second way to scale an architecture up or down is by
linking together identical elements of the architecture to provide scaled performance or
functionality. (Fricke & Schulz, 2005) This method is visually depicted in part (b) of Figure 15.
To better understand the principle of scalability, (Fricke & Schulz, 2005) provide an example of
the Ariane 4, a European Space Agency expendable launch vehicle that used additional boosters
to send heavier payloads into orbit. They explain how the Ariane 4 employed the principle of
scalability to customize each rocket to customer demand. This architecture principle supports a
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real options design approach because it provides the user with an expand option to use additional
boosters if the expendable launch vehicle's payload increases.

0 *0

(a) single element scaled by up-/downsizing
its characteristic parameters

o o

(b) increase/decrease number of multiple identical
elements linked to provide a scaled architecture

Figure 15: Principle of Scalability (Fricke & Schul=. 2005)

2.3 Architecture Approaches that Enable Adapt Designs

This section delivers an overview of one architecture concept that enables adapt designs: product
platforms. As stated previously, this thesis does not provide an all-inclusive representation of
architecture principles that enable flexibility, but instead references a sample to provide the
reader a basic understanding of how to employ the two flexible design approaches explored in
this thesis.

According to (Madni, 2012), platform-based engineering employs a common structure through
which derivative products can be rapidly developed. He highlights the two major characteristics
of platform architecture:
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1. The platforms are reusable, configurable, and extensible system implementation
infrastructures that include both physical platforms (e.g., aircraft) and information
platforms.

2. The platforms encompass domain-specific components and services that reflect the
commonalities of systems in the domain and variables across the domain, along with the
interface conventions that ensure they can plug-and-play with the domain infrastructure
and common components. (Madni, 2012)

Similarly, (Simpson, 2003) defines a product platform as a "set of common parameters, features,
and/or components that remain constant from product to product, within a given product family."

Just as (Madni, 2012) highlights two characteristics of platform architecture, (Saleh, et al., 2009)
also summarize two basic approaches to platform-based engineering:

1. Choosing representative design parameters that can be scaled to produce variants.
2. Developing a modular product architecture that can be easily modified through the

exchange of modules.

Based on the summary by (Saleh, et al., 2009), it is clear several of the architecture
characteristics that enable real options design (e.g., modularity, scalability) play a role in
platform architecture and adapt designs. However, (Crawley, et al., 2016) identify the primary
difference with platform architecture by explaining how "it must deal with the uncertainty of
future applications" where future use cases and performance characteristics may not be known.

The diagrams in Figure 16 showcase blueprints for civilian and military variants of a helicopter
manufactured by Sikorsky Aircraft. The drawings demonstrate the basic frame design and
components that represent commonality across the five variants. They also highlight unique
modular conventions such as the addition of torpedoes, auxiliary fuel tanks, and the external
stores support system. Finally, the blueprints demonstrate how product platforms focus on
architecture designs that allow for the creation of variants to optimize costs and reduce
development time. (Ferguson, et al., 2007) As (Saleh, et al., 2009) explain, platform engineering
brings about an ease of change to generate product derivatives that address different customer
needs and requirements while allowing for cost reductions and economies of scope.
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Figure 16: Sikorsky Aircraft Platform Variants (Klosinski, 1993)
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2.4 DoD Examples of the Design Approaches

This section consolidates examples from relevant publications to provide a representation of

DoD systems that fit the categories of optimized, robust, real options, adapt, limited, and overly

complex designs.

The Coriolis satellite built by Spectrum Astro represents an example of an Air Force system that

falls into the category of optimized design. The system was built as an experimental satellite for

two specific purposes:

1. To demonstrate the viability of using polarimetry to measure ocean surface wind speed

and direction from space
2. To demonstrate predictions of geomagnetic disturbances through the continuous

observation of Coronal Mass Ejections (Wade, 2019)

The system had a three-year meteorological science mission, an objective based on the likelihood

of demonstrating the above two requirements. (Wade, 2019) The power, command, data

handling, and capabilities (e.g., WindSat Polarimetric Microwave Radiometer) were optimized

for the mission of the satellite and were unable to be altered after fielding and launch. Spectrum

Astro was selected to provide the satellite in March of 1999. As prime contractor, Spectrum

Astro had end-to-end system responsibility, including spacecraft design, development,
integration, and test. The company shipped the Coriolis to the National Research Laboratory in

August of 2001, a mere two years after being selected for the prime contractor role. Then, in

December 2002, the Coriolis was moved to the launch pad. (Krebs, 2019) and (Wade, 2019)
Based on the Air Force's operating objectives, the level of certainty in the operating
environment, and the intended design life, the Coriolis was optimized for a specific function that

it met with satisfaction.

The Chrysler Defense M1 Abrams tank is an example of an Army system that falls into the

category of robust design. The vehicle was designed in the 1970s as a Cold War reaction to the

new generation of Soviet tanks and the US's failed MBT-70 program. With mounting Cold War

pressure, Congress directed the Army to field the M1 under strict cost and time limitations. (Gao,

2019) Although the vehicle was intended for use in the moderate climate of central Europe, it

ended up being driven extensively in Iraq during Operation Desert Storm. In a discussion with

The Washington Post, Lt. Gen. Claude Christianson, a senior logistics officer, described how

Abrams were being driven up to 4,000 miles a year, five times the number of miles at home

training bases. (Ricks, 2004) The robust design of the M1 Abrams allowed for successful

adaptation to a drastically different climate and prevented the Army from fielding a new tank or

modifying the current tank to operate in the desert warfare environment of the Middle East.
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The Sikorsky medium lift UH-60 Black Hawk helicopter is an example of an Army system that
falls into the category of adapt design. The helicopter was developed in the 1970s in response to
a rotary-winged aircraft program called Utility Tactical Transport Aircraft System. Decision
makers required the helicopter to perform a variety of missions to include troop transport, air
cavalry, and medical evacuation. They also dictated reliability and maintainability standards, as
well as an all-weather, day/night capability. To meet these requirements, the UH-60 was
developed under a platform architecture design (see Figure 16). (Saleh, et al., 2003) emphasize,
"the intrinsic ability of the UH-60 baseline architecture to accommodate changes following new
customer requirements - in a timely and cost-effective way in order to achieve a different
configuration vehicle - made it possible to develop different derivatives." Today, the helicopter
has over 35 derivatives that perform a series of expanded mission roles and capabilities beyond
what was envisioned in the 1970s. (Saleh, et al., 2003)

The Boeing B-52 Stratofortress provides an example of an Air Force system that falls into the
category of real options design. When the initial specifications for the bomber were issued in
1945, the system was designed to carry nuclear weapons, fly at high altitudes, and serve a Cold
War-era deterrence mission. A few years later, the bomber's mission changed. The flexible
design of the aircraft prevented the platform from becoming obsolete. Instead, the belly of the
aircraft was reconfigured to carry air-launched cruise missiles for lower-altitude missions. This
weapons load reconfiguration represents an example of a switch option. Additionally, many of
the aircraft's systems could be decomposed into subsystems with well-defined interfaces. These
subsystems could then be upgraded when new technology entered the market. As (Saleh, et al.,
2003) explain, B-52 upgrades since the early 1980's include several new and improved systems
such as:

> Offensive avionics
> Environmental control
> Auto-pilot
> Enhanced electronic countermeasures
> Engines

Each of the above enhancements represent examples of expand options that are primarily a result
of the modular and integrable design of the aircraft's subsystems. For example, the aircraft's
Pratt & Whitney engines were designed to hang low off of the platform as opposed to other
aircraft with engines embedded within the wing. This flexible design feature permitted several
relatively inexpensive and fast engine replacements throughout the life of the B-52. As a result of
the B-52's highly flexible design, the bomber assumed conventional roles in Vietnam, the Gulf
War, and Operation Enduring Freedom, drastically different environments from which the initial
system requirements were derived. In fact, based on the bomber's flexible design, current
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engineering analysis shows the B-52 life span can be extended beyond the year 2045. (Saleh, et

al., 2003)

The Convair B-58 Hustler is an example of an Air Force system that falls into the category of

what (Ferguson, et al., 2007) describe as limited design. This bomber's system design was

optimized to fly at supersonic speeds and high altitudes to avoid Soviet fighters. Shortly after

fielding, intercontinental ballistic missiles entered the service. Unfortunately, the bomber's

optimization led to an inflexible wing and airframe design that prevented the bomber from

accommodating different weapons and performing missions other than the one it was initially

designed for. With the B-58's primary mission removed and an inability to adapt to new roles in

new environments, the B-58 was consigned to storage after only ten years in service. (Saleh, et

al., 2003)

The Lockheed Martin F-35 Joint Strike Fighter is an example of a system that falls into the
category of what (Ferguson, et al., 2007) describe as an overly complex design. The F-35 is a

supersonic, multi-role, 5th generation stealth fighter. The aircraft has three variants derived from

a common design: Conventional Takeoff and Landing (CTOL), Short Take Off/Vertical Landing

(STOVL), and Carrier Variant (CV). In the early stages of development, Lockheed Martin

targeted 70% commonality across the three variants. (Boas, 2008) As (Boas, 2008) points out,

Lockheed Martin's main goal for the F-35's System Design and Development phase was to

create an "affordable program through the development of a highly common tri-variant aircraft

family and common manufacturing line. The expected benefits of commonality were a drastic

reduction in development, manufacturing, and lifecycle operating costs." Specifically, Lockheed

Martin attempted to build a flexible platform that could adapt to three different customer needs.

However, several issues during the development of the F-35 forced Lockheed Martin to revert to

optimized designs. (Boas, 2008) estimates the initial F-35s were delivered with 27.8%
commonality in the CV variant, 29.9% commonality in the STOVL variant, and 39.2%
commonality in the CTOL variant. (Boas, 2008)

(Boas, 2008) walks through the first of many design changes within the F-35 program. He

describes how the original F-35 design heritage set the CTOL variant as the baseline, aimed to

add STOVL capability after the CTOL was designed, and then planned to scale the CTOL for

carrier operations. (Boas, 2008) explains "as the initial CTOL design matured, it became

apparent the STOVL variant would be 3,000 pounds overweight." After this realization, the

entire program came to a halt and restarted with a focus on the STOVL weight problems.

Optimization of the airframe components for STOVL requirements became paramount to the

program's success, as these components represented a significant amount of weight. Penalties

that had been introduced for the sake of commonality could no longer be accepted. For example,
the original, one-piece wing that enabled a high degree of commonality, proved too heavy and
was modified for the STOVL version. Common weapons bay requirements were also changed
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and optimized for the STOVL variant, which resulted in second and third order changes to the
STOVL's bomb and missile capacity, bay doors, and actuator mechanisms. After this program
re-plan, a decision was made to follow STOVL development with a second "optimized" CTOL
design that would leverage the detailed STOVL design and prior CTOL development. Overall,
the re-plan included a System Design and Development (SDD) cost increase of $5 billion, an 18-
month SDD schedule extension, and the delay of the first CTOL flight by one year. (Boas, 2008)

2.5 Uncertainty

(Hastings & McManus, 2004) explain, "The Department of Defense's current environment of
rapidly changing technologies, threats, needs, and budgets, has made it necessary to better
understand classes of uncertainties and their effects on complex airspace systems." Over the past
decade, there has been a growing amount of research published on the subject of uncertainty and
on designs to reduce uncertainty. This section summarizes concepts from relevant literature to
address uncertainty as uncertainty plays a significant role in determining an optimal system
design approach.

2.5.1 Uncertainty Defined

Although uncertainty is used differently throughout a variety of fields, the following definitions
provide insight into the meaning of uncertainty applied to engineering.

