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2 INTRODUCTION TO TRADE-OFF ANALYSIS
1.1 INTRODUCTION

This book is about trade-off analyses in the life cycle of a system. It is written from
the perspective of engineers, systems engineers, and other decision-makers involved
in the life cycle of a system. In this book, we present the best practices for perform-
ing systems engineering trade-off analyses in a step-by-step, structured manner. Our
intent is to make it an easy-to-understand and useful reference for students, practi-
tioners, and researchers.

Systems are developed to create value for stakeholders by providing desired
capabilities. Stakeholders include investors, government agencies, customers/
acquirers, end users/operators, system developers/integrators, trainers, and system
maintainers, among others. Decisions are ubiquitous across the system life cycle.
System decision-makers (DMs) are those individuals who make important decisions
pertaining to the technical and management compromises that shape the concept
definition, system definition, system realization, deployment and use, and product
and service life management (including maintenance, enhancement, and disposal).

When there are multiple stakeholders, there are often competing objectives and
requirements. To achieve a certain attainment level on one objective, a sacrifice or
trade-off may be required in the attainment level of other objectives. Similarly, com-
plex system designs may offer multiple alternatives to achieve the system’s objectives,
and this, too, requires analysis to achieve the best balance among the trade-offs. The
process that leads to a reasoned compromise in these situations is commonly referred
to as a “trade-off analysis” or a “trade study.”

This book project began with a request by the International Council on Systems
Engineering (INCOSE) (INCOSE Home Page, 2015) Corporate Advisory Board
(CAB) to the INCOSE Decision Analysis Working Group. The CAB identified the
lack of effective trade-off analysis methods as a key concern and requested help in
documenting best practices. This book project was also motivated by the need to
formalize systems engineering trade-off analysis to help make it an integral part of
the systems engineering life cycle. It provides essential elaboration of the decision
management process in ISO/IEC/IEEE 15288, Systems and Software Engineer-
ing — System Life Cycle Processes, the INCOSE Systems Engineering Handbook
Version 4, and the Systems Engineering Body of Knowledge (SEBoK, 2015).

Decision-makers (DM), especially program managers and systems engineers,
stand to benefit from a collaborative decision management process that engages all
stakeholders (SH) who have a say in system design decisions. In particular, systems
engineers can exploit trade-off studies to help define the problem/opportunity,
characterize the solution space, identify sources of value, identify and evaluate
alternatives, identify risks, acquire insights, and provide recommendations to system
SHs and other DMs.

This book focuses on engineering trade-off analysis techniques for both sys-
tems and systems of systems (Madni and Sievers, 2014a,b; Ordoukhanian and
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Madni, 2015). We recommend that trade-off studies be consistent with SE standards
(ISO/TEC/IEEE 15288:2015), based on a formal lexicon, have a sound mathematical
foundation, and provide credible and timely data to DMs and other SHs. We provide
such a lexicon and a formal foundation (Chapter 2) based on decision analysis for
effective and efficient trade-off studies. Our approach supplements decision analysis,
a central part of decision-based design (Hazelrigg, 1998), with Value-Focused
Thinking (Keeney, 1992) within a model-based engineering framework (Madni &
Sievers, 2015).

1.2 TRADE-OFF ANALYSES THROUGHOUT THE LIFE CYCLE

New system development entails a number of interrelated decisions. Table 1.1 pro-
vides a partial list of decisions opportunities to improve the system value that are
commonly encountered throughout a system’s life cycle. Many of these decisions
stand to benefit from a holistic perspective that combines the systems engineering
discipline with a composite decision model that aggregates the data produced by
engineering, performance, and cost models and translates them into terms that are
relevant and meaningful to the various stakeholders, especially DMs. This holistic
perspective is especially valuable in gate (go/no-go funding) decisions to ensure that
affordable alternatives are available for the next life cycle stage.

1.3 TRADE-OFF ANALYSIS TO IDENTIFY SYSTEM VALUE

Systems provide value through the capabilities they provide or the products and
services they enable (Madni, 2012). Decision analysis is an operations research
technique that provides models to define value and a sound data-driven, objective,
defensible, mathematical foundation for trade-off analyses. The graphic shown in
Figure 1.1 helps visualize the importance of opportunity definition (Chapter 6) to
value creation. For example, Chevron uses the “Eagle’s Beak “, as shown in this
figure, to convey the importance of project definition and project execution. The
five phases shown in Figure 1.1 constitute the project life cycle used by Chevron
(Lavingia, 2014). The process leads to value identification and value realization.
At Chevron, decision analysis plays an important role in the three phases of value
identification: identify opportunity; generate and select alternatives; and develop
the preferred opportunity. The Chevron process employs stages and gates similar to
those found in most system life cycles. Each phase consists of activities that produce
information; clearly defined deliverables; and an explicit decision to proceed, exit,
or recycle. Chevron employs project management in all five phases of the Chevron
Project Development and Execution Process (Decision-Making in an Uncertain
World: A Chevron Case Study, 2014). Similarly, for the system life cycle, value
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Table 1.1 Partial List of Decision Opportunities throughout the Life Cycle

Life Cycle Stage

Decision Opportunity

Exploratory
research

Concept

Development

Assess technology opportunity/initial business case

e Of all the potential system concepts or capabilities that could
incorporate the emerging technology of interest, do any offer
a potentially compelling and achievable market opportunity?

e Of those that do, which should be pursued, when, and in
what order?

