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Abstract

This research uses multi-attribute utility theorv (MAUT) to define a mathematical
representation of a decision maker’s utility associated with a satellite system. While
developing the survey instrument, we focused on making it simpler to administer,

primarily by eliminating the use of [ottery questions. These simplifications enabled us to

nr a rathar rnminlay
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shorten our interview with the decision m unde
model.

The MAUT model gives National Air Intelligence Center (NAIC) analysts the
ability to rank order satellite systems using the common measu
This tool allows a meaningful comparison of vastly different satellites

Properly priontized launch of space assets will be kev to maintaining our

-

capabilities in the long term. The ordeiing metho
multi-criterion optimization (MCO) problem to demonstrate its potential use in prioritizing
and scheduling limited launch resources.

The results of these two case studics and the M

develop some characterizations of a theoretical group utility function Most complex
decisions are made by groups rather than by an individual. This research concludes with
scme insights on the impact of an individual

made by the group.
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A MULTI-ATTRIBUTE-UTILITY-THEORY MODEL THAT
MINIMIZES INTERVIEW-DATA REQUIREMENTS:
A CONSOLIDATION OF SPACE LAUNCH DECISIONS

I. Introduction

I.1 Theoretical Background

One of the limitations in applving multi-attribute utility theory to actual decision

problems lies in the survey process. For a fairly large model the survey required to

aranca ctrirtiira 10 avera nﬂr\ﬁu"w ramnlay and
Wi v W Jb Whkiiw bW Wi l.l L 218 vvnnruu LR Y YLV

capture the decision maker’s (DM} pref
contains questions and methodologies which are very difficult to understand. In

particular. the use of the lortery questions, characteristic of MAUT, in the survey is quite

necad ac follows The DM g un en
Wl A Vil

cumbersome. Typically, binary lottery questions are p
two outcomes, A and B, such that the probability that 4 occurs is p and the probability

that B occurs is /-p. The DM is then asked to specify C such that he is indifferent

between obtaining (" with certainty and the ourcome of the lottery  Lottery questions can
be graphically represented as shown in Figure 1.1.
— - P A

Figure 1.1 Lottery Question

A~ e
ls lll

3]

Problems with this method quickly beconie apparent when worki
who is not familiar with MAUT. A great deal of time must be spent by the interviewer in
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an attempt to make the DM fee! comfortable with the questions being asked The
interviewer must review the axioms of probability and thoroughly introduce the lottery
concept to the DM. The survey takes a great deal of time to complete (sometimes days)

and too often the DM never completely understandy the guestions he is answering. Asa

o0

result, the DM loses confidence in the model that is being developed. A simpler method is

needed to make the survey simpler and shorter.

1.2 Applications

Rather than confine our research to only theoretical interests, we chose to apply

We concentrated on developing a model for evaluating satellite systems. The model, using

our improved multi-attribute utility theory, was used for two case studies. One focused

o vwhi

on satellite analysis by intelligence expents, whi
and prioritization of the Titan IV launch vehicle.

Analysts at the National Air Intelligence Center (NAIC) at Wright-Patterson AFB,
OH. assemble data to assess the space capabilities of foreign na i
difficult to compare systems which differ vastlv, as there is no common measurement tool.

Analysts would like to place a “value™ on a satellite relative to other satellites, but have no

e

means to a compare a COMMUNICAatior

|7

0
37
-
[1}]

carly warning satellite from another. One solution was to build and use a MAUT model to
assess the utilities of the satellites. The satellites could then be compared using the
common utile scale of the muti-attribute utility function.

Prioritizing space launch continues to be a major concern in the current
environment of limited resources. Space missions have conflicting requirements for
building and replenishing satellite constellations. Launch schedulers face the di

scheduling resources that cannot accommodate all of the space community’s launch needs
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A useful tool in this process would be a MAUT model that can be used to assess the

utilities of the proposed satellites to be launched. The model's results can then be used in
launched using constrained launch resources.

1.3 Problem Statement

The problem was to build a MAUT model that could be used to assess the utility

of a space system. The model needed to be flexible enough to be used in our two case

studies.

In the first case study we used the model to determine utilities and rank order a set
of foreign satellites and determined whether the model rankings match the informed
opinions of the intelligence experts at NAIC.

In the second case study we used the model to determine the utilities of a set of
satellites launched by the Sth Space Launch Squadron (5§ SLS) at Cape Canaveral AFS.
FL, using the Titan IV launch vehicle. The model’s results were then used in a MCG
problem to generate a theoretical selection of launches and a notional processing schedule.

In developing the survey instrument for the model, we integrated existing multi-
attribute utility theories to simplify the survey. In particular, eliminating the use of ottery

questions was our primary goal.

1.4 Problem Scope

Research and analysis was limited to the unclassified level  Due to potential
classification concerns, the designations for many of the satellites whose utilities were
assessed in the case studies was omitted. This does not represent any limitation to our
research. We were not concerned with the actual satellites only that the model’s output

SV AWt Ummbwesiswe y whsat w4

1-3




accurately reflected the preferences of the DM in each case study The DM in each case

study selected the satellites that were assessed.

1.5 Research Approach

This research used a phased, analyst-directed approach (6:63). We constructed a
model of the decision maker’s preferences based on his responses to a systematically
administered survey. The results of the survey were then used to construct a
multiattribute utility function.

Prior to developing a survey. a set of criteria was proposed that adequately
describe what satellite attributes are considered in assessing its urility An initial set was
adopted and then modified through consultation with experts working with space systems.
The survey itself was also used to verify that the criterion set was acceptable.

Satellite data was then added to the model to obtain a cardinal rank ordering of the
satellites. The model rankings were then compared to the ranking predicted by the DM.

A linear programming model was developed to represent the Titan IV launch

[+

process. The MAUT model results were used with this model to formulate a M
problem to optimize the total utility of the satellites selected for launch and to build a

notional processing schedule.




I1. Theoretical Background
In this chapter, we will outline some of the key multicriterion decision making
concepts that are necessary to develop and test our model. We’ll discuss the conditions

that allow us to create a multicriteria utility function that adequately describes the decision

maker’s preferences.

2.1 Pareto Preference

Basic to multicriteria theory is the concept of Pareto preference. Simply stated, it
is the idea that “the more of something there is, the better off we feel ™ This has an
intuitive feel--we prefer more money. more clothes, more food, etc. When selecting
criteria in an optimization problem, it seems natural to assume Pareto Preference for the
criteria. However, this leads us into a trap.

2.1.1 Unbounded Problem. Consider the example given by Po-Lung Yu
(35:184), where a person states that he is willing to work on Sunday, if he’s paid more
than $50 per hour. Clearly, the person is making a trade off between leisure time and
money. It seems plausible that Pareto preference holds; that is, he prefers more money

and more leisure time. Suppose we wish to formulate a value function, of the form:
VAY= A0, +~ Ao f (2-1)

where f; and /- are the value functions for money and leisure time, and the As are
weighting factors. Now we wish to find the optimal point (maximum) for this person. If
Pareto preference holds, then this is an unbounded problem, as Yu points out. In fact, Yu
warns that, in general, we can’t use a value function to represent Pareto preferences

(35:98).
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2.1.2 Bounding the Criteria. This does not stop us from ysing the concept
of Pareto preference in our model. The problem lies in the unboundedness of the
optimization problem. Hence we concem ourselves with bounding the criteria. In other
words, is there a point, xo ~ v(xy), such that if we increase x further, v(x) no longer
increases? We look at two types of cases where this occurs.

Take the case where we measure a system’s value by its level of mission
accomplishment. As we increase the level of mission accomplishment, our value for the
system increases--that is, more is better. Once we’ve reached 100% mission
accomplishment, however, it is clear there is no added value in having further
n 100%

improvements. Qur bound here is that it makes no sense to complet an
of the mission. Hence, the optimal point for this single criterion can be determined.

A natural bound occurs when there is a limit to how much of an attribute can
possibly be attained. Technology limitations provide an cbvious case. For example, more
accuracy in weapons targeting is preferred to less. However, there is a limit to how

accurate we can be, due to limits imposed by the hardware we use (misalignments, etc.)
and the environment (atmospheric effccts, etc.). Our optimal point in this ca
accuracy limit, since we cannot possibly do better.

2.1.3 Tradeoffs and the Efficient Frontier. Now we can begin to put the
value functions associated with each critericn together in i
The methods for accomplishing this will be discussed later. Our optimal value is clearly
the point where all of the criteria are maximized. if that is possible. But what if they
cannct all be maximized at the same time duetc a
maker begins making tradeoffs between the criteria in an effort to maximize his overall
utility. We study the way these tradeoffs are made to begin determining what the decision

maker’s multicriterion value function {ooks like.
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Even without a formally defined value function, the decision maker (DM) can

establish a set of points which are non-domir

Fareto optimal points (6:8). While the DM may not reach a single optimal solution, those

which are clearly inferior can be eliminated. By determining upper bounds on our criteria,

H mavimiveac tha

slamdn s
ud L HIGAL LAY i

we can now employ mathematical methods

DM’s utility.

2.2 Utility Function Construction

A great deal of the research in this thesis is devoted to deriving the multivariate

utility function that can be used to assess the decision maker’s valuation of a space system.

There are a multitude of methods available to accompiish this. In particular, we
three--multicriterion optimization (MCO), the interactive approach, and multi-attribute
utility theory (MAUT). Each method has its own strengths and weaknesses.

2.2.1 Multicriterion Optimization. MCO problems typically
of criteria with the associated univariate value functions. We then attempt to optimize
them simultaneously, subject to a set of constraints, using multicriterion linear or non-
linear programming. This method yields the entire efficient frontier. When there are
several criterion functions to be optimized, the process becomes computationally
intensive, but several computer algorithms have been developed to handle this, including
ADBASE (6:20). One weakness in this approach 1s that the concept of what is the
optimum solution is not well defined when the multiple objectives are substantially
different (8:173). This research first attempts to find a utility for each space system so

that differing systems may be compared. MCO s inappropriate for this task.

satellites, we can use these results to so.ve a problem that optimizes total utility subject to

constraints on available resources.
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2.2.2 Interactive Approach. There is currently a great deal of interest in
interactive methods to gain insight into the decision mzker’s preferences. This method is
exceptionally useful when it is not possible io determine a complete preference function.
The decision maker need only express “localized” preferences (6:23). The Franke-Wolfe
algorithm works well in the single criterion case, and the Geoffrion, Dyer and Feinberg
methodology extends this to the multicriterion situation (32:84).

There are. however, some disadvantages in this approach, particularly as it applies
to this research. First, the interactive approach is generally limited to ordinal rankings

(6:34). Second, the method is verv much a “trial and error” procedure, and with several

criteria, it can take a great deal of time to converge on an optimal solution. Worse vet, if

the DM is not consistent with answers, convergence may not occur at all. Finally, these

methods do not lay out a general utility function, but instead a series of localized
preferences (points or neighborhoods). We wish to have a general form in which a pew
space system can be assessed without having to reconstruct the utility function.

2.2.3 Multiattribute Utility Theory. MAUT will be the approach used in this
research. It allows us to express a definitive multiattribute utility function that can be used
to compare vastly differing systems against a constant cardinal scale. Utility functions
derived in this manner can take on many forms, but are commoniy either additive or
multiplicative. The axiom “the utility of an alternative is the sum of the utilities of each of
the possible outcomes” (€:34) provides the basis for this approach.

Typically, univariate utility functions are constructed by asking the decision-maker
a series of lottery questicns and determining certainty equivalents. One method using
lotteries is bracketing, whereby the interviewee is asked a series of questions designed to
“close in” on the certainty equivalent (8:378). de Neufviile suggests the use of an
interactive computer program to avoid possible biases from the interviewer (8:379),

Another method is the fractile method, where certainty equivalents are obtained across

24




progressively smaller intervals. The lottery equivalent probability (LEP) method uses
lottery equivalents instead of certainty equivalents. de Neufville cites some problems with
the consistency of the fractile method, and suggests that LEP aieviates much 6
(8:383).

The univariate utility functions are then aggregated into a multivariate function.

Zeleny (36:419) lays out a five step process, shown in Figure 2.1, for calibrating this utility

function.

1. Familiarize DM with the concepts and techniques of utilicy function
measurement.

2. Verify independence conditions and idenufy appropriate utility
decomposition form, v(y).

3. Assess the component value functions v.().

4. Determine the parameters: k. w's

5. Validate the consistency of v(y) against the DM's observed rankings

Figure 2.1 Ctility Function Measurement Steps
The key advantage of this approach is that we can seek a uiility function that fully
represents the decision maker’s preferences. Once the function has been calibrated,
known univariate utility function values for a given system can be inserted and the overall
M o o Gy

utility of the system can be calculated. At this point, substantially different sysiems are

compared using a single cardinal scale.
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2.3 Independence of Attributes

The MAUT process will take a set of individual univariate utility functions and
aguregate them into a single multivariate utihiy function. Chan points out that this is
valid process if the attributes are not independent (6:38). There are three types of
independence we will be concerned with in this research, preferential, utility, and additive
independence.

2.3.1 Preferential Independence. Preferential independence is concerned
with ordinal preferences. Zeleny (36 420) states that a pair of attributes, X and Y, are
preferentially independent of a third, Z, if the value-trade off between X and Y is not
dependent on the level of Z. Preferential independence commonly holds for n
problems, or is at least well approximated (7.478).

2.3.2 Utility Independence. Utility independence addresses itseif with cardinal
preferences. A cardinal utility function is necessary tc apph
optimization problem. When revealed lottery preferences of an attribute, X, do not
depend on the given level of another attribute, Y, then we say that X is utility independent
of Y (36:421). In general, X being utility independent of Y does not necessanily imply the
reverse. When the reverse does hold true, then X and Y are said to be mutually utility
independent. Zeleny notes that utility independence implies preferential independence
(36:421), and is a necessary conditicn of 2 multip

2.3.3 Additive Independence. Additive independence also zddresses cardinal
preferences. It is the strongest of the three forms. In this case, revealed lottery
preferences over attribute X, do not depen
Thus, when comparing uncertain outcomes over multiple attributes, the problem can be
evaluated one attribute at a time. Additive independence is necessary for an additive utility

function to be cardinal. Pamell cites previous research which conc




independence rarely holds in real situations (25:Ch 16; §). We will show later that

additive independence clearly does not hold for the model we propose.

2.4 The Survey Process

As discussed before, MAUT relies heavily on an extensive survey conducted with
the DM. The complexity and length of the survey is therefore the subject of common
criticism of this methodology. In this research, we pay close atten
process and attempt to simplify it as much as possible.

2.4.1 Constructing Univariate Utility Curves. The use of fractile or

bracketing methods to determine the shape ¢

cumbersome and difficult for the DM to understand. Kirkwood offers a simplifying
assumption that alleviates this problem (135:44). He cites extensive empirical research
which concludes that univariate utility functions are we
exponential form. Hence, the DM needs only to indicate one point (for example, where
utility equals 0.5) from which the constant to the exponential function, called the Risk
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Attitude Constant, is derived. The univariate uti
entire range of the attribute.

2.4.2 Verifying Independence Properties. When there is a large number of

criteria, verifying the independence of attributes is complete

Let’s examine the case of a decision problem with five attributes. To show
preferential independence, preferences shown over a pair attributes are compared with a
third attribute at a fixed value, and then the con of the
third attribute is varied across it’s range. With five attributes, this requires 30 sets of
comparisons! To verify mutual utility independence, 20 more pairwise comparisons must

be made. Clearly, the survey quickly becomes t60 burdensaine

t
L
1
}
-
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complete in a reasonable amount of time.




Keeney and Raiffa come to our rescue. They state and prove as a theorem the

following (14:292):

Given attributes ¥;, Xa....,X,, the following are equivalent: 1) Attributes X,.
Xs,..., X, are mutually utility independent. and 2) X, is utility independent and {X;,
X} is preferentially independent fori=1,2,3,..,nandn23.

This immediately eliminates 15 pairwise comparisons from the survey. In addition, if we

carefully define our criteria, we can reasonably make the assumption o
independence, thereby eliminating 30 more sets of comparisons. Now a forbidding
portion of the survey has been reduced to a manageable size.

2.4.3 Assigning Criterion Weights. Traditionally in MACT CRtErion weights
are determined using lottery questions  As stated before, this methodology is often
confusing to the decision maker. Simplification is necessary to achieve consistent
responses. Seo and Sakawa suggest a method to break this process down into smailer,
more manageable steps (29:199).

First, we ask the decision maker to rank the attributes in descending order of
importance, which is normally a fairly easy task. Next, we assess relative weights. Using
one attribute (a good choice is the attribute ranked highest) as the base, we can examine
tradeoffs between the base attribute and the other attributes. We ask the question, “How
much of the base attribute can be given up to gain and additional uait of ancther
attribute?” In this manner, we collect information on the preference intensities between
the attributes. Consistency can be checked by using a different attribute as the base and
reasking the same questions.

Finally, the weight of our base attribute must be determined. Here we substitute
the swing weight method proposed by Clemen (7:448) for the traditional lottery question.

In this method, we start with all attributes at their worst level (the worst possible
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alternative) assigning this hypothetical alternative a utility of 0 Next, we “swing” the base
attribute to its best possible level, and ask the decision maker to assign a utility that
describes hisher assessment of such an altermative. The utility thus assigned can be
mathematically shown to be the weight of the base attribute,

Together with the relative weights already determined, we now can derive all of
the attribute weights. The key benefit of this methodology is that we have compietely
eliminated the use of lottery questions.

2.4.4 Ratio Versus Interval Scales. Using the combination of ratio scale
comparison of criteria and interval scale scoring of alternatives is not without precedent.
Seo and Sakawa specify this combination in their approach to measuring utility
functions (29.199). Marvin and Hutchinson of the Analytic Sciences Corporation also
reported success in using this methodology (20:8).

There has been considerable debate as to whether this combination is
appropriate (20:1). The method proposed in this research takes advantage of both scales
to measure the criterion weights, as suggested by Seo & Sakawa. A ratio scale

nint Tha cuing methnd
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measurement requires a explicit (or at least imp
specifies the zero point as the case when the multivariate utility does not increase when the

criterion is varied from its low value to its high value. That is, the criterion weight is zero.
Therefore, it is valid to express one criterion weight as a ratic to ancther criterion weight.
Once all weights are expressed as ratios to each other, the swing weight experiment only
needs to be performed once to place the weights on an interval scale. The advantage

gained is that ratio comparisons are easier to cbtain from the DM than swing w

2.5 The Decision Makers




a unique system of preferences, whom we select 1o conduct our interviews with is very

important More importantly. most major decisions are made by a group of decision
makers, rather thar by an individual. MALUT provides the framework for deriving an
individual’s utility function, but not a groun’s,

2.5.1 Modeling Group Decisions Using Group Utility Functions. One
approach is to attempt to aggregate the individual utility functions into a group utility
function (GUF). However, what should be the form of the agoregated function? de
Neufville indicates that finding an appropriate form to represent the GUF is problematic
and usually does not yield satisfactory results (8:431). Seo and Sakawa show that under

certain conditions an additive form of a GUF, combining individual DM preferences, may

be appropriate via their “Representation Theorem for a GUF" (29:236) They suggest
two methcds to determine the weighting factors for each DM, the “benevolent dictator”™
approach and the “cellective response” approach.  In the form
by a knowledgeable individual. This approach is trivial in its application but often
unsatisfactory in its results (29:237). The latter approach requires an extensive
“interpersonal comparison of preferences™ including an “interpe
preference differences™ (29:239). This process is too complex for the purpose of this

research, but would make an interesting follow-on study.
2.5.2 Modeling Group Decisions Using An Individual's Utilitv Funetion,
Another approach is to model the group’s choices as that of an individual. This eliminates

the problem of determining the functional form since we use the MAUT process. Nobel

prize winner Kenneth Arrow noted problems with this app

ara Mmivian
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the example of “Arrow’s Paradox” (8:433) where a series of expressed preferences by a
group proved to be intransitive. This intransitivity is unacceptable for a utility function.
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Keeney and Raiffa (14:8) again offer some help in this area. In deci

to use an individual as the DM or a group, we need to step back and examine the purpose
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of our research.  Are we trying to describe the decision process, or prescribe what
decision should be made? Keeney and Raiffa propose that a unitary decision maker is
appropriate for the prescriptive approach--our model is to indicaie w
decision maker should propose In this research we are attempting to define a
measurement tool for space svstems which can then be used to make the best decision
possible, according to a decision maker’s preference structure. We can incorporate inio
the model the DM's perceived notions about what others might do (i e the political
environment), as part of the uncertainties he faces. Hence, we will build our model using
a unitary decision maker

2.5.3 Characterizing A Group Utility Function, As mentioned earlier, once
utilities have been calculated for a set of satellites. we can use the information to formulate
a multi-criterion optimization problem. Using vector sensitivity analysis, we can define
some limits for weighting factors that will affect the optimum decision, Richard Wendell
outlines a “tolerance™ approach that determines how much each objective function
coefficient (in this case. satellite utilities) can simultaneously and independentiy vary. The

tolerance, 1, is determined from the formula (34:567);

Cy'mB '/4»:;”(‘;- ] (2-2)

r = Min
Lh B'-O ’ .«4-# J

el -2

The numerator in Equation (2-2) is the “reduced cost” of the kth non-basic variable.
where K'is the set of non-basic variables. The formula is derived from the classic linear
program, which is “perturbed” by yec’;, as shown in Equation (2-3). When ¢ is set equal

to G, y represents a percentage variation from each original coefficient.
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Max 2(3. +}/J C:)xl

1=l

Subject To 3 4, x, (2-3)

)=

fori = 1...m

In Equation (2-3) 1 is a conservative estimate of the coefficient variation that can occur
while still maintaining the original optimal basis. In Chapter 4 we will characterize the
effects of aggregating an individual utility function with another into a GUF. We will
analytically determine how the resulting variance of the original obiective fimnction
coefficients from their original values affects the optimal solution for prioritizing satellite

launch resources.
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IT1. Model Formulation

This chapter discusses the formulation of the multicriterion utility function that was
derived as a result of this research. Once the utility function is calibrated, it can be used to

assess the value of any space system of interest.