A conference proceeding from the 2004 MIT Engineering Systems Symposium defines
uncertainty as a thing that is not known, or known only imprecisely and further identifies classes
of uncertainties to include "known unknowns" and "unknown unknowns." Known unknowns are
characterized by circumstances that are known with outcomes that are not known. Future
budgets, adversaries, and the performance of new technology are examples of uncertainties that
may fit into the category of known unknowns. Alternatively, unknown unknowns are "gotchas"
that are not foreseen. An asteroid striking a vehicle is an example of an event that fits into the
category of unknown unknowns. (Hastings & McManus, 2004)

Earl et al., outline a taxonomy for uncertainty similar to the one proposed by Hastings and
McManus. They introduce the terms, "known uncertainties" and "unknown uncertainties."
Known uncertainties are based on variability in past cases where the uncertainties are known, but
their effects on behavior are not known. Unknown uncertainties occur as surprises when there is
no expectation of such an event. The occurrence of 9/11 and its impact on the aerospace industry
is provided as an example of an unknown uncertainty. (Clarkson & Eckert, 2005)

A proceeding from the 2007 International Conference on Engineering Design characterizes
uncertainty as "an amorphous concept that is used to express both the probability that certain
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assumptions made during design are incorrect as well as the presence of entirely unknown facts
that might have a bearing on the future state of a product or system and its success in the
marketplace." (de Weck, et al., 2007)

All of the above definitions are relevant to this thesis.

2.5.2 Sources of Uncertainty

Although some sources of uncertainty are concealed, there are several identifiable sources of
uncertainty that decision makers should attempt to understand at the start of a program's design

effort. Understanding sources of uncertainty can help guide designers investigate project risks.

A proceeding from the 2007 International Conference on Engineering Design characterizes
sources of uncertainty and their contexts in Figure 17. In addition to classifying uncertainty by
context, uncertainty is categorized as either endogenous, arising from within the system
boundary, or exogenous, uncertainties outside an enterprise's direct control. (de Weck, et al.,
2007)

Typical
System

Boundary

Exogenous

Endogenous

Endorsers

Economics Cost of Capital

Nature of warfare Regulations

Fashions Political and Cultural Context Disasters

Figure 17: Sources of Uncertainty by Context (de Weck, et al., 2007)

In Figure 18, categorizes sources of uncertainty into different layers, but captures many of the
same sources of uncertainty identified by (de Weck, et al., 2007). According to (Lessard &
Miller, 2000), enterprises have greatest influence over the uncertainties near the inner layer and
progressively lower influence over uncertainties in the outer layers.
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Figure 18: Sources of Uncertainty by Layer (Lessard & Miller, 2000)

Many of the sources of uncertainty outlined by (Lessard & Miller, 2000) and (de Weck, et al.,
2007) relate to the challenges that contribute to highly complex, rapidly evolving environments
highlighted by (Saleh, et al., 2014) and (Shultz & Fricke, 1999) in section 2.1.4 of this thesis.
Where (Saleh, et al., 2014) focus on the rate of change of technology and the idea of a dynamic
marketplace, (Shultz & Fricke, 1999), describe variety of environment, technological evolution,
and a dynamic marketplace.

In applying uncertainty analysis to satellite systems, (Hastings & Walton, 2004) define similar
types of uncertainties deemed important to assess. They discuss "obsolescence uncertainty" as
"uncertainty of performing to evolving expectations in a given lifetime" and "development
technology uncertainty" as "uncertainty of technology to provide performance benefits." These
sources of uncertainty are similar to the concepts of technological evolution and rate of change
of technology. Akin to the concept of dynamic marketplace, (Hastings & Walton, 2004) define
"market uncertainty" as "uncertainty in meeting demands of an unknown market." Finally,
(Hastings & Walton, 2004) discuss "political uncertainty" as "uncertainty of funding instability."

2.5.3 Risks from Uncertainty

(Hastings & McManus, 2004) point out that there are consequences of uncertainties to a program
or system and use the term "risk" to highlight the negative effects of uncertainty. Figure 19 lists
general types of risks associated with an enterprise's inability to effectively plan for uncertainty.
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The thesis decision framework seeks to reduce the risks associated with program deviations,
market shifts, and need shifts.

Disaster Failure Degradation Program Market Need Shifts
System causes System does System works, Deviations Shifts System works,

harm. not work for but not up to Program System works, but function
purposes initial experiences a but need for its desired from
originally expectations. funding cut, services has the system has

envisioned. cost overrun, changed from changed from
and/or assumed that for which

schedule levels. it was
j\ delay. designed.

Figure 19. Types ofRisks adaptedfrom (Hastings & McManus, 2004)

(de Weck, et al., 2007) highlight how "uncertainty can negatively and positively impact the
proper functioning and market success [of] any new or modified product. It can also impact how
easy or difficult it is to incorporate changes in future generations of existing products and
systems." Later, (de Weck, et al., 2007) explain "by ignoring uncertainty and relying only on past
averages or best guesses, systems become inflexible. Once the true nature of demand reveals
itself, necessary changes become slow and prohibitively expensive to make."

Given the motivation for this thesis is to construct a design framework that allows decision
makers to more quickly and inexpensively respond to operational changes, incorporating
uncertainty into the framework is vital.

2.5.4 Managing Uncertainty

(Hastings & McManus, 2004) list a series of uncertainty mitigation strategies used in
consideration for aerospace systems to include:

> Margins: Designing systems to be more capable, to withstand worse environments and to
last longer than necessary.

> Redundancy: Including multiple copies of systems or subsystems to assure that at least
one works.

> Design Choices: Choosing design strategies, technologies, and or subsystems that are not
vulnerable to a known risk.

> Verification and Testing: Testing after production to drive out known variation, bound
known unknowns, and surface unknown unknowns.

> Serviceability/Upgradeability: Systems or subsystems that can be modified to improve or
change function.

> Modularity, Open Architectures, and Standard Interfaces: Functions grouped into
modules and connected by standard interfaces in such a way that they can plug-and-play.
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> Tradespace Exploration: Analyzing or simulating many possible solutions under many
possible conditions.

> Portfolios and Real Options: Program strategy of carrying various design options forward
and trimming options in a rational way as more information becomes available and/or
market conditions change.

A fundamental question is whid~h of these strategies best applies in a given situation?
Additionally, (de Neufville, 2004) discusses how "uncertainty can be actively managed and
exploited [and can] provide opportunities." This thesis defines a method to manage and exploit
areas of uncertainty by incorporating several of the above strategies into a decision framework
that can be used to choose the most cost effective and responsive system design in a given
situation.

2.6 Results of Literature Review

The literature review in this thesis summarizes relevant research conducted on static
design approaches, flexible design approaches, and uncertainty. Table 7 synthesizes the
key points of the design approaches. The table should be treated as a general guide.

Design Approach Envly oment . efl 2Se CsEcies after FiLloing Cisrustances ofUncertainty
Changing/ Anticipated Unanticipated

CFixed Unmown Fixed Changgeg Sergvc LiaUpr

3itimized 
X X

Robust X X

Real O'to X X X X _ _ __ _ _ _

Flexible -t

jAdapt X

ofLower Upfront

lDevelpmt Higher Initial
Design Approach Timely System Cost-Effective Enables a Longe ot

Changes System Changes Service Life Modket Puli ecllt egra

Needs Shift Schedule

static .piie

Robust X X X

Real Options X X

FlexibleAdp

Non-Dominated Signalto NoiseDesign Approach Designs on Platfoun-Based MCUW clblt nerblt
Pareto Front of comparison Engineering

______ ________ Tradespace _ _ _ _ _ ______ _ _ _ _ _ _

OUU Robust X_____ _____ _____ _____

Flexible Real Options X_____ X X____ _____

Table 7:- Summary ofDesign Approaches
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Evident from the literature review, most research on engineering design is spread across
different publications and sources. Few documents provide a consolidated overview of
static and flexible designs, as presented in section 2.1. Additionally, with the exception of
Figures 1-3, current research fails to offer a model or framework for choosing the most
cost effective and responsive system design under a given set of objectives and
uncertainties. An Office of the Deputy Assistant Secretary of Defense, Systems
Engineering report explains, "looking towards the future, it is becoming increasingly
apparent that, for defense systems, engineering design and development processes need
to...support both rapid fielding activities and traditional acquisitions." (Neches & Madni,
2013) Similarly, (Madni, 2012) states, "there is a pressing need for models with the
requisite semantics to represent different types of designs and to enable more detailed
analysis of design properties."

Based on data obtained from the literature review, this thesis outlines and tests a decision
framework for different types of engineering designs that respond to the above two needs.
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3 System Design Framework
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3.1 Framework Orientation

The above decision framework was developed out of the literature review material presented in
Section 2 of this thesis. The framework is based off an understanding of the different design
strategies and tradeoffs between those strategies. The goal of the framework is to direct a user to
the most cost effective and responsive system design under a given set of objectives and
uncertainties.

The framework is arranged through a vertical hierarchy of questions. Different sections of the

diagram are characterized by contrasting colors. Yellow represents introductory questions that
directly correlate to the tradespace depictions developed by (Saleh, et al., 2014) and (Ferguson,

et al., 2007) in Figure 1 and Figure 2, respectively. Green illustrates a flexible design and the
corresponding flexible design approaches explored in this thesis: options and adapt. Blue
portrays a static design and the associated static design approaches explored in this thesis:
optimized and robust. The rectangle labeled "Flexible Design" and the rectangle labeled "Static
Design" exist on the same horizontal plane to represent the two umbrella categories of design
approaches investigated in this thesis. The rectangles individually labeled "Options", "Adapt",
"Optimized", and "Robust" are also depicted on a single horizontal plane. No one approach has
greater importance over another approach. Selecting the optimal approach is based on tradeoffs
between a particular system's future market needs, rate of technology change, and future
operating environment paired with the value of the proposed design.

Users step through the decision tree, starting with 1.0, the yellow diamond marked "System's
Objectives." By definition, a static design prohibits changes to the system's objectives after
fielding, whereas a flexible design allows for relatively inexpensive and timely modifications to

the system, if system objectives change after deployment. The question in 1.0 is twofold. If the

answer to either or both parts of the question is "no", users proceed to the diamond labeled 3.0. If
the answer to both parts of the question is "yes", users proceed to the diamond labeled 1.1.

The first half of the question in 1.0 asks if the enterprise has the capability to make changes to

the system after it is deployed. This is determined by the availability of funding, the number of

skilled personnel, the type/availability of equipment, and the enterprise's schedule availability.
To answer this question, the enterprise must assess the ability and likelihood of getting these
resources in the future, when modifications to the system will need to be made.

The second half of the question points to the enterprise's desire to make changes. It is possible
the enterprise will have the capability to make changes to the system after deployment, but not
the need. For example, a program office in the Space and Missile Systems Center (SMC) could
be well equipped from a funding, personnel, equipment, and schedule perspective to modify a

2 TDL> TM and TDL> TItecI,,, for any component, i are adapted from (Saleh, et al., 2002).
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satellite demonstrator after development. However, if the satellite demonstrator has a 2-year
design lifetime and is sent into orbit for the sole purpose of collecting a specific mission set of
data, there should be no additional need to change the system after the data is gathered.

If the answer to either part or both parts of the question in 1.0 is "no", users are directed to a
subsequent question in a blue diamond marked 3.0. Answering 3.0 will determine the most cost
effective and responsive static design approach for the system.

The question in 3.0 asks about the level of confidence in understanding the system's operating
environment throughout the system's design lifetime, TDL. In order to answer this question, a
user must characterize two key decision variables: 1.) the system's intended design lifetime, and
2.) the potential environment(s) the system could operate in during its lifetime. The system's
intended design lifetime represents the length of time in which the system is expected to operate
before performance and/or capability degradation. Regular maintenance and sustainment efforts
should be factored into calculating this figure. Additionally, the variable should be characterized
in months or years, as applicable.

Predicting the system's operating environment(s) during its design lifetime requires market
research. Depending on the nature of the system, research could involve discussions with
intelligence officials, end users, or political and military advisors. Using forecasted elements of
the Diplomatic, Informational, Military, and Economic (DIME) model and associated Political,
Military, Economic, Social, Informational, and Infrastructure (PMESII) effects is another useful
tool for understanding the system's potential operating environment(s).

If the enterprise has high confidence the system's operating environment will remain fixed
during the lifetime of the system, the enterprise is directed to an optimized design. If the
operating environment is expected to change, or if the enterprise has moderate to low confidence
in understanding the system's operating environment(s), the enterprise is directed to a robust
design.