Inform, generate, and refine a capability
e What requirements should be included? What are the desired
parameters?

e What really needs to be accomplished and what is able to be
traded away to achieve it within anticipated cost and
schedule constraints?

e How should requirements be expressed such that they are
focused yet flexible?

e How can the set of requirements be demonstrated to be
sufficiently compelling while at the same time achievable
within anticipated cost and schedule constraints?

e Which concepts are affordable?

Create solution class alternatives and select preferred

alternative

e After considering the system-level consequences of the sum
of solution class alternatives across the full set of
stakeholder values (to include cost and schedule), which
solution class alternative should be pursued?

e Is the solution class still affordable?

Select/define system elements

o After considering the system-level consequences of the sum
of system element design choices across the full set of
stakeholder values (to include cost and schedule), which
system element alternatives should be pursued? (Repeated
for each recursive level of the system structure.)

Select/design verification and validation methods

e [s prototyping warranted?

e What verification and validation methods should be
performed (test, demonstration, analysis/simulation,
inspection)?

e What are the verification and validation plans?

(continued overleaf)
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Table 1.1 (Continued)

Life Cycle Stage

Decision Opportunity

Production

Operation,

support

Retirement

Craft production plans

What is the target production rate?

To what extent will low-rate initial production be utilized?
What is the ramp-up plan?

What production process will be used?

Who will produce the system?

Where will the system be produced?

Is the system still affordable?

Generate maintenance approach

What is the maintenance strategy?

What is the logistics concept?

What is the preventive-maintenance plan?
What is the corrective-maintenance plan?
What is the spare-parts plan?

Is the system still affordable?

Retirement plan

When is it time to retire the system?
How will disposal of materials be accomplished?

Value

alue identificatio

Good

Good project

prpjgf:t execution
definition

Poor project
definition

Phase1 Phase 2 Phase 3 Phase 4 Phase 5

Opportunity Generate and Develop Execute Operate
identified select preferred
alternatives alternative

Poor
project
execution

Figure 1.1 Eagle’s beak chart
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identification occurs during the concept definition and system definition phases, and
decision analysis plays the same important role.

Figure 1.1 highlights five important points. First, the problem or opportunity def-
inition (see Chapter 6) is an important first step in value identification. Second, the
generation of good alternatives (see Chapter 8) is critical to identifying higher value.
Third, the development, evaluation, and selection of preferred alternatives can signif-
icantly increase value. Fourth, good project execution is required to realize potential
value. Fifth, project execution is performed in the face of uncertainties (see Chapter
3). In this book, we focus on the value of using trade-off studies to help in the identifi-
cation of both value and risk, as the timely identification of risk can help implementers
mitigate potential barriers to value realization.

1.4 TRADE-OFF ANALYSIS TO IDENTIFY SYSTEM UNCERTAINTIES
AND RISKS

System risks can affect performance, schedule, and cost. Building on several frame-
works, Table 1.2 provides a list of the sources of systems risk (Parnell, 2009). The
first column in Table 1.2 lists the potential source of risk. The second column lists
the major questions defining the risk. The third column lists some of the major poten-
tial uncertainties for this risk source. The major questions and the uncertainties are
meant to be illustrative and not all inclusive. Many of these risks create uncertainties,
which should be considered in trade-off analyses. Chapter 3 provides techniques for
using probability to model these uncertainties in trade-off analyses. Later chapters
explicitly consider these uncertainties in illustrative trade-off analyses.

1.5 TRADE-OFF ANALYSES CAN INTEGRATE VALUE AND RISK
ANALYSIS

Program managers for the development of a new system must consider performance,
cost, and schedule, as they are all interrelated. We know that performance prob-
lems can cause cost increases and schedule delays. Similarly, schedule changes can
increase costs. Finally, cost estimate increases can result in reduced performance tar-
gets or schedule delays to make the system more affordable. Trade-off analysis, cost
analysis, and risk analysis are frequently separate analyses performed by different
analysts. Cost analysts typically perform a cost-risk analysis using Monte Carlo sim-
ulation. Many trade-off studies ignore uncertainty and risk.

A major theme of this book is that trade-off analyses should be used to identify
both system value and system risks and that the analysis needs to be performed in
a more integrated manner. In Chapter 9, we discuss and provide examples of how
system value, system costs, and system risks can be integrated by identifying the
system features that impact value, cost, and risk.
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Table 1.2 Sources of Systems Risk

Sources of Risk

Major Questions

Potential Uncertainties

Business

Market

Performance
(technical)

Schedule

Development
and production
cost

Management

Will political, economic,
labor, social, technological,
environmental, legal, or other
factors adversely affect the
business environment?

Will there be a market if the
product or service works?

Will the product or service
meet the required/desired
performance?

Can the system that provides
the product or service be
delivered on time?

Can the system be delivered
within the budget?
Will the cost be affordable?

Does the organization have
the people, processes, and
culture to manage a major
system?

Changes in political viewpoint (e.g.,
elections)

Economic disruptions (e.g., recession)
Global disruptions (e.g., supply chain)
Changes to law

Disruptive technologies

Adverse publicity

Consumer demand

Threats from competitors (quality and
price) and adversaries (e.g., hackers and
terrorists)

Continuing stakeholder support

Defining future requirements in
dynamic environments
Understanding technical baseline
Technology maturity to meet
performance.