3.1 Criteria

Four criteria, which are in turm decomposed into sub-criteria, were chosen such
that, as a set, are necessary and sufficient to describe the decision maker’s entire process

of considering the utility of a space system.

Figure 3.1.

~

Each sub-criterion is scaled from 0 to |, with O the low extreme, and 1 the high
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extreme. The scale is benchmarked at egual interva
descriptions. When assessing a satellite, the ratings may fall on these benchmarks or
anywhere in between. Foreign satellites are evaluated from the “owner’s point of view.”
The model is organized into a two tier hierarchy, Seo and Sakawa ref
method as “nesting of preferences™ (29:206). In the lowest tier, similar criteria are
grouped together. Each group has only three or four criteria. and are referred to as sub-
criteria in this model. At this leve! pairwise compariscns are done only be
criteria within the same group This eliminates the need for awkward comparisons of
greatly dissimilar sub-criteria. A multivariate utility function is formulated for each group
of sub-criteria, and are called the criterion functions in this mo
are then conducted for the second tier of criteria, just as they were for the sub-criteria.

Seo and Sakawa show that MAUT techniques are equally applicable to a ticred
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model (29:207). The overall utility function is then formulated. Th

advantageous as it allows us to work with a mode! that has thirteen criteria without
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becoming overburdened with the pairwise comparisons. Without the hierarchical
organization, the model would have required comparisons of 78 paired sets of criteria.

Our model reduces this to 21 paired sets.

3.1.1 Criterion 1: Environment. This criterion defines the value associated
with the time dependent “state of the world.”™ To provide consistent value raiings for the
satellites, a “snapshot” is taken and scored. This criterion, since it can be thought of as
time dependent, allows a time series of satellite utility to be shown, since multiple
“snapshots™ can be taken over a pen'od of ume. In addition, this criterion ailows some
“what ifing” to be done. Note that the scores in this criterion will be identical for all
satellites owned by a single country.

3.1.1.1 Sub-Criterion 1-1: Political State. This sub-criterion describes

the current international pelitical environment.

Table 3.1 Political States

Level Level Title Description

0.00 Peaceful Stability International relations are stable and the world is absent of
any significant military/political crises. Obviously, this
state is rare.

0.25 | Minor Crises/Degraded Stability | One or more minor local/regional crises are in progress
that do not immediately threaten national security.
Relations with allies or adversarics may be degraded. but
negotiations are continuing. For most countries. this is the
most common state during the 20th century.

0.50 Major Crisis One or more regional crises are in progress that potentially
threaten national security. Relations with allies or
adversaries are substantially degraded. and negotiations are
scemungly at an impasse. This would describe the political
landscape throughout most of the 1930's.

0.75 Limited War Tensions between nations are high. Regional conflict has
broken out that threatens national security. General War
threatens. The Korean and Vietnam Wars are examplcs.

1.00 General War National forces are fully mobilized and committed to
intense combat. World War 11 exemplifies this state.
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3.1.1.2 Sub-Criterion 1-2: Overall Space Capability. This sub-

criterion examines the overall space capability of the nation. The Pareto assumption here

is that the more overall space-capable a nation is. the more individual space assets are

relied upon.
Table 3.2 Space Capabilities
Level Level Title Description
0.00 Primidve Nation has virtually no space assets whatsoever. In
addition. it has little or no ability to interfere with other
nation's deploved assets.
0.25 Minor Space Power Possesses limited space assets. deploved primarily in

support roles. Some interference/jamming capability is
likelv.

0.50

Medium Space Power

Assets are deploved in support and force enhancement
roles. Demonstrated capability to interfere/jam enemy
satellite svstens.

0.75

Major Space Power

Assets are deployed across nearly the full range of mission
areas and are integrated somewhat with terrestrial forces.
Likely offensive anti-satellite capability.

1.00

Space Superpower

Fully deployed and integrated systems across the full range
of missions. Demonstrated offensive/defensive anti-
satellite capability.

3.1.1.3 Sub-Criterion 1-3: National Economy. This sub-criterion

describes the state of the nation’s economy. This sub-criterion may at first appear to be

scaled in reverse. However, we are considering a satellite’s value in terms of the

economic conditions, where the value placed on the asset increases as economic

conditions worsen.




Table 3.3 National Economiies

Level Level Title Description

0.00 Boom Characterized by rapid economic growth and vigorous
international trade.

0.25 Growth Overall. economy is healthy and expanding. Trade
barriers are minimal.

0.50 Stable The most common economic state. Trade relations and

currency exchanges are stable. Trade barriers may be
present. but do not scriously hamper trade relations.

0.75 Recession Economy is shrinking. Currency exchanges may be
unstable. Trade relations are constrained and
_protectionism is prevalent.

1.00 Dcpression Economy is in collapse. International trade is minimal.
with trade barmicrs dominating.

3.1.2 Criterion 2: Mission Impact. Thi: cit_rion attempts to determine the
value of a satellite’s missicn(s) relative to the mission(s) of other satellites.
rating given may reflect an entire class of satellites, for example, those used for early
warning.

3.1.2.1 Sub-Criterion 2-1: Mission Criticality, This sub-criterion rates
the relative importance of satellite missions, such as early warning, communications,
weather, etc. For example, General Charles A. Horner, former Commander-In-Chief of
Air Force Space Command, considered Early Warning to be the most critical space
mission, communications the second most critical, with remaining space missions less

important relative to these two (11).

I




Table 3.4 Mission Criticalities

Level Level Title Description

0.00 Trivial/Scientific Mission is primanly scientific in nature, and has virtually
no impact to the warfighter. This does not mean the
satellite is useless. but that it has no direct or current
application to military offensive/defensive capabilities.

0.25 Minor Component While not contributing directly to warfighting capabilities.
the satellite aids forces that do.

0.50 Medium Component Satellite plays a collateral role and increases the
effectiveness of other forces.

0.75 Major Component Sateilite mission plays a significant role in force
offensive/defensive stratepy.

1.00 Critical Mission constitutes a critical capability, without which it
would be difficult or nearly impossible to conduct wartime
operations. ‘

hn ealativen

3.1.2.2 Sub-Criterion 2-2: Space/Ground Ratic. Here the relative

amount of the mission accomplished by space-based assets versus terrestrial-based assets

is examined.
Table 3.5 Space/Ground Ratios

Level Level Title Description

0.00 100% Ground Terrestrial assets perform the entire operational mission.

0.25 Primarily Ground Space assets are sometimes used for the operational
mission. however. ground counterparts dominate. Space
systems ter:d to be seen as experimental, and serve
primarily in backup roles.

0.50 50/50 Mix Space and ground assets are equally relied upon to perform
an assigned mission.

0.75 Primarily Space Space assets dominate mission accomplishment. Ground
assets are secondary or used as a backup.

1.00 100% Space The entire operational mission is performed by space
assets. Ground backup is not available or is unreliable.
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3.1.2.3 Sub-Criterion 2-3: Maturity of Mission. How well the
satellite’s mission is understood by warfighters and integrated into overall capabilities is

considered in this sub-criterion.

Table 3.6 Mission Maturities

Level Level Title Description
0.00 Unknown/Unused Satellite’s capabilities are not understood or utilized by

strategic and tactical commanders. Satellite remains
largely an R&D project.

0.25 Little Known Satellite capability is partiaily understood and used. but
only on a basic level. R&D community possesses the
expertise to operate the satellite.

0.50 Somewhat [ntegrated Operational Turnover of the satellite has occurred from the
R&D community to the operational unit. Capabilities are
still being explored. Information concerning the satellite is
reaching field commanders and experimental/tentative use

has begun,
0.75 Widely Known/Substantially | Operation of the satellite is “normalized.” Field
Integrated commanders understand capabilities and routinely use

them. Some integration problems still exist. and alternate
assets are maintained and frequentlv relied upon.

1.00 Fully Integrated Satellite is fully understood and exploited. and capabilities
are fullv integrated into theater operations.

3.1.3 Criterion 3: Cost/Domestic Commitment, The value nlaced on a
satellite is demonstrated by the level of commitment a nation makes to supporting the

continuation of its mission.

3.1.3.1 Sub-Criterion 3-1: Ecgr.emic Commitment, The findin

[ {]

of the satellite’s production, operations, maintenance and related infrastructure is

evaluated here.
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Table 3.7 Economic Commitments

Level

Level Title

Description

0.00

Near Canccllation

Commitment to satsllite (program) is minimal or ncar
termination. Natural reasons for this to occur is that it is
near the end of the satellite (program) life cycle. or upon
the advent of a new technology that renders the satellite
obsolete. Political considerations may also cause
termination.

0.25

Drawdown

Support is in decline. This may be due to
palitical/economic considerations. or it may be late in the
satellite’s (program'’s) life cycle.

0.50

Stable

Funding is stable. Typical of a satellite (program) near the
midpoint of its life cycle.

0.75

Growth

Funding is growing steadily. Typical of a young satellite
(program), when political support is growing and
infrastructure is still being added.

1.00

Explosive Growth

Political support and funding for the satellite is rapidly
expanding. Political support is consolidating.

criterion looks at the growth rate, this sub-criterion examines the current size and impact

3.1.3.2 Sub-Criterion 3-2: Economic Impact. While the previous sub-

2 ¢ wvan mon

due to the commitment to the satellite.

Table 3.8 Economic Impacts

Level Level Title Description

0.00 “Mom & Pop” Program Very small organization that impacts only a small local
economy. Production facilities might consist of a single
small plant.

0.25 Minor Program Dominates only a local economy. Production facilities
might consist of a few small plants or a single large one.

0.50 Regional Program Program infrastructure is significant 0 a regional
economy. Program is large enough to receive some
national legislative scrutiny,

0.75 Major Program Program infrastructure is significant to national economy
and receives substantial public and legisfative attention.

1.00 Intense Program Substantial sacrifices are made at the national level to

continue funding of the satellite’s infrastructure. Single-
minded economic priority is given to the satellite.




3.1.3.3 Sub-Criterion 3-3: Launch Priority. Launch priority givento a

satellite is an excellent indicator of the value placed on that asse. Chis sub-criterion also

crme=1aae oo

orbit affects the priority given to a new launch.

Table 3.9 Launch Priorities

Level Level Title Description
0.00 No Near Term Launch/Ng No capability exists to replace the satellite in the near term.
Spares Replacement satellites have not been constructed and/or no
launch vehicles are available.
0.25 Delaved Schedule/Limited Replacement satellites have been partially constructed. but
Sparing are not available for near term launch. A launch schedule
does not exist, is incomplete. or delayed.
0.50 Stable Launch Launch of replacement satellites can be accomplished on a
Schedule/Substantial Sparing | schedule. However. the schedule is somewhat inflexible.
Spares are available. but most are on the ground. and those
in orbit are not positioned for immediate use.
0.75 Accelerated Schedule/Near Launch of replacement satellites can be accomplished on
Complete Sparing an accelerated schedule. Several spares are constructed,
with most placed in orbit to be positioned in the short term.
1.00 Launch On Launch possible on short notice. Comprehensive sparing
Need/Comprehensive Sparing | strategy is in place. On-orbit spares can be made
operational quickly

3.1.4 Criterion 4: Satellite Status, This criterion takes into account the

individual characteristics of the satellite.

onit.

3.1.4.1 Sub-Criterion 4-1: Mission Performance Status. How well the
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satellite is performing its assigned missi
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Table 3.10 Mission Performance Status

Level Level Title Description

0.00 Non-Operational Satellite is degraded to the extent that it cannot be
considered operational.

0.25 Severely Degraded/Turned Off | Satellite is capable of performing its mission only to a

Spare marginal extent. Satellite may be configured as a spare.

with secondary power turned off until needed.

0.50 Significantly Degraded Satellite satisfactorily performs its mission. but at a
substantiallv degraded level.

0.75 Slightly Degraded Satellite performs its mission as expected, but some minor
degradation is present.

1.00 No Degradation Satellite is fully capable of performing its mission--no

failed or degraded units.

single satellite accomplish an entire

3.1.4.2 Sub-Criterion 4-2: Contribution To Mission. Rarely does a

inn  Tuniralhy catallitac are araiined intn
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constellation to complete an assigned mission. Here the satellite’s contribution to

completing the mission is measured.

Table 3.11 Mission Contributions

Level Level Titls Description
0.00 Spare/No Direct Impact To Loss of the satellite will not adversely impact the capability
Mission to accomplish a mission. A typical case would be a
satellite configured as a spare.

0.25 Secondary Impact To Mission | Loss of satellite would impact mission accomplishment at a
secondary level only. The mission completed by this
satellite can be readilv transferred to another satellite.

0.50 Impacts Mission Loss of the satellite would adversely impact mission
accomplishment. Much of the satellite’s duties can be
transferred. but noticeable degradation will occur.

0.75 Suongly Impacts Mission Loss of satellite significantly impacts mission
accomplishment. Satellite mission duties are largely
irreplaceable, hence substantiai degradation occurs.

1.00 Critical To Mission Loss of satellite criticallv impairs mission accomplishment.
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3.1.4.3 Sub-Criterion 4-3: Level of Technology. In general, more

modern satellites that employ improved technologies have greater capabilities. In

particular, satellites that employ newer technologies represent a significant investment in
research and development. While high tech has no value by itself, the investment in

e

technology to achieve a capability, is a direct indicator of the value placed on that

capability.
Table 3.12 Technology Levels
Level Level Title Description
0.00 Primitive Space technology is at the most rudimentary level. A
satellite such as this hearkens back to the davs of Sputnik.
0.25 30 Year Old State of the A | This represents technology developed and employed by

advanced nations in the 1960’s.

0.50 20 Year Old State of the Ant | This represents technology developed and employed by
advanced nations in the 1970°s.

0.75 10 Year Old State of the At | This represents technology developed and employed by
advanced nations in the 1980's. -

1.00 State of the Art Represents the current best possible Se.ded space
technology

3.1.4.4 Sub-Criterion 4-4: Expected Remaining Lifetime. [t would
seem obvious that the value placed on a satellite depends on an estimation of h
satellite will remain operational. This is to be distinguished from a satellite’s planned life
cycle, which is a fixed timespan estimated by satellite designers. The expected remaining
lifetime is a changing estimate, affected by the spacecraf’s age fu

satellite subsystem failures.
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Table 3.13 Expected Remaining Lifetimes

Level Level Title Description

0.00 0 Years Complete failure is expected at any time.
0.20 3 Years sclf-explanatorv

0.40 6 Years ¢

0.60 9 Years -

0.80 12 Years "

1.00 More Thag 15 Years ¢

3.2 The Survey Instrument

Conduct of the survey with the decisicn maker is pe
of this research. The survey was designed with four geals in mind: clarity. simplicity,
brevity, and consistency. The survey is written using Microsoft Exce] Version 5.0
software. All mathematical calculations are performed in & separate section that is
transparent to the DM. Completed surveys for the two case studies conducted in this

research are included as Appendix A and Appendix B.

Aﬂ:Mﬁd tn b . 1vead Tey

3.2.1 Survey Preparation. The survey is designed to be used in a face-

Y

interview. The analyst provides initial background information, guides the decision maker
through questions, and records responses. As de Neufville points out, an experienced

analyst is important to this process (8:376). The analyst should con
sessions with trial decision makers before conducting the survey with the actual DM.

The DM must be gradually introduced to the concepts of utility theory. Clemens

very neatly lays out a set of “axioms of expected utility” that is usefl i

this (7:405-406). Further, the DM must be reminded that there are no “right or wrong”

answers. Remember, the goal of the survey is to capture the DM’s preference structure.
shn

The survey is divided into five sections to assist the DM in understanding the

survey flow. Each section has a specific purpose which should be explained to the DM
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before proceeding. Survey questions are worded to be as clear as possible. In particular,
we make use of theory developed in Chapter 2 to eliminate ditficult lottery questions.

The survey is designed to take no more than two hours to comple
DM is unlikely to give reliable or consistent responses. The role of the analyst is key to
success in this area, as shown by decreasing survey completion times in this research as
the analyst became more experienced. The first test sunvey {the results ©
included in this final report) took more than four hours, and vielded some very
contradictory results. The first case study, in contrast, took 2 1/4 hours to complete,
while the second case study survey was done in less than 1 1/2 hours.

Finally, consistency is achieved by using a wnitten survey. As Clemens astutely
points out, how questions are posed can greatly influence the answers given. By using a
written survey, we are assured that the DM for both case studies are given identical survey
instruments.

3.2.2 Survey Section I: Mapping the Sub-Criterion Utility Functions.
The DM is given some information and answers a question concerning each sub-criterion.
First, the sub-criterion is defined. Each sub-criterion is scaled from zero to one, and
discrete levels of the sub-criterion between these points are defined. Next, the DM is told

Lo

that the lowest level of the attribute is assigned a nunimum utility of 0, while the highest

level of the attribute is assigned a maximum utility of 1. That is:

jﬁhg‘(O) =0

Utilin(1) =1 G-

The DM is then asked to define an attribute level such that he:she feeis has a utility of 0.5.
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Utility(?) = 05 (3-2)

These three points allow the univariate utiity function to

proposed by Kirkwood and discussed in section 2.5.1.

Ainbue Love
Figure 3.2 Univariate Utility Curve

The mathematical representation of this univariate utility function takes the form:

1-exp{RAC x X} (3-3)
1-exp{RAC})

Utiliny(X) =

where X € [0,1] and the risk attitude constant, RAC, (RAC = 0) is determined from the

0.5 utility point specified by the decision maker. The RAC is determined using a “0.5
Ltility Point versus RAC” lockup table that was created using Kirkwood’s Decision

Analysis software (16).
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If the DM indicates that the utility midpoint (0,5) occurs at the attribute midpoint
(0.5), then the univariate utility function is linear, and the RAC = 0. In this case, the

mathematical representation of the utility function 1s simply.

Utilit(X) = X (3-4)

3.2.3 Survey Section II: Independence Verification. Preferential
Independence is assumed for this model for two reasons. First, as Keeney points out,
Preferential Independence is a reasonable assumption for most multi-attribute decision
models and cases where it does not hold are fairly rare (13:140). Second, as the criteria
were being defined, careful attention was paid to the requirement of preferential
independence to avoid any violation of this condition.

A single sub-criterion is then chosen as a basis for comparison. We ask a series of
questions to determine whether this sub-criterion is utility independent of each of the other
twelve sub-criteria. The DM is asked whether the utility midpoint chosen in section I of
the survey for the base sub-criterion is affected by changing the level of any of the other
sub-criteria. If it is not, then the base sub-criterion is utility independent of the other sub-
criterion. Here we make full use of Keeney’s weaker conditions for utility independence
described in section 2.5.2. Hence, mutual utility independence is verified.

3.2.4 Survey Section IIl: Multivariate Criterion Utility Functions. In

this section the sub-criteria are grouped into their respective criteria. The DM is asked to

rank, in descending order of importance, the sub-criterion in each groun. Once the sub-

) whenw v Wi WmAswas e8t W was

criteria are rank ordered, the DM is asked to indicate their relative importance.

3.2.5 Survey Section IV: Multivariate Criterion Utility F unctions,

Part 2, This is perhaps the most difficult section of the survey. The sub-criteria are
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again grouped into their respective criteria. Then for each group, the following definitions

are given:

Utility(x” s Xy ) =0 (3-5)
bullt}(x“‘“ "'“..-.X,T“) =1

Given these definitions, the DM is now asked to assign a utility vaiue to a sateilite where
the highest ranked sub-criterion is set at its maximum level while the other su

set at their respective minimum fevels.

Utiliy(x ™™ xT0 . x70) = ? (3-6)

Seo and Sakawa prove that the utility value given by the DM for this type of formulation
is the weighting factor of the maximized su i
repeated for each group of sub-criteria.

3.2.6 Survey Sections V and VI: Creating the Overail Utility Function.

In section V, just as in section II1, the DM now ranks the criteria in descending order, then

assesses their relative weights. Section V1 parallels section IV. This section has proven to

be a little bit tricky. Maximizing a criterion takes place when all of its respective sub-

th-criteria are

e . -a

criteria are maximized. Similarly, 2 criterion is minimized when all its

minimized. Hence, the DM is attempting to assign a utility to a situation where thirteen
sub-criteria are set a fixed values. Despite the difficulty, this method is still infinitely

superior to lottery selections, as it is still much easier to work with than wit
questions. The analyst’s guidance in this section, along with the experience gained by the

DM in section IV, made this task manageable.
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3.3 Utility Function Calibration
Once the survey has been completed, the Excel software (21) is programmed to
automatically determine weighting factors and calibration constants. The analyst does not
need to perform any mathematical calculations, but simply presses {F9} to have the Excel
program begin the calculations, which take about 30 seconds to complete.

3.3.1 Functional Form of the Multivariate Utility Function. The reason
for establishing preferential and utility independence in Section Il of the survey is that they

are necessary conditions for a multiplicative utility function of the form (8:408):

[Ttk-w,-Utx)+ -1

U(X)= (3-7)
k
where the U/(Y))'s are the univariate utility functions, the w’s are the calibrated weighting

factors, and k is the normalizing parameter that allows multivariate utility function to also
be scaled from 0 (worst) to 1 (best). The same functional form holds for both the criterion

utility functions and the overall utility function.