In the following example, AF/A5R and SAF/AQX provide Air Combat Command (ACC) with
an Urgent Operational Need (UON) to acquire (i.e., develop) a sensor that supports an expected
six-month mission targeting insurgent operations in Afghanistan. Based primarily on the nature
of materials used to satisfy the design of the sensor, the system has-a design lifetime of eight
months. ACC expects to field the sensor in five months. After conducting market research, the
enterprise determines that during the next 13 months, it is very unlikely US operations will shift
to a new environment. The enterprise has high confidence the environment for the sensor will
remain fixed during its design lifetime. As a result, the enterprise is directed to an optimized
design approach. In a well-defined, static market, an optimized design should offer the highest
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level of performance, lowest development costs, and shortest development timeframe compared

to the other three design approaches.

In a modified example, the same sensor referenced above is expected to have a design lifetime of

seven years, based primarily on the nature of materials used to satisfy the design of the sensor.

ACC expects to field the sensor in five months. After conducting market research, the enterprise

determines that during the next four years, it is very likely US operations will shift to a new

environment in Africa where the sensor could provide valuable mission support capabilities. The

enterprise has moderate to low confidence US operations will remain fixed in Afghanistan

during the sensor's design lifetime. As a result, the enterprise is directed to a robust design

approach. Proceeding with a robust design could result in an initial performance penalty and/or

higher development costs over that of an optimized design. However, a robust design will allow

the system to maintain a target performance despite various noise factors, minimize the risk of

market or needs shift, and ultimately mitigate the threat of obsolescence should the system's
environment change.

If the answer to both parts of the question in 1.0 is "yes", users are directed to a subsequent

question in a yellow diamond marked 1.1. The question captures uncertainty related to different

time scales or clockspeeds 3 involved in the system's operating environment. The question in 1.1

is twofold. If the answer to both parts of the question is "no", users proceed to the diamond

labeled 3.0. If the answer to either or both parts of the question is "yes", users proceed to the

diamond labeled 2.0.

In order to answer this question, a user must characterize three key decision variables: 1.) the

system's intended design lifetime, TDL, 2.) the timescale associated with changes to the system's

operating environment or market dynamics, Tm, and 3.) the timescale associated with

obsolescence for any component of the system, Tteeh, ,. All three figures should be characterized

consistently using either months or years.

The first segment of the question in 1.1 asks if TDL is greater than TM. At a basic level, the

question is examining if the environment is expected to change during the design lifetime of the

system or if user needs are expected to change during the design lifetime of the system. The

second segment of the question asks if TDL is greater than Ttech, i. This segment queries if the

embedded technology in the system will need to be updated in order to prevent obsolescence. It

is important to note that although TMand Ttech, i are characterized as two different measurements,
it is difficult to represent each term orthogonally. As (Allen, 2001) explains, "a shift or advance

in technology can very often stimulate existing markets or'open completely new ones. Similarly,
market changes can stimulate technology change."

I The term "clockspeed" was characterized by Charles H. Fine in 1996 to characterize the rate of change of an
industry.
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The following example highlights how a user should proceed after answering each question. A
highly advanced UAV is being developed with an expected design lifetime of four years. The
enterprise determines market dynamics should change every five years and the technology
embedded in the UAV will likely become obsolete four and a half years after fielding. These
conditions would direct the enterprise to design a static system. Alternatively, if the enterprise
determines market dynamics are expected to change every two years and the technology
embedded in the UAV will become obsolete in six months, the enterprise would initially be
directed to design a flexible system.

Unfortunately, the difficulty with the question in diamond 1.1 is estimating TM and Ttech, i using
theoretical deduction rather than empirical observation. Methods for estimating TM and Ttech, i are
discussed below.

As (Saleh, et al., 2002) explain, "market dynamics is a typical example of a macro descriptor that
makes sense intuitively, but is difficult to formally capture and measure." Market dynamics are
primarily driven by Porter's Five Forces (Figure 21). Different industries have varying dynamics.
Some industries, such as information technology (IT), rapidly undergo dramatic changes. Other
industries undergo little change and remain stable despite changes occurring elsewhere in the
business environment. (Saleh, et al., 2002) Additionally, (Fricke & Schulz, 2005) suggest market
dynamic might be indicated by "the number of competitors, strength of competition, or degree of
uncertainty of customer needs."

(Allen, 2001) also discusses market change and the way in which customers' and society's needs

vary in different ways and at different rates. He introduces the formula (M ) to signify the rate of

change of a market. The formula could provide insight into the similar relationship between TM
and TDL. Unfortunately, neither (Allen, 2001) nor (Saleh, et al., 2002) provide a procedure for
estimating the parameters. Additionally, (Saleh, et al., 2002) states, "it is doubtful whether such
parameter[s] can be quantified."

A detailed literature reveals there is no well-defined calculation for determining if the market
dynamics of a system will change during the system's lifetime. Therefore, it is suggested TMbe
quantified through one of two methods:

Method one involves using the historical rate of change in the environment or market dynamics
of a comparable system that has already been fielded.

In the following example, an enterprise is developing the computer network and associated IT
systems to support a new Air Operations Center (AOC) for the Indo-Asia-Pacific region. In order
to understand how often user needs are expected to change and whether changes to the operating
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environment may dictate changes to the systems, the enterprise reaches out to the current users
and associated acquisition program offices responsible for developing and sustaining the 61 3 th
AOC assigned to Headquarters, Pacific Air Forces, Joint Base Pearl Harbor-Hickam, Hawaii.
The enterprise learns user needs and market dynamics associated with the systems and
subsystems supporting the 613* AOC change every four months to five years. Based on this
response, and the intended 15-year design lifetime of the new AOC, the enterprise responds
"yes" to this segment of the question in 1.1.

Although method one proves helpful for systems with a historical precedent, the DoD frequently
develops new systems for which there is no like reference. In these cases, method one would not
serve as a useful means to quantify TM. If an enterprise does not have a historical, relevant,
system in which to perform a market dynamics comparison, it is suggested the enterprise
following method two.

Method two involves conducting market research and customer interviews to analyze the market
using the Porter's Five Forces framework. The results of this analysis can be used to develop an
estimate for the timescale associated with changes to the system's environment or market
dynamics.

The Porter's Five Forces framework is depicted below in Figure 21.

Threat of New Entry
- Time and cost of entry
- Specialist knowledge
- Economies of scale
- Cost advantages
- Technology protection
- Barriers to entry

V

Supplier Power
- Number of suppliers
- Size of suppliers
- Uniqueness of service
- Your ability to substitute
- Cost of changing

Threat of Substitution
- Substitute performance
- Cost of change

Competitive Rivalry
- Number of competitors
- Quality differences
- Other differences
- Switching costs
- Customer loyalty

Buyer Power
- Number of customers
- Size of each order
- Differences between

competitors
- Price sensitivity
- Ability to substitute
- Cost of changing

Figure 21: Porter's Five Forces (Mind Tools. 2019)
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Depending on the nature of the system, research associated with "competitive rivalry" should not
be exclusive to domestic and international competitors, but should also include adversaries. If the
enterprise is developing a weapon's system, for example, primary research should focus on the
number of adversaries and the capabilities of those adversaries. Secondary research could be
conducted on the differences between competitors (e.g., Boeing, Lockheed Martin, and
Raytheon). However, if developing a pay system for DoD employees, understanding adversary
systems would be less important than researching the competitive IT market related to financial
management systems.

In addition to forecasting TM, the second segment of the question in diamond 1.1 requires users
to determine the timescale for obsolescence in the technology base of the system. A literature
review on the topic reveals a useful formula for answering this segment of the question. The
below formula, adapted from (Saleh, et al., 2002), captures time to obsolescence and the "H
Vector" of a design. The formula is also explained in detail using text from (Saleh, et al., 2002).

H = obs   obs2, obs,
H= , ,...,I

TDL TDL TDL

"Where Tobs represents Time to Obsolescence, we define the H vector of a system
with a design lifetime of TDL as follows:

H characterizes the exposure of the design to problems of component obsolescence,
starting from the time the system is fielded. A system is unaffected by obsolescence
problems if Hi ~ 0(1), i.e., is of the order of 1, for all i. In other words, all
components have similar Time to Obsolescence to the system's design lifetime.
When this is not the case, H allows program managers to identify problem
components that are likely to become obsolete early in the system's operational life,
that is, for which Hi « 1, and to take actions in order to mitigate the risk of early
component obsolescence." (Saleh, et al., 2002)

(Saleh, et al., 2002) also provide the following micro-level example of applying the above formula
to a subsystem on the Boeing 777.

"In the case of the Boeing 777 and the Intel 80486 in its Flight Management System
(FMS), it is well known that Intel introduces major product improvements on the
market every sixteen to twenty-four months. The price of the current product is
reduced when the new product is introduced; then, as the market assimilates the
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new product, the older product is typically phased out in three to four years.
Assuming the 777 will remain in service for thirty years, then:

Hp~ z3= 0.1
30

It is therefore clear that the processor will become obsolete during the aircraft's
operational lifetime (assuming all else remaining constant, the processor will be
lagging ten generations behind the technology leading edge by the time the aircraft
is consigned to storage). Upgrade opportunities that offer improved or new
functionality will therefore become available. The aircraft's FMS should be
designed in a way to accommodate changes in a timely and cost-effective way, that
is, flexibility should be embedded in the design of the FMS." (Saleh, et al., 2002)

To validate the decision framework, the above formula will be applied to macro-level
components and/or subsystems of DoD systems.

In the following hypothetical example, an enterprise is evaluating Ttech, i for the design of a new
AIM-9X Block IV Sidewinder Missile. The enterprise expects the missile to have a TDL of 15
years. The enterprise breaks out each major component of the AIM-9X as shown in Figure 22.

Guidance
Control Electronic Safe Fin Actuation

Subsystem & Arm Subsystem

Cryoengine Rocket

Warhead Motor

Figure 22: AIM-9X Subsystems adaptedfrom (Global Data, 2019)

Through detailed research, the program office determined rocket motors are stable pieces of
technology. The current state-of-the-art rocket motor being used for the Block IV could last 16
years before a major improvement is introduced to the market. Setting up the equation for this

component, as shown in, Figure 23 reveals Hrm~ = 1.07. It is clear the rocket motor should

not become obsolete during the missile's operational design lifetime. There is no need to imbed
flexibility into the design of the rocket motor. The enterprise then examines the warhead. The
Block IV aims to use a new insensitive munitions warhead. The warhead could last 17 years
before a major improvement is introduced to the market. Setting up the equation for this

component, as shown in Figure 23, reveals H.z1 = 1.13. It is unlikely the warhead will
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become obsolete during the missile's operational design lifetime. As such, there is also no need
to embed flexibility into the design of the warhead. The enterprise then explores the guidance
control unit. Despite the fact that the Block IV will incorporate an advanced Imaging Infrared
seeker, the enterprise determines major adversaries make improvements to their Infrared Counter
Measure (IRCM) systems every seven to eight years. Setting up the equation for this component,

as shown in Figure 23, reveals HgcZ = 0.47. It is clear the guidance control unit could become
15

obsolete during the missile's operational design lifetime. More advanced adversary IRCM
capabilities would limit the usefulness and accuracy of the Block IV's seeker and Infrared
Counter Counter Measure (IRCCM) technology. Therefore, the enterprise may want to embed
flexibility into the electronics component of the guidance control unit and allow the IRCCM
technology to be reprogrammable, for example. Regardless, the enterprise would proceed
through the remaining components of the AIM-9X in a similar manner and respond "yes" to this
segment of the question.

Guidance
Rocket Motor Warhead Control

Unit

16 17 7

15 15 15

Figure 23: Hypothetical H Vector ofAIM-9X

The next question in the framework is located in a green diamond labeled 2.0. This question
refers to whether the enterprise understands where the uncertainty will come from. If the
enterprise has a deliberate understanding of the uncertainty, the answer is "yes" and the user is
directed to an options approach. An options approach reduces risks for known unknowns.

Alternatively, if the enterprise recognizes uncertainty exists (e.g., based on the long timeframe
associated with TDL), but cannot anticipate the circumstances surrounding the uncertainty, the
answer is "no" and the user is directed to an adapt approach. An adapt approach reduces risks for
unknown unknowns.