Adequate modeling, simulation, test,
and evaluation capabilities to predict
and evaluate performance

Impact to performance from external
factors (e.g., interoperating systems)
Availability of enabling systems needed
to support use

Concurrency in development

Impact of uncertain events on schedule
Time and budget to resolve technical
and cost risks

Changes in concept definition (mission
or needs)

Technology maturity

Stability of the system definition
Hardware and software development
processes

Industrial/supply chain capabilities
Production/facilities capabilities
Manufacturing processes

Organization culture

SE and management experience and
expertise

Mature baselining (technical, cost,
schedule) processes

Reliable cost-estimating processes

(continued overleaf)
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Table 1.2 (Continued)

Sources of Risk ~ Major Questions Potential Uncertainties

Operations and Can the owner afford to Increasing operations and support (e.g.,

support cost operate and support the resource or environmental) costs
system? Trades of performance versus ease/cost

of operations and support
Adaptability of the design
Changes in maintenance or logistics

strategy/needs
Sustainability Will the system provide Availability of future resources and
sustainable future value? impact on the natural environment

1.6 TRADE-OFF ANALYSIS IN THE SYSTEMS ENGINEERING
DECISION MANAGEMENT PROCESS

Successful systems engineering requires sound decision making. Many systems engi-
neering decisions are difficult because they include multiple competing objectives,
numerous stakeholders, substantial uncertainty, significant consequences, and high
accountability. In these cases, sound decision making requires a formal decision man-
agement process. The purpose of the decision management process, as defined by
ISO/IEC/IEEE 15288:2015, is ... to provide a structured, analytical framework for
objectively identifying, characterizing and evaluating a set of alternatives for a deci-
sion at any point in the life cycle and select the most beneficial course of action.”
The process presented in this book aligns with the structure and principles of the
decision management process of ISO/IEC/IEEE 15288, the INCOSE Systems Engi-
neering Handbook v4.0 (INCOSE, 2015), the Systems Engineering Body of Knowl-
edge (SEBoK), and an INCOSE proceedings paper that elaborated this process (Cilli
& Parnell, 2014). This process was designed to use best practices and to avoid the
trade-off analysis mistakes discussed in the next section.

The INCOSE decision management process, introduced in Figure 1.2, is presented
in more detail in Chapter 5. The purpose of the process is to “provide a structured,
analytical framework for objectively identifying, characterizing, and evaluating a set
of alternatives for a decision at any point in the life cycle and select the most benefi-
cial course of action.” The white text within the outer green ring identifies elements
of a systems engineering process while the 10 blue arrows represent the 10 steps
of the decision management process. Interactions between the systems engineering
process and the decision management process are represented by the small, dotted
green (outer ring to inner ring) or blue arrows (inner ring to outer ring). (The reader
is referred to the online version of this book for color indication.)
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Finding
system solutions
that best balance

competing objectives
in the presence of
uncertainty

Figure 1.2 INCOSE decision management process

The steps in the decision management process are briefly described in Table 1.3,
with references to the primary chapters that provide additional details about each step.
Chapter 5 describes and illustrates the INCOSE decision management process.

1.7 TRADE-OFF ANALYSIS MISTAKES OF OMISSION AND
COMMISSION

Using the INCOSE decision management process, we identify and discuss the most
common trade-off study mistakes of omission and commission (Parnell et al., 2014).
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Table 1.3 Decision Management Process

Process Step Description Primary Chapters
Frame decision Describe the decision problem or Chapter 6
opportunity that is the focus of the
trade-off analysis in a particular system
life cycle stage
Develop objectives and Use mission and stakeholder analysis and ~ Chapter 7
measures the system artifacts in the life cycle stage
(e.g., function, requirements) to define the
objectives and value measures for each
objective alternative needed to satisfy
Generate creative Use a divergent—convergent process to Chapter 8

alternatives

Assess alternatives via
deterministic analysis

Synthesize results

Identify uncertainty and
conduct probabilistic

analysis

Assess impact of
uncertainty

Improve alternatives

Communicate trade-offs

Present

recommendations and
implementation plan

develop creative, feasible alternatives

Use a value model to perform
deterministic analysis for trade-off
analyses

Provide an assessment of the value of
each alternative and the cost versus value
to identify the dominated alternatives

Identify the major scenarios and system
features that are uncertain and conduct
probability analysis

Assess the impact of the uncertainties on
value and cost

Improve the alternatives by increasing
their system value and/or reducing their
associated system risk

Communicate the trade-off analysis
results to decision-makers and other
stakeholders

Provide decision recommendations and
an implementation plan to describe the
next steps to implement the decision

Chapters 9-14

Chapters 9—-14

Chapters 9, 12-14

Chapters 9, 12-14

Chapters 9-14

Chapters 9-14

Chapter 5

Mistakes of omission are errors made by not doing the right things, while mistakes
of commission are errors made by doing the right things the wrong way. For each
step in the decision process, Table 1.4 provides a list of trade-off mistakes, the type
of mistake (omission or commission), and the potential impacts.
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Table 1.4 Trade-Off Mistakes