3.3.2 Weighting Factors. Sub-criterion weights are derived from questions in
sections III and IV of the survey, and the criterion weights are calculated using
information in sections V and VI. A sub-criterion’s (critericn’s) weighting
by multiplying the weighting factor assigned to the highest-ranked sub-criterion (criterion)
by the sub-criterion’s (criterion’s) relative weight.

Clemens offers some discussion on an interesting implication of these weighting
factors. When the weights of a set of criteria are summed, if they add to less than one, the
criteria are said to be substitutes for each other. Conversely, if the sum is greater than

one, they are complements of each other (7.484). This insight, provided io the

the survey process, can greatly assist the DM’s thought process when assigning weights.
(=4 - -~ -
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3.3.3 Calibration Constant Calculation. Once the weights have been
determined, the calibration constant & can be calculated. We begin with the multiplicative
foom in Equation (3-7). Wethensctallo

each U(X) = 1. This simplifies the equation to:

kow, +1)=1
il "k'+) (3-8)

Equation (3-8) is expanded and the constant is moved to the right-hand side. For the four

criteria case we now have:

O=w, + W, +Ww, +w, + k(W W, + Ww, + W W, +W. W, + W, W, +w,w,) + (3-9)

: ' . e 300w ,
k2 (w wawy + wowaw, wwow, Heoww )= Ewoew e, =1

We can solve for & by finding the root of this equation. The Excel spreadsheet is

375 semos- bame
1t

programmed to iterate to find this root. We now

function. The process is repeated for each criterion and finally for the overall function.

3.3.4 Calculating Satellite Utilities. After the utility function has been

1. -
T k =}

ol a
U ue o

created, satellites can be scored in each of the thirieen sub-criteria.
uses this data to first calculate the univariate utilities. The univariate utilities are then used

to calculate the criterion utilities. which are in tumn used to calculate the fina utility.

3.4 Titan Launch Optimization Model

Once satellite utilities are calculated, we can use them to optimize the use of

limited launch resources. First we will need to develop a mathematical model io represent

the launch process.
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3.4.1 Launch Processing Flow. The Titan IV launch process is shown in

Figure 3.3 (31). The processing flow is complex, including separate flows for the core

and sl
(¥

vehicle, Inertial Upper Stage (TUS) or Centaur Upper Stage, and the 56

However, our model size is limited by the available PC software (26:10-2), hence for this

research we must simplify the process so that a linear program model can be constructed.
We chose to use the core vehicle flow for the simplifi
as Figure 3.4 shows, vehicle processing problems cause the majority of time

delays (3:atch 7). Second, the Centaur and TUS flows are “optional” in that these upper
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stages are not used for every launch. Finally, core processing takes the longest to

complete, and all other components are eventually integrated into it. Core processing

appears then to be the critical flow, and a reasonable portion o represent the overall flow
' Greund/Operations
12% !
Vehicle/Hardw are !
, 62%
Spacecraft
24%
Weather
2%
Figure 3.4 Duration of Delays: Titan 1982 - Present
Our mode! traces the flow through three points, the Vertical Integration Building

(VIB), the Solid Motor Assembly Building (SMAB)/Solid Motor Assembly and Readiness
Facility (SMARF), and the two faunch pads (SLC 40/41). The network flow is extended
into a dynamic program with the incorporation of time as a variahle. This inclusion will
enable us to create a launch process schedule in addition to optimizing the utility gained
from satellite launches. The model flow is shown in Figure 3.5. The processing time in
each node is modeled deterministicly, using average nrocessing times from Titan launch

history. The mathematical formulation of the model is contained in Appendix C.
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Figure 3.5 Launch Processing Medel

The average time for complete processing of the launch vehicle is approximately 8

months: 4 months in the VIB, 2 months in the SMAR, and 2 months on the launch

wee vaaw siwwreswen

pad (18). This includes the time necessary to refurbish the launch pad. Refurbish time is

included as part of the pad processing time, as that resource is unavailabie for the next

launch vehicle until refurbishment is complete

3.4.2 Resource Constraints. Once the launch vehicle flow is modeled, we add

a set of resource constraints to the optimization problem. The VIB is capable of

processing five vehicles simultanecusly. The SMAB/SMARF can process twe vehi

clac at
4 ~eV A WAV AL M bl L A i W P WAAMWiANY Wb

a time, and the launch pads can process one each (18).

3.43 Launch Windows. Normally, each satellite has an optimal time period
for launch. In the case of interplanetary missicns, !

D31V,

necessary rendezvous times for mission phases such as gravity assist trajectories. For
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earth satellites, launch deadlines may be set to achieve specific mission objectives, such as
replenishing satellite constellations. These launch windows cause satellites to compete for
v b ona 1

the constrained launch resources. Solution of our model will show how these sometimes

conflicting requirements are traded off and use of the launch facilities is optirnized.
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IV. Research Results

In this chapter, we present the resuits of this research, and demonsiraie some

applications for the data obtained.

4.1 Primary Results: Case Study #1
The first case study attempts to take a set of foreign satellites and compare them
using a common measurement tool, our utility function. The DM is this case study is the

head of an intelligence team at the National Air Intelligence Center, Wright-Patterson
AFB, OH. The model! is expected to generate a mathematically-based cardinal rank
ordering of systems, which accurately reflects the intuitive judgment of an experienced

intelligence analyst. The successful model will enable a less experienced analyst to achieve

utting it inta the madel

ral Aata and inn
b L -l “.Pu‘“l‘b e A0 AW JAAWNWL

similar results by simply collecting satellite technical data an
Eight real-world operational satellites from three foreign countries were selected
and their respective utilities assessed. To avoid any potential release of sensitive
information, the actual satellite designations and country of origin are omitted, Th
satellites are numbered, with the owning country indicated by a letter designation.

Satellites 1 through 5 are surveillance satellites, while satellites 6 through 8 are

communications satellites.

After collecting data for the satellites, the DM was asked to indicate an intuitive
rank ordering for the satellites, with ties allowed. The data collected are shown in
Appendix A. The overall results are shown in Ta
mission and ranked within their respective group. Overall, the results were excellent. No

reversals between the expected rankings and the model rankings occurred.




Table 4.1 Case Study #1 Results

Al [A2 ] A3 [ Bl | Cl1 | A4 ]| AS | A6

Predicted Rank Ordering 2 1 3 1415 ] 2 |13
Utility Determined bv Model 651 .66[.571.55}.52| .67 .58 .52

[ o]
—
LV )
»
wn
(6
w

Mode! Rank Ordering (By Mission)
Model Rank Ordering (Overall)

)
o
o}
L
Q0
Lo
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4.2 Primary Results: Case Study #2

In the second case study we assessed the utilities of a set of satellites that are
launched on the Titan IV, the United States’ largest launch vehicle. Th
ordering obtained can be used to prioritize limited launch resources, using multi-criterion

optimization (MCO) tools. The DM used in this case was the Titan launch squadron’s
(5 SLS) long range mission planning officer.
Five satellites due to be launched on the Titan IV in the coming years were chosen.

The launch designated K-a is Milstar DFS-2, part of the DOD’s newest and most modemn

CrimnArt Draaram aark:

satellite communications system. Launch K-b is a Defense Support Program early
warning satellite. Launch K-c is Cassini, NASA’s mission to Saturn, scheduled for take-
off during October 1997. Launches K-d and K-e are typical payloads whose identities
are concealed for the purpose of this research.

As in the last case study. data were collected for the satellites and put into the

model. The DM is asked for an intuitive rank ordering to compare the model against.

N

The data collected are in Appendix B, while the overall resu howii in Tab

4 Aea Al o s
WL Al T DIV WIEL ML s

1n A
1w T,

Just as in the first case study, the model rankings accurately reflected those predicted by

the decision maker.
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Table 4.2 Case Study #2 Results

K-a | K-b | K-¢c | K-d | K-e

Predicted Rank Ordering 2 1 5 4 3
Utilitv Determined by Model 45 1 64 | 38 | 39 | 45
Model Rank Ordering 2 1 5 4 3

4.3 Strategic Equivalence With Additive Utility Function

At this point, we turned our research towards seeing if our utility function could be
expressed using a simpler form. We were interested if an additive function, rather than a
multiplicative one, could still yield equivalent results. In particular, we were locking for
strategic equivalence. Strategic equivalence applies to the ordinal ranking of alternatives.
If two utility functions vield the same rank ordering for a set of alternatives, they are said
to be strategically equivalent (€:45). If we can show this, we must st
cardinality of the alternative rankings, that is, whether the strength of preferences
calculated using the additive and multiplicative forms are “equivalent.” The additive form

of a multivariate utility function is shown in Eguation (4-1).

urility(X) = 3 w.-u(x) 4-1)

4.3.1 Criterion Weights. Rather than re-administer the survey instrument to
the DM, we used the data collected in the criginal survey. Recall that in the additive form,
the weights of the criteria sum to one, whereas in the multiplicative form they do not. In
re-using the original survey, we assume that the relative weights between criteria which

were reported by the DM are unchanged when adding the constraint that they sum o one.
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This is a reasonable assumption, since the DM was not made aware in the original survey

of how the weights would be summed.

Al e

Once this assumption is made, calculating the weights for additive functions is

simple. The following formulation is used, showing the three ¢riterion case as an example:

it gy = ey = (4-2)
W W

Here w; is the most important criterion, as indicated by the DM, and wyw, and wyw, are
the relative weights reported by the DM. We used the resuits of Case Study #1 for our
comparison, and calculated the new sub-criterion and criterion weights shown in Table 4.3

and Table 4.4.

Table 4.3 Sub-Criterion Weights

1-1 1-2 1-3 2-1 2-2 2-3 3-1 3-2 3-3 4-1 4-2 4-3 44

Muitiplicative 678 o) 863 | 042 | 045 05 63 63 7 1 085 { 075 09

[
et
2

Additive 377 | 390 [ 283 1 300 } 327 ) 344 1 3z} 333 1 286 1 243 1 214 1 287

Table 4.4 Criterion Weights

Environment Mission Cost/Domestic Setellite

Impact Commitment Status
Multiplicative 3 .27 .288 27
Additive 267 24 253 24
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4.3.2 General Case. With the weights calculated, the satellite data we collected
earlier was put in to the additive model. A comparison of the rank ordering achieved for
each utility function form is shown in Table 4.5. The additive model uses the additive
form of Equation (4-1) for both the crirerion utility functions and the overall utility

function.

Table 4.5 Ranking Comparison

Al A2 A3 B1 1 Ad AS A6

Muitiplicative 1 2 6 2 $ | 4 7

Additive 3 1 b 7 38 2 & 4

Clearly the rank orderings are different. The additive form is ngt strategically
equivalent to the multiplicative form.

We tried two other approaches as well. First. we used multipiicative criterion
functions and an additive overall functicn. This also was not strategically equivalent to the
original function Finally, we tried using additive criterion functions with a multiplicative
overall function. This yielded similar results--no strategic equivalence with the original
utility function. We conclude that, in general. the simpler additive mode! is not
appropriate to substitute for the multiplicative model.

4.3.3 Limited Case. We found that there can be strategic equivalence under
certain limited circumstances, at least for the overall uti
case where the Environment and Mission Impact critcria are held constant while the other
two criteria are varied. This corresponds to the situation where a group of satellites from
the same country (Environment scores are equal for al! satellites from the same country)

with the same mission (hence Mission Impact scores are equal) are rank ordered.
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Given these limitations. we found that strategic equivalence holds between the

multiplicative and additive forms of the utility function. This was true for all values of the

ha rritama b enme Tinnea A1
L QL. AASUAC .1

varied criteria, and for all values tested for the¢n

€2
(%]
=
=t
731

graphicallv shows strategic equivalence for the case where the Environment and Mission

Impact criteria scores are both 0.5. Note that the equivalent utility isovalue lines for the

- £t

additive and multiplicative functional forms do not cross each other withini the range of the

g additive

2 form

8 Uy:

% multiplicative
g form

Satellite Status

Figure 4.1 Strategic Equivalence

varied criteria. In this particular case, they are very nearly parallel. Strategic equivalence

was indicated in this limited case for both case studies. Hence, while strategic equivalence
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does not hold in general, we find that in at least one practical application, the additive

form may be used to achieve the same ordinal rankings as the original function.

4.4 Launch Prioritization and Scheduling
In case study #2, five satellites were scored and their respective utilities calculated.
& mn‘ ) (] n‘\

~ cl\ -~ RN [2115e]
W VLUl WG Jauivn

The scores and utilities are shown in Appendix B, and are used
optimization problem.

4.4.1 Model Assumptions and Restrictions. One year was chosen as the
time period for study. The model could have been built for any period of time, however,
as noted before, our model size was limited by the available PC software. Notional launch
windows were created, with the intent that some would conflict with each other. In
particular, we required that satellites K-a (Milstar), K-b (DSP), and K-e be launched
during time period 7 (during months 11 and 12, with pad refurbishment complete at
beginning of month 13). Satellite K-c’s launch window was time period 6, and K-d’s was
period 5. In addition, it was assumed that continuous processing of satellites (rather than
early process starts that are later put “on hold”) was the most efficient method. These
restrictions were written into the linear program model contained in Appendix C.

4.4.2 Model Selution. The model successfully reached an optimal solution for
maximizing utility along with a processing schedule achieving this optimum. The model
also indicated that there were alternative optimum schedules. One optimum launch
processing schedule, using the restrictions set forth in Section 4.4.1, is shown in Table 4.6.
Note that K-c, which had the lowest utility, was selected for launch, This is because K-e,
which has a higher utility than K-c, was constrained by its launch window requirement.

This shows that when optimizing with multiple constraints, the highest utility satellites are

not automatically the ones chosen.




Table 4.6 Titan Launch Schedule

Move To VIB Move To Move To Pad Launched/Pad
SMAB/SMARF Refurbished
K-a 3 S 6 7
K-b 3 3 6 7
K-¢ 2 4 S 6
K-d 1 3 4 S
K-e - -= -- -

4.5 Characterizing A Group Utility Function
In Section 4.4, we showed how the results from analvzing the launch DM
preference structure can be used to optimize a launch schedule. But the decisions made

concerning launch schedules are certainly not made by a single individual. More likely,
launch decisions will be made by 2 group, with the operational launch sguadron’s
preferences only one of many. Other decision makers include those from HQ Air Force
Space Command, the Pentagon, the various satellite user communities, and the launch

vehicle and satellite contractors. Having calculated an op

scheduling problem, how much can the individual satellite utilities simultaneously and
independently vary from those originally determined by the launch DM, and still be
assured of this same optimal solution? We use Wen
Chapter 2, to answer this question.

4.5.1 Deficiency in the Tolerance Approach. A substantial weakness in this
approach is found when there are alternate optimal so
Alternate optimal solutions are indicated when there is at least one “reduced cost” equal to

zero for a non-basic variable. When this occurs, the tolerance, T, equals zero (34:567).




This means that when any change to any of the objective function coefficients (the satellite
utilities) occurs, we cannot be assured of the same optimal solution. This is precisely the
case with the solution to our launch scheduling mode!. Unfortunaiely, We
methodology offers no way to work around this situation. We must make some changes
to the model to avoid alternate optimal solutions.

PPN P |

4.5.2 Model Simplifications. We start by examining the output of the original
model. This network is also a maximum flow problem  The maximum flow through the
network is equal to the most constrained point. Recall that two satellites can be processed
simultaneously through the SMAB/SMARF and the launch pads. Either of these two
points can be modeled as the critical point in the processing flow, We will use the launch
pads in our adjusted model.

Each satellite takes eight months to complete, which means that if no satellites
start the year already being processed, none can be launch prior to the eighth month, and
the pad will not be ready for the next launch until the beginning of the ninth month.
Hence, in our reduced mrodel, we are only concemned with launch options during time
periods 5, 6, and 7.

The reduced model is shown in Appendix D. The model is now small enough to
be solved using LINDO. It yields the same optimum solution, [.839 utiies, as the original
model. However, analysis of the optimal tableau reveals reduced costs of non
variables equal to zero, again indicating alternate optimal solutions. Another modification
is necessary.

If we confine our interest now to only whether a satellite is launched, discarding
the scheduling portion of the problem, the model can again be simplified. Since two
satellites can be simultaneously processed on the pads, satellites K-c and K-d are not
constrained, as they are each the only satellite to be launched within their respective

launch windows. However, there are three satellites, K-a, K-b, and K-e, with the same
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launch window, which are ccnstrained by the pad capacities. This d reduced m
is also shown in Appendix B. It yields the same optimal objective function value as the

two previous models, however, the solution is at last unique, and we can now apply the

tolerance approach.
4.5.3 The Tolerance Approach Applied. We formulate the “perturbed”

linear program described by Equation (2-3). In this formulation, ¢; is the vector of

objective function coefficients, and K is the set of n

¢, =(0.452, 0.644, 0.377, 0.386, 0.450, 0, 0, 0, 0, 0, 0) (4-3)
K = {E, SLCs, SLCs. SLCs, SLCv})

The zero values in ¢; are the slack variable coefficients, which are added during the
problem solution. Likewise, the SLC;s are also slack variables, in this case those that are
not in the optimal basis. Applying Equation t 7 equals 0.0022. Thatis,
cach coefficient in the objective function (the satellite utilities) can simultaneously and
independently vary up to 0.22 % without changing the optimum solution.

The interpretation of this solution is most easily seen by compa
program objective function that corresponds to the launch squadron’s preferences, shown

in Equation (4-4), to the objective function that corresponds to a group’s preferences,

shown in Equation (4-5).

MAX UiK-a) Yi.s + Ui(K-b): Yn.o + UK -¢) Yi.c (44
+ UK-d) - Ye.1+ i(K-e) Yx.c )

MAX GUF(K-8)-Yk-+ + GUF(K-b) Yx.» =~ GUF(K -¢) Y. 0
+ GUF(K -d)- Yx.¢ + GUF(K -¢)- Yx.. (4-5)
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To be assured that the group’s optimum decisicn is the same as that of the launch
squadron’s decision maker, the coefficients of Equation (4-5) must be such that for each

satellite:

GiK -i) - [UxK-1)-0.0022] € GUF(K-i) < UK-i) = [Ui(K -i)-0.0022]
(4-6)

4.5.4 Using Tolerances to Characterize a Group Utility Function. To

show how a GUF can be characterized by the tolerance calculated in the last section, we

Mﬂl’ﬂr

assume that the group being modeled has two decision makers—the

noATiva
}lbwtl ¥

of the launch squadron DM, and a DM with a more global perspective, suchasa DM at a

major command headquarters. For simplicity, in this case we’ll use the preference

roemantiya

structure we obtained from Case Study »! as our global perspective.
First, we’ll c.mpare the utilities obtainzd for the same set of satellites using the
two different preference structures. The comparison is shown in Table 4.7. Note that the

rank ordering of the satellites is not the same for the two DM’s.

Table 4.7 Comparison of Decision Maker Preferences

K-2a { K-b | K-c | K-d | K-e
Launch DM Utilities 452 | 644 | 377 | .386 | .450
Launch DM Rank Ordering 2 1 S 4 3
NAIC DM Utilities 669 | 740 | 623 | .610 | 673
NAIC DM Rank Ordering 3 1 4 5 2
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If we assume the GUF takes on an additive form such as the one shown in Equation (4-7),

we can specify, using the tolerance. limits to the weighting factors that allow the optimal

solution to be unchanged:

GUF(x) = wili(x) = w:Ux(x) 4-7)

The greatest percentage difference in satellite utilities between the DM’s occur

with satellite K-c. To calculate the critical weights (where a change in optimal solution

can take place) we solve the following set of equations:

377.wi+623-w2 = 377-
377 - wl+.623-w2 3771 (4-8)
wl=w2 = 1

Solving these equations, we find that wl 2 0.9967 This means that we are guaranteed the
same optimum solution only if the launch DM’s preferences are weighte
Figure 4.2 graphically shows this result. The GUF isovalue curve is a straight line since

we've assumed an additive GUF for this case. When wy 2 .9967 the tangent point to the

'~ | POTTRPN N

highest attainable GUF isovalue is along the efficient frontier defined for the launch
squadron. When w, is varied below the 0.9967 threshold (and the corresponding slope of

the GUF isovalue lines decrease) the point of tangency is on the undefined efficient

frontier of either the proxy DM or the group.

Remember that this result is obtained independent of any satellite utilities
associated with the proxy DM.  When the preferences of the proxy DM are specified, the

range of GUF wetghts that aliows the launch DM's preferences to prevail is nsiderab{y
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Figure 4.2 GUF Characterization

always falls tangent to either the launch squadron’s or the proxy DM’s efficient frontier.

harnma anmarant im thic ~aca
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A group efficient frontier does not
Now we can make some statements concerning the GUF  Given the launch DM's
utilities, we can specify a range of weighting factors where we can guarantee that the

rrmiminy tha !ﬂlvﬂ h erbhadss

launch DM’s preferences will pre'v'aﬂ in gpunizing ae

case, the range is exceptionally tight. This is because two of the satellites competing for

the same launch window, K-a and K-e, have utilities which differ by only 0.02. If we
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Figure 4.3 GUF Characterization With Proxy DM Efficient Frontier

re-run this model where K-e is replaced by K-d, we can calculate a tolerance of 5.12%.

and a corresponding range of w, 2 0.92

The tolerances and weighting ranges should a firs

.*
134
ao
a3
3
i3

extremely conservative,
When the proxy DM’s preferences are defined. the group's optimum solution differs from
the launch DM’s optimal sofutioa onfy if wy £ 2/3 in the GUF. Further, when K-e is

replaced by K-d, the optimum sclution remains the same regard

factors! However, the tolerance approach does not consider the individual utilities
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where the utility of K-e (originally 0.450) rises 0.22%, and the utility of K-a (originally
0.452) falls 0.22%. When we use K-d vice K-e, the weights used in the GUF are trivial
because both DMs agree on the rank ordering of the satellites. Thus, we see that if the
changes in satellite utilities (the coefficients of the LP’s objective function) remain within
our tolerance, we are guaranteer! the same optimal solution for the group’s decision and

for the original individual's decision.
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V. Conclusion

We now discuss the conclusions reachied as a result of this research, and offer

some suggestions for future research.