In the following example, an enterprise is developing a mobility vehicle with the capacity to seat
12 personnel and nine cubic feet of equipment. Through conversations with the lead Major
Command (MAJCOM) and warfighters, the enterprise recognizes user needs may change
throughout the mission. Specifically, there is an indication the vehicle will require less personnel
capacity and more equipment space. In this example, the enterprise obtains a deliberate
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understanding of the uncertainty and can build in the option to easily remove seats in order to
reduce personnel seating capacity and increase equipment capacity.

The final step in the flexible design path of the decision framework requires answering a
question in a green diamond marked 2.1. The question directs the user to calculate whether the
lifecycle cost of embedding flexibility into the system is greater than replacing the system.
Highlighted in the literature review, there can be additional complexity for designing flexibility
into a system. The additional complexity may result in cost penalties during the initial
development of the system. Therefore, it is possible an enterprise can build a static system and

replace that static system before it becomes obsolete for a lower total ownership cost than the
cost of one flexible system. When responding to this question, it is important to note that there
are additional tangential impacts to consider such as the cost of retraining the end user on a
second optimized system or the risk'of a schedule slip to the second optimized system. These
additional costs need to be factored into answering the question.

In a typical DoD program office, answering the question in 2.1 would require the assistance of a
cost analyst or cost estimation team. Depending on the enterprise's resources, a prime contractor
may also assist in pricing out the contrasting design options. While the DoD has extensive
experience estimating the lifecycle cost of static systems, less emphasis and training has been
placed on evaluating the cost of flexible systems. However, over the last two decades, several
scholars have developed methods for valuing flexibility. In addition to traditional approaches
using Net Present Value or Discounted Cashflows, (Casanova, et al., 2016) introduce a binomial
lattice pricing model that places a numerical value on design options. (Saleh, et al., 2003)
suggest a different tool for capturing the value of flexibility. They use a concept coined Decision
Tree Analysis (DTA) and demonstrate application of the tool to both nonprofit and commercial
on-orbit systems. Finally, (Kalligeros & de Weck, 2004) take a third approach. They use standard
options valuation theory and optimization techniques to value the design of an Exploration
Headquarters for British Petroleum in Aberdeen, Scotland.
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4 Research Method and Approach

4.1 Methodology

In order to inform the usefulness and understandability of the system design framework outlined
in Figure 20, I conducted interviews with ten Air Force FGOs. Candidates were selected as
participants in the research based on their experiences in the DoD. A typical Air Force FGO has
a minimum of ten-years time-in-service; some FGOs have accumulated over 20 years of service
in the military. Many engineer and acquisition coded FGOs have worked with over five distinct
systems at varying decision-making levels. By targeting this segment of officers, I was able to
obtain feedback from individuals who have demonstrated an understanding on many different
types of systems that will be discussed further in section 4.2.

All participants received a two-page thesis primer (Appendix B) approximately one week prior
to the interview. Interview candidates also signed a consent to participate form that indicated the
voluntary nature of the interview, lack of compensation for participation, and the fact that the
interview would not be recorded. Finally, interview participants were notified their names would
not be identified in the thesis.

Nine of the ten interviews were conducted in person. The remaining two interviews took place
over the phone. All interviews were conducted individually and each interview lasted
approximately one hour.

Each interview began with four demographic questions and progressed through the aid of a
PowerPoint presentation 4 (Appendix C). Following the demographic questions, each participant
received the same introduction and definition of the following terms: static design, optimized
design, robust design, flexible design, options design, and adapt design. After each participant
confirmed an understanding of the terms, the session proceeded with a serial walkthrough of the
framework's decision steps. Feedback was gathered at each step and specific questions were
asked both during the walkthrough and at the conclusion of the walkthrough. The voice track of
the presentation and associated examples reflected similar language to the material in section 3.1
of this thesis.

Figure 24 displays the questions asked during each interview.

4 The final System Design Framework in Figure 20 is different from the original framework used for each interview.
Specific differences include the number scheme, the layout, the statements in Figure 20's diamonds labeled 1.1 and
3.0, and the language used for TM and Trech, i in the key. Modifications to the final System Design Framework
shown in Figure 20 were made based on feedback from the ten interviews.

© 2019 Kelly A. Chiverton 62 MIT SDM Thesis



Before Presentation:
> How many years of experience do you have in a program management role in the Air Force?

> How many years of experience do you have in an engineering role in the Air Force?

> Do you have any Air Force experience in other roles?

> Can you describe the different levels of experience in which you have worked (e.g., Program Office
Level, SAF/AQ, etc.)?

During Presentation:
Diamond 1.0
> Do you have suggestions for more appropriately assessing "capability"?

> In your experience in the Air Force, who would answer this question?

Diamond 3.0
> In your experience in the Air Force, is the design lifetime of a system something discussed prior to

development?

Diamond 1.1
> Do you have any suggestions for how to better assess market dynamics?

Diamond 2.1
> Based on your experience in the Air Force, who would calculate the cost for each type of system?

After Presentation:
> Can you point out any portions of the framework that are confusing or incorrect?

> Do you have recommendations for making the framework more understandable?

> Do you know of offices in the Air Force where people make these kinds of decisions?

> In your opinion, who should be worrying about this topic? The Chief Engineer at the program office

level? The Program Manager at the program office level? SAF/AQ?

> Does the framework appear to be a useful tool for an Air Force program office responsible for
designing, developing, and fielding a system? Why or why not?

> Are there certain Air Force program offices where the framework would be more or less applicable?

> Where do you think is the best place to teach this framework?

> Can you think of a program you have worked on where this framework would be applicable? If so,
walk me through the framework at a very high level so we can talk through how this would be applied
and identify any potential weaknesses in the framework.

Figure 24: Interview Questions
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4.2 Profile of Interview Participants

The ten candidates I interviewed had a collective 70 years of DoD experience in program
management roles and 83 years of DoD experience in engineering roles. The interview
participants held air force specialty codes (AFSCs) of either 63A (Acquisition Manager) or 62E
(Developmental Engineer) for the majority of their time in the Air Force. Several FGOs had
career broadening tours. These interview candidates brought experience from Missile Operations
(13N), Air Battle Management (13B), Officer Training School (81T), Financial Management
(63F), and Cyberspace Operations (17D).

Many of the interview participants had Air Force assignments in other DoD agencies to include
the Defense Threat Reduction Agency (DTRA), the National Geospatial-Intelligence Agency
(NGA), the National Reconnaissance Office (NRO), the National Security Agency (NSA), and
the United States Navy (USN).

In addition to working in System Program Offices (SPOs) at the Air Force Life Cycle
Management Center (AFLCMC), Air Force Research Lab (AFRL), and SMC, five interview
participants held Program Element Monitor (PEM) positions with SAF/AQ, four candidates
worked at either the squadron or wing level for test engineering, four participants served in
positions at the Program Executive Office (PEO) level, one interview candidate worked at Kessel
Run, and one candidate served in a legislative liaison role.

Finally, the following list demonstrates a subset of the programs the interview candidates
developed and sustained: aircraft hardware; aircraft software; air operations center information
technology; battle management systems; command, control, & communication technology;
Global Positioning System (GPS) user equipment; intelligence sensors; intelligence satellites;
meteorological satellites; nuclear power plants; radars; small launch vehicles; and UAVs.
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5 Summary of Results

5.1 Interview Responses

This section summarizes the interview responses from the ten participants. It does not restate
each individual response to the 13 questions, but accurately captures the primary feedback
provided by the collective group of candidates. Participants are not referred to by name in order

to maintain anonymity.

After reviewing the content in diamond 1.0, participants were asked to provide additional

suggestions for assessing an enterprise's capability to make changes to a system after

deployment. Initially, most interview candidates confirmed the current suggestion of funding,
personnel, equipment, and schedule is sufficient. A few participants discussed other variables to

include political power, knowledge, and authority/scope. Through further exploration of the

topic, we determined political power would be subsumed by funding and the desire to make
changes to the system. In examining "people", we resolved that the enterprise must consider
more than the number of personnel. "People" encompasses the ability to obtain the correct

number of employees with the requisite skillsets to design, develop, and appropriately modify the

system. Finally, we agreed authority/scope would coincide with leadership's desire to make
changes to the system after deployment and get appropriately inserted into the necessary

congressional justification documents (e.g., R-Docs). At the conclusion of discussions, each
interview candidate confirmed satisfaction with the original variables.

Several interview participants attempted to find weaknesses in this decision step and prompted
discussion of the following questions that will be addressed in section 6.1:

> What if the enterprise does not have the correct number of people, the right equipment, or

enough funding, but the desire to make modifications is so strong they are willing to take

a risk and build a flexible system?
> What if an enterprise answers "no" to the questions in diamond 1.0 and proceeds to a

static system, but during sustainment of the static system, they discover significant
modifications need to be made to keep the system relevant and current with emergent

technology?

After focusing on the first half of the question in diamond 1.0, interview candidates were asked

to identify the decision-making body in the Air Force that would assess whether the enterprise

has the desire to make changes to the system after deployment. Responses consistently pointed to

a collaboration between the end users/warfighters, the lead command, and the requirements
sponsor for the system (e.g., the MAJCOM). Several participants also suggested collaboration
would need to include SAF/AQ and the program office. Ultimately, participants concluded the
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decision-making body will vary based on the nature/type of system and its dollar value. A
comprehensive answer to this question is addressed further in section 6.1.

As the interview progressed to an overview of diamond 3.0, participants were asked if "design
lifetime" of a system is something discussed and identified prior to development. This is a
crucial question because two sections of the framework depend on the identification and
accuracy of a system's intended design lifetime. Every candidate with SPO-level development
experience confirmed a system's design lifetime is addressed before development. In many
experiences, this timeframe is initially informed by the requirements sponsor/end user,
developed by the engineering staff, and levied on the contractor.

Several interview participants identified a weakness in using this variable in the decision
framework. They highlighted that design lifetime is not always accurate and frequently
underestimated. Specifically, the Air Force operates many satellite systems (e.g., Block IIA, IIR,
and IIR-M satellites in the GPS constellation) and major weapons systems (e.g., A-10, F-16, F-
15) for a much longer period of time than originally intended. In many cases, the Air Force
struggles to provide an accurate design lifetime because of the difficulty in predicting the future.
Sometimes schedule delays prevent the on-time fielding of a follow-on system, requiring the
operational system to remain in sustainment longer than expected. Other times, Congress acts to
keep systems in service to avert factory shut-downs within their districts. A response to this
observation is explored further in section 5.2.

Following a discussion of diamond 3.0, the interview shifted to diamond 1.1. Interview
participants were asked to provide suggestions for better assessing market dynamics. Each
participant confirmed the two methods in the framework appear sound. Approximately half the
interview candidates were aware of the Porter's Five Forces framework prior to the interview;
the other half learned the framework during the interview and found it useful. Many participants
provided insights to supplement and enhance the framework. These comments are summarized
below:

> Several participants suggested modifying Porter's Five Forces to more appropriately fit
the types of systems created by the DoD. They highlighted how the category
"competitive rivalry" could be applicable to IT, business enterprise systems, and
computer environments. Historically, competitive forces and rivalries play an important
role in how the Air Force leverages commercial technology. However, suggestions were
made to tailor this category to "adversary rivalry" for other types of systems (e.g.,
weapon's systems) where adversary capabilities are more important than domestic or
international competition. This feedback was accepted and captured in section 3.1.

> In line with the previous point, one interview candidate highlighted how all five
categories of Porter's Five Forces may not always be relevant for estimating the
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timescale for market dynamics. This FGO provided an example of working at the RCO,
where a significant portion of the portfolio focuses on building capabilities that do not
already exist. As a result, market research is used extensively to shape the design strategy
of RCO-developed systems. While market research teams spend considerable time
understanding supplier power, adversary capabilities, and threats of substitution, buyer
power remains an irrelevant area of research because the RCO rarely purchases off-the-
shelf capabilities, supplies, and/or materials.

> Several participants brainstormed other analytic planning tools, such as the strengths
weaknesses opportunities threats (SWOT) analysis. Each candidate concluded Porter's
Five Forces was most appropriate for the context of determining market dynamics.