11

Step Mistakes Omission/ Impacts
Commission
Overall process Not having a decision Omission No trade-off studies or
management process variable trade-off study
quality of those
conducted
Poor decisions;
potential selection of a
poor design
Increased cost and
schedule; inadequate
performance
Loss of SE credibility
Frame decision Not obtaining access to Omission No trade-off studies or
key DM and SH trade-off studies on the
wrong issues
Omission Incorrect selection
criteria
Decision frame not Loss of trade-off study
defined and SE credibility
Develop objectives Objectives and/or Commission Loss of trade-off study
and measures measures not credible and SE credibility
Potential selection of a
poor design
Generate creative Decision space not Omission Potential selection of
alternatives defined poor design
Doing an advocacy Commission Potential increased
study cost and schedule
Loss of trade-off study
and SE credibility
Assess alternatives Using non-normalized Commission Potential selection of
via deterministic value functions poor designs
analysis Not using swing Commission Loss of trade-off study
weights and SE credibility
No sensitivity analysis Omission
Synthesize results Lack of a sound Omission Potential selection of

mathematical
foundation

poor designs
Loss of trade-off study
and SE credibility

(continued overleaf)
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Table 1.4 (Continued)
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Step Mistakes Omission/ Impacts
Commission
Identify uncertainty Not identifying Omission Loss of trade-off study
and conduct uncertainties and SE credibility
probabilistic Improper assessment Commission Potential selection of
analysis of uncertainty poor designs
Assess impact of Not integrating with Omission Potential selection of
uncertainty system/program risk poor designs
assessments Loss of SE credibility
Improve Not improving Omission Loss of trade-off study
alternatives alternatives and SE credibility
Potential selection of
poor designs
Communicate Results not timely or Commission Recommendations not
trade-offs understood implemented
Loss of SE credibility
Present Recommendations not Commission Loss of trade-off study
recommendations implemented and SE credibility
and implementation
plan
Overall process Not using trade-off Omission Loss of trade-off study

study models on
subsequent trade-off
studies

and SE credibility

1.7.1 Mistakes of Omission

There are 10 common mistakes of omission.

1.7.1.1 Not Having a Decision Management Process One of the most funda-
mental trade-off analysis mistakes is not having a decision management process that
provides a foundation for all studies. The decision management process should have
the acceptance and participation of the decision-makers and other stakeholders. To
achieve stakeholder acceptance, the process should be tailorable to the needs of each
specific trade-off analysis. Having a sound decision management process can save
time while allowing for organizational learning and development of best practices.
The INCOSE decision management process, shown in Figure 1.2, is an example of
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this kind of process. Without such a process, engineers in an organization are essen-
tially free to use their own, invariably unsound process, and unsound processes can
have a long lifetime! Since systems engineers are the ones who frequently perform
trade-off analysis for critical system decisions, a natural home for the decision man-
agement process is the systems engineering organization.

1.7.1.2  Not Obtaining Access to Key DM, SH, and Subject Matter Experts (SMEs)
Framing any system decision can be a challenge, especially without the right stake-
holders involved. Therefore, it is critically important to have access to key decision
makers, stakeholders, and SMEs to ensure that the opportunity is adequately defined
and the important objectives have been identified. Challenges include gaining access
to leaders and senior decision makers despite their busy schedules, including stake-
holders who are critical to the system or its impact on them, and assuring access to
SME:s in all steps of the trade-off study. To achieve this end, experiential opportuni-
ties that allow all stakeholders to readily understand the context and situation without
having to understand SE notations are an imperative (Madni, 2016).

1.7.1.3 Decision Frame Not Defined The first step in the decision management
process is to identify and describe the decision opportunity in the context of the
problem space. In decision analysis, we call this framing the decision. Experience
has taught us that the initial problem is never the final problem (Madni, 2013; Madni
etal., 1985). The frame describes how we look at the problem. A good decision frame
begins with thorough research and mission/stakeholder analysis (Parnell et al., 2011).
A decision hierarchy (Parnell et al., 2013), which lists the past decisions, the current
decisions, and the subsequent decisions, can also be useful. A short paragraph, writ-
ten in clear terms that define the problem, can be quite helpful to decision-makers,
other stakeholders, and study participants.

1.7.1.4 Lack of a Sound Mathematical Foundation To be credible and have
defensible results, a trade-off study should be based on a sound mathematical foun-
dation comprising both deterministic and probabilistic analyses. Several operations
research and engineering analysis techniques (e.g., optimization, simulation, deci-
sion analysis) are potentially appropriate for trade-off studies. If all the objectives
can be converted into dollars, then a net present value model would serve as a sound
foundation. If not, then the mathematics of multiple objective decision analysis
(MODA) offers a sound foundation for trade-off studies. Chapter 2 discusses this
further.

1.7.1.5 Undefined Decision Space Some trade-off studies list alternatives that are
not explicitly connected to the decision space. In many studies, alternatives are listed
as bullets on a PowerPoint chart. In these cases, there is no explicit understanding
of the decision space. The best techniques to help develop good alternatives are
those that explicitly define the decision space (see Chapter 8). One best practice
technique is called Zwicky’s Morphological Box or Alternative Generation Table



14 INTRODUCTION TO TRADE-OFF ANALY SIS

(Parnell et al., 2011). In decision analysis, the technique is called the Strategy Table
(Parnell et al., 2013), and it seeks to design alternatives that span the decision space.
When the decision space is explicitly defined, it becomes possible to explore the
decision space, identify more decision options, and come up with a better set of alter-
natives (Madni, 2012; Madni et al., 1985). The impact of not defining the decision
space is the loss of the opportunity to create better alternatives to achieve the desired
system value and/or reduce risk.

1.7.1.6 Absence of Sensitivity Analysis Any deterministic trade-off study has to
make multiple assumptions about parameters in the model(s). The parameters typi-
cally include shapes of the value curves, swing weights, scores on the performance
measures, and other variables that are used to calculate the scores. There may be
some uncertainty about what numerical value each parameter should have. The best
practice is to perform sensitivity analysis to determine if the best alternative changes
when the parameter settings are varied across a reasonable range. Based on the sen-
sitivity analysis, additional effort should be devoted to understanding and modeling
the most sensitive variables (Madni, 2015).