5.1 Research Results

Overall, this research was quite successful. All of the major goals stated in
Chapter 1 were met as planned.

5.1.1 Simplifying the Survey Process. Our prime theoretical concern was
whether we could substantially simplify the MAUT survey process. Usually, survey

instruments are so complex that the DM is confused to the extent that his responses

validity.

We made three major simplifications to the survey instrument, which were
primarily centered on eliminating the the need to use lottery questions to capture the DM’s
preference structure. Kirkwood’s assumption of exponential univariate utility curves
provided the first simplification. This eliminated the need for using the fractile method.
The fractile method has been criticized for its lack of consistent resuits (8:383).

Next we reduced the number of pairwise comparisons required to verifv utility
independence by taking advantage of Keeney & Raiffa’s “weaker conditions.” As they
point ont, without these conditions we must examine 2" - 2 utility independence
assumnptions for n attributes (14:292) For cur model, this is 8190 verifications! These
conditions reduced the number of verifications to 12, a far more manageable undertaking.

To determine the preferences between criteria without using lottery questions, we
used a combination of methodologies by Sec, Sakawa and Clemens. As a result of our

applying Seo and Sakawa’s theory, the DM needed only to indicate the most important
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criterion, and then express the weights of the other criteria as a ratio to this ¢riterion,
Clemen provided the means to determine the weight to be assigned to the most important
criterion via the swing weight method. Using this weight and the weighi ratios beiween
the criteria, the remaining weights could be derived.

The MAUT model we constructed was fairly complex, having thirteen criteria.
Taking advantage of a hierarchical organization reduced the number of required paired
criteria comparisons from 78 to 21 This organization allowed a logical grouping of
criteria, and eliminated the difficult task of comparing criteria which were greatly
dissimiliar.

Our survey simplifications allowed the entire survey to be administered in an
average time of less than two hours, without the use of frustrating lottery questions. In
both case studies, the DM left the survey with a good understanding of the process and
was confident in the outcome of the model,

5.1.2 Automating the Model’s Utility Calculations. This task was not
particularly difficult, but it will greatly enhance the ability of NAIC analysts to update the

preference structure they use to evaluate satellite utilities. The program is written using

Microsoft Excel Version $.0. The analyst does not need to be trained in MAUT to use the
program. The model only requires the analyst to update the survey, if desired, and enter
the sub-criterion scores for each satellite being assessed. The Excel program calculates
the weighting factors and calibration constants, and outputs the respective satellite
utilities.

5.1.3 Strategic Equivalence, We determined that in general an additive utility
functional form could not be successfully substituted for the multiplicative form.
However, we showed that the additive form can be used for at least one limited case,

when rank ordering satellites from a single country that all perform the same mission.
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5.1.4 Application of the Model to an Optimization Problem. Here we
demonstrated that the utilities calculated for a set of satellites cai be used to optimize the
use of limited launch resources. We showed that a set of constraints can preciude a
satellite with a high utility from being selected for launch, while selecting a satellite with a
relatively lower utility for launch. In general, simply taking the rank ordering of a set of
alternatives and selecting the top » alternatives as the optimal solution is not appropriate i
a constrained environment. A cardinal scaling and an explicit model of limited-resource
allocation is necessary for the final implementation of decisions.

5.1.5 Characterizing a Group Utility Function. Using the resuits of ihe

optimization problern, we w.re able to make some ohservations abour how the use of a

group utility function might influence the decision being made. Using the tolerance
approach, we were able to state the conditions under which the launch DM’s decision
would be guaranteed to prevail in a group environment, More importantly, in the two DM
cases we examined, we were able to state these conditions without determining the

efficient frontier of the second DM, and without specifying the form of the group utility

function.

5.2 Recommendations for Further Study

During the course of this research, some difficulties were encountered which
should be addressed in future research. In addition, there are several areas of interest that
can be explored as extensions to the results presented here.

5.2.1 Group Utility Functions, There is a great deal of potential for future
research in this area. First, the case of three or more decision makers should be examined.
Rather than use a proxy DM, actual participants in the launch decision process should be
interviewed to determine their preference structures. In addition fu

attempt to model the GUF using a multiplicative form, since the additive form rarely
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applies to real decision provlems  Histerical launch decisions should thenbe
validate the improved model While the exact form of a GUF is difficult to explicitly
determine, these theoretical advances might be used to approximate the launch decision
makers’ preferences. The improved model can then be used as a tool to assist in making
future launch decisions.

$.2.2 Launch Model Simplicity. Since the launch optimization model was not
the primary focus of this research, it was greatly simplified to allow for a timely
demonstration of the possible extensions of our MAUT results. For the model to be

appropriatel: used to represent the Titan launch process, it should be expanded 1o include

the other processing flows, such as that ¢
deterministic with respect to activity durations. A more realistic model should use a
stochastic approach.

$.2.3 Modeling Uncertainties In Assessments. When satellites are scored in
a sub-criterion. the analyst chooses a point on the sub-criterion’s scale that best describes
the satellite. But often the analyst is not certain of the satellite’s characteristics. More

a el ~ritarian Ane tn
e AL Wl s IV bW 13 "]

likely, the analyst’s knowledge is limited to a range ©
hkrmitations in their ability to collect precise imelligence information. Classical sensitivity
analysis can be used to study the etlects of varying the level of'a single sub-criterion.

However, if ranges are used for several sub-criterion scor
the corresponding range of utility scores would be mathematically intensive One of the
goals of the model was to make it simple for the analvst to use The Excel program

should be modified to allow the analyst ic enter ranges for the su

program should then calculate and display the resulting satellite utility as a range
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Appendix A: Case Study #1, NAIC Survey

Decision Maker: Mr. Bill Banks
NAIC/TASX
interview Date: [ Ssptember 1994 ]

Section I: Mapping The Single Variable Utility Functions

Criterion 1: Environmaent
This criterion defines the vaiue associated with the time dependent ‘state of the worid * To provide consisient vatue ratngs

for the sateiites, 8 “snapshot” is laken and ranked. This crderion since it can be thought of as time dependent, ailows a time
senies of sateiliite uliity to be shown. since muitiple “snapshcts’ can be taken over a period of time_ In addition, this criterion
alows some "what ifing” to be done. This criterion is evaluated only once, as the scores will be the same for any set of

satelites (from the same country) svaiuated at 8 particular time

Sub-Criterion 1-1: Political State
This sub-critericn describes the current international poktical environment.
0.00 - ‘Peaceful Stabity” international relations are stable and the world is absent of any significant
muiitary/poitical crees  Obviously, this siste is exceptionally tare
026 - "Minor Crises/Degrading Stabiity” One or more minor localregional crises are in progress, thet do not
immadiately threaten national security Relatiors with alies or agversaries may be degraded. but
negotiations are continuing. For most countries, this 18 the most commen state during the 20th century
8.50 - “Major Crisis™ One or more ragional crises are in progress. that potentiaily threaten national security.
Reiations with allies or adversaries are substantially cegraced, and negotiations are seemingly at sn
impasse. This would descride the poifical ahcscape throughout mest of the 1930's
0.78 - "Limited War" Tensions between nations are high. Regional conflict hes broken out thal threatens
national securty. General war thresiens  The Koreen and Vietnam Wars are examples of this

environment.
1.00 - "General War® Natonai forces are fully mobiized and committad to intense combat. World War !l

exermplifies this environment.
|
{

0.00 0.28 0.50 0.75 1.00

if the satelite 18 assigned a vaive (utiity) of O when the criteron 18 at level 0.00 {we assign w(0 00) = 0}, and the saleliite is
89810n8d & Uity of 1 when the critarion is et leve! 1 00 [ u(1 00) 2 1], show on the scale above the criterion level that you

think would yield g sata'ite Utdty of 05 [u(?)= 05}

e[
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Sub-Criterion 1-2: Adversary’s Space Capability
This sub-criteron examines the overall spaca capabiiity of the nation. The Parato assumpticn here is that the more
space-capable a nation is. the more individua! space assets are reliad upon
0.00 - “Pnmitive’ Nation has virtually ho space assets whatsoever. in addition. it has littie or no ability
to intertere with other nation's deployed assats
0.25 - “Minor Space Power” Possesses has imited space assats, deployed primarily in support roles. Some
interference/jamming capability is likely.
0.50 - "Medium Space Power” Assels are deployed in support and force enhancement roles.
Demonstrated capabiiity to interferefarm enemy satslite systems.
0.78 - “Major Spece Power" Assels are deployed across neary the full range of mission areas,
and has integrated them somewhat with terrestrial forces. Likely offansive anti-satellite capability.
1.00 - “Spaces Superpower Fully deployed and integrated systems across the full range of missions.
Demonstrated offensive/defensive anti-sateliite capability

| |

o |

1 {
0.00 0.25 0.50 0.75 1.00

if the sateliite is assigned a vaiue (utility) of O when the criterion Is at leve! 0.00 {we assign u(0.00) = 0}, and the sateilite 18
astigned a utility of 1 when the criterion ts at level 1.00 [ u(1 00) = 1 ], show on the scaie abova the criterion level that you
think would yield a satellite Utility of 0.5 [u(?)=05].

Sub-Criterion 1-3: International Economy
This sub-criterion describes the state of the nation's economy. This sub-criterion may at first appear to be scaled in
reverse. However. we are nonsidering a sateliite’s vatua in terms of the economic conditions, where the value pisced
on the asset increases as economic conditions worsen.
0.00 - “Boom™ Characterized by rapid economic growth and vigorous International trade.
0.25 - “Growth® Owerall, economy is heaithy and growing. Trade barriers are minimal.
0.80 - "Stable” Most common economic state. Trade relations and currency exchanges are siable. Trade
barriers may be present, but do not sericusly hamper trade refations.
0.76 - “Recession’ Econemy is sfyinking. Currency exchanges may be unstable. Trada relations are
constrained, protectionism is pravaient.
1.00 - “Depression® Economy is in collapse. Intemational trade is minimal, with trade barriers dominating.

—

0.00 0.28 0.50 0.75 1.00

If the satetite is assigned a value (utiiity) of O when the criterion is at levet 0.00 [we assign u(0.C0) = C), and the sateflite is
assigned a utiity of 1 when the criterion is sl level 1.00 [ u(1.00) = 1 }. show on the scale above the cnterion leval thal you
think would yield a satefite utiity of 05 | u(?) =05}

Criterion 2: Mission impact
This criterion attempts fo determine the value of 3 satellte’s mission(s) relative 1o the mission(s) of cther satelites. As such
the rating given may raflect an entire class of satelliles for exampis. those used for sarly waming.




Sub-Criterion 2-1: “Mission Criticatity” .
This sub-criterion rates the reiative imporencae of satellite missions, such as early warning, ccmmunications, weather, etc.
0.00 - *TriviaVScientific™ Mission is primarily scientific in nature, and has virtually no impact to the warfighter
This does not mean the sateilite is useless, but that it has no direct or current application to mititary
offensivesdefensive capabilities.
0.25 - “Minor Component” While not contributing directly to warfighting capability, the satailite directly aids
forces thst do.
0.50 - “Medium Component” Sateilites plays a significant role in force offensive/deflensiva
0.78 - “Major Component® Satelite mission plays a signiflcant in force offensive/defensive strategy.
1.00 - “Criticail” Mission constitutes a criticsl capability. without which it would be difficuk or nearly

impossible to conduct wartime operalions.

| {
1 i

0.00 0.25 0.50 0.75 1.00

[ .

If the sateliite is assignad a value (utility) of O when the criterion is at leve! 0.00 fwe 2ssign u(0.00) = 0], and the satelite is
assigned a utifity of 1 when the criterion is at Jeve! 1.00 | u(1.00) = 1 ], show on the scale above the criterion leve! that you
think would yield a sateltite utility of 05 {u(7)=05].

Sub-Criterion 2-2: “Space/Ground Ratio™
Here the reiative amount of the mission accompiished in Spacs versus on the ground is examined.

0.00 - “100% Ground” Terrestrial assets perform the entire operational migsion.

0.28 - *Prnmarily Ground® Space sssets are sometimes usad for the aperational mission, howeves, ground
counterparts dominate. Space syslems seen as somewhat experimental, and serve primarily in
backup roles

0.80 - “50/50 Mix" Space snd ground sssets are equally relied upon to perform an assigned mission.

0.75 - "Primarily Spaca® Space assets dominate mission accomplishment. Ground assats are secondary or
used as a backup.

1.00 - “100% Space” The entire mission is performed Dy space assets  Ground backiip @ ot avai
unreliable

— e

—r—

_v._.}_..,_ —

0.00 0.25 0.50 0.78 1.00

if the satellite is assigned 8 value (utility) of O when the criterion fs at feved 0.00 {we assign u(0.00) = 0], and the sateilite is
assigned 2 wtifity of 1 when the criterion is at tevel 1.00 { w(1.00) = 1 ], shov on the scals above the criteron level that you
think would yield a sateliite utlity of 05 [ ?)=05).

Sub-Criterion 2-3: Maturity Of Mission
How well the sateliite’s mission is understood by warfighters and integrated into averali capabilities is considared in this

sub-critenon
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0.00 - “UnknowrvUnused® Satellite's capabilities are not understood or uiilized by sirategic and taciicai
commanders Sateilite ramains largely an R3D project.

0.28 - “Little Known" Sateliite capacity is partially understood and used, but only on a basic level. R&D
community possasses the expertise to cperate the satellite.

0.50 - “Somewhat Integrated” Operational Turnover of tha sateliite has occurred from the R&D commwnity to
an operalional unt. Capabiiities are still being explored. Information conceming the satellite has reached
field commanders and experimentaltentative use has begun

0.78 - "Widely Known/Substantiadly Integrated” Operation of the satellite is normalized. Field commanders
understand capabilities and routinaly usa them. Some problems still exist, and aternate assels are
maintained and frequently refied upon

1.00 - “Fuily Integrated” Satsiiite is fully understood and expioited, and capabilities are fully
integrated into theatar operalions.

e 4 |
f |
0.00 025 0.50 0.75 1.00

if the sateilite is assigned a value (Utility) of O when the critericn is at level 0.00 [vwe assign u(0.00) = 0), and the sataiike is
ass« ned a utility of 1 when the cnterion is at level 1.00 [ u(1.00) = 1], show on the scale above the criterion level that you
thin « would yield @ satellite utllity cf05 [u(?)=05}.

Criterion 3: Cost/Domestic Commitment
The value placed on a sateliite is demonstrated by the level of commitrnent a nalion makes fo supporting the continuation of its

misslon.
Sub-Criterion 3-1: Economic Commitment
The funding status of the satelite’'s production, operations and infrastructure is evaluated here
0.00 - "Near Cancefation® Commiment to the sateilte (program) is minimal or near termination. Natural
reasons for this 1o occur is that it is near the end of the satallite's (program) life cycle, or upon the
aavent of 2 new technology that renders the sateitite obsolete. Political considerations may also cause
termination
0.28 - “Drawdown™ Support Is in deciine. This may be due (o polticaleconcmic Consia
be late in the satelite’s (program’s) life cycle.
0.80 - "Stable” Funding s stable. Typical of a satellite (program) earty or near the mid-point of #ts iife-cycie.
0.76 - “Growth” Funding is growing steadily. This is typical of & fairly young sateliite (program). when
poiitical support is growing and infrastructure is still being added.
1.00 - “Explosive Growth" Political support and funding for the satetiite is rapily expanding. Political support
is consolidating

]

0.00 0.25 0.50 0.756 1.00

if the sateliite is aasigned a value (ulilty) of O when the criterion is at ievel 0.00 [we assign u(0.00) = 0), and the sateiite 18
assigned 8 Utifty of 1 when the criterion is at leve! 1 00 [ 1u(1.00) = 1], show on the scale above tha criterion level that you
think would yield a satellite utility of 05 [u(?) =05}
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Sub-Criterion 3-2: Economic impact
White the previous sub-criterion jooks at the growth rate, this sub-criteden svamines the currant tize and imnact due 1o the

commitrnent to the satellite.
0.00 - “Mom & Pop’ Program® Very small organization that impacts only a small local econemy Production

facilities might consist of a single smail plant.
0.28 - “Minor Program® Dominates oniy a local economy Procuction facilities might consist of a few small

plants or a single large one.
0.50 - “Regionai Program® Program infrastructure is significant to a regicnal economy. Frogram is iarge encugh

to receive 3ome national legisiative scrutiny.
0.78 - “Major Program® Program infrastructure is significant to national economy and recaives significant

substantial national public and leg.siative attention
1.00 - “intense Program® Substantial sacrifices are made at the national ievei to continue funding of the satelfite’s

infrastructure. Single-minded economic prionty is given to the sateliite.

L . !
{ ‘ !

0.00 0.25 0.50 0.75 1.00

If the saleliite Is assigned a value (utiity) of O when the criterion is st level 0.00 [we assign u(0.00) = 0}, and the satellite is
assigned a utility of 1 when the criterion is at lavel 1.00 { u(1.00) = 1 ], show on the scale above the criterion level that you
think wouid yield a satellits utility of 0.5 [u(?)=05].

ans: 0]

Sub-Criterion 3-3: Launch Priority
Launch priority given to a sateliite is an excelient indicator of the value placed on that asset. This sub-criterion also includes

the “sparing” strategy, as the presence of spare sateiites on the ground or on-orbrt affects the priority given to 8 new launch.
0.00 - “No Near Term Launch/No Spares” No capebility exists to replace the satellite in the near term. Replacament
sateilites have not been constructed and/or no taunch vehicles are available.
0.28 - “Deisyed Schedule/Limited Sparing” Replacement sateliites have been partially constructed. but are not
available for near term iaunch. A lsunch schedule does not exist, is incomplete. or detayed.
“Stable Launch Schedule/Substantial Sparing” Launch of replacement sateilites can be sccomplished an

0.80 -
a schedule. However. the achedule is somewhal inflaxible. Spares are avallable, but most are on the
ground, and those in orbit are not positioned for immadiate use.
0.76 - "Accelerated ScheculeNear Complate Sparing” Launch of replacement sateiltes can be accomplished
on an accelerated scheduie. Several spares are construcied, with most placed in orbit to be positioned
in the short lerm.
1.00 - “Launch On heed:Comprehensive Sparing™ Launch is possibie on relatively short notice. A comprehensive

sparing strategy is in place. On-orbit spares can be made operational quickly.

!
! T

0.00 028 0.50 075 1.00

if the satellite is assigned a value (utility) of O when the criterion is at level 0.00 |we assign u(0.00) = 0), and the satellite is
assigned a utlity of 1 when the critetion i at level 1.00 [ u(1.00) = 1 ], show on the scale above the criterion leval that yw
think would yield a satelite utikty of 0.5 [W(?)= 0S|
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Criterion 4: Satellite Status
This criterion takes into account the indwidual characteristics of the satellite

Sub-Criterion 4-1: Mission Performance Status

How well the satellite is performing its assigned mission is directly applicable to the vaiue that is placed on it.
0.00 - *Non-Operational” Sateliite s degraded to the extent that it cannot be considered cperational,
0.28 - “Severely Degraded/Turned Off Spare® Satellite Is capabie of performing its mission only to @ marginal

extent. Sateilite may be configured as a spare, with secondary power turned off until needed.

0.80 - “Significantly Dagraded™ Satellite satisfactorily performs i mission. but at a substantially degraded level.
0.78 - “Slightly Degraded™ Satsilite performs its mission as axpected, but some minor degradation is present.
1.00 - °No Degradation™ Sateliite Is fully capabie of performing its mission with ne failed or degraded units.

; |

i
F — : —
' :

t

0.00 025 0.50 075 1.00

if the sateliite is assigned a value (utility) of O when the criterion is at level 0.00 {we assign u(0.00) = 0}, and the salellite is
assigned a utility of 4 when the cntarion is at level 1.00 [ u(1 00) = 1 |, show on the scale above the ¢rienon level that you
think weuld yield a satellite utilty of 0.5 [u(?)=0.5).

Sub-Criterion 4-2: Contribution To Mission

Rarely does a single satefite accompiish an entire mission. Typically, satellites are grouped intc a constellation to compilete

an assigned mission. Here the satellite’s contribution to compieting the mission is measured.

0.00 - “SparaNo Direct impact To Mission® Loss of the sateliite will not adversely impact the capability to

sccomplish a mission. A typical case would be s sateiilite configured as an on-orbit spare.

“Secondary Impact To Missien® Loss of satsiite would impact the consteftation st a secondary leval
only. The mission completed by this sateliite can be readily transferred to ancther sateliits 5.

“Impacts Constellation Mission® Lcss of the satelita would adversely impact mission accomplishment.
Much of the sateiite’'s duties can te transfarred, but noticeabls degradation will cccur.

“Strongly impacts Mission™ Loss of the satellte significantly impacts mission accomplishment. Satellte
mission duties are largely replaceable hence substantial degradation resuits.

1.00 - "Critical To Mission" Loss of salellte critically impairs misslon accomplishment.