> Many interview candidates highlighted the importance of looking beyond the domestic
landscape when conducting market research in line with the Porter's Five Forces
framework. Depending on the nature of the system and technology being used, exploring
the progress of international governments and commercial entities can be a valuable
source for improving the accuracy of the market dynamics estimate. However, looking at
internal market research should not be underestimated. Market research teams should be
adequately trained to scour domestic labs and gather data on the science and technology
developed within the US's government community.

> One participant emphasized the DoD's limited existence of inbound marketing practices.
The military tends to rely on a formal needs procedure for processing requirements
through the Joint Requirements Oversight Council (JROC), but stops short of conducting
extensive market research. Increased education and training in the area of market
research may be necessary to ensure the DoD is capable of carrying out this decision-
making step.

> Several interview candidates stressed the difficulty in predicting the future market
dynamics of a system. It was concluded that in the absence of concrete information, the
enterprise will have to make an estimate based on reasonable judgement.

The next interview question took place after explaining diamond 2.1. The question asked
candidates to look at their experiences across the Air Force and determine who would calculate
the cost estimates required to compare the flexible system against the series of static systems.
Most responses pointed to a collaboration between the SPO-level cost analysts and subject
matter experts (e.g., engineering staff). Depending on the arrangement of the program office, the
information could also be validated at a higher level (e.g., SAF/AQ or SAF/FM) or through the
prime contractor's independent estimate.

All participants agreed there are additional tangential impacts to consider when building the cost
estimates. Risk (e.g., schedule slips), training costs, and logistics costs were the primary areas
discussed as supplementary inputs necessary to shape this decision. This feedback is captured in
section 3.1.

© 2019 Kelly A. Chiverton 67 MIT SDM Thesis67



Finally, a few participants noted the degree of resources required to appropriately respond to this
question. For a start-up program office not yet staffed for development or for a well-established
SPO managing a portfolio of multiple systems, developing these cost estimates may prove
cumbersome and take several weeks or months to carry out. This is a clear limitation of the
framework, discussed further in section 5.3.

After walking through the framework, diamond by diamond, interview candidates were asked a
series of general questions.

The first general question solicited feedback on portions of the framework that are confusing or
incorrect. Interview candidates were also asked to provide recommendations for making the
framework more understandable.

In terms of identifying mistakes in the framework, the first interview candidate pointed out an
incorrect use of the logic tree for decision 1.1. The error was fixed immediately after
identification and confirmed as valid by the remaining participants.

Several participants noted inconsistences for measuring the variables in decision 1.1. The
original framework indicated the enterprise needed to determine the rate of change in market
dynamics and rate of change in technology and compare those figures to the design lifetime.
Users were asked to equate rate of change in time against time, two unequal units. This
inconsistency was fixed in section 3.1.

Many of the candidates spent considerable time analyzing the sequential relationship between the
question in 1.0 and the question in 1.1 in order to determine whether the two decision points
were placed in the correct order. Each candidate concluded the order is valid.

When asked to identify confusing portions of the framework, approximately half the participants
self-identified as understanding the framework before I walked them through each step. The
other half acknowledged many terms, variables, and decision points were initially confusing, but
understandable after the in-depth walkthrough presentation I delivered. As one Officer
explained, "there is no way you can hand this to someone and say 'go', but the framework is
very straightforward with the appropriate level of instruction" (Officer, 2019). This comment
highlights a recurring theme of training that will be further explored in a subsequent interview
question and in section 5.2.

Another area some participants noted as confusing involves the characterization of flexible
design. After walking through the AIM-9X example, also detailed in section 3.1, several
interview candidates discussed how a flexible approach does not mean every component in the
system is flexible, but only that some components contain flexible design attributes while other
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subsystems contain static design features. This is a valid point, that should be incorporated into
training.

Finally, many interview participants provided feedback for making the framework more
understandable. Below is a summary of those suggestions:

> The loop back from diamond 2.1 back to static design could use an interim step that
involves calculating the value of the different options from a long-term perspective. This
feedback was incorporated by expanding the definition of "cost" in diamond 2.1.

> Many participants asked where the framework fits into the acquisition cycle/process and
emphasized the importance of identifying when the enterprise needs to use this tool. Most
interview candidates noted the framework was clearer after the realization that it is a pre-
milestone (MS)-A exercise. However, these same participants continued to stress the
importance of figuring out the specific acquisition document or engineering task that
dictates the requirement to start walking through the framework. This topic is discussed
further in section 6.1.

> In line with the previous suggestion, most interview participants expressed the
importance of identifying the entity responsible for answering each decision point in the
framework. Many FGO's suggested complementing the ACAT decision authority chart
found in Enclosure 1 of DoD Instruction (DoDI) 5000.02. One candidate proposed using
a stakeholder classification model such as DACI (Driver Approver Contributor Informed)
or RACI (Responsible Accountable Consulted Informed) to categorize the role for each
level in the enterprise at each decision step. This topic is discussed further in section 6.1.

> A few interview participants noted the visual imbalance of the original framework layout
and suggested moving the static design box onto a parallel plane with the flexible design
box in order to prevent users from assuming the framework placed emphasis on the static
design options. This feedback was incorporated in section 3.1.

> An interview participant with experience in sustainment suggested official documentation
dictating the outcome of the design framework that stays with the life of the program.
This could negate the problem in which a sustainment office is directed to modify a static
system, without fully recognizing the system is static and without a proper understanding
of the high cost and technical difficulty of modify static systems.

After providing the above feedback, interview candidates were asked to identify offices in the
Air Force where people already make the types of decisions present in the framework. The
majority of interview participants alluded to the fact that many SPOs touch on similar decisions.
One Officer discussed his experience with Air Force software systems, describing the design
decisions the engineering team evaluates with regards to modularity and open architecture.
Another Officer expressed how the RCO focuses on several of the framework concepts, without
using the same terminology. Finally, a third FGO with experience in the NRO mentioned a
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comparable decision cycle conducted during early system design that focuses on available
materials, sensors, and technology. However, all interview candidates agreed current decision-
making processes are not carried out through a series of methodical tradeoffs between value, user
needs, and the future operating environment.

Overall, it was greatly acknowledged that program offices do not make a concentrated effort to
address all of the decisions present in the framework. As a result, acquisition programs fail to
develop systems that represents the most cost effective and responsive design given an
understanding of each system's future market needs, rate of technology change, and potential
operating environments. As one FGO explained, "most program offices should be making these
decisions, but in the absence of a well-defined framework, their design choices are executed in
the dark." (Officer, 2019).

Following the discussion on what offices make the decisions present in the system design
framework, interview candidates were asked who should be worrying about this topic. Responses
to this question varied. Most participants pointed to the MAJCOM, because they own the
mission. Other participants emphasized the importance of SAF/AQ or a higher headquarters
level in conjunction with the MAJCOM as the former creates acquisition policy and the latter
defines the requirements that will shape the decisions in the framework.

Several FGOs commented that everyone in the chain needs to worry about this topic. As one
Officer highlighted, the program office executes the design, so they need to make sure the
decisions are feasible from an engineering, logistics, program management, and resources
perspective. In many cases, the MAJCOM obtains the funding and defines the requirements.
They play a large role in shaping the decisions along the framework's path. Finally, SAF/AQ
coordinates with the JROC and entities that leverage the requirements. These two offices need to
be aligned with the rest of the chain because they make decisions that affect the framework and
also help to communicate the system's overall vision to Congress, OSD, and higher
headquarters. Involving the end user is also critical to ensure the chosen design approach meets
user needs.

In a similar response, another FGO suggested the framework initially be addressed from the top
down. First, OUSD(A&S) should generate policy that formally introduces the framework and
guides the Air Force or DoD to implement it in the current acquisition process. In conjunction
with this step, the Defense Acquisition University (DAU) should stand up training to educate the
acquisition and engineering force on how to properly address each step throughout the decision
framework. Finally, the end user, program office, MAJCOM, and SAF/AQ should collectively
work to address the framework. Depending on the question, different entities throughout the
chain will have decision making roles, while others will merely be informed of the decisions.
Regardless, all stakeholders should be involved.
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Although the collective group of candidates did not come to the same consensus for answering

this interview question, each participant introduced well-thought out points backed by sound

rationale. It is evident a robust response to this question could be explored by policy makers

within the Air Force or DoD.

After contemplating who should worry about the system design framework, interview candidates

were asked whether the framework appears to be a useful tool for an Air Force program office

responsible for designing, developing, and fielding a system.

All interview participants unanimously agreed the framework is useful, but many candidates

followed their response with a caveat. Below is a list of those caveats:

> As long as the framework is addressed at the correct time within the acquisition cycle.

> Providing the decisions are well-documented and transferred to each follow-on office

(e.g., from the development SPO to the sustainment SPO). Each organization will have to

understand the results and live with them.

> Only if the necessary number and mix of resources with the appropriate levels of training

are imbedded in the offices making each framework decision. Significant upfront effort is

required to gather the right level of information to make well-informed decisions and also

to competently answer the questions in each decision step.

> Given decision makers understand sacrifices may need to occur in the short-term in order

to achieve long-term cost savings. This is particularly true if the framework directs the

enterprise to a flexible design approach that carries cost, schedule, or performance

penalties during the system's initial development effort.

In addition to providing caveats, several interview candidates supported their response with the

following clarifying comments:

> One FGO explained, "The framework establishes a deliberate thought process to make

decisions and recognizes the need for change. As the world evolves to using more

software-centric systems, addressing change and actively weighing the value of

flexibility is important. As we move to a highly adaptive world, we need more

frameworks to determine where to put the layers of abstractions and recognize where to

imbed the option for needed changes." (Officer, 2019).
> A different Officer stated, "I think the framework is a useful tool to help a program office

understand what they are doing and to defend why they are doing it. The framework will

help programs advocate to higher levels of leadership." (Officer, 2019).
> A third interview candidate offered, "It seems like a useful tool to get folks to start

thinking about design approaches other than an optimized design. Current DAU
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education tends to direct the Air Force towards optimization. The framework is also a
helpful way for the program office to convey, in a meaningful manner, why they chose a
certain approach. It will allow the Air Force to recognize any penalties, but also show the
potential upsides of a design strategy. The Air Force struggles with outbound marketing
and the framework could help in this area." (Officer, 2019).

> Finally, a candidate with an extensive background working Air Force sustainment
programs acknowledged the importance of the framework by explaining how the Air
Force has historically failed to deliberately identify whether a system is built to be static
or flexible. As a result, inherently static systems are developed without the community's
understanding that the systems are prohibitively expensive and time consuming to
modify. Instead, efforts from the users, requirements community, and lead command will
dictate changes to the systems in order to maintain each system's relevancy. In turn, the
Air Force acquisition community will waste considerable time, money, and resources
attempting modifications that do not meet the user's desired end state. Sometimes, a
decision is finally made to build a new system. Other times, the Air Force is reluctant to
allocate additional money to a new system after such a significant amount of resources
were expended trying to modify the current system, leaving users with an antiquated
system that fails to fully meet warfighter needs. If implemented correctly, the framework
should eliminate this problem.

At the conclusion of the discussion on usefulness, interview candidates were asked to identify
Air Force program offices where the framework would be more or less applicable. Most
participants affirmed the framework appears robust enough for use across most systems and their
associated program offices. Individuals with experience outside the Air Force (e.g., NRO, NGA,
etc.) determined the framework could also be used in other DoD agencies.

Several Officers stated that innovative, flexible program offices such as Big Safari, Kessel Run,
or the RCO are perfect test beds for the model. Another FGO suggested that although new starts
represent the optimal place for walking through the decision steps, sustainment offices
attempting system modernization could also benefit from the framework. A third interview
candidate with experience working space systems held the opinion that SMC is a forward leaning
organization and would likely be open to adopting the new process.

Although most Officers had trouble selecting a system or program office where the framework
would not work, one FGO remembered experience purchasing gliders for the Air Force
Academy and suggested programs performing pure commercial-off-the-shelf (COTS) purchases,
such as the academy gliders, would have no need for the framework.