1.7.1.7 Not Identifying Uncertainty and Performing Probabilistic Analysis
Deterministic trade-off studies ignore uncertainties. Since uncertainty and risk
are inherent in the life cycle of new systems, this omission is problematic. When
decision analysis is used, it is easy to identify key uncertainties in deterministic
models using deterministic sensitivity analysis, assess the uncertainties, and perform
probabilistic analysis using Monte Carlo simulation, decision trees, influence
diagrams, or probability management decisions (Parnell et al., 2011; Parnell et al.,
2013). The impact of not modeling uncertainty is that we forgo the opportunity to
understand the sources of risk early in the system life cycle when it is invariably
easier to avoid, mitigate, or manage risks.

1.7.1.8 Not Improving Alternatives Several trade-off studies assess only pro-
posed alternatives and never consider improving them. With several bad alternatives,
even a “correctly performed” trade-off study can do no better than identify a bad
alternative! Keeney calls the focus on existing options Alternative-Focused Thinking
and advocates using Value-Focused Thinking to define our values, create decision
opportunities, use our values to create better alternatives, and improve the proposed
alternatives (Keeney, 1992). The decision analysis model provides useful data for
Value-Focused Thinking, since it defines the ideal alternative and the gaps between
the best alternative and the ideal alternative.

1.7.1.9 Failure to Integrate Trade-Off Study Uncertainty Analysis with Sys-
tem/Program Risk Assessments Uncertainty analysis performed in trade-off
studies should be integrated with the system/program risk assessment process.
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Unfortunately, many times trade-off studies do a good job of analyzing uncertainty,
but the results are not integrated into the system risk management process. On many
programs, risk analysis is performed using a simple risk matrix with likelihood
on the rows (columns) and consequences on the columns (rows). In this case, the
risks being analyzed may or may not be linked to trade-off studies. An alternative
approach is to use the trade-off analysis value and cost models to perform risk
assessment. This approach may result in better assessment of the likelihood and
consequences (the loss in potential value) of the risk. In addition, the results of
the risk analysis can be used to identify the need for additional trade-off studies to
mitigate or manage risk.

1.7.1.10 Failure to Use Trade-Off Models on Subsequent Studies On some pro-
grams, each trade-off study is unique and there is no traceability between the results
in one life cycle stage and the subsequent stages. This means the systems engineering
organization might have been using very different value trade-offs for the same sys-
tem without knowing it. A great deal of effort can go into developing trade-off study
value models in early life cycle stages. The best practice is to use information from
previous trade-off study value models (if available) and improve and tailor the model
for subsequent studies. Using improved models can make the analysis results more
accurate as well as more credible to decision-makers, stakeholders, and SMEs.

1.7.2 Mistakes of Commission

In addition to the 10 mistakes of omission, there are 6 common mistakes of
commission.

1.7.2.1 Performing an Advocacy Study Trade-off studies work best when a cre-
ative set of alternatives that span the decision space are developed (Madni, 2013). It
is worth noting that the final decision will be only as good as the alternatives that
are considered. Some project managers and systems engineers inappropriately con-
vert a trade-off study to a biased advocacy study (Parnell et al., 2013). They advocate
the alternative they recommend and use the study to highlight the weaknesses of
other alternatives. Advocacy studies put a significant burden on the decision-makers
and stakeholders to identify and ask the hard questions to make sure that the other
potential alternatives do not provide higher value/lower risk than the advocated alter-
native. Decision-makers and stakeholders should insist on a clear definition of the
opportunity and on a set of creative, feasible alternatives that cover the full range
of possibilities to create value, including verified and validated data and selection
criteria that are free of bias.

1.7.2.2 Objectives and/or Measures Not Credible Trade-off studies require the
development of a complete set of system objectives and measures. To meet the
mathematical requirements of MODA, a nonoverlapping set of direct objectives
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is needed. In systems engineering, a great deal of effort is spent on identifying
and analyzing system functions. The list of system functions can provide a good
foundation for the development of objectives and value measures by constructing
a functional value hierarchy (Buede & Miller, 2009; Parnell et al., 2011). The
functional hierarchy has functions at the top level(s), then the objectives for each
function, and value measures for each objective.

1.7.2.3 Using Measure Scores Instead of Normalized Value Functions Trade-off
studies require the ability to compare performance on one measure with performance
on other measures. If we have converted every measure level into a common cur-
rency, for example, dollars, we can use dollars as the metric. If decision-makers are
unwilling to use dollars, we can use MODA to quantify the value as a function of the
capability versus the cost. MODA uses the value functions to enable this trade-off
analysis. The value functions (sometimes called scoring functions) convert a value
measure score into a normalized measure of value on a common scale. The most
common scales are 0—1, 0-10, and 0—100. Value functions assess returns to scale on
the range of the value measure score. Value functions usually are of four types: lin-
ear, diminishing returns, increasing returns, and S-curve (increasing, then linear, then
decreasing returns). The value function will be increasing (for a maximize objective)
or decreasing (for a minimize function). The value functions allow us to compare
apples and oranges. These functions must at least be on an interval scale (Keeney,
1992). Zero value on an interval scale means the minimum acceptable value and does
not mean the lack of value. If a ratio scale is used, zero value would mean no value.
The best practice is to obtain the shape of the curve and the rationale for the curve
shape before you assess points on the curve. This will provide very useful informa-
tion when a decision-maker or stakeholder challenges the value judgments of one or
more alternatives. See Chapter 2 for additional information.