0.25

0.60

0.78

»

r !
0.00 0.25 0.50 0.75 1.00

If the sateliite s assigned a value (utility) of O when the criterion is at leva! 0.0C hva assign u{0.00) = 0}, ard the satelile is
assigned a utility of 1 when the criterion is at leve! 1.00 | u(1 00) = 1), show on the scale abave the criterion levei that you
thnk would yield a satellite utdity of 05 {u(?)=05].

ans: 05 ]




Sub-Criterion 4-3: Level Of Technology
In general, more moderm sateliites that employ Improved technaiogies have greater capabilities. In particular, satellites that

smploy newer technologies represent a significant invesiment in research and development. Presumably, this nvestment has

purpose and value.
0.00 - “Pnimitive” Space technology is at the mest rudimentary level. A satelite such as this would hearken back

to the days of Sputnik.
025 - °30 Year Oid State of the Art” Today {1§84), this represents technology developed and empioyed by

advanced nations in the 1960’s,
0.80 - "20 Year Oid State of the Art” Technology originally developed and fleided the most advanced nations

in the 1970's.
0.76 - “10 Year Oid State of the Art” Technology originally developed and fielded by the most advanced nations

during the 1980's.
1.00 - “State of the At" Represents the current possible fieided space technology.

L | ;
: !

0.00 02s 0.50 075 1.00

if the sateliite s assigned a valve (utility) of 0 when the criterion is at level 0.00 [we assign u(0.00) = 0, and the satallite is
assigned a utility of 1 when the criterion is at leve! 1.00 [ u(1.00) = 1 ], show on the scale above the criterion level that you
think would yieid a satalite utility of 0.5 [u{?)=05].

[

8ub-Criterlon 4-4: Expected Remaining Lifetime
# would seem obvious that the value placed on a sateliite depends on an estimation of how long the sateilite will remain
operational. This is to be distinguished from a satellite’s planned life cycie, which is a fixed timespan estimated by satellite
designers. The expected remaining ietime is a changing estimate, affected by the spacecraft's age, fusl reserves, and
known sateilite subsystem failures.

0.00 - "Oyears® Complete failure is anticipated at any time.

0.20 - "3 years®

040 - ‘6 yeors®

0.80 - "5 years"

0.80 - "12 years”

1.00 - *15 years or more®

1 [
] |

0.00 0.20 Q.40 0.60 0.80 1.00

If the satelite is assigned a value (utility) of O when the criterion is at leve! 0.00 [we assign u(0.00) = 0], and the sateilita is
assigned 8 utility of 1 when tha criterion is at level 1.00 [ u(1.00) = 1 ), show on the scale above the criterion leved that you
think would yield 3 satellte utility of 05 {u(? )8 0.5).

s [aE ]
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Section ll: Independence Verification
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For sub-criterion 4-1, Mission ~.ccomplishmant, you indicated that

Assume now that the leval of sub-criterion 1-1, Political State, Is 0.00. Does this change your assessment above for

sub-criterion 4-17 NO
What if the lavel of sub-criterion 1-1 is changed to 0.50 ? NO

M
What if the level of sub-criterion 1-1 is changed o 1.00 7 NO

Assume now that the level of sub-criterion 1-2, Overail Space Capabiity, i3 0.00. Does this change your assessmert above

for sub-criterion 4-17 NO
What if the level of sub-criterion 1.2 Is changed to 0.50 7 NO
Yhat if the level of sub-criterion 1-2 is changed t0 1.00 ? NO
Assume now that the lavel of sub-critericn 1-3, National Economy, 1 0.00. Does this change your assessment above for
sub-criterion 4-17 NO
What f the level of sub-criterion 1-3 is changed 10 0.50 ? NO
VWhat if the level of sub-criterion 1.3 Is changed to 1.00 ? NO

Assume now that the levs! of sub-criterion 2-1, Mission Criticality. is 0.00. Does this change your assessment above for

sud-criterion 4-17 NO
VVhat If the levei of sub-criterion 2-1 is changed to 0.50 ? NO
What if the level of sub-criterion 2-1 is changed to 1.00 ? NO

Assume now that the level of sub-criterion 2-2, Space/Ground Ratio, is 0.00 Does this change your assessment above for

sub-cri‘e: an 4-17 NO
What if the level of sub-criterion 2-2 is changed to 0.60 7 NO
What if the leved of sub-criterion 2-2 is changed to 1.00 2 NO

Assume now that the laval of sub-criterion 2-3, Maturity of Mission. is 0.00. Does this change your assessment above for

sub-criterion 4-17 NO

What if the level of sub-criterion 2-3 is changed to 0.60 ? NO

What ff the level of sub-criterion 2-3 is changed to 1.00 7 NO

Assume now that the level of sub-critersh 3-1, Econcmic Commitmen?, 18 0,80 Doas this chenca your assessmant ahova for
sub-criterion 4-1? NO

What 1 the level of sub-criterion 3-1 is changed t0 0,50 ? NO

What i the level of sub-criterion 3-1 is changed to 1,00 7 NO

Assume now that the level of sub-criterion 3-2, Economic impact, is 0.00. Does this change your assessmert above for

sub-criterion 4-17 NO
What f the level of sub-criterion 3-2 is changed to 0.50 ? NO
What {f the level of sub-criterion 3-2 is changed to 1,00 ? NO




Assume now that the level of sub-criterion 3-3, Launch Priofity. is 0,00. Does this change your assassment above lof

sub-criterion 417

NO

What if the level of sub-criterion 3-3 is changed {0 0.60 7

NO

What if the lavel of Sub-criterion 3-3 is changed to 1.00 ?

NO

Assume now that the level of sub-criterion 4-2, Contribution to Mission, is

for sub-criterion 4-17

NO

What if the kevel of sub-criterion 4-2 is changed to 0.80 ?

NO

What if the level of sub-critarion 4-2 is changed to 1.00 ?

NO

0.00. Does this change your assessment above

r assesament above

Asgume now that the level of sub-critericn 4-3, Level of Technoloay le 0,00 Does this change ynur assessn

for sub-criterion 4-1?

NO

What if the leve! of sub-criterion 4-3 is changad to 0.80 ?

NO

What if the level of sub-criterion 4-3 is changed to 1.00 7

NO

Assume now that the leve! of sub-critericn 4-4, Expected Remaining Lifetime. is 0.00 Dogs this change your assessment

above for sub-criterion 4-17

NO

What if the level of sub-criterion 44 is changed t0 0.50 7

NO

NO

What if the level of sub-criterion 4-4 ig changed to 1.00 ?




Section lll: Creating The Multi-Variats Critericn U

Criterion 1: Environment
Rank arder the three sub-criterion in order of importance, trem highest to lowest.

Sub-Criterion 1-1: Political State
This sub-criterion descnbes the current international poltical environment.
Sub-Criterion 1-2: Adversary's Space Capability
This critenon examines the relative space capability of a potential or actuai adversary.
Sub-Criterion 1-3: International Economy
This sub-crierion descnbes the state of the worldwide economy. This sub-criterion may at
first appear to be scaled in reverse, however, as we consider @ sateliite’s vaiue in terms of
the econsMic times, the value placed on the asset increasss as economic conditiong
worsen.

Assume for now that the sub-criterion you ranked as #1 has a weighting facter of 1 On the scale below. mdicste
the reiative weights for the other two sub-criterian, by placing them on the scale.

| I : : | |

I 1 ‘ ‘ i i !
0.0 0.1 02 03 0.4 0.5 06 Q7 (¢X.] [13:] 1.0
Relative Weights: 0.8
1 —1“1
0.75

Criterion 2: Missfon impact
Rank order the three sub-criterion in order of kmportance, fom highest It kowest.

Sub<Criterion 2-1: Misslon Criticality
This sub-criterion rates the relative importance of satelite missions. such as early warning,
communications, weather, etc.

Sub-<Criterion 2-2: Space/Ground Ratio
Here the relative amount of the mission accomplished in space versus on the ground is
examined.

Sub-Criterion 2-3: Maturity Of Mission
How weil the satellite’s mission is understood by warfighters and integrated inlo overali
capabilities is considered in this sub-criterion.

Assums for now that the sub-criterion you ranked as #1 has a weighting factor of 1. On the scale below, indicate
the relative weights; for the other two sub-criterion, by placing them on the scale.

! | [ | { [ : {
: 1 : I ] ] T lL

0.0 0.1 0.2 03 0.4 05 0.8 0.7 08 09 1.0
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Reiative Weights: 0.88
0.9

Criterion 3: Cost/Domestic Commitrnent
Rank order the three sub-critericn in order of importance, from highest to lowest.

Sub-Criterion 3-1: Economic Commitment
The funcing status of the sateliite's production, operations and infrastructure is evaluated
here, ‘
Sub-Criterion 3-2: Economic Impact
While the previous sub-criterion looks at the growth rate, this sub-crierion examines the
current size and impact of the commitment to the satelits.
Sub-Criterion 3-3: Launch Priority
Launch priority given o a satelite is an excellent indicator of the value placed on that asset.
This sub-criterion also includes the “sparing” strategy, as the presence of spare satefites
on the ground or on-orbit atfects the priority given lo a new launch.

£.38Ume for now that the sub-criterion you ranked ag #1 has @ weighting factor of 1. On the scaie below, indicate
tha relative weights for the other two sub-Criterfon. by piacing them on the scaie.

| 1 | L
{ i T [ ] {
0.0 0.1 02 0.3 0.4 0.5 08 0.7 08 0.8 1.0
Relative Weights: 0.9
0.9
1

Criterion 4: Satellite Status
Rank order the four sub-criterion in order of importance. from highest to iowest.

Sub-Criterion 4-1: Misslon Performance Status
How weil the satellite is parforming ils essigned mission is directly applicable to the value
that is placed on it.

8ub-Criterion 4-2: Contribution To Mission
Rarely does a single sateiiite accomplish an entire mission. Typically, sateiies are grouped
into a constellation to complete an assigned mission. Here the sateflite’s contribution to
completing the constetiation's mission is measured.

Sub-Criterion 4-3: Level Of Technology
In general, mcre modern satelites that empicy improved technologies have greater
capabiiities. In particutar, satellites that employ newer technologies represent a significant
Investment in research and development. Presumably, this investment has purpose and
vaive
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[ 2] subcriterion 44: Expected Remaining Litetime
it would seem cbvious that the value placed on a sateliite depends on an estimation of how
long the satellite will remain operational. This ia to be distinguished from a satelite's planned
Kfa cycle, which Is a fixed timespan estimated by saleiite designers. The expected
remaining lifstime is a changing estimate, affccied by the spacecralt's age, iuel reserves,
and known satellite subsystem failures

Assuma for now that the sub-criterion you ranked as #1 has a weighting factor of 1. On the scale beiow, indicate
the relalive weights for the other two sub-critericn, by placing them on the scale.

| | | ! | !
I ] I [ [

0.0 0.1 0.2 03 0.4 0.5 08 0.7 08 0.8 1.0

—fee

Relative Weights: 1

0.85

0.75
0.9
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Section [V, Creating The Multi-Variate Critericn Utility Functicns, Part !}
Criterion ©: Environment
Wa define a salelite used in the enviconment below as having a utility = 1.

Political State General War

Adversary’s Space Capability Space Superpower

Intarnational Economy Depression

Now we define a satellite used in the environment helow ac having 2 utitity =

Paltical State Peaceful Stability
Adversary's Space Capabulity Primitive
International Economy Boom

Imagine a satelite usad in the environmeni described beiow:

Political State Peaceful Stability
Adversary's Space Capability Space Superpower
international Economy Boom

Assign a number betwesn O and 1 that best describes the utility value you place « . a satelife thacis used in this

environment. Assume that these thres attributes are the only attributes to dascribe the salelits 0.75

Criterion 2: Mission impact

We define 3 satelite with the mission attributes below as having uility = 1.

Misaion Criticality Critical To Force Survival
SpacesGround Ratio 100% Space
Maturity Of Mission Fully Integrated

Now we defing @ satelite with the mission aftribuies as having ufllity = 0,

Mission Criticaiky Trivial/Scientific
Space/Ground Ratio 100% Ground
Maturky Of Mission Unknown/Unused

Now imagine a sateilite with the mission atinibutes descnibed beiow:

Mission Criticality Triviai/Scientfic
Space/Ground Ratio 100% Ground
Maturity Of Mission Fully Integrated

Assign & number between O and 1 that best describes the utility value you place on a sateiilte with this mission

attributes. Assume that these attributes are the only atiributes to describe the satellfe.
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Critecion 3: Cost Domestic Commitment

We deYre 2 satedte wih cOol JO™ E8LC COMMAMent Decw 28 g 1g Utiity » 1

Eoonome Commetrent
Econome mpac!
Launch Proty

Exonsd Gromth
inte~se P-ogram
Launch Or Need'Comprenensve Scaing

Next we 0efne 8 satelite Wil COSL OTMPS!s SO AMEnt e o 2 ha no ity o

Ez0v0mc Commument
Econormc Imoect
«MmnCh Prorty

New Carcedadon
Mom & Por Program
Nc Nesr Term Launch No Sgares

Tha e vagine 3 sateiite where the cost cormest £ commiment i o foiiows

Eoorome Cormmitment
Ecomom ¢ moact
aunch Srorty

Nest (ance 18t on
Mc= & Por Program
Lauch On Neec Comprehens ve Sow ng

Astg~ & "w.mbet Detween C 803 1 thet Des’ descnbes e it 1, of & satel’e ah ch he commI™ent ‘evig Shown
above AssLre tha! ‘hese attr Butes aie Ing only appl Cabie cnes Ic dusc’iDe the sate Me

Critenion 4: Satelite Status

A sate 110 wrh SIMLS Delow § Jeired 88 Mevng utiity = {

Vissi0n Per‘or~ance $'atus
Sortrtnt.or To Measor
Level Q7 Techrcogy
Expectoc Mama reg Lletrme

tvo Deg-adato-
Crevzal "o Neeon
S'e O The A%t
15 veas or More

A sateite wet The SlalLe DOOW B 367 C 38 NG Wity » 0

V 3son Per'ormence Sistus
Contrintion o M saion
Level O’ Tecrnciogy
Expected Remanrg Lifedre

Eaoiy magne o astel e A=080 STINA 8 Jnasinen N

Mgs on Parfcrmance Status
Catxdon To sy on

Non-Cperaond
Suwre Nc Dvect Impact To Magon
Prmive
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Level O Techne oy LT LTV ]
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these 3"z utes wre the ory 0783 %0 Ceal te Ihe sypice
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Section V, Creating The Overall Utility Function

Rank orcer the tour chler-on in oroer of importance from ghesi to icwes!

E Criterion 1: Enviconment
Ths criterion defines the value sssoc:aied with the ime depencsnt *staie of 'he world ° To
provde consistent vaiue ratings for the sateiites, § “sracshol’ o taken and rankerd. This
crtenon since & can de thought of as tme cependent. ailows 3 tire sanes o «.a ¢ ity
10 be shown, s.nce muitiple “snapshots  can be taxen over 3 perod of lare  In adLton. thus
crtenon ailows some ‘whet ifing ' to bt done  This criteron is evalLatag o y tiCe & the
scores wil be the ta™e for any set of sateiites evai.ated ot 3 paricui™ wne
m Criterion 2: Misson impact
Thus critenon attempts 1o determine the vaiue of 3 saleite's MissioNe) eative to the
mmsicn(s: of Cthe sateikles  As such the rating sne~ may ref'ect an ertire ciass of
sateites for exampie thome usec for early wamng
Criterion 3. Cost/Domestic Corramitment
The vaue of a satei e & demong'rated Dy the ieve: of commitmant a nstion makes lo
supporhng the cont.nuation of ke Musson.
Critarion 4: Sateliite Status
Thes critenon thes nto acccan! the NotmdLal chaactemics of the sateite

Asoume for now that the criter on you rarked as #1 has s weghing 'acir of | Dr *me scais beigw  Adcate the
reigtive we gi's for the cther three cote’ o by § 8:°g herr on the scae

——————— g

0c 01 02 0.3 0.4 03 os 07 o8 09 10

Retative WWeghe 1

0.9
0.5
0.9
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Section VI, Creating The Overall Utility Function, Partii

We defire the satelite descrited beicw 33 Sne wih utilily = 1

Enviconment General War. Space Superpovier, Depreesion
Mission impact Mission Critcaity. 100% Space. Fully integrated
Cost, Domestic Commarment Explosive Growth, Intensa Frogram. Launch On Need/

Comprehensive Spannrg

Satedte Stalus No Cegradaton, Critical To Mstion. State Of The At 15 Years

We cefine the satelie described below as one with utility = 0

Environrment Peacetut Statw.ity, Prirtive, Boom

Wrssion Impact TrvabScentifc 1000 Ground. Jrainowiv Liueed

Cost'Domest.c Commiment Neer Cancestion. Mom & Pop Program No Near Term Launcty
No Spares

Sateite StatLs Nen-Opercstonal. SpereNo Diect imcect To Masion, Priruiive.
7 Years

megne 8 satelile win the Ch3ralis ics SaSSraC i

Emrronment Geners War. Space Superpower, Depress.on

Misson impact Trirsl Scentfic, 100% Ground, Urqwomy Unuted

Cos” Domesc Cemmvre Near Canceraion Mem 8 Pop Program No Near Term Leunch
No Speres

Satelie Siat.s Non-Oceratons: Spere-No Dwect :moact To Meson Prmtve
0 Years

Assign 2 nurne’ Dtwee D and | that best Jescrbes the Wity of 8 saleiie . These Shataclersics




Section Vi, Calculations

Risk Attitude Constants Calibration Constants Sub-Criterion Weights:
1.1: 0.822163 Criteria 1 -0.95271 1-1 0.675
1.2: -0.40269 Criteria2 67.62506 1-2. 0.75
1.3 -0.82216 Criteda 3 -0.9444 1-3 0.5625
2-1; 0.822163 Criteria4  8.826142 2-1 0.0425
2-2: 0 Overall -0.27771 -2 0.045
23 0.402692 2-3; 0.05
3-1: -0.40269 3-1. 063
3-2. -0.82216 Criterion Weights: 3-2: 0.63
3-3. 0 33 0.7
4.1; -0.40269 Criteria 1 03 4-1 0.1
4-2. 0 Criteria 2 0.27 4-2: 0.085
4-3: -0.82216 Criteria 3 0.285 4-3 0.075
4-4; 0 Criteria 4 0.27 4-4. 0.09
Risk Attitude Constant Calibration Constant Calculations
Lookup Table: {1000 iterations)
SUtility] RAC Critenia 1 Criteria 2 Criteria 3 Cniteria 4 Overall
Point [T-095271] 67.62506] -09444] 8.826142] -027771]
cos 136082 0} -3.8E-08 0f -7.8E-161 -11E.16
01 6921614 -095271] 67 62508 -09444] 8 8268142 -0.27771
015§ 4 55097
02 328128
025) 2437811
03 1 801074

C 3 1278652

04 08221634

C a8 C 4026971

0& O

058) 0402697,

06] 0822:62

085y -1278€52

07 1 8C107
C7¢ -2 437811
08 -3 28t2e
0 8% -4 55097

0o} 490814

09sf 1386290
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Section VI, Satellite Utility Data

Al A2 A3 B1 c! Ad A5 A6

1-1: international Political State 02 02 02 02 02 0.2 02 02
1.2: Adversary's Space Capability 082} os82s] o082 0.5 03] 0825 0825 0825
1.3; internationat Economy 087sf 0675] 0675 0 08] 0675 0675] 0675
2-1: Mission Criticality 1 1 1 0. 04 0.6 06 025
2.2: Space/Ground Ratio ¢4 0.4 04 035 04 05 05 0254
2-3: Maturity Of Mission 1 1 1 07 08 05 1 086
3-1: Economic Commitment 0 4| 05 03 07 08 075 05 07
3.2: Economic kmpact 08 08 06 0.654 06 075 0s 04
3-3: Launch Priority 07 08 04 o of 04 032 05
14-1: Mission Performance Status 1 02 06 0.85 1 1 1 1

2: Contribution To Mission o€ 07 04 1 08 09 0.25 025
4-3: Level Of Technology 07 08 05 08 085 1 05 05
44: Expected Remaining Litetime 0 01 01 0.15 0.4 035 0.35 0.2}
U(t-1) 0.27C51 0.27051 0.27051 027051 02705t 02705t 027051 027054
U(1-2) 079472 079472 079472 044983 025807 0.70472 079472 0.73472
W(1-3) 048187 058187 058167 0s 05 058167 058167 058167
U(2-1) 1 1 1 0esce? 05 06347 06847 033147
U2-2) 04 04 04 03 04 05 05 025
U(2-3) 1 1 1 074100 083085 05507 1 084752
u@-1) 035248 044983 025857 065671 0.76658 0.711C8 044583 C 85671
U(3-2) 072849 072849 5 05538 05 066853 QX865 0%
U@3-3) 07 08 04 0 0 0.4 03 05
U(4-1) 1 088033 C58119 082317 1 1 1 1
U(4-2) oe 07 04 ' o8 09 028 028
U(4-3) 061003 072646 (€296€5 072049 (7930 1 039605 039685
U(4-4) [ 01 01 015 0 035 03 02
Erv.ronme Utidy 07374 079174 CT9174 061833 053237 079174 07974 079174
Mssion impact Uity 054'72 05472 C54172 035683 (028959 (048 047475 0.14737
Cost Comegtc Cormtment Ltilty 083443 075406 C505C1 Q€633 06427 078825 050485 O 70543
Sateiine Status Utd Yy 022X92 037836 (8540 (04549 04485) 064565 029%8¢ (2577
SATELUITE UTILITY 065028 0€6272 095591 024958 051812 06881 057597 0521C8

Rank 3 2 s ] ] 1 4 7
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Appendix B: Case Study #2, Titan Launch Surve;

Decision Maker: Capt. Paul Krey
5 SLS/DOO
interview Date: | 20 September 1994 |

Section I: Mapping The Single Variabia Utility Functions

Criterion 1: Environment
This criterion defines the value associated with the time dependent “state of the world * To provide consistent value ratings

for the satefiites. 8 “snapshct” is taken and ranked  This criterion since it can be thought of as time dependent, allows a time
sanes of satelite utility to be shown, since multiple “snapshota® can be laken over a period of time. In addition, this criterion
alows some "what ifing™ to be done  This ¢riterion is evaluated only once, as the scores will be the same for any set of

satelites {from the same country) evaluated at a particutar time.