After discussing the System Design Framework's applicability, interview candidates were asked
to reflect on the best way to teach the model. Every FGO recommended DAU. Most suggested
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teaching the framework in the initial ACQ 101 course and also advocated refresher instruction as
part of the capstones (e.g., PM 352b) for both Program Management and System Engineering
Level's 1, 2, and 3. They highlighted the importance of teaching the model upfront and early to
newly commissioned acquisition officers, but also emphasized the value of continued education
and reinforced training throughout an officer's career. For example, most Materiel leaders
complete Level 3 capstone classes. Incorporating refresher framework training in the Level 3
capstone would ensure officers in leadership roles are well positioned to enforce the model and
correctly mentor the rest of the acquisition workforce on how to execute the framework.

One Officer commented that on top of DAU, several organizations (e.g., SMC and LCMC) have
an Acquisition Center of Excellence that could prove to be helpful secondary centers for training
the workforce. Kessel Run also imbeds DAU professors that are currently trying to revamp the
acquisition curriculum. An FGO offered that Kessel Run professors would likely latch onto the
framework as a valuable new educational tool.

Finally, many Officers stressed the benefits of both top-down and bottom-up training.
OUSD(A&S) could address the framework from a policy and requirements standpoint. They
represent a necessary higher leadership level for introducing the framework to the workforce and
helping it gain traction across the DoD. From a bottom-up standpoint, positioning posters of the
framework throughout SPOs and ensuring the model is used as a best practice within program
offices is another helpful approach.

For the last interview question, participants were asked to conduct a high level walk through of
the framework using a system they worked on during their time in the Air Force. The goal of this
question was to identify weaknesses in the framework. It was noted that a proper walkthrough of
the framework requires significantly more resources and time than allocated during the
interview. As a result, some of the response may contain inaccuracies. The following
summarizes responses from three Officers:

Response A:
System - Lockheed Martin F-35 Lightening II Joint Strike Fighter Program
Background - The F-35 program is a joint DoD program intent on fielding a common family of
fifth generation, multi-role fighter aircraft. As of 2016, the F-35 served as the DoD's largest
cooperative acquisition program, with eight international partners participating with the United
States for development, production, sustainment, and follow-on development. The program is
considered an ACAT I Major Defense Acquisition Program (MDAP). The Defense Acquisition
Executive (DAE) serves as the Milestone Decision Authority for the Joint StrikeFighter
program. The Service Acquisition Executive Authority alternates between the Department of the
Air Force (DAF) and the Department of the Navy (DoN). (Winter, 2016).
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The following responses were provided as the interview candidate walked through the system
design framework. The Joint Strike Fighter has already been fielded, so most of these answers
were conducted in hindsight. The walkthrough is visually depicted in Figure 26.

1.0 - The candidate started in diamond 1.0 and recognized the enterprise has the capability and
desire to make changes to the system after deployment. The DoD made an enormous resource
investment in the F-35; given the high-level, international importance of this program, the DoD
will ensure the necessary funding, personnel, equipment, and schedule are available to support
potential future modifications. In line with historical precedence set by other fighter aircraft
development programs, the DoD has the desire to make changes to the F-35 system in order to
ensure it remains capable against adversaries.

Based on this answer, the interview candidate was directed to diamond 1.1 of the framework.

1.1 - In terms of TM, the interview candidate recognized TDL is expected to be greater than TM.
The enterprise's response to this segment of the question could be formulated using method one,
which involves researching the historical rate of change in the environment or market dynamics
of a comparable system that has already been fielded. In the case of the F-35, the enterprise
could look to the F-16, A-10, F-22, F/A-18, and AV-8B.

The interview candidate also recognized TDL is expected to be greater than Te,, i. Due to the
extensive number of subsystems present in the F-35, the interview candidate did not conduct the
exercise of breaking out the Tobs for each subsystem and comparing each figure to the system's
TDL. However, the FGO highlighted that specific subsystems such as the avionics and navigation
software, sensors, distributed aperture system, and electro optical targeting system will likely
become obsolete during the lifetime of the aircraft and therefore require flexible system designs.
The candidate also noted that based on the complexity of the platform, it may be beneficial to
conduct one iteration of the design framework walkthrough against the airframe/hardware and a
second iteration of the design framework walkthrough against the electronic subsystems.

Based on the answer to diamond 1.1, the interview candidate was directed to diamond 2.0.

2.0 - The candidate explained the circumstances of uncertainty are known for many of the
subsystems. For example, based on the rate of change in optics and processing power, some of
the sensors become obsolete every 18 months to two years. As a result, building in the option to
upgrade the processing power would be beneficial. However, it was also recognized that based
on the extensive number of roles the platform is expected to fulfill, the length of time the system
will remain operational, and the future uncertainty around adversary capabilities and
environments, some circumstances of uncertainty for the F-35 system are not known. The

© 2019 Kelly A. Chiverton 74 MIT SDM Thesis



interview candidate acknowledged the system was built using a platform approach across the
three different variants. This could be helpful for future unknown unknowns as well.

2.1 - The candidate could not provide a response to this question without additional resources.
An assumption was made that the cost of imbedding flexibility into the system is smaller than the
cost of replacing the system.

Based on this response, the interview candidate was directed to an options and adapt design. The
candidate agreed with this conclusion, explaining how the attributes of each design approach
would allow the DoD to more easily respond to new missions and threats, some of which the F-
35 program office can anticipate, and some of which the F-35 program likely cannot anticipate.
Given the F-35 is already fielded, the interview participant offered the knowledge that many F-
35 subsystems were built with architecture characteristics supporting a real options design
approach. However, without the guidance of the System Design Framework, it is possible
instances of overly-complex designs and/or limited designs exist.

Response B:
System - Replacement Surveillance Radar for the Boeing E-3 Sentry Airborne Warning and
Control System (AWACS)
Background - The E-3 Sentry AWACS is an all-weather surveillance, command, control, and
communications aircraft developed in the 1970s. The aircraft is based off the Boeing 707, which
is no longer in production. The E-10 MC2A was originally intended to replace the E-3 Sentry,
but the program was canceled by the DoD in 2007 based on competing budget priorities. As a
result, the United States began a series of incremental improvements to increase the performance
standards of the E-3 Sentry aircraft. One improvement includes replacing the surveillance radar.

(Air Combat Command, 2015).

The following responses were provided as the interview candidate walked through the system
design framework. The walkthrough is visually depicted in Figure 27.

1.0 - The candidate started in diamond 1.0 and recognized the DoD may have the capability to
make changes to the system after deployment, but the enterprise does not have the desire to make
changes to the system after it is fielded. This answer is based on the fact that the radar is intended
to be one of the last upgrades on a platform that will eventually be replaced by a new system.

Based on the answer to diamond 1.0, the interview candidate was directed to diamond 3.0.

3.0 - The interview participant concluded the level of confidence in which the radar's operating
environment will remain fixed throughout TDL is moderate to low. The radar is a final service life
extension for the platform, which is estimated to remain operational through 2035. Today, the E-
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3 Sentry is primarily used for operations supporting efforts in the Middle East. However, in the
next 15-20 years, operations could shift to alternate environments, against different adversaries
and different surveillance collection requirements.

Based on the answer to diamond 3.0, the interview candidate was directed to a robust design.
The participant agreed this conclusion made sense given the end-of-life assumptions of the
system's E-3 Sentry platform. However, the candidate noted there could be a desire to use the
surveillance radar on other platforms or for alternative purposes. More extensive market research
would need to be conducted to solidify the future use cases for the radar. If there are expectations
of using the radar for additional purposes other than the E-3 Sentry, there could be a desire to
embed flexibility into the system, a logical approach given the system's extensive design
lifetime.

Response C:
System - Northrop Grumman Minotaur VI Rocket
Background - The Minotaur VI falls under the Air Force Orbital/Suborbital Program-3 contract,
which provides space launch services for a series of rocket launchers. The purpose of the
Minotaur VI is to launch government-sponsored payloads into space. The space launch vehicle is
an evolutionary version of the Minotaur IV and provides a combination of government motors
and commercial boosters. The Minotaur family of launch vehicles are managed by SMC. (Luchi,
2018).

The following responses were provided as the interview candidate walked through the system
design framework. The Minotaur VI has already been designed, so most of the candidate's
answers were conducted in hindsight. The walkthrough is visually depicted in Figure 28.

1.0 - The candidate started in diamond 1.0 and recognized the DoD has the capability to make
changes to the system after deployment. The Officer described the program office's cost
reimbursable funding approach, which accounts for the funding portion of capability. The FGO
also explained how the personnel, equipment, and schedule allocated to the program allow for
changes to the system after its initial fielding. In terms of desire, the FGO discussed the
enterprise's request for a cost-effective space launch solution and the need to send varying sized
payloads into different orbits (e.g., LEO). As a result, the enterprise does desire to make changes
to the system after it is initially designed/fielded.

Based on the answer to diamond 1.0, the interview candidate was directed to diamond 1.1.

1.1 - In terms of TM, the interview candidate recognized TDL is expected to be greater than TM.

The candidate initially struggled to answer this question because each rocket is developed for a
specific mission/purpose/payload and is usually launched within six to eight months after
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fielding. User needs do not change during this timeframe. However, the participant then
recognized TDL refers to design lifetime and acknowledged user needs will consistently change
during the ~ten+ year design lifetime of the rocket; each government launch mission is unique.

The interview candidate assumed TDL is not expected to be greater than Ttech, i. for any component
of the system. Specifically, the rocket motors, attitude control system, spacecraft separation
systems, fairings, and interfaces are not expected to become obsolete during the design lifetime
of the system.

Based on the answer to diamond 1.1, the interview candidate was directed to a flexible design.

2.0 - The candidate explained the circumstances of uncertainty are known. There is uncertainty
around the trajectory of the rocket launcher. The trajectory is based on whether a payload is
intended for LEO or High Earth Orbit (HEO) missions. There is also uncertainty surrounding
payload dimensions/weight specifications as each payload will have a unique size. Additionally,
the number of payloads could vary based on user needs. Finally, uncertainty exists around each
launch site, although this factor has a negligible impact on the design of the system.

2.1 - The candidate could not provide a concrete response to this question without additional
resources. An assumption was made that the cost of imbedding flexibility into the system is
smaller than the cost of redesigning a new system.

Based on this response, the interview candidate was directed to an options design.

In reality, the program office did go with a flexible options design approach. For example, the
vehicle was designed with switch options using the architecture principles of integrability. To
accommodate different sized payloads, the Minotaur VI uses a standard 92-inch diameter
spacecraft fairing, but the vehicle can be developed with an optional 110-inch diameter
spacecraft fairing. Both fairings can be assembled and integrated independently from the launch
vehicle stages and each fairing has the same standard interface of 38.81 inches (see Figure 25).
The Minotaur VI was also designed with an expand option of using a hydrazine upper stage for
multiple orbit altitude capabilities. Additionally, the system includes the option for launching
more than one payload using a Multiple Payload Adapter Fitting. Finally, the Minotaur VI uses
the architecture principle of scalability with an optional upper stage that provides up to 200 kg of
increased performance. (Luchi, 2018).
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5.2 Tactical Observations

This section provides an overview of observations drawn from the interview responses. The first

two observations result from the F-35 system design framework walkthrough. The remaining
reflections come from the collective group of interview candidates.

During the system design framework walkthrough of the F-35, the interview candidate

concluded it would be prohibitively time consuming for a single entity to break out the expected

time to obsolescence for each component of the aircraft, as required in decision step 1.1. Instead,
efficiencies would be gained if the framework was individually implemented against larger F-35
subsystems. This assessment is valid for many complex DoD systems.

In response to this observation, it was determined an enterprise can enforce the framework on
each distinct development group within an ACAT I program office. In the F-35 case, there was a

group working the aircraft's avionics, another unit designing the airframe, and a third entity
focused on engine acquisitions and integration. Each faction could have applied the framework

to the component of the aircraft they were tasked to design.

An alternate suggestion is to apply the framework to the different layers of acquisitions. One
group can focus on hardware, another on the control systems interfacing with the hardware, and

a third on software. The decision on how to apply the framework to a complex system should
vary based on the enterprise's organizational structure and the system itself; however, it is clear

the framework will be more manageable applied individually to components of ACAT I systems.

The second observation derived from the F-35 system design walkthrough relates to the results.