1.7.2.4  Use of Importance Weights Instead of Swing Weights A critical mistake
in trade-off studies is using importance weights instead of swing weights. MODA
quantitatively assesses the trade-offs between conflicting objectives by evaluating
the alternative’s contribution to the value measures (a score converted to value by
single-dimensional value functions) and the importance of each value measure across
the range of variation of the value measure (the swing weight). Every MODA book
identifies this as a major problem. For example, “some experimentation with different
ranges will quickly show that it is possible to change the rankings of the alternatives
by changing the range that is used for each evaluation measure. This does not seem
reasonable. The solution is to use swing weights” (Kirkwood, 1997). Swing weights
play a key role in the additive value model presented in Chapter 2. The swing weights
depend on the measure scales’ importance and range. The word “swing” refers to
varying the range of the value measure from its minimum acceptable level to its ideal
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level. If we hold constant all other measure ranges and reduce the range of one of the
measure scales, the measure’s relative swing weight decreases, and the swing weight
assigned to the others increases since the weights have to add to 1.0. The following
story explains the need for swing weights (Parnell et al., 2013).

Using Swing Weights — Greg’s Car-Buying Example

Recently, Greg and his wife decided to consider buying a car. Greg wanted to
buy an SUV with awesome off-road capability. His wife preferred a minivan on
the grounds that it would provide a convenient transport for their children and
grandchildren. Once they agreed to buy a minivan, they talked about the choice
criteria. The criteria they selected were cost, safety, performance, and comfort.
Before they could assign swing weights, they had to define the range of the value
measure scores for each criterion. The swing weight that they assigned to each
measure depended on the importance (an intuitive assessment) of the “swing in
range” of the measure (a factual assessment). Let us now see how Greg and his
wife did this the right way.

Let us begin with safety. Suppose they measure safety using a 5-star scale and
assign a value of O to a safety score of 1 star and a value of 100 to 5 stars. The
variation in this measure, from 1 to 5 stars, represents a significant difference in
the likelihood of personal injury in an accident (a factual judgment). Given this
variation in safety, they would say that a high safety score is very important to
them because their family is expected to be in the vehicle frequently (intuitive
importance assessment). Therefore, they would assign a high weight to safety,
since the measure has high importance given the significant “swing” (1 to 5 stars
means bottom 20% to top 20%).

Suppose they think about it some more and decide to eliminate from consid-
eration 1- and 2-star vehicles (the bottom 40% by safety rating). Clearly, their
intuitive assessment of the importance of safety has not changed, but the range of
the measure has been reduced from 1-5 stars to 3-5 stars. So, if they now assign
a value of 0-3 stars and keep a value of 100 for 5 stars, they would then assign
less weight to safety than before since they are guaranteed to buy at least a 3-star
vehicle. Finally, suppose they think some more and decide to consider only vehi-
cles with 5-star safety ratings. Their importance assessment has not changed, but
now there is no variation in safety rating because they have made the 5-star safety
rating a screening criterion. Therefore, they would assign a swing weight of O to
safety since there is no longer any “swing” in safety in the decision. In conclusion,
they always assess weights based on the swings in the measure range.

Not using swing weights can have significant consequences on the credibility of
the trade-off study.
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1.7.2.5 Improper Assessment of Uncertainty Uncertainty assessment requires an
understanding of heuristics and cognitive biases that humans exhibit when dealing
with uncertain information (Kirkwood, 1997). For example, humans anchor on irrel-
evant data and do a poor job of assessing the range of uncertainty. Therefore, an
assessment should never begin by asking an individual for the mean of the distribu-
tion, since this will anchor the individual on the mean. Once anchored on the mean,
humans seldom identify the bounds that capture the true range of uncertainty. The best
practice is to start with the extremes of the distribution and work toward the middle
to avoid anchoring. Another useful best practice is to use an uncertainty assessment
form that captures the key information on the assessment (Parnell et al., 2013).

1.7.2.6 Results Not Timely or Not Understood Performing a system trade-off
study, developing insights, and communicating key insights to decision-makers and
stakeholders is a challenging and important task that is usually performed under
significant time pressure. Late studies have no impact. Complex technical charts may
be difficult to grasp for individuals who do not use them all the time or who are not
wired to think that way (Madni and Sievers, 2016). In addition, some engineers tend
to provide detailed, technical information that decision-makers and stakeholders
neither need nor want. The analyst should take actions to understand what level of
information the decision-makers want to support their decisions and then identify
and communicate key insights as clearly and concisely as possible. So perhaps
the most challenging task for the analyst is identifying the important insights and
determining how to convey them to decision-makers and stakeholders. The ability
to identify insights and display quantitative information is a soft skill that those
conducting trade-off studies need to develop. One of the best sources of advice
for excellence in the presentation of quantitative data is the work of Edward Tufte
(Tufte, 1983).

1.7.3 Impacts of the Trade-Off Analysis Mistakes

Earlier, we discussed mistakes of omission and commission as distinct errors. Any
one of these errors can have significant consequences in system design and, ulti-
mately, on the program and the system (Madni, 2010, 2011). Unfortunately, it is quite
common to find multiple mistakes made in trade-off studies with some errors lead-
ing to, or cascading with, other errors. These cascading errors can lead to adverse
impacts for the trade-off study team, decision-makers, stakeholders, and the system
or program. In addition, repeating these trade-off mistakes can undermine the credi-
bility of the SE organization/enterprise (Madni et al., 2005). In Figure 1.3, we show
the dependencies among these errors. A dotted arrow represents correlation. A solid
arrow represents high correlation. These dependencies show how the mistakes can
cascade to the impacts described as follows.