Sub-Critsrion 1-1: Poiltical State
Tivs sudb-criterion describes the cutrent international political environment,

0.00 . -Peacelul Stadikty” Iinternational reistions are stacle and the world is absent of any significant
mlitary’poiticsl crises. Obviously, this state is exceptionally rare.

0.28 - “Mincr Crises/Degrading Stability” One or more minor iocalregional crises are in progress. that do not
immadiately threaten national security. Relstions with allies or adversaries may be degraded. but
negotations sre contiruing ."or most countries. this is the most common state durng the 20th century.

0.80 - "Majpor Crisis’ One or more reg:0nal Crises are in progress. that potentially threaten nations! security.
Reistions with aities or adversanes sre substantially degraded, and negotistions are seemingly ot an
impasse. Thve wouid desonbe the political endecape throughout most of the 18C0's

.78 - “Limited War" Tensions between ristions are h.gn. Ragonal confiict has broken out that threatens
naticnal security Genera! war threatens  The Koresn and Vietnam Wars are exampies of this

ervironment
100 - “General War" National forcen are (ully motiizea snd committed to intense combat. World War it
exempiiiies this environment.
. t : e
0.00 0.28 0.%0 0.78 1.00

if the sateitite 18 assigned & vaiue (Wtility) of O when the criterion 18 at :evel O 0O [we 3s8ign (0 00) = 0}, and the satelkie s
886.gned 2 Uity of 1 when the critenon % ot eve' 1 00 [ u(1.00) = 1], show on ihe scale above the criterion level that you

think would yleid 8 sateiite Jtidvolf 08 {u(?)* 05

s 0]
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Sub-Criterion 1-2: Adversary's Space Capability
This sub-criterion examines the overall space capability of tha nation The Parata assumption here is that the more

space-capable a nation is, the more individual space assets are relied upon
0.00 - *Primtive” Naticn has virtually no space assets whatsoever. In addition, it has little or no ability

to nterfera wih cther nation's deployed assets

0.28 - *Minor Space Power” Possesses has limited space assets, depioyed primarly in support roles Some
interference/jamming capability is likely
0.50 - “Medium Space Power” Assets are depioyed in support and force enhancement roies.

Demonsirated capebiiy to interferesam snemy satelite systems.
0.75 - "Major Space Power" Assats are deployed across nearly the full range of migsion areas,
and has integrated them somewhat with terrestrial forses. Lkely offensive anti-sateliite capability.
“Space Superpower’ Fully deployed and integrated systems across the full range of missions.
Demonstrated offensive/defensive anti-satellite capabiilty.

1.00

! . ! ]
: ! 1

0.00 025 0.50 0.75 1.00

If the satelie is assigned a value (utility) of O when the criterion is at level 0.00 {we assign u(0.00) = 0], and the sateilite is
assigned a utility of 1 when the criterion is at leve! 1 00 { u(1 00) = 1 ], show on the scale above the criterion level that you
think would yiekd a sateilte utility of 05 [u(?7)=05]

avs: (075 ]

Sub-Criterion 13! International Sconomy
This sub-criterion describes the state of the nation's economy This sub-criterion may at first apoear to be scaiad in
reverse. However, we are considering a sateilite's value in terms of the economic conditicns, where the value placed
on the sssat increasas as economic conditions worsen.
0.00 - "Boom" Characterized by rapid sconomic growih and vigorous internaticnal trade.
0.25 - “Growth” Owerall, economy is heaithy and growing  Trade bamers are minimal.
0.80 - “Stable” Most common economic state. Trade relations and currency exchanges ate stable. Trade
barmers may be present, but do not sertously hamper trace relations
0.78 - *Recees:on” Economy is shrinking. Currency exchanges may be unstable. Trade reiations are
constrained, protectionism is prevaient
1.00 - “Depression” Economy is in collapse Intemationa! trade is minimal, with trade bamiers dominating.

L - L |
: ' i |

0.00 028 0.50 0.78 1.00
it the setellle i assigned a va'ue (Utiily) of O when the criteron s at jevel 0.00 [we assign (0 CO) = O], and the sxtelite 8
assigned a utity of 1 when the criterion m at leve! 1 00 [ 1(1.00) = 1 ], show on the scaie above tae crierion ievei that you

think would yield a satete ity ef OS5 [u(?)=05]

s o]

Criterlon 2: Mission impact
This crifarion aftlempts o determine the vBiue of a satelile’s mission(s) re‘ative o the mssoncs) of other sateiites As such,

the rating given may reflect an entire lass of satei'tes, for exam~p'e. Ihcse used for sarly warnirg
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Sub-Criterion 2.1: “Mission Criticality”
‘This sub-cnterion rates the relative importance of sateliite missions, such as early warning, communicationg. weather, etc.
0.00 - "TriviakScientific™ Miasion is primarily acientific in nature, and has virtually no impact to the warfighter.
Trnis does not mean the satelite is useless, but that it has no direct or current sppication to military
offensive/defensive capabilities.
0.28 - *Minor Component” VWhile not contributing directly to warfighting capability, the satellite directly ads
forces that do.
0.60 - “"Medium Component™ Satelites piays a significant role in force offensive/defensive
0.78 - "Major Component™ Satellite mission plays a significant i force offensivesdefensive sirategy.
1.00 - “Criticall” Mission constitutes a critical capebility, without which it would be ditficult or nearly

impossible to conduct wartime cperations.

e

0.00 0.23 0.50 0.75 1.00

if the setelite is assigned a value (Utlilty) of O when the criterion is at leve! 0 00 [we assign L{0.CC) = 0, and the satellite is
assigned a Wity of 1 when the criterion is at leve! 1.00 [ u(1.00) = 1 |, show on the scale above the criterion leve! that you
think would yield a sate'fite utility of 0.5 [W(?)=05]).

Sub-Criterion 2-2: “Spacs/Ground Ratlo™
Here the relative amount of the mission accompiished in space versus on the ground is examined.
0.00 - “100% Ground™ Terrastrial assets perform the entire operational mimsswon
0.28 - “Primarily Ground™ Space sssels are sometimec used for the operationsi mission. however. ground
counterparts dominate. Space systems seen as somewhat expenmental, and serve pt...anly in
beckup roles
0.80 - “SQ/50 Mi Space and ground aseets sre equally refied upen to perform an assigned mission.
0.78 - “Primariiy Space® Space assets dominate miss:on sccompimshment. Ground aasets are secondary of

used a8 8 backup.
1.00 - “100% Space® The srtire mission is performed by spece assels Ground backup o not a.alade or
unrelabie
—_ e . !
: 1
0.00 028 0.50 078 1.00

i the satelite is ass:gred a value (utiiity) of O when the cntenon i at level 0 00 (we ass:9n w0 OC; = O}, and the satshite is
assigned a utiity of 1 when the criterion s st ievel 1.00 {u(1 C0) = 1 |, show on the scaie above the criternion level that you

think woulg yield 8 satekde utrvof 0S5 [u(? )= 05)

w05 ]

Sub-Criterion 2-3: Maturity Of Mission
How well the tateite s mssion 3 understood by werfighters and inlegrated intc overaii capabilities is conswered in this

sub-Criterion




0.00 - “Unknown/Unused™ Satellite s capabiities are not understood or utilized by strategic and tactica

commanders. Satellite remaing largely an R&D project.

0.28 - “Little Known" Satellite capacity is partially understood and used, but only on a basic level. R&D
community possesses the expertise to operate the sateilite.

*Somewnat Integrated” Operationa' Turnover of the satellite has occurred from the R&D community to
an operationai unit. Capabiiilies are st being explored. Information concerning the satelite has reached
field commanders and experimentaltentative use has begun.

"Widely KnownySubstantially Integrated® Ogperation of the satellite is normalized. Field commanders
understand capabiities and routinely use them. Some problems still exist, ang afternate assets are
maintained and frequently relied upon.

*Fully integrated” Sateiiite is fuily understood and exploited, and capabilities are fully
integrated indo theater operations.

0.50

0.78

1.00

( | L i
{ f f |

0.00 025 0.50 078 1.00

it the sateiiite is asnignad a vaiue (Utility) of O when the criterion is at ievel 0.00 [we ass:gn ut0.00) = 0], and the sateliite is
asaigned a utility of 1 wher the criterion s at level 1 00 [ u(1.00) = 1 J, show on the scale above the criterion leve! that you
think would yield a satelite utilty of 0.5 {u(?) =05

Criterion 3: Cost/Domestic Commitrnent
The value placed on a sateiite is demonstrated by the level of commilmant & naticn maxés 1o sup;
misslon.
Sub-Criterion 3.1: Economic Commitment
The funcing status of the sateiiite s production, oparations and infrastructure 1$ evaiuated here
0.00 - “Near Canceliation” Commrtment to the satelite (program) is minimal or near termination. Nawral
reasons for this to occur is that i 13 near the end of the satellte’s (program) ife cycle, or upon ine
aavent of a new rechnology that renders the salelite cbsoiete Poitical considerations may also cause
termination.
028 - “Drawdovm” Support s 1 decline  This may be dua to polticaleconsmic considsrations ori my,
Lo ste in the sateilte's (program s) kle cycie
0.50 - "Stable™ Funding is stable. Typical of a sateiite (program) esrty or near the mid-point of 18 life-cycie
Q.78 - “Growth® Funding /s groving steaddy Tivs @ typical of a fairly young satelite (program), when
poitical support is growing and infrastructure 18 shit bewng saded
1.00 - "Explosve it wth  Poldicai support and funding for the sateiite 13 rapidly expanding. Poltical support
18 COrsoiic 2t g,

0.00 0.2s 0.50 073 1.00

If the sateity s assigned a value (USHY) of O when the critanon s at level C 00 [we assign u(0 CO) = 0], and the satedde is
atsigned a Utikty of 1 when the cntenon is st ievel ¢ 00 | u(1 00} = 1), show on the scaie above ihe crierion level that you
ftunk would yield 2 satelte Wity of 0 {w ?)= 05
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Sub-Criterion 3-2: Economic impact
While the previous sub-criterion looks at the growth rate, this sub-criterion examines tha curtant tize and imnact due to the
commitment to the sateliite.
0.00 - “Mom & Pop' Program™ Very small organization that impacts only a small local economy. Preduction
facilities might consist of a single small piant.
0.26 - “Minor Program” Dominates only 3 local economy Production faciiities might consist of @ few small

plants or a single large one.
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0.80
to receive some national legisiative scrutiny.
0.78 - “Major Program” Program Infrastructure Is significant to national economy and receives significant

substantial national public and legisiative attention.
*Intense Program” Substantial sacnifices are made at the national lsvel to continue funding of the satelfite’s

infrastructure. Single-minded economic priority is given to the sateliite.

s 4 |

0.00 0.25 0.50 078 1.00

1.00

If the satelite Is assigned a vaiue (utiity) of 0 when the criterion 18 at level 0.00 (we asaign (0 00) = C), and the satellite is
assigned a Wlility of 1 when the criterion s at lavel 1.00 { 4(1.00) = 1 ], show on the scale above the criterion leve! that you

think would yieid a satelits Utility of 0.5 [u(? )= 05}

ans: 078 ]

Subd-Criterion 3: Launch Priority
Launch priority given o a satelilte is an excetlent indicator of the value placed on that asset. This sub-crierion also nciudes
the “sparing” strategy. as the presence of spare satellites on the ground or on-orbit affects the priority given to a new faunch.
0.00 - "No Near Term Launch’No Spares” No caranilty exis!s to replace the sateliite in the near term. Replacement
satefiles have not been constructed and.or no launch vehicles are available.
0.26 - “Delayed Schedule’Lrnted Spenng® Repiacemant satellites have been partially constructed. but are not
a-ailabie for near term launch A launch scheduie does not exist, is incompile’e, of de'ayed
0.50 - “Stable Launch Schedule Substantial Spanng” Launch of repiscement satelites can be sccomptished on
a scheduie However the scheduie is somewnet inflexdis Spares are aveilable, but mast are on the
ground, and those in o7it are not postioned for Mmediate use
0.76 - “Accelerated Scheduie Near Complete Sparing™ Launch of replacement sateliles can be accomplished
on 8n accelerated schedule. Several spares are constructed with most placed n crxt to be positioned
n the short Lerm.
1.00 - "Launch On Need/Comprehensive Spanng™ Launch 8 possibie on relstively short nolice. A comprehensive
spanng sirstegy 3 in piace. On-ortit spares can be made operational quickly
! f

. . I

i
0.00 0.25 0.50 0.78 1.00

1 the satelite is assigned a vaiue (utiity) of 0 when the crierion is at level 0 00 {we ussigr W(0 00) = O}, and the satelite is
sssigned a Uty of 1 when the criteron & at level 1.00 [ 1(1.00) = ¢ |. show on the scale sbove the trtenon level that you
think wouid yieid a satelike utiity of 0.5 [u(?) = )5 ).
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Criterion 4: Satellite Status
This critarion takes inte account the individual characteristics of the satellite.

Sub-Criterion 4-1: Mission Performance Status

How wel the satellite is pariorming s assighed mission is directly applicable to the value that is placed on it.
0.00 - “Non-Operational® Sateliite is degraded to the extent that t cannot be considered operational.
0.28 - “Severely Degraded'Tumed Off Spare” Sateliite is capabie of performing #s mission only to a macginat

extent. Satelite may be configured as 8 spare. with sacondary power turned off untii needed.

0.50 - “Significantly Degraded” Salailite satisfactonily performs & mission, but at a substantially degraded level.
0.76 - “Slightty Degraded™ Satellite performs 48 mission as expected. but some minor degradation is present.
1.00 - “No Degradation” Satailite is fully capable of performing its mussion with no failed or degraded units.

e =

0.00 0.23 0.50 0.75 1.00

if the sxtelits is assigned a value (utility) of O when the criterion is at tevel 0.00 [we assign u(0.00) = 0}, and the satellite is
assigned a utilty of 1 when the critericn is at Jevel 1 0O [ u(1.00) = 1 ], show on the scale above the critenon level that yeu
think would yiid a satelite wtilty of 05 {u{?)= 05}

s 075 ]

Sub-Criterion 4-2: Contribution To Mission
Rarely does a single saleiite saccomplish an entire mission. Typically, sateliles are grouped ino & constellation to complete
an sssigned mission. Here the satelite’s contributicn to compieting the mission is measured.
0.00 - ~Spare:No Direct impact To Mission” Loss of the satelite wili not acversely impact the capability to
sccomplish a missicn. A typical case wouid be a satelite configured as an on-orbit spare.
0.28 - ‘Secondary impact To Mssion” Loss of satelite would impact the consteliation at 3 secondary levet
only. The mission completed by this sateitite can be reacily ransferred to ancther satelltes
0.80 - “impacts Corstellation Mission® Loss of the satelite wouid adversely mpact mission accomplishment.
Much of the sateiite’s gul'es can de transismed tut noticeatie degradation wilt occur
0.75 . "Strongly Impacts Mission™ Loss of the se:elite signicantly impacts mission acoompliahment. SateMte
mmson dulies are largely utentaceable. hence su. stantial degradstion results.
190 .- “Crtical To Miss.on  Loss of satellde cntically impaws mission accomplishment.

; !
—

0.00 0.25 0.50 075 1.00

It the salelie i 2ss1Jned 2 valkue (Ul ly; of D whenthe crieror s ot ‘eve! D 00 [we 2s8:gn W(C 00) = C] and the sateilite is
assgned a utidty of 1 whaen the criterion is at leved 1.00 [ u{1 OC) = 1] show on the sca'e above the criterion level that you
ik Would yeld a satedte ity of G5 [L(?) 505

s 06 ]
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Sub-Criterion 4-3: Level Of Technology
In general, more modern satedites that employ improved technologies have greater capabilities. In particular, satellites that

empioy newer technologies represent a significant investment in research and deveiopment. Presumably, this investment has

purpesa and value.
0.00 - “Primitlve” Space technology s at ths most rudimentary level. A satellite such as this would hearien back

to the days of Sputnik.

0.26 - "30 Year Oid State of the Art™ Today (1994), this represents technology developed and empioyed by
advanced nations in the 1960's.

0.80 - “20 Year Oid Stata of the Ait" Technology originally deve'oped and fielded the moat advanced nations
in the 1870's.

0.78 - 10 Year Oid State of the At” Technclogy originally developed and lelded by the most advanced natiuns
during the 1980's.

1.00 - “State of the At” Represents the current possible fielded space technology

!
0.00 0.28 0.50 0.75 1.00

if the satsliite is assigned a value (utility) of O when the criterion is at leve! 0.00 [we assign u(0.00) = 0}, and the satellite is
assigned a utiity of 1 when the crilerion is at fevel 1.00{ u(1.00) = 1 |, show on the scale abave the critericn level that you
think would yield a satefite utilty of 0.5 (u(? )= 05|

Sub-Criterion 44: Expected Remaining Lifstime
it would seem obvious that the vakue placed on a sateilite depends on an estimation of how long the satelite witl remsin
operational. This is {0 be distinguished from a sateite's planned kfe cycle, which is a fixed timespan estimated by satefite
designers. The axpected remaining lifetime is a changing estimate. affected by the spacecraft's age. fuel reserves, and
known saletite subsystem falures.

0.00 - “Oysars® Compiete failure is anticipated at any time.

0.20 - “3years”

040 - Syears”

0.80 - "D ysans®

0.80 - *12 years’

1.00 - *1S years or more’

L | .

0.00 020 0.4¢ 0.60 0.80 1.00

if the sateiiite is #as.gned 8 value (Ltilty) M O when the criterion 1s at level 0.00 [we ag3ign ut0 00) = 0), and the ateliite is
assigrea 2 ublly of 1 when the crilenon .8 ¢t lavei 1 00 [ w1 00) = 1], show on the scale above the critarion leve! that you
think weuld yield a satelde utity f 08 Tu(? )= 05|
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Section II: Independence Verification

For sub-criterion 4-1, Mission Accomplishment. yeu indicated lhat the ievei of this aitiibute that yeias a utiity 6/ 5.5 18

Assume now thal the level of sub-criterien 1-1, Politicat State. is 0.00. Does this change your sssassment above for

sub-criterion 4.17

NO

What if the levei of sub-critarion 1-1 is changed 10 0.50 7

NO

What if the level of sub-criterion 1-1 is changed 0 1.00 7

NO

Assurne now that the leve! of sub-criterion 1-2. Overall Space Capabilty, is 0.00. Does this change your assessment above

for sub-criterion 417

NO

What if the leve! of sub-criterion 1-2 Is changed to 0.60 7

NO

Vhat if the levei of sub-criterion 1-2 is changed to 1.00 ?

NG

Assumne now that the level of sub-critenon 1-3 National Economy., 8 0.00

Does this change your assessment above for

sub-critenon 4-17

NO

What if the jevei of sub-criteron 1-3 s changed to 0.50 ?

NO

What f the jeve] of sub-criterion 1-3 s changed to 1.00 ?

NO

Assume now that the level of sub-criterion 2-1, Mission Criicailty, is 0.00

Does this change your assessment above for

sub-critetion 417

NO

What |f the levei of sub-crtaron 2-1 @ changed to 0.50 ?

NO

What if the leve! of sub-crterion 2-1 @ changed to 1.00 7

NO

Assume now that the ‘evel of sub-critesion 2-2. SpacaGround Rato = 0.00. Does this change your gssessment aocve for

sub-criterinn 4.17

NO

What if the level of sub-crteron 2-2 & changed *>9.50 ?

NO

What  the level of sub-crienor 2-2 & changed to 1.00 7

NO

AssuT.a now that the level of sub-critenon 2-3. Maturty of Missior, 18 0.00 Does this change your sssessment atove for

sub-criterion 4-1?

NO

What if the level of sub-critenon 2-3 @ changed 1¢ 0.60 ?

What of the ievel of sud-crierion 2.5 s changed to 1.00 ?

Agsume now that the leve! of s, >-critencn 3.1, Ecoromus Commitment 0

sub-criteron 4-12

What if the level of sub-cntenon 3-1 s changed 10 0.60 7

What f the ievel of sub~crierion 3-1 is changed ‘0 1.00 ?

Assume now that the 'evel of sub-criteran 3-2. Economic Impact, is 0.00

Does thes che

~g® your 385 vssmert above for

sub-criterion 4-17
What If the level of sup-criterion 3-2 s changed tc 0.80 2

NO

NO

What if the leve! of sud-crterion 3-2 w cherged to 1.00 27

NO
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Assume now that the lavet of sub-criterion 3-3, Launch Friority, is §.00. Does this change your assessment above

-

bae
]

sub-criterion 4-1?

NO

What if thve level of sub-criterion 3-3 is changed to 0.50 7

NO

Vhat if the level of sub-criterion 3-3 Is changed to 1.00 ?

NO

Assume now that the level of sub-criterion 4-2, Contnbution to Mission, is

0.00. Does this change your assessment atove

for sub-criterion 4-1?

NO

What if the level of sub-criterion 4-2 18 changed to 0.50 ?

NO

What if the level of sub-criterion 4-2 is changed to0 1.00 ?

NO

Assume now that the levet of sub-criterion 4-3, Level of Technalogy, is 8.00 Does this change your 2ssessment above

for sub-criterion 4-17

NO

What if the levc! of sub-criterion 4-3 is changed {0 0.50 ?