The interview candidate concluded the F-35 should use both types of flexible design approaches:
options and adapt. This appears to be a logical and acceptable conclusion based on the reasoning

provided by the candidate. The result is also reflective of the reality of the F-35's design.
However, if the framework walkthrough was individually applied to smaller subsystems or

components of the aircraft, it is less likely the framework would direct a user to two types of

design approaches, once again making the architectural design effort more manageable.

A third observation, evident from the literature review and collection of interview responses,
highlights an important point: flexible systems can contain static design components.

Specifically, an enterprise directed to a flexible design approach should recognize only some

components of the system will be designed using architecture principles that allow for cost
effective and timely modifications after system deployment. Alternatively, an enterprise directed

to a static system design must understand all components of the system will be static.

A final tactical-level observation relates to comments from interview participants regarding a
common Air Force issue in which schedule delays prevent the on-time fielding of a follow-on
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system. As a result, operational systems are forced to remain in sustainment longer than
expected. This problem was discussed extensively during the last interview question with a
candidate that conducted a high-level system design framework walkthrough on a meteorological
satellite. The candidate noted the satellite system was tightly coupled with associated ground
stations. The satellite was designed with flexible software components, but the ground stations
were designed under a static approach. A problem arose when the satellite's follow-on program
encountered significant schedule delays. The delays forced the operational satellite to remain in
orbit for over ten years, but the system was only designed with a three-year lifetime. Fortunately,
the program office was able to overcome some of the satellite's hardware failures and
accommodate life extensions to the system through advancements in the satellite's software,
which allowed for modifications while the system was in orbit. Unfortunately, significant issues
were encountered by the office trying to extend the design life of the static ground stations that
began to fail. Without the ability to modify the systems, the Air Force's only option was to scour
the market for obsolete replacement parts.

The system design framework could reduce the likelihood Air Force systems will encounter the
above problem. The framework forces an enterprise to make deliberate, well-informed decisions.
In the case of future ground station designs, a framework user could look to the above situation
and reach a new conclusion that there is a desire to modify ground stations after fielding. In
decision step 1.1, they would discover the time to obsolescence for various components can
exceed the design lifetime of the system, requiring flexible design options. With regards to the
replacement meteorological satellite, the program office would conduct market research in
decision step 1.1 and discover the historical situation in which a similar satellite was forced to
remain operational significantly longer than the original design lifetime. This could prompt the
office to implement additional options into the design of the new satellite, such as greater fuel
capacity, which was a problem factor excluded from design decisions of the original satellite.

5.3 Strategic Takeaways

In addition to tactical observations, a series of strategic-level themes and limitations emerged
from the interview responses. Most importantly, feedback from the ten interviews indicates the
proposed decision framework can be a useful tool for choosing the most cost effective and
responsive system design under a given set of objectives and uncertainties. In addition to
receiving verbal confirmation of the framework's usefulness from all ten candidates, each
participant who walked through the framework with a sample system effortlessly achieved a
logical outcome.

Several common themes resonated throughout the interviews. Without adequate attention, these
themes represent framework limitations. First, well-developed training is necessary to ensure
DoD personnel can competently apply the framework to a system. The training should
encompass a detailed explanation of how to respond to each decision step within the framework
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and real-life examples that enhance the framework's understandability. Additional education
should focus on the mechanics of successful market research, understanding Porter's Five
Forces, proper cost estimation techniques for flexible systems, methods for estimating a system's

time to obsolescence, and the strengths and weaknesses of each design decision. Within the Air

Force, these additional areas of training should be tailored to specific AFSCs (e.g., 62E Officers

should obtain training on methods for estimating a system's time to obsolescence, but not cost
estimation techniques for flexible systems).

Second, DoD headquarters must allocate the necessary number of resources, types of resources,
and schedule to each program office tasked to use the framework. The exact plus-up of personnel

and pre-MS-A schedule allocation will vary based on the complexity of the system. However, it

is clear several areas of the framework are resource intensive. Sections 1.1, 2.1, and 3.0 require
subject matter experts (e.g., engineers, intelligence officials, policy makers, cost estimators, etc.)

to derive well-formulated, accurate responses. Without the necessary resources, there is a risk the
enterprise will make inadequate assumptions, proceed down the wrong path, and choose a
system design that does not represent the most cost effective and responsive option under true
objectives and uncertainties.

Finally, in addition to higher headquarters support in the form of resource allocation and training,
the framework requires formal policy. Policy should standardize when to exercise the
framework, where to document the framework's decisions and final outcomes, and who
represents the framework's decision-making authority. Without formal policy, the framework
could fall under the category of "best practice" and get forgotten as military personnel transition
to new roles or retire. Standardization suggestions are offered in section 6.1.
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6 Discussion and Synthesis

6.1 Response to Interview Findings

This section responds to two significant framework limitations identified in the series of ten

interviews. All other suggested limitations were addressed at the time of acknowledgement and

remedied or negated in sections 3 through 5 of this thesis.

Most interview candidates concluded the proposed System Design Framework is incomplete for

two reasons:

1. It lacks a well-defined, logical placement in the DoD acquisition cycle

2. It does not provide an understanding of who makes the decisions at each step

Responding to these limitations necessitates additional research and discussions with subject

matter experts that could not be accomplished during each interview. Based on a post-interview

review of the DoDI 5000.02, various DoD handbooks, and relevant DAU material, it is clear the

System Design Framework is best suited for the Analysis of Alternatives (AoA).

As stated in the DoDI 5000.02, "The AoA assesses potential materiel solutions that could satisfy
validated capability requirement(s) documented in the Initial Capabilities Document, and

supports a decision on the most cost-effective solution to meeting the validated capability

requirement(s). In developing feasible alternatives, the AoA will identify a wide range of

solutions that have a reasonable likelihood of providing the needed capability." (USD(AT&L),
2017).

The System Design Framework aligns with the intent of the AoA in that it provides a framework

to evaluate different architecture approaches that could satisfy a validated capability requirement.

Not only does the System Design Framework support a decision on the most cost-effective

solution to meet the validated capability, but it also supports a decision on the most responsive

solution. Finally, the document is written early enough in the DoD acquisition cycle that

elements of the decision can be incorporated into other required DoD process documents (e.g.,
the Systems Engineering Plan).

DAU provides a detailed explanation of the AoA and the document's placement in the DoD

acquisition lifecycle, explaining, "The AoA focuses on identification and analysis of alternatives,
measures of effectiveness, cost, schedule, concepts of operation, and overall risk. The AoA

addresses trade space to minimize risk and also assesses critical technology elements associated

with each proposed materiel solution. This includes technology maturity, integration risk,
manufacturing feasibility, and, where necessary, technology maturation and demonstration

needs. The AoA normally occurs during the Materiel Solution Analysis phase of the Acquisition
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process, is a key input to the Capability Development Document, and supports the materiel
solution decision at Milestone A." (Defense Acquisition University, 2018).

Figure 29 provides a high-level overview of the DoD acquisition process. As evident in the chart,
the AoA is developed prior to MS-A. This placement aligns with the interview candidates'
recommendations. According to policy, "The final AoA written report will be provided to the
Director of Cost Assessment and Program Evaluation (DCAPE) not later than 60 calendar days
prior to the Milestone A review (or the next decision point or milestone as designated by the
Milestone Decision Authority (MDA)). Not later than 15 business days prior to the Milestone A
review, DCAPE evaluates the AoA and provides a memorandum to the MDA, with copies to the
DoD Component head or other organization or principal staff assistant assessing whether the
analysis was completed consistent with DCAPE study guidance and the DCAPE-approved study
plan." 5 (USD(AT&L), 2017).
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Figur-e 29: Gener-ic DoD Acquisition Pr-ocess (Defense Acquisition Univer-sity. 2018)

Upon review of the AoA template and assessment criteria, it is clear the System Design
Framework seamlessly fits into the AoA process. The AoA Study Plan and final report require
minimal modifications in order to incorporate analysis of the System Design Framerwork.

5 For ACAT I and IA programs, DCAPE prepares study guidance for MDA review and approval at the Materiel
Development Decision (MDD). For ACAT II and III programs, component AoA procedures apply. Following the
MDD, the organization responsible for conducting the AoA develops the AoA Plan, coordinates it with the MDA,
and submits it to DCAPE for approval prior to the start of the AoA.

© 2019 Kelly A. Chiverton 86 MIT SDM Thesis



Figure 30 provides a sample template for an AoA, as adapted from the Analysis of Alternatives

Handbook. The template can be tailored based on the system, but the basic contents remain the

same for all DoD programs. At a minimum, the System Design Framework should be added into

the following sections of the AoA:

> 1.6 - Description of Alternatives

> 3 - Cost Analysis

> 5 - Alternative Comparison and Cost Capability Analysis
> Appendix D - Detailed Description of the AoA Methodologies.

In line with current guidance, section 1.6 should incorporate a high-level overview of the design

approaches and tradeoffs. Section 3 should include the life cycle cost results for the

recommended system design approach. Section 5 should encompass a walkthrough of the

System Design Framework with the associated responses and justifications for each decision

step. Finally, Appendix D should incorporate a pictorial representation of the model itself,
similar to Figure 26, Figure 27, and Figure 28.

To capture the above recommendations, HAF/A5 should issue an updated Analysis of

Alternatives Handbook. No changes are required to the DoDI 5000.02 or other associated policy

documents.

Although minimal changes are required to incorporate the System Design Framework into the

AoA, the AoA's evaluation process can remain as-is. According to Enclosure 9 of the DoDI

5000.02, DCAPE's evaluation of theAoA assesses the extent to'which the document:

1. Examines sufficient feasible alternatives
2. Considers tradeoffs among cost, schedule, sustainment, and required capabilities for each

alternative considered
3. Achieves the affordability goals established at the MDD

4. Uses sound methodology
5. Discusses key assumptions and variables and sensitivity to changes

6. Bases conclusions or recommendations, if any, on the results of the analysis

7. Considers the fully burdened cost of energy (FBCE), in cases where FBCE is a

significant discriminator among alternatives (USD(AT&L), 2017).

In addition to DCAPE's assessment, the final AoA is reviewed by the requirements validation
authority prior to the MS-A decision. At a minimum, the requirements validation authority:

1. Assesses how well the recommended alternative satisfies validated requirements in the

most cost-effective manner for the warfighter
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2. Identifies any opportunities to adjust or align capability requirements for better synergy
across thejoint force capabilities

3. In accordance with the responsibilities identified in title 10 of U.S. Code Title 10, U.S.C.
(Reference (g) (h)), offers alternative recommendations to best meet the validated
capability requirements (USD(AT&L), 2017).

Similar to the DCAPE assessment, the requirements validation authority criteria do not require
modification in order to incorporate the System Design Framework into the AoA.
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With the first limitation addressed, the following paragraph details who should respond to each
decision step in the System Design Framework.

Ultimately, the program office team writing the AoA will complete the System Design
Framework walkthrough. At a minimum, the team should consist of a program manager,
engineer, designer, and cost estimator. The size of the team will vary based on the size of the
program. The program manager should seek input to the responses from a variety of outside
sources. As recommended by the interview candidates, these sources include the end
users/warfighters, the lead command, the requirements sponsor, and SAF/AQ. The program
office may have to reach out to industry, historians, the intelligence community, and other useful
experts in order to answer the questions in diamonds 1.1 and 3.0. If a response to 1.0 is not
explicit after a collaboration with the end user, lead command, requirements sponsor, and
SAF/AQ, the program office should refer to the designated MDA. Enclosure 1, Table 1 of the
DoDI 5000.02 provides decision authority guidance based exclusively on a program's ACAT
level. Table 8 provides a truncated version of the relevant portions of the DoDI 5000.02
Milestone Decision Authority table for use by the AoA team. It should also be noted that based
on policy, both DCAPE and the requirements validation authority will review the decisions in
the AoA prior to MS-A. DCAPE will provide evaluation results in a memorandum to the MDA
and DoD Component head.