1.7.3.1 Potential Selection of Poor Designs The ultimate impact of mistakes made
during the conduct of a system design trade-off study is the selection of poor designs.
This includes missed opportunities to increase value and reduce risk. The selection
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Figure 1.3 Relationships among trade-off study mistakes and impacts

of a poor design may then lead to significant impacts to cost, schedule, and technical
performance. The primary sources of this shortcoming are poor decision frame, alter-
natives that fail to span the decision space, not taking the time to improve alternatives,
not integrating trade-off studies with system/program risk assessments, failure to
implement recommendations, and results not produced in timely fashion or imper-
fectly understood. The most obvious, but often neglected, cause of poor designs is
poor alternatives. There are two primary causes of poor alternatives. The first is begin-
ning with a limited set of alternatives that does not span the decision space and then
not applying techniques to expand the alternative set (Madni et al., 1985; Madni,
2013). The second cause is not systematically trying to improve and expand the
alternatives during the trade-off study. The identification and improvement of a good
set of alternatives are sometimes impeded by the biases of the people involved. For
example, there are often preconceptions of adequate solutions that limit the thought
process from looking at the full decision space. The alternative generation table and
decision analysis models provide excellent information for Value-Focused Thinking
to improve the alternatives (Parnell et al., 2011).

1.7.3.2  Loss of Systems Engineering (SE) Credibility The long-term organiza-
tional impact of trade-off study mistakes is the loss of SE credibility in the program,
organization, or enterprise, and ultimately with the customer or acquisition organi-
zation. Nearly any of the trade-off study errors can result in a loss of SE credibility,
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since they impact the quality of the analysis and the resulting decision. Once the SE
credibility is lost, it takes a significant effort to restore it.

1.7.3.3 No Trade-Off Studies Conducted or Trade-Off Studies Conducted
on Wrong Issues The impact of a poor problem definition (decision frame) can
lead to no trade-off studies being conducted or trade-off studies being conducted on
the wrong issues. Defining the problem(s) is difficult and time-consuming; however,
it is critical. A great solution to the wrong problem may not be even a feasible
solution to the real problem. If the error is not detected, it can lead to the selection
of a poor design. The causes of poor problem definition are usually the lack of a
clear problem statement and a poor framing of the decision. The typical cause for
a poor decision frame is not having access to (or not listening to) decision-makers
and stakeholders. While the decision frame can be improved late in the study, it will
likely have schedule and cost impacts.

1.7.3.4 Loss of Trade-off Study Credibility The loss of trade-off study credibility
can usually be traced to multiple causes. The first is not having a sound mathematical
foundation for the analysis. This typically results in not using normalized value func-
tions and/or swing weights. The second is lack of confidence on the part of decision
makers and/or stakeholders in the objectives and measures, which they might per-
ceive as incomplete or not credible. Not showing the linkage of objectives to system
functions can contribute to this problem. The third is the lack of good alternatives that
span the decision space. A symptom of this problem is an advocacy trade-off analysis
that advocates the team’s preferred alternative and denigrates the others. The fourth
is not identifying uncertainties and performing risk analysis. Trade-off studies can be
improved or even reconducted late in the study but most likely not without adverse
schedule and cost impacts.

1.7.3.5 Not Implementing Recommendations Not having the trade-off study rec-
ommendations implemented can be a disheartening outcome. The reasons may lie
with analysts, decision-makers, and/or program managers. The analyst may not have
worked the right problem, may not have developed a credible model, may not have
sensitivity/uncertainty/risk analysis to provide confidence in the decision, may not
have communicated well, may not have provided an implementation plan, or may
have delivered the study too late. The decision-maker may not have provided the
analyst enough guidance to work on the right problem, may not have bothered to
understand the rationale for the recommendation, or may have already made up their
own mind about the decision before or during the study. The program manager may
have failed to secure the requisite funds to implement the recommendations (Neches
and Madni, 2013).

1.8 OVERVIEW OF THE BOOK

Figure 1.4 provides a graphical overview of the organization of this book. The first
four chapters provide the foundations for understanding trade-off analyses. This
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chapter has described the need for trade-off analysis and identified errors of omission
and commission to avoid. Chapter 2 provides the mathematical foundations for
trade-off analyses; Chapter 3 provides a review of the probability theory, cognitive
biases, and probability assessment necessary to understand and model uncertainty;
and Chapter 4 provides techniques for conducting resource analyses that are essential
to assess system affordability.

Chapter 5 presents the INCOSE decision management process for conducting a
trade-off analysis, and provides a detailed illustrative example using some of the
techniques illustrated in this book. Chapter 6 presents techniques for defining the
opportunity space that frames the trade-off analysis. Chapter 7 describes how to iden-
tity and structure objectives and, then, how to develop value measures that quantify
the attainment of these objectives. Chapter 8 provides commonly used techniques
to generate and evaluate alternatives and compares the ability of these techniques to
generate and evaluate alternatives. Chapter 9 provides an example of how we can
perform an integrated model of value that can be used to perform value and risk
trade-off analysis. The next five chapters discuss the life cycle stage context and pro-
vide examples of techniques that can be used to perform trade-off analyses in that
stage. Since different types of information are available in the different life cycle
stages, different trade-off analysis techniques are more appropriate. Chapter 10 dis-
cusses trade-off analysis that is conducted in the conceptual design phase. Chapter
11 discusses architecture trade-off analysis. Chapter 12 discusses design trade-off
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analysis. Chapter 13 discusses sustainment trade-off analyses. Chapter 14 discusses
programmatic trade-off analyses (acceptance and retirement). Chapter 15 provides a
summary and discusses future developments that may impact trade-off analyses.