NO

Vvhat if the level of suo-criterion 4-3 is changed t0 1.00 ?

NO

Assume now that the leve] of sub-criterion 4-4. Expected Remarning Lifeti

me, is 0.00. Does this change your assessment

abave for sub-crterton 4-17

NO

What if the ieve! of sub-critenon 4-4 is changed t0 0.80 2

NO

What if the level of sud-criterion 4-4 is changed to 1.00 ?

NO




Section lll: Creating The Multi-Varia

Criterion 1: Environment
Rank order the three sub-cnterion in order of imoortanca from highest to lowest,

Sub-Criterion 1-1; Political State
This sub-criterion describes the current internaticnal pefitical environment.
Sub-Criterion 1.2: Adversary's Space Capability
This critenian examines the relative space capability of a potential or actual adversary
Sub-Criterion 1-3: Internaiional Economy
This sub-criterion describes the state of the worichvide economy. This sub-criterion may at
firs appsar 10 be scaled in reverse, howavel, as we consider a satellite’s vaiue in terms of
the aconomic times the vailue placed on the asset increases as economic conditions
worsen

Assume for now thiat the sub-criterion you ranked as #1 has a weighting factor of 1. On the scale below, indicate
the relative weights for the cther two sub-criterion, by lacing them on the scale.

[ T
0.0 0.1 02 03 0.4 05 08 07 08 0.8 1.0
Relative Waights. 1
0.6
0.3

Criterion 2: Mission knpact
Rank order the three sub-crtenon in orcer of impenance, from highest to lowest,

Sub-Criterion 2-1: Mission Criticality
This sub-criterion rates the relative importancas of satellite missions, such as early waming,
communications, weather, elc.

EI] Sub<Criterlon 2.2: Space/Ground Ratio

Here the relative amount of tha mission accomplished in space versus on the ground is
examined,

Sub-Criterion 2-3: Maturity Of Mission
How weil the satelite s mission is understood by warfighters and integratad ints overal!
capabiities is consicered in this sub-criterion.

Assume for now that the sub-criterion you ranked as #1 has a weighting factor of 1. On the scale beiov/, indicate
the retat.ve weights for the other two sub-cCriterion, by placirg them on the scale.

[ Lo o ! !
1 T ! H

0.0 0.1 02 0.3 0.4 93 06 07 08 08 1.0

——




Relalive Weights: 1
0.3
0.5

Criterion 3: Cost/Domestic Commitment
Rank order the thres sub-criterion in order of importance. from highest to lowest.

Sub-Criterion 3-1: Economic Commitment
The funding status of the satellite's procuction, operations and infrastructure is avaluated
here.

:i: Sub-Criterlon 3-2: Economic impact

While the pravious sub-criterion looks at the growth rate, this sub-criterion examines the
current size and impact of the commitment ta the satellite.

Sub-Criterion 3-3: Launch Priority
Launch priority given to a sateliite is an excellent indicator of the value placed on that asset.
This sub-criterion aiso includes the “sparing” strategy, as the presence of spare satellites
on the ground or on-crbit affects the pricrity given to 8 new launch.

Ascume for now that the sub-criterion you ranked as #1 has a weighting factor of 1. On the scale befow indicate
the relative veights for the other twa sub-criterion. by placing them an the scale.

! : M
f ] ; : i

1
_'}....._._.- —

0.0 0.1 0.2 03 04 05 08 0.7 08 0.8 1.0

Relative Weights: 0.8
0.356

Criterion 4: Satellite Status
Rank order the four sub-Criterion in order of importance, from highest to lowast.

Sub-Criterfon 4-1: Mission Performance Stafus

How wall the satellite i performing its assigned mission is airectly applicatie to the vaiue
that is placed on it. .
Sub-Criterion 4.2: Contribution To Mission
Rarely does a singie satsllite accomplish an entire mission Typically, satalites are grouped
into @ constelfation to compiete an assigned mission. Here the satellite’s contridution to
completing the consteliation's mission ia measured.
Sub-Criterion 4-3: Level Of Technology
In general, more modern satellites that employ improved technolagies have yrsater
capabilities. In particular, sateliites that employ nevier technologies reprasent a significant
imvestiment in research and development. Presumably, this investment has purpose and
value.
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EZ Sub-Criterion 4-4: Expected Remaining Lifetima
R would seam obvicus that the value placed on a satellite depends on an estimation of how
long the satsllite will remain operstional. This i3 to be distinguished from a satellite's planned
ife cycie, which is 3 fixed timespan estimated by satellita designers. The expected
remaining lifetime is a changing estimate, affected by ths spacecraft's age, fuet reserves.
and known sateilite subsystem failures.

A le bantonss

Assume for now that the sub-criterion you ranked as #1 has a weighting factor of 1. Cn tha scals below, indicats
the refative weights for the other two sub-criterion, by placing them on the scale.

S ]

"~ I i
o0 0.1 0.2 03 0.4 0.5 08 0.7 08 0.9 1.0

Relative Weights: 1
0.9
0.35
0.65
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Section [V, Creating The Muiti-Variate Criterio

Criterion 1: Environment

Wa dafine a sateliite used in the envircnment heiow as having a utility = 1

Peitical State General War
Adversary's Space Capability Space Superpower
International Economy Depression

t]

Now we define a satefiite used in ths environment &

Political State Peaceful Stability
Adversary's Space Capability Primitive
Intemational Economy Boom

imagine a satellte used in the environment described below:

Poiilica! State General War
Adversarys Space Capability Primitive
intermational Economy Boom

Assign a number between O and 1 that best describes the wtilty value you place on a sateliie that is used in this

environment. Assume that these three attributes are the only attributes to describe the satelite.

Criterion 2: Mission impact

Wa define a satellile with the mission attributes below as having utitity = 1.

Misslen Criticality Critical To Force Survival
Space/Ground Ratio 100% Space
Maturity Of Missicn Fuily Integrated

itilitu s A

Now we define a satellite with the mission atiributes as having wtility = &,

Mission Criticaiity Trivial/Scientific
Space/Ground Ratio 100% Ground
Maturity Of Mission UnknovrvUnused

Now imagine a satellite with the mission attributes described below:

Mission Criticaiity Critical To Force Survival
SpacesGround Ratio 100% Ground
Maturity Of Mission UnknowryUnused

Assign a number between 0 and 1 that best describes the utility value you place on a satellite with this mission
atinbutes. Assume that these attributes are the only attributes to describe the satellite 0.75

B-13
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Criterion 3: Cost/Domestic Commitment

We dafine g sateliite with cost/domestic commitment below as having utility = 1.

Economic Commiment
Economic impact
Launch Priority

Explosive Grovth
Intense Pregram

Launch On Need/Comprehensive Sparing

Next \e define a satellits with cost/domestic commitment betow a8 having utility = 0.

Economic Commitment
Economic Impact
Launch Priority

Near Cancellation
Mom & Pop Program
No Near Term Launch/No Spares

This lime imagine a sateilite where the cost'domestic commitment is as foliows:

Economic Commiment
Economc Impact
Launch Prierity

Assign a number between 0 and 1 that best describes the utiity of a sateilite which the commitment levels shown

Near Cancellation
Mom & Pop Program

Launch On Need/Comprehensive Sparing

above Assume that these attributes are the only applicable anes to descnibe the sateliite

Criterion 4; Satellite Status

A satellite with status below Is defined as having utifity = 1.

Mission Performance Status
Contribution To Mission
Leve! Of Technology
Expected Remairung Lifetime

No Degradation
Critical To Mission
State Of The Ant
15 Years or More

A sateliite with the status below s defined as having itility = 0

Mission Pertormance Status
Contribution To Mission
Level Ot Technotogy
Expected Remaining Lifetime

- Finadly. imagine a satellte whosa stalus is &¢

Mission Performance Status
Contribution To Mission
Level Of Technology
Expected Remaining Lifetime

Assign a number batween Gand 1 that best describes the tility of a satalits with the slslus 35
these sttributes are the only anes to describe the satellite.

Non-Operational

Spare:No Direct impact To Mission
Primitive

0 Years

No Cegracaticn
Spare/No Direct impact To Mission
Prmitive

0 Years

S
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Section V, Creating The Ovearall Utility Function

. fod] i 1 bsaal

Rank order the four critericn In ofcer &f impertance, fem highest o kwey!,

m Criterion 1: Environment

This criterion defines the value assoclated with the time dependent *state of the world.” To
provide consistent valtie ratings for the satelitas, a “snapshot® is taken and ranked. This
criterion since it can be thought of as time dependent, allows a time series of satelite utility
to be shown, since multipie “snapshots™ can be taken gver a period of tme. In adaition. this
criterion afflows some “what ifing” to be done  This criterion is evaluated only once, as the
scores will be the same for any set of satellites evakuated at a parucular time.

Criterion 2: Mission iImpact
This criterion attempts to determine the value of a satelita's mission(s) refative lo the
mission(s) of other satelktes. As such, the rating given may reflect an entire class of
sateflites. for examcle, those used for earty waming.

Criterion 3: Cost/Domestic Commitment
The value of a satelite is demonstrated by the level of commiment 3 nation makes to
supporting the continuation of ts missicn.

Criterion 4: Sateillite Status
This criterion takes into account the Individual characteristics of the sateliite.

Assume for now that the criterion you ranked as #1 has a weighting factor of 1. On the scale below. indicate the
relative weights for the other three criterion, by piacing them on the scale.

: | e

! { T

0.0 0.1 02 0.3 0.4 0.5 08 0.7 08 0.9 1.0

Relative Weignts: 0.55

0.56
0.9
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Section VI, Creating The Overail Ut

sonm mllaman Pk

b3 LY S 1]
ility runction, rait it

Wa define the satellite described below a3 ons wih utility = 1.

Environment

Misston tmpact

Cost/Domestic Commitment

Satellits Status

General War, Space Superpower, Depression
Mission Criticality, 100% Space Fully Integrated

Expiosive Growth, Intense Program, Launch On Need’
Comprehensive Sparing

No Degradation, Critical To Mission State Of The Art, 15 Years

Wae define the satelile described below as one with utility = 0.

Environment
Mission Impact

Cast/Domestic Commitment

Satellite Status

imagine a satelite with the characteritics described below.
Environment

Mission Impact

CostrDomestic Commitment

Satelh.2 Status

Peaceful Stability, Primitive, Boom
Trivial'Scientific, 100% Ground, Unknovavunused

Near Cancellation. Mom & Pop Program, No Near Term Launch/
No Spares

Non-Operational, SpareNo Direct impact To Mission. Primitive.
0 Years

Peacsful Stability, Primitive, Boom
Mission Criticality, 100% Space, Fully iegrated

Near Cancellation, Mom & Pop Fragram, Ne Near Term Launch/
No Spares

Non-Operational, Spare/No Direct Impact To Mission, Primitive,
0 Years

Assign a number between 0 and 1 that best describes the utlity of a saleilite with these characteristics
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Section VI, Calculations

Risk Attitude Constants Calibration Constants Sub-Criterion Weights:
1-1: 2.437511 Criteria1  -0.94579 1-1. 0.9
1-2: -2.43751 Criteria2 -0.71561 1-2: 0.54
1-3: 0 Criteria3  -0.81082 1-3: 0.27
2-1: -6.92161 Criteriad4  -0.37682 2-1. 075
2-2: 0 Overall 12.39082 2-2: 0.225
2-3 -0.82216 2-3: 0.375
31 0.822163 3-1: 0.56
3.2 -2.43751 Criterion Weights: 3-2: 0.245
3-3; 0 3-3: 0.7
4.1. -2.43751 Criteria 1 0.055 4-1: 0.8
4.2 -0.82218 Criteria 2 0.1 4-2; 0.72
4-3. -3.28128 Criteria 3 0.055 4-3; 0.28
4-4: -0.40269 Criteria 4 0.09 4-4: 0.52
Risk Attitude Constant Calibration Constant Calculations
Lookup Table: {1000 iterations)
SUtility] RAC Criteria1 Criteria 2 Criteria 3 Criteria4 Overall
Point ~-0.94579] -0.71561] -0.81082] -0.97682] 12.39082
oos] 13.86292 0 0 0 o{ -8.8E-12
01 6921814 -0.94579] -0.71561| -0.81082] -0.97682] 12.39082
0.15 4.55097
0.2 3.28128
025] 243711
0.3l 1801071
03s] 12788s2
04] 0822183
0.45] 0402692
05 C
055] -0402692]
08| -nDamis2
065) .1.278652
07| -1.801071
0.75] -2437511
08] -328128
08s] 455097
og] -6921614f
095 -13.86292}
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Section VIII, Satellite Utility Data

Ka K-b K< Kd K-
Milstar | DSP | NASA . .
DFS-2 17 | Cassini
1-1: Intemationa! Palitical State 0.25 0.25 0.25 0.25 025
1.2: Adversary's Space Capability 075 0.75 0.75 0.75 0.75
13: International Economy 0.5 0.5 0 5 05 05
2-1: Mission Criticality 075 095 0.1 0.7 07
2.2: Space/Ground Ratlo 0.5 075 1 075 075
2-3: Maturity Of Mission 0.8 1 0 03 0.8
3.1: Economic Commitment 0.35 0.5 05 0 3§ 0.5
3-2: Economic impact 0.75 0.75 08 0.75 0.75
3.3: Launch Priority 05 08 05 05 06
4-1: Mission Parformance Status 1 1 1 1 1
4.2: Contribution To Mission 0.5 075 1 05 0.8
4-3: Lavel Of Technology 1 075 0.85 08 09
44: Expected Remaining Litetime ' 0.7 05 07 0.6 05
U(1-1) 05 05 0s 05 05 0 0 0
u(1-2) 05 0.5 0.5 05 0.5 0 0 0
u(1-3) 05 05 05 as 05 0 0 0
U2-1) 0.1764 070717 0.00085 0.1245t 0.12451 ] 0 ]
U(2-2) 05 075 1 075 075 ] 0 0
U(2-3) 0.72949 1 0 021932 05 0 0 0
U@E-1) 0.44611 0.60135 0.60135 044611 060135 0 0 ]
U@3-2) 05 05 05772 05 05 0 0 0
U(3-3) 05 0.6 05 05 08 0 0 0
U4-1) 1 1 1 1 1 0 (] 0
U(d-2) 0.39665 0.66653 1 039865 05 ] 0 0
U(4-3) 1 041544 055611 05 0.70935 ] 0 0
U4-4) 0.65671 0.44983 065671 055119 0.44983 0 0 0
Environment Utility 066283 066283 066283 066283 0.66283 0 0 0
ission impact Utllity 0.46187 083965 0.22562 0.31834 0.40469 0 0 ]
CostDomestic Commitment Utility 0.59889 07008 0.66482 058889 0.7008 0 0 0
Sateiide Status Utility 094578 0.94274 09857 0092366 0.93353 ] 0 o
SATELLITE UTILITY 045228 0.64387 0.37683 0.38631 0.44981 0 0 0
Rank 2 1 s 4 3

! A medan vaiue was used ‘or the Exoncted Remaining Litetima fcr sate ite <-0  The acts' vatue could 20t 2 Jed 1 the urclassired cacLment
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Appendix C: Titan Simplified Launch Processing &

Scheduling Optimization LP

LPB3 thesis2 output t2.out alternate 1 costanalysis yes

Copyright (C) 1985 by Sunset Software.

ALl Rights Reserved Worldwide.

1613 Chelsea Road, Suite 153
San Marino, California 91108

U.S.A.

Licensed Solely To: Wright-Patterson Air Force Base

* DEFINITIONS
L]

* Varisbles 2 X
L ]

* 1st placeholder: Satellite Designation
* 2nd placeholder: Process location - i

LR R N BE BE BE B 2N I A N

.. TITLE
Launch Prioritization
]

* utility(K-a) = .452

* ytility(K=b) = .64
* ytility(K-¢) = 377
* utility(x-d) = ,386
* ytility(k-e) = ,450

»

L ]

. .OBJECTIVE MAXIMIZE

*

452 Xail + .644 Xbi1 ¢+

.452 Xai2 + .6644 Xbi2 ¢+

.452 Xai3 + 644 XDiI3 ¢

.452 Xaib + 644 Xbib +

.452 Xai5 + .644 Xbi5 +

452 Xai16 + 644 Xbi6 +

452 X817 + .64k XbDi7 ¢
Xaj1 + 0 xbj1 + 0 Xcj1

Xaj2 + 0 Xbj2 + 0 Xej2

Xaj3 + 0 xbj3 + 0 Xcj3

Xa

+ 0 Xbj5S + 0 Xcjs

#0‘6000#00##0"0‘

+
+
1+
+
+

1
3
k
L
»
n

a, b, ¢, d e

move to VIB and process

continue or hold V1B processing

sove to SMAB and process

continue or hold SMAB processing

move to launch pad (SLC 40/41) and process
continue or hold launch processing

launch conpleted and pad refurbished

3rd placerolder: time(2 month mcrements)-‘\ 2,3,4,5,6,7

time 1 = beginning of month 1 (end of month 0)
time 2 = beginning of month 3 (end of month 2)
time 3 = beginning of month 5 (end of month &)
time 4 = beginning of month 7 (end of month 6)
time § = beginning of month 9 (end of month 8)
time & s beginning of month 11 (end of month 10)
time 7 = beginning of month 13 (end of month 12)

377 Xeil +
377 Xei2 +
377 Xei3 +
377 Xeib + 386 Xdis ¢ 450 Xeid
L3377 Xeis +
377 Xcib +
377 Xeld? +

.386 xdi1 + 450 Xei?
.386 Xdi2 + .450 Xei2
.386 Xdi3 + .450 Xei3

.336 Xdi5 + .450 Xei$
.386 xdig + .450 Xeid
.386 Xdi7 + .450 Xei?

+ 0 Xdj1 + D Xej1
+ 0 Xdj2 + 0 Xej2
+ 0 Xdj3 + 0 Xej3
+ 0 Xdjs + O Xefé
+ 0 Xdj5 + 0 Xej5

0 Xbj6 + 0 Xcj6 + 0 Xdj6 + O Xe}6
0 Xbj7 + 0 Xcj7 + 0 Xdj7 + O Xej?
0 Xbk1 + 0 Xck? ¢+ 0 Xdk1 + 0 Xek1
0 Xbk2 + O Xck2 + 0 Xdk2 + O Xek2
0 Xbk3 + 0 Xck3 + O Xdk3 + 0 Xek3
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+ 0 Xak& + O Xbké + 0 Xcké& + 0 Xdk4 + O Xekéd
+ 0 Xak5 + 0 XbkS + Q Xck5 + O XdkS + O XekS
+ 0 Xaké + O Xbk6 + 0 Xcké + O Xdké » O Xeké
4+ 0 Xak? + O Xbk7 + O Xck?7 + O Xdk7 + O Xek?
+ 0 Xal1 # 0 Xbl1 + 0 Xcl? + O xdl1 + O Xell
+0xat2 + 0 Xbl2 + 0 Xct2 + O xdl2 + O Xel2
* 0 Xal3 + 0 Xbl3 + 0 Xcl3 + O XdL3 + O Xel3
+ 0 xald + 0 Xbld + 0 Xcls + O Xdld + O Xelsd
+ 0 Xal5 + 0 xblS + 0 Xci5 + O XdiS + O xel5
+ 0 Xalé + 0 Xblé + 0 Xclé + O Xdid + 0 Xelb
+0Xal7 + 0 Xbl7 + 0 Xel? + O XdL7 + O Xel7

+ 0 Xami + 0 Xbm? + 0 Xcal ¢ O Xdm1 + O Xeml
+ 0 Xam2 + 0 Xbm2 + 0 Xcm2 + O Xdm2 + O Xem2
¢ 0 Xam3 + 0 Xbm3 + 0 Xen3 + O Xgm3 + O Xen3
+ 0 Xant + 0 Xbmd + 0 Xcws ¢ O Xdmé + O Xend
+ 0 Xom5 4+ 0 Xbm5 + 0 XcmS + O XdmS + O XemS
+ 0 Xanb + 0 Xbmé + 0 Xcmb + O XOmé + 0 Xewd
+ 0 Xam?7 + 0 Xbm7 + 0 Xcn? + O Xdu? + 0 Xew?
+ 0 Xan1 + 0 Xbn1 + 0 Xen1 ¢ O Xdn1 + O Xent
4+ 0Xan2 + 0 Xbn2 + 0 Xen2 + O Xdn2 + O Xen2
¢+ 0 Xan3 + 0 Xbn3 + 0 Xen3 ¢+ O Xdn3 + 0 Xen3
+ 0 Xenk + 0 Xbnk + 0 Xend + O Xdnk + 0 Xend
+ 0 Xan5 + 0 XbnS + 0 XenS + O Xdn5 + O Xen5
+ 0 Xané + 0 Xbnb + 0 Xenb ¢ O Xdnd + 0 Xenb
+0 Xan7 + 0 Xbn7 + 0 Xen? ¢ O Adn7 + O Xen?
+ 0 Xaot + 0 Xbo1 + 0 Xcot ¢+ O Xdot + 0 Xeo?t
+ 0 Xag2 ¢+ 0 Xbo2 + 0 Xco2 4 O Xdo2 + 0 Xew2
+ 0 Xa03 + 0 Xbo3 + 0 Xco3 + O Xdo3 + 0 Xeo3
* 0 Xaok + 0 Xbok + 0 Xcok + O Xdok + O Xeos
+ 0 Xa05 + 0 XboS + 0 XcoS + O XdoS + 0 XeoS
+ 0 Xeob + 0 Xbob + 0 Xcob ¢ O Xdob + 0 Xeob
+ 0 Xao7 + 0 Xbo?7 + 0 Xco? 4+ O Xdo7 + 0 Xeo?