ACAT Decision Authority

ACAT I ACAT ID: DAE or as delegated
ACAT IC: Head of the DoD Component or, if delegated, the CAE

ACATA ~ACAT IAM: DAE or as delegated
ACAT IAC: Head of the DoD Component or, if delegated, the CAE

ACAT II CAE or the individual designated by the CAE
ACAT III Designated by the CAE

Table 8. System Design Framework 1.0 Decision Authority adaptedfrom (USD(A T&L), 2017)

6.2 Future Research

This thesis set to explore four research questions:

1. What are the different design strategies?
2. What are the tradeoffs between the design strategies?
3. What is the optimal design strategy for allowing enterprises to quickly respond to

operational changes they can and cannot anticipate?
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4. Is the proposed decision framework a useful tool for choosing the most cost effective and
responsive system design under a given set of objectives and uncertainties?

The thesis answered the research questions, identified weaknesses in the proposed framework,
and offered solutions to increase the usefulness of the tool. However, future research in this area
could further improve the government's desire to field DoD systems smarter and faster.

Future research should be dedicated to understanding the competing paradigms of flexible and
static designs. Evident from the literature review, flexible systems can exhibit an initial cost,
schedule, or performance penalty compared to static systems. Additional research is needed to
explore the dynamics that drive the performance penalties for flexible systems and methods
designers can take to minimize performance penalties when opting for a flexible design
approach. Similarly, while flexible systems allow for relatively easy modifications to a system
after deployment, the initial complexity of building in flexibility can result in higher upfront
development costs. As (Ferguson, et al., 2007) suggest, studying the relationship between the
cost of flexibility and the value of flexibility can help the DoD establish a more strategic position
in the growing marketplace of flexible systems.

In addition to exploring the tradeoffs between flexibility and rigidity, the DoD should look to
compliment the System Design Framework with equivalent improvements to the Defense
Acquisition System depicted in Figure 31. The System Design Framework addresses system
engineering fundamentals. A corollary approach can be implemented that creates efficiencies
related to the DoD's management, requirements, and funding methods.

Acquisition Process
"Management"

"Re

Figure 31: Defense Acquisition System adaptedfrom
(AcqNotes, 2019)
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On the management side, research should focus on optimizing or revising the defense acquisition
lifecycle process (see Appendix D). The process involves a series of stage gates (e.g., MS-A,
MS-B, etc.) that prioritize documentation and approval over rapid capability delivery. By nature
of the requirements for each stage, proceeding to the next gate can take several years. This
bureaucratic process hinders improvements made to speed up system development timelines
from the engineering side and requires reform focused on lean product management processes.

The Joint Capabilities Integration and Development System (JCIDS) is the DoD's process for
defining the acquisition requirements and associated performance criteria that generate the
capabilities required by warfighters. Research should be dedicated to exploring the time and
warfighter satisfaction tradeoffs between prioritizing user feedback over tracing, implementing,
and validating requirements. Additionally, the current JCIDS requires the enterprise to define all
requirements upfront. This hinders the ability for systems to be designed and iterated upon and
can result in wasted time and resources. Specifically, when all of the requirements are defined
upfront and incorporated into the design and development of a system, it is more difficult for the
enterprise to respond to warfighter feedback. In some cases, the upfront requirements approach
leads to the delivery of capability that does not provide value to the end user, which is neither
smart nor cost effective.

Finally, the Planning, Programming, Budget, and Execution (PPB&E) process should be studied
in order to identify greater efficiencies in the areas of financial management and resource
allocation. A potentially smarter and revolutionary approach Kessel Run is exploring involves
funding according to value creation. Instead of issuing a 5-year budget, acquisition programs
would receive small injects of funding to support an initial capability delivery. If the capability
proves valuable to the warfighter, the program would receive additional funding for the next
capability delivery. Otherwise, the funding would be reallocated to a more effective program.
This level of effort model could also optimize the PPB&E process's ability to respond to change
and uncertainty.
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9 Appendix B: Interview Primer

Summary: Research is being conducted under the MIT Sloan School of Management and School
of Engineering related to the System Design and Management (SDM) program. This research
feeds thesis activity for a Master of Science in Engineering and Management.

Scope: This research analyzes two umbrella categories of design strategies: static vs. flexible. It
also explores subcategories of the above design approaches: optimized, robust, real options, and
adapt. Based on an understanding of the different design strategies and the tradeoffs between the
strategies, a decision framework is developed (see page 2) that attempts to direct a user to the most
cost effective and responsive system design under a given set of objectives and uncertainties. This
research will inform the usefulness and understandability of the decision framework.

Background: This thesis examines relevant literature on design strategies in order to define the
designs, understand the benefits and penalties of the approaches, and explore examples of each
design used in a Department of Defense (DoD) system. The thesis proposes a decision framework
for selecting an optimal design approach that characterizes system tradeoffs between dynamic
market needs, the rate of technology change, and a system's future operating environment against
the value of the proposed design, with the goal of choosing the most cost effective and responsive
system design under a given set of objectives and uncertainties.

Rationale for Framework:
• Government-wide emphasis on fielding DoD systems smarter and faster
• Growing need for US military systems to rapidly respond to new missions, threats, and changes

in operational environments that enterprises can and cannot anticipate
• Desire to strengthen the DoD's commitment to systems engineering fundamentals

Research Questions:
• What are the different design strategies?
• What are the tradeoffs between the design strategies?
• What is the optimal design strategy for allowing enterprises to quickly respond to operational

changes they can and cannot anticipate?
• Is the proposed decision framework a useful tool for choosing the most cost effective and

responsive system design under a given set of objectives and uncertainties?

Discussion Topics:
• Are there sections of the framework that appear confusing? Do you have recommendations for

making the framework more understandable?
• Based on your experience in the industry, do any portions of the framework look wrong to

you?
• In your opinion, who should be worrying about this topic? (e.g., the Chief Engineering at the

program office level, the Program Manager at the program office level, SAF/AQ, etc.)
• Does the framework appear to be a useful tool for an Air Force program office responsible for

designing, developing, and fielding a system? Why or why not?
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* Are there certain Air Force program offices where the framework would be more/less
applicable?

• Do you have suggestions for more appropriately assessing (i.e., measuring) the various
constructs in the decision framework?

" Where do you think is the best place to teach or implement this framework?
• Can you suggest enhancements to the format, layout, and/or organization of the framework?

System Design Framework:

Start

Does the
enterprise have the

System's capability ($ -P + E~ - ) -
Objectives and desire to make changes

to the system after
deployment?

1.0

YES

Is
Tot1 >TM

and/or
TDL > Ttchi

for any
component, i?

>_ NOJ

YES
YES

YES

is the cost of
imbedding flexibility-,

into the system greater
than replacing the

system?

3.1

NO

is the cost o
mbedding flexibilit

into the system greater
than replacing the

system?

3.2

hat is the leve
of confidence in

understanding the system's ODERATE to LOW.- Robust
environment? Changing Environment

and/or
2.0 Unknown Environment

Fixed Environment
HIGH Fixed Requirements

Well Defined, Static Market

opthnized

ey
- Funding

P - Personnel
E - Equipment
S - Schedule
TDL - Design Lifetime Timescale
TM - Rate of Change of Environment or Market Dynamics
Treah - Rate of Change of Technology Base
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Environment

Are the
circumstances

YES of uncertainy NO
known?

13.0

Options

NO
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10 Appendix C: Interview Presentation

Static: Optimized and Robust

Static Design
Characterized as a
design in which a

system's objectives are
fixed after fielding.

+:
MITsdm L. E --

© 2019 Kelly A. Chiverton

Optimized
Characterized as a
design in which the

operating
environment and

the system
objectives are fixed
after deployment.

(Ferguson, et at., 2007)

Robust
Adesign that allows a

system to satisfy a
fixed set of

requirements despite
stochastic changes to

the operating
environment.

(Frg on, et at., 207)
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Flexible: Options and Adapt

M[sdm

Design Framework Walkthrough: 1.0

---

> Capability is a factor of funding,
personnel, equipment, and
schedule.

> Desire for change would be
answered by the enterprise's
leadership (e.g., PEO, SAF/AQ, etc.).

QtED

Does the
enterprise have the

System's capability ($ - P -E -S)
Objectives and desire to make changes

to the system after
deployment?

YES

ey
$ - Funding
P - Personnel
E Equipment

S -schedule
TD - Design Lifetime Timescale

Rate ofChange of Environment or Market Dynamics
T-,., Rate of Change of Technology Base

MITsdm
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Flexible Design
The property of a system
that allows it to respond
to changes in its initial

objectives and
requirements, occurring

after the system has
been fielded, in a timely
and cost-effective way.

(Saleh, et al., 2014)

Adapt
Characterized as a
system's ability to

respond to
unanticipated or

emergent changes in
the environment and/or

operating conditions.

Options
Characterized as

engineering design
decisions that enable

the flexibility to
change a system in the
future and reduce risks
for known unknowns.

+-:

L- - -1 11VJA A
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Design Framework Walkthrough: 2.0
> Key decision variables: design lifetime

& operating environment
> In a well defined, static market an

optimized design approach should
offer the highest level of performance,
lowest development costs, and
shortest development timeframe.

> If the operating environment is
expected to change, the enterprise can
minimize risks of market shift or needs
shift using a robust design approach.

> May carry a cost or performance penalty.
> Allows the system to maintain a target

performance despite different noise
factors.

> Can mitigate the threat of obsolescence
if the system's environment changes.

MITsdm

heatnite e"".e

-N understanding the system's ODERATE to LOW- Robust
rn Changing Environment

and/or
2. Unknown Environment

f ixed Environment
HIGH Fixed Requirements

Well Defined, Static Market

---.a

,.....5

Design Framework Walkthrough: 1.1

> Key decision variables:
> design lifetime
> market dynamics
> rate of change in technology

> Key questions:
> Is the environment expected to change?
> Are user needs expected to change?
> Will the embedded technology need to

be updated in order to prevent
obsolescence?

> Difficult to estimate TM and Ttech using
theoretical deduction.

M[Tsdm

YES

Environment

Is
TDL > TM

and/or
Tt > Tech. ,- NO

for any X
component, i?

YES

Key
$ - Funding
P -Personnel

LEquipment
S Schedule
Tv Design Lifetime Timescale
Ti - Rate of Change of Environment or Market Dynamics
T-. - Rate ofChange ofTechnology Base

--- ,,.-a
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Design Framework Walkthrough: 1.1 Market Dynamics
Forthis thesis, it is suggested TM be quantified
through one of two methods:

1. Using the historical rate of.change in the
environment or market dynamics of a
comparable system that has already been
fielded.

2. Conducting market research and customer
interviews to analyze the market using the
Porter's Five Forces framework and using the
results to develop an estimate for the rate of
change in the system's environment or market
dynamics.

MFFsdm

Porter's Five Forces
Threat of New En~try Competttie Rivahy

Sped.Hst know"dg Qtdwf..

T., ddqypmtdi Cr.I.t

wee Rvl~ .
Supplier Power

She o.f sppim.

Wdiquneisof svie
YmT b" o triittd Buyer Power

Threat of Substitution stitsubti-t pef ityt
e---I, 7 N4An bbd

Design Framework Walkthrough: 1.1 Rate of Change in
Technology

> Rate of change in technology will be calculated using a formula adapted from (Saleh, et
al., 2002) that captures time to obsolescence and the "H Vector" of a design.

H =bTos, Tobs, Tobsr

TDL TDL TDL

> A system is unaffected by obsolescence problems if H = on the order of 1, for all i.

> The formula will be applied to macro-level components and/or subsystems of DoD
systems.

MITsdm
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Design Framework Walkthrough: 3.0

> If the enterprise has a deliberate
understanding of the uncertainty the answer
is "YES".
> A real options approach reduces risks for

known unknowns.

> If the enterprise recognizes uncertainty
exists but is unable to come up with the
circumstances surrounding the uncertainty,
the answer is "NO".
> An adapt approach reduces risks for

unknown unknowns.

MITsdm

YES

Desg

Are the
circumstances

YES ofuncertainy NO
known?

30

optiow.

L---7 M,A0-"W

Design Framework Walkthrough: 3.1 and 3.2

> This step should be conducted by
the cost estimation team (or
equivalent entity).

NO '

NO

Is the cost Is the cost o
imbedding flexibility mbedding flexibilit

into the system greater into the system greater
than replacing the than replacing the

system? system?

3.1 3.2

MTsdm ---
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