1.8.1 TIllustrative Examples and Techniques Used in the Book

This book uses illustrative examples to demonstrate how trade-off analysis techniques
can be used to define the opportunity, identify value, identify uncertainties, evaluate
alternatives, and provide insights about the best alternatives. There are many qual-
itative and quantitative (deterministic and probabilistic) techniques that have been
proposed for trade-off analyses. The chapter authors reference many of these tech-
niques in their chapters. However, for their illustrative examples, the authors have
selected qualitative techniques that have proven useful and quantitative techniques
that use sound mathematics and have been used effectively to provide actionable
insights to decision-makers and stakeholders. Table 1.5 lists the illustrative examples
we have selected to illustrate how to perform trade-off analyses.

1.9 KEY TERMS

Decision: A choice among alternatives that results in an allocation of resources.

Decision Management Process: “a structured, analytical framework for objectively
identifying, characterizing, and evaluating a set of alternatives for a decision at
any point in the life cycle and selecting the most beneficial course of action.” The
decision management process uses the systems analysis process to perform the
assessments (ISO/IEC/IEEE 15288, 2015).

Life Cycle Model: “An abstract functional model that represents the conceptualiza-
tion of the need for the system, its realization, utilization, evolution, and disposal”
(ISO/IEC/IEEE 15288, 2015).

Mistake of Omission: Mistakes of omission are errors made by not doing the right
things.

Mistake of Commission: Mistakes of commission are errors made by doing the right
things the wrong way.

Stakeholder: “An individual or organization having a right, share, claim or inter-

est or in its possession of characteristics that meet their needs or expectations”
(ISO/TEC/IEEE 15288, 2015).

System: “Systems are manmade, created and utilized to provide products or ser-
vices in defined environments for the benefits of users and other stakeholders”
(ISO/IEC/IEEE 15288, 2015).

Risk: “The effect of uncertainty on objectives” (ISO/IEC/IEEE 15288, 2015).

Uncertainty: Imperfect knowledge of the outcome of some future variable.

Trade-off: “Decision making actions that select from various requirements and alter-
native solutions on the basis of net benefit to the stakeholders” (ISO/IEC/IEEE
15288, 2015).
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Trade-off Study: An engineering term for an analysis that provides insights to sup-
port system decision-making in a decision management process.

Value: The benefits provided by a product or service to the stakeholders (customers,
consumers, operators, etc.).

Value Identification: The determination of the potential value of a new capability.

Value Realization: The delivery of the value of a new capability.

1.10 EXERCISES

1.1.

1.2.

1.3.

1.4.

Trade-off analysis

(a) Provide a definition.

(b) Why are trade-offs needed?

(¢) Who should participate in a trade-off analysis?

(d) Why is trade-off analysis different in different life cycle stages?

(e) Should trade-off analysis be performed to support life cycle gate decisions?
(f) Who should make the trade-off decisions?

Decision management

(a) What is a decision management process?

(b) Why does an organization need a decision management process?
(c) What are the benefits of having a decision management process?
(d) What is the impact of not having a decision management process?
Identify a system that is currently operational and answer the following ques-
tions:

(a) Identify the system stakeholders.

(b) Define value for the system.

(c) Describe the products and services of the system that provide value.
(d) Identify system risks.

(e) What is the anticipated life of the system?

(f) How difficult will it be to retire the system?

Identify a system early in its life cycle and answer the following questions:
(a) Identify the system stakeholders.

(b) Define value for the system.

(¢) Describe the products and services of the system that provide value.
(d) Identify potential system risks.

(e) What is the anticipated life of the system?

(f) List one major decision in each future life cycle stage that could require a
trade-off analysis.
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1.5.

1.6.

1.7.

1.8.

INTRODUCTION TO TRADE-OFF ANALY SIS

Identify a system in development and answer the following questions:

(a) Describe the difference between value identification and value realization.
(b) What products and services will provide value?

(¢c) How are risks identified?

(d) What risks does the system have?

(e) What is the anticipated life of the system?

(f) List one major decision in each future life cycle stage that could require a
trade-off analysis.

Trade-off analysis mistakes
(a) Why are trade-off analysis mistakes made?

(b) Describe the difference between a mistake of omission and a mistake of
commission.

(c) What is the reason that trade-off analysis mistakes cascade?

Review a trade-off analysis paper in the proceedings of an engineering confer-
ence.

(a) How was value defined?

(b) What life cycle stage was considered?

(¢) Were uncertainty and risk considered?

(d) Identify any mistakes of commission or omission in the paper.
(e) What trade-off analysis insights were provided?

(f) Was the trade-off analysis convincing?

(g) What decision was recommended or made?

Review a published trade-off analysis paper in a refereed engineering journal.
(a) How was value defined?

(b) What life cycle stage was considered?

(c) Were uncertainty and risk considered?

(d) Identify any mistakes of commission or omission in the paper.

(e) What trade-off analysis insights were provided?

(f) What decision was recommended or made?

(g) Was the trade-off analysis convincing?
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