.
. CONSTRAINTS

: Satellite goes through flow either O or 1 time:
Xai1 + Xai2 + Xai3 + Xai4 + XaiS ¢ Xai6 + Xai?7 «= 1
Xbi1 ¢ Xbi2 + Xbi3 + Xbié + XbiS ¢ Xbibé + Xbi7? <= 1
Xeil ¢ Xci2 + Xei3 + Xcid + XciS # Xcib + Xci7 <=
Xdi1 +» Xdi2 « Xdi3 ¢ Xdi4 + Xdi5 ¢ Xdi6 + Xdi7 <= 1
Xeil ¢ Xei2 + Xei3 + Xeid + XeiS ¢ Xeid & Xei? «x 1
: Satellites that start processing must complete through launch:

Xai? + Xai2 + Xail3 + Xai4 + XaiS + Xai6 + Xai?7 - Xao? ~ Xaa2

- Xao3 - Xaohk ~ Xao5 - Xaob - Xao? = Q
»
Xbi1 + Xbi2 + 1bi3 + Xbik + Xbi5 + Xbi6 + Xbi7 - Xbol = Xbo2
= Xbo3 - Xbo4 = Xbo5 = Xbob ~ Xbo? = 0

Xeil + Xci2 ¢ Xei3 # Xcib + XeciB + Xcib + X¢i? « Xcol - Xco2
- Xco3 - Xcos = Xco5 = Xcod - Xco? = O

Xdi1 + xdi2 + Xdi3 + xdi4 + Xdi5 ¢ xdi6 + Xdi? - Xdo?1 - Xdo2

=~ Xdo3 ~ Xdo4 ~ Xdo5 - Xdoé - Xdo? = 0

Xei1 + Xei2 + Xei3 ¢ Xeis + Xei5 » Xei6 + Xei7 - Xeol - Xeo2
= Xeo3 -~ Xeoht -~ Xeo5 - Xeos - Xeo? = Q

»

V18 Cepacity
X8i1 4 Xbi1 + Xci1 + Xdi1 + Xeil ¢ Xaj1 + Xbj1 + Xcj1 + Xdj1
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* 8

*

+ Xej1 <= 5

Xai2 ¢ Xbi2 + Xci2 + Xdi2 +
+ Xej2 <= §

xais + xbi3 + xci3 + Xdi3 +
Xej3 <= §

+

Xaié + Xbis + Xcid + Xdié +
+ Xejb <= 3

Xai5 + Xbi5 ¢ Xci5 + Xdi5 +
+ Xej5 <= §

Xaié + Xbi6 + Xcib + Xdibé +
+ Xejb <= §

Xai? + Xbi7 + X¢i7 + Xdi7 +
+ Xej7 «» 5

SMAB/SMARF Capacity:

xak? + Xbk1 + Xek1 + Xdk1 »
+ Xell <= 2

Xak2 + Xbk2 + Xck2 + Xdk2 +
+ Xeld <= 2

Xak3 + Xbk3 + Xck3 + Xdk3 +
+ Xel3 <= 2

Xaké ¢ Xbks + Xcké + Xdké +
+ Xels <= 2

Xak5 + Xbk5 + XckS + Xdk$S +
+ Xel5 <= 2

Xaké + Xbké + Xcké + Xdké +
+ Xelb <= 2

Xak7 ¢ Xbk7 + Xck7 + Xdk7 +
+ Xel7 <= 2

PAD 40/41 Capacity:

Xaml ¢ Xbml + Xcwl + Xdml +
+ Xen1 <= 2

Xam2 + Xbm2 + Xem2 + Xdm2 +
+ Xen2 <= 2

Xam3 + Xbm3 + Xem3 ¢ Xdm3 +
+ Xen3 <= 2

Xant + Xbph + Xcmd + Xdmk ¢
¢ Xenk <= 2

Xem5 + XbaS + XenS + XdmS ¢+
+ Xen5 <= 2

Xand + Xbmd + Xcmd + Xdmé ¢
+ Xenb ¢z 2

Xan? + Xom? + Xcn7 + Xdm? ¢
+ Xen? «= 2

Each satellite can be at most in

Xei2 + Xaj2 ¢ xbj2 + Xcj2 +
Xei3 + Xaj3 ¢ Xbj3 + X¢j3 +
Xeid ¢ Xajs + XbjL + Xcj4 +
Xei5 + Xai5 + Xbj5 + Xcis +
Xei6 + Xajé + Xbjé + Xcjé +

Xei7 + Xaj7 + Xbj7 + Xcj7 +

Xek1 ¢ Xal1 + Xbl1 + Xclt +
Xek2 + Xal2 + Xbl2 + Xcl2 +
Xek3 + Xal3 + Xbl3 + Xci3 +
Xekés + Kald + Xblé + Xeld +
Xek5 + Xal5 + Xbl5 + XciS +
Xek6 + Xals + Xblé + Xclé +

Xek? + Xal7 ¢ Xbl7 + Xcl7 +

Xen1 + Xan1 ¢+ Xbn1 + Xeni +
Xem2 + Xan2 + Xbn2 + Xcn2 +
Xem3 + Xan3 + Xbn3 + Xcnd +
Xembk + Xank + Xbnd + Xené 4
Xem5 + Xan5 + Xbn5 + Xcnd +

Xemé + Xand + Xbné + Xenb +

Xem? + Xan7 + Xbn? ¢ Xcn?7 4 Xd

one process st 8 given time:
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xdj2

xdi3

Xdi4

xdjs

xdjé

xdj?

xdu1

Xdl2

xdL3

xdlé

xdis

Xdlé

xdL7

Xdn?

Xdn2

Xdn3




»

Xai1
xai2
@13
Xaié
XuiS
Xaié
xei?

Xbil
xbi2
Xbi3
Xbid
xbis
xbié
Xbi?

Xeil
Xcid
Xei3
Xcid
XciS
Xcib
Xei?

Xxdi1
Xdi2
Xdi3
Xdis
Xdi5
xdié
xdi?

Xeit
Xei2
Xeid
Xeib
Xeis
Xeib
Xei7

VI8 processing time (4 months):

Xait
Xai2
Xail
Xaié
Xai5
Xaié

xai1
Xei2
Xai3
Xaib
Xais

Xbi1
xbi2
Xbi3
Xbis
Xbis
Xbié

Xbi1
Xbi2
Xbi3
Xbié

+
+
+

L 2K K I BRSO + >+

+ e

+
+
+
+
+*
+
+

+
+
*
+
+
+
+

LI I R R O | LI I I B 1 LI R R I A |

Xcjb
Xej?

Xej1
xdj2
Xdj3
Xdib
Xdjs
Xdj6
Xdj7?

Xej1
Xej2
Xej3
Xejé4
XejS
Xejb
Xej?

Xaj2
Xaj3
Xajb
Xajs
Xajé
Xaj?

Xak3
Xaké&
Xaks
Xaké
Xak7

Xbj2
Xb{3
Xbj4
X6j5
Xbjé
Xbj7

Xbk3
Xbk4
Xbk5
Xbké

+ & + &

+
+
+

<=
<=

Xakl +
Xak2 +
Xak3 +
Xaké +
Xak5 +
Xaké +
Xak7 +

Xbk1 +
Xbk2 +
Xbk3 +
Xbks +
Xbk5 +
Xbké +
xbk? +

Xck1 +
Xck2 +
Xck3 +
Xcké +
Xck5 +
Xcké +
Xck? +

Xdk1 +
Xdk2 +
xdk3 +
Xdkd +
Xdk5 +
Xdké +
Xdk? +

Xek1 +
Xek2 +
Xek3 +
Xekd +
XekS +
Xeké +
Xek? +

aooo oooooo Coooo o000 0O0

Xami
xems
Xan3
b1.74
Xam5
Xand
Xan?

L I B BE R A J

Xbm1
Xbo2
xbm3
Xbmé
Xbas
Xbeé
Xba?

L I LN 4

Xeml
Xem2
Xes3
Xcnd
xems
Xemd
Xcm?

4+ e

Xdm1
Xdm2
Xdm3
Xdmb
Xdm5
Xdmé
Xdm?

LR B R 2 K 2R 2

Xem1 +
Xem2 +
Xeud +
Xens +
Xen5 +
Xemb +
Xen? +

Xan1
Xan2
Xan3
Xand
Xan5
Xeané
xan?

Xbn1
Xbné
xbn3
Xbné
Xxbn5
xbné
xbn?

Xent
Xen2
Xcnd
Xend
xens

Xend

Xen?

Xdnt
Xdn2
xdn3
Xdns
xdnS
Xdné
xdn?

Xent
Xen2
Xer3
Xend
Xen5
Xens
Xen?

+ Xaol
+ ''302
+ 203
+ Xaod
-+ Xao5
+ Xaock
+ Xao?
+ Xbot
+ Xbo2
+ Xbo3
+ Xbod
+ Xbo5
+ Xbob
+ Xbo7

+ Xcol
+ Xco2
+ Xco3
+ Xcod
+ XcoS
4 Xeob
+ Xco?

Xdo1
Xdo2
Xdo3

Xdo5
Xdob
Xdo?

+ Xeol
+ Xeo2
+ Xeo3
+ Xeok
+ Xeod
+ Xech
+ Xeo7
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> »

xbis

Xeit
Xcid
Xci3
Xcid
Xcis
Xcié

Xet
Xci2
X¢i3
Xcid
Xcis

xdi1
xdi2
xdi3
xdié
1di5
xdié

xdi1
xdi2
xdi3
Xdié
Xdi5

Xeil
Xei2
Xei3
PP
xeis
Xeib

Xeil
Xei2
Xei3
Xeib
XeiS

Satellite

xnj1
xbjt
Xejl
xdj1
Xejl

LI R T B 2 | | I JNE B '} L R R B B | LI B S B ) [ I I I B R 1

xbk?

Xcj2
Xcj3
Xcijb
Xcj5
Xcjé
xe)?

Xek3
Xckd
Xek5
Xcké
Xek?

xdj2
xdi3
Xdj4
Xdjs
Xdi6
Xdj?

xdk3
Xdké
Xdk5
Xdké
xdk?

Xej2
Xei3
Anjb
Xejs
Xejé
Xej?

Xex3
Xeks
Xek5
Xek6
Xek7

cannot

+
*
+
+
+

Xaj2
Xbj2
Xcje
Xdj2
Xej2

”~
n

A A A AAA
u e uuwmn

A A AA
nanan

A A A A A
U uw e L]

A
"

A
L}

A
nu

A
[
[=J-ReBoRe] cCoOCoOO0O0 QOOOO OO0 0O0O OO0 LooooOoo o

A

<=2
<=

be put "on hold" fn ¥ 5

+ Xaj3 + Yajo + XajS - Xajé + Xaj?
+ Xbj3 + Xbjs + XbjS + Xbjb + Xbj7
+ Xc)3 ¥ Xcjb + Xeid + Xcibé + Xci?
+ Xdj3 + Xdjé + Xdj5 ¢ Xdj6 + xdj?7
+ Xej3 + Xejb + Xei5 + Xejb + Xej?

SMAB/SMARF processing tize (2 months):

Xak1
Xak2
Xak3
Xakh
xak5
Xaké

Xbk41
xbk2
Xbk3
Xbké
Xbk5
xbké

xck1
Xck2

Xam2
Xan3
Xank
Xam5
Namb
Xam?

Xbm2
Xbn3
Xbmé
XbaS
Xbmé
Xbm?

Xem2
Xcn3

<= )
<=
<z 0
<= 0
<=z 0
<z

A A A AAAAA
uas N NAR NN
[N~ ~X-N-N NN

= 1
= 1
=1
1
=1




L R

. »

Xck3
Xckéd
Xck5
Xckbd

Xdk1
Xdk2
Xdk3
Xdké
XdkS
Xdké

Xek1
Xek2
Xek3
Xekéd
XekS
Xeké

Satellite

Xat1
xbl1
Xell
Xdt1
Xell

Xemb <=
Xems <=

[ B B |
>
0
3
A
"

Xem? «=

U A
=
Y
L]

-l

cannot be put "on hold" in SMAB/SMARF:

* Xal2 + Xal3 + Xalé + Xal5 + xalé + Xal?7 = 0
+ XbL2 + Xbl3 + Xblé + XblS + Xbté + Xbi7 = O
+ Xcl2 + Xel3 + Xcla ¢ Xcl5 + Xcté + Xel7 = 0
+ Xdl2 + Xdi3 ¢ Xdlé + xdl5 + Xdl6 + Xdi7 = O
+ Xel2 + Xel3 + Xeld + XelS + Xels + Xel7 = 0O

PAD processing time (2 months):

Xam?
Xam2
Xam3
Xanbe
Xans
Xanb

Xba1
Xbm2
Xbm3
Xbmé
XbmS
Xbmé

Xem1
Xcm2
Xen3
Xcmé
Xcms
Xemb

Xdm1
Xdn2
Xdm3
Xdnd
XdmS
Xdmb

Xeml
Xem2
Xem3
Xemé
Xem$S
Xemb

Satellite

Xant

- Xap2 = @
- Xaa3 <= 0
-~ Xaok <= 0
- Xao5 <= 0
- Xaob <= 0
= Xao? <= 0

A
"

Xbo2
xbo3
Xbok
Xbo5
Xbod
Xbo?

A A A A
nanun

"
(1]

Xco2
Xeo3
Xeok
Xcos
Xeob <=
Xeo?

A A A A
LU T ]
OCO0OO000 000000 000000 O0OOCOO0OO

LN I I |

A
(']

Xdo2 <=
Xdo3 <=
Xdok <=
Xdo5 <=
Xdob «=
Xda? <=

Xen2 =
Xeo3 <=
Xeo4 <=
- XeoS <=
- Xeob <=
- Xeo?

A
L]

cannot be put "on hold" on PAD:

+ Xan2 + Xan3 + Xank + Xan5 + Xanh + Xan? = Q
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Xbat + Xbn2 + Xbn3 + Xbng + XbnS 4 Xbré + Xbn? = Q
Xcn1 + Xen2 + Xen3 + Xend + XenS ¢ Xené + Xen? = O
Xdn1 + Xdn2 + Xdn3 + Xdn4 + XdnS + Xdné + Xdn7 = 0
Xen? + Xen2 + Xen3 + Xens + XenS ¢ Xenb + Xen? = 0
*
Process cannot be conpleted unless started by t=3:

Xai7 = 0
Xbi7? = 0
Xci? = 0
Xdi7? = 0
Xei7 = 0

Xai6 2 0
Xbi6 = 0
Xcib = Q
xdié = 0
Xei6 =0

Xai5 = 0
Xbi5 =0
XciS = 0
Xdi5 = 0
XeiS = 0

Xaib = 0
Xbit = Q
Xcid = 0
Xdit = 0
Xeié = 0

Satellite Launch Vindows:

L 28 3% 2 )

Xas5 + Xaock = 0
XboS + Xbob = 0
Xeo5 + Xeob = 0

» Satellite C launched at end of time = 5 (start of 6)
Xco5 + Xco?7 = 0

»  Satellite D launched at end of time = 4 (start of 5)
Xdod + Xdo?7 = 0

[ ]

Statistics-

LP83 version 5.00a

Machine memory: 640K bytes.
Pagable memory: 402K bytes.
Cbjective Function is MAXIMIZED.
variables: 245
Constraints: r-rql

176 L, 45 €Q, O GE.
Non-zerc LP elements: 925
Disk Space: 0K bytes.
Page Space: 425K bytes.
Capacity: 52.0X used.
Estimated Time: 00:09:56

Iter 54
Solution Time: 00:00:48
ALTERNATE SOLUTIONS

+7):

satellites A, B, E launched at end of tinme = & (start ot 7):




Appendix D: Reduced Launch Optimization Linear Programs

Launch Prioritization {Reduced Version)

{ DEFINITIONS:

Launch Decision variables - Go/No Go: A, 8, €, D, E

- Time Pericd of Launch: A _, B _, C _, D _, E
(time = 5: beginning of month 9, or end of month &)

(time = 6: beginning of month 11, or end of month 10)
(time = 7: beginning of month 13, or end of month 12)

utility(K-A) = .452
utility(x-8) = .644
utility(k-0) = .377
P outility(k-D} = ,386
utility(K-g) = 450

G e S e b Ve dar e b Gre b tae e e Sem s

HAX 452 A+ 644 B+ 37T C+ 386D+ 450 E
!

.SUBJECTTO
! AS + A6 + A7 - A =0
! BS+B6+87-8=0
¢S+cb+C7-C*0
05+ D6+ 07~-D=0
ES+ E6+E7-E=D
AS + A6 + A7 <= 1
B85 + B6 + 87 <=1
C5 ¢ C6+ C7 <=
D5 + D6 + 07 <= 1
ES + E6 + E7 <= 1
! PAD 40/41 Capacity:
’ AS + 8BS + C5 + 05+ E5 <=2
A6 + B6 ¢+ C6 ¢+ DS+ ES <=2
A? + B7 + C7 + D7 + E7 <= 2
f SATELLITE LAUNCH WINDOWS:
A5 + A6 = 0
BS + 86 = 0
c5S+¢7=0

D6 + 07 =2 0
E5 + E6 =0

END
LEAVE

D-1




LP OPTIHUM FOUND AT STEP

7

0BJECTIVE FUNCTION VALUE

1 1.85%0000
VARIABLE VALUE
A 1.€0Q000
B8 1.000000
¢ 1.000000
0 1.0000C0
E .000000
AS . 000000
Ad .000000
A7 1.000000
BS .000000
B6 .0000C0o
87 1.000000
s .000000
t6 1.000000
7 .000000
05 1.000000
0é 000000
b? .0000C0
E5 .000000
E6 .000000
€7 . 000000

2)
k)]
4)
S)
6)
Ip]
8)
9)
1)
"
12)
13
14)
15)
16)
1)
18)
19

NO. ITERATIONS=

ROW  SLACK OR SURPLUS
.000000

000000
.0000C0
.000000
.000000

7

REDUCED COST
.0000C0
.000000
. 000000
. 000000
.002000
.000000
.0C0000
.000000
.000000
.000000
.000000
. 000000
. 000000
. 452000
. 000000
. 000000
.452000
.000000
.0C0000
.00C000

DUAL PRICES
-. 452000

. 644000
. 377000
.386000
-.452000
.00C0C0
192000
.377000
.386000
.000000
.000000
.000000
452000
452000
.452000
000000
.0000C0
452000

RANGES IN WHICH THE BASIS IS UNCHANGED:

VARIABLE

RRRAEEmoran

08J COEFFICIENT RANGES

CURRENT
COEF
.452000
.644000
377000
.386000
. 450000
.000000
.000000
.00000C
.000000
.000000
.000000

ALLOWABLE
INCREASE
. 192000
INFINITY
INFINITY
INFINITY
.002000
INFINITY
.000000
. 192000
. 000000
INFINITY
INFINITY

ALLOVABLE
DECREASE
.002000
. 192000
.377000
.386000
INFINITY
. 000000
INFINITY
002000
INFINITY
.000000
. 192000
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<5
€6
4
05
06
07
E5
E6
&7

Row

OV ~NOWw N

10
1

13
14
15
16
17
18
19

CURRENT
RHS

HE T

.000000
INFINITY
432000
INFINITY
000000

.452000
.000000
INFINITY
.002000

INFINITY
.000000
INFINITY
. 000000
INFINITY
INFINITY
INFINLTY
.000000
INFINITY

RIGHTHAND SIDE RANGES

ALLOWABLE
INCREASE

1.000000
1.000000
1.000000
1.000000
1.000000
INFINITY
1.000000
1.C00000
1.000000
INFINITY
INFINITY
INFINITY
.000000
.0C0000
000000
.0C0000
.000000
.000000

ALLOWABLE
DECREASE
INFINLITY
INFINITY
INFINITY
INFINLITY
.000C00
.000000
.000000
.000000
.000C00
. 000000

—ad ad b b -
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Launch Prioritization (Second Recuced Vérsion)

u(K=A) = .4
y(K=8)
u(k-0)
u(K-D)

u{K~E)

.3
3

52

bbb

77
86

. 450

MAX 452 A+ 644 B+ 377 C 4+ 386D+ 450 E

SUBJECT TO
L

H

A<=
Be=1
C <=1
D <=1
E <=1
A+B+E <=2
END
LEAVE
LP OPTIMUM FOUND AT STEP [A
OBJECTIVE FUNCTION VALUE
(D) 1.8550000
VARIABLE VALUE
A 1.000000
B 1.000000
c 4.000000
b 1.000000
E . 000000
ROM  SLACK OR SURPLUS
2) . 00
k)] .000000
4) 000000
5 000000
6) 1.000C00
7 .000000
NO. ITERATIONS= 4

REDUCED €OST
-000000
-000000

.000000
.002000

DUAL PRICES
.0000C0
. 192000
377000
.336000
.0000C0
. 452000

RANGES IN WHICH THE BASIS IS UNMCMANGED:

VARIABLE

MO OO»

ROW

NO WV NN

0BJ COEFFICIENT RANGES

ALLOWABLE
OECREASE
. 002000
.192000
.377000
.386000
INFINITY

ALLOVABLE
DECREASE

e

CURRENT ALLOWABLE
COEF INCREASE
452000 .192000
. 644000 INFINITY
.377000 INFINITY
.386000 INFINITY
.450000 .002000
RIGHTHAND SIDE RANGES
CURRENT ALLOVABLE
RHS INCREASE
1.000000 INFINITY
1.000000 1.000000
1.000000 INFINITY
1.000000 INFINLTY
1.000000 INFINITY
2.000000 .000000
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