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PREFACE

This document presents the results of Task FM-037, “Spectrum Management Metrics
Standard assigned to the Frequency Management Group (FMG) of the Range Commanders
Council (RCC). The goal of this task was to establish a standard that defines spectrum
utilization, and in so doing define standard algorithms, metrics and their associated names, and
some standard methods of displaying the resulting data. These algorithms and associated metrics
target spectrum utilization, operational costs associated with scheduling spectrum, cost impact to
projects from lack of spectrum, and other aspects of managing the radio frequency (RF)
spectrum. The purpose of the task was to provide tools to answer the following questions:

1. How much spectrum is being used?
2. What is the cost of managing spectrum?
3. What is the impact of spectrum limitations on projects and the war fighter?

These standards do not necessarily define the existing capability of any test range, but
constitute a guide for the orderly implementation of common analysis tools for both ranges and
range users. The usefulness of these analysis methods is highly user-dependent. Some methods
will be more useful than others to individual ranges. Further, some customization is provided for
and individual ranges should customize where appropriate.

Please direct any questions to:

Secretariat, Range Commanders Council

ATTN: TEDT-WS-RCC

1510 Headquarters Avenue

White Sands Missile Range, New Mexico 88002-5110
Telephone: (575) 678-1107, DSN 258-1107

E-mail: usarmy.wsmr.atec.list.rcc@mail.mil



mailto:usarmy.wsmr.atec.list.rcc@mail.mil
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ACRONYMS
AB delta bandwidth
AT delta time
AHMA ad hoc mission availability
AMME average mission modulation efficiency
AMSE average mission spectrum efficiency
AMU area of mutual use
ASBE average spectrum band efficiency
ATMA average typical mission availability
bps bits per second
dB decibel
ERP effective radiated power
FRR frequency reuse ratio
FTS flight termination system
IFDS Integrated Frequency Deconfliction System
IRIG Interrange Instrumentation Group
kHz kilohertz
Mbps megabits per second
MDS minimal detectable signal
MME mission modulation efficiency
MH megahertz hours
MHz megahertz
MSE mission spectrum efficiency
PCM/FM pulse code modulation/frequency modulation
PMU percent multiple use
PO percent occupancy
POWR percent occupancy with reuse
RCC Range Commanders Council
RF radio frequency
SOQPSK shaped offset quadrature phase shift keying
T&E test and evaluation
™ telemetry

Xi
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CHAPTER 1

Background and Key Concepts
1.1 Introduction

The Spectrum Management Metrics Standards document addresses some metrics used
historically by the RCC member ranges but concentrates on new metrics that have not previously
been defined. This chapter provides a general background and several key concepts. The
chapters following are devoted to particular types of metrics. Some of these chapters are
progressive in that higher-level metrics are developed based on lower-level metrics.

1.2 Background

Until the 1980s, there was essentially enough RF spectrum to meet test and evaluation
(T&E) telemetry (TM) requirements. The 1990s saw an exponential growth in these
requirements as well as a decrease in available spectrum due to government selling of
frequencies. This has led to difficulties in scheduling frequency assignments and, in some cases,
to not being able to support all requested assignments.

Although frequency managers have recognized that this spectrum crunch has been getting
worse, it has become obvious that there are neither adequate metrics nor agreed-upon methods
for displaying data even if they exist. These shortcomings need to be overcome as we continue
to justify Department of Defense spectrum needs to both Congress and the World Radio
Conference.

The implementation of the Integrated Frequency Deconfliction System (IFDS)* was a
significant step forward in aiding frequency scheduling. Although IFDS is not a scheduling
system per se, it aids deconfliction across multiple ranges, each of which has its own scheduling
system. Within the context of this document, although there are other potential sources of data,
IFDS has become the de facto repository for scheduled frequency assignments. Thus there is at
least some data available to be analyzed. Yet it remains to define how to do the analysis and to
identify additional types of data to be collected.

1.3 Scope and Purpose

This document defines standard algorithms, metrics and their associated names, and some
standard methods of displaying the resulting data. These algorithms and associated metrics
target spectrum utilization, operational costs associated with scheduling spectrum, cost impact to
projects from lack of spectrum, and other aspects of managing TM spectrum. In other words, the
purpose of this document is to provide tools to address these types of questions:

1. How much spectrum is being used and is it being used efficiently?
2. What are the quantifiable characteristics of both the test operations and the spectrum
management operation itself?

! Range Commanders Council. Frequency Management Standard Operating Procedure for Frequency
Deconfliction. RCC 706-02. March 2003. May be superseded by update. Available at
http://www.wsmr.army.mil/RCCsite/Pages/Publications.aspx.

1-1



http://www.wsmr.army.mil/RCCsite/Pages/Publications.aspx

Spectrum Management Metrics Standards RCC Document 707-14  April 2014

What is the cost of managing spectrum?

What is the impact of spectrum limitations on projects and the warfighter?

Are there methods of predicting the ability to meet future demands in the context of
changing spectrum availability and demand?

6. Are there useful historical trends that can be quantified?

o~ w

This document does not describe TM instrumentation (transmitters and receivers), TM
RF standards, or frequency modulation standards. These topics are described in Interrange
Instrumentation Group (IRIG) Standard 106-13.% Further, this document does not address
methods of collecting data needed to use these metrics. In particular, even though this document
is generated by the Frequency Management Group, not all data, especially some costs, are
generated or accessible to frequency managers.

1.4 Spectrum Review
This section reviews two relevant aspects of spectrum.

1.4.1 Bands

Frequency bands are contiguous sets of frequencies. Frequency bands are the primary
unit for allocation of use. Many bands have informal names (informal means that they are
sometimes in dispute). Bands available for use by the T&E community have been changing
some over the last decade or so and probably will continue to change. An example is what is
often referred to as the S-Band, which regulatory changes narrowed from 2200-2300 megahertz
(MHz) to 2200-2290 MHz. Bands and associated informal names have been defined in IFDS
and in IRIG Standard 106-13; although the bands defined in those two references are not
identical.

The metrics in this document may be applied to any band and different users may find it
useful to tailor the band for specific analysis.

1.4.2 Time vs. Frequency Grids

As illustrated in Figure 1-1, the fundamental visualization tool for all of the spectrum
utilization analyses is a time-frequency grid with time on the x-axis and frequency on the y-axis.
Four missions, listed in Table 1-1, are illustrated in the figure. Using this 2D tool, spectrum
utilization can be thought of as area on the grid. In the simplest case, a single mission (frequency
assignment) is a rectangle on the grid and the area of that rectangle is the mission occupancy.
Many of the metrics defined are variations on the use of area.

% Range Commanders Council. Telemetry Standards. IRIG Standard 106-13. June 2013. May be superseded by
update. Available at http://www.wsmr.army.mil/RCCsite/Documents/106-13 Telemetry Standards/.
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Figure 1-1.  Standard Time vs. Frequency Grid
Table 1-1.  Example Scheduled Mission Profiles
Start Time | Center Frequency | Duration | Bandwidth | Mission Occupancy
(Megahertz) (Hours) | (Megahertz) | (Megahertz Hours)
2:00 2240 2 50 100
6:00 2230 7 10 70
7:00 2267.5 3 35 105
9:00 2242.5 5 5 25

In this example (and all examples in this standard), the y-axis is divided into 5-MHz

segments and the x-axis is divided into 1-hour increments, so that each cell in the chart is 5 MHz

hours (MH).

1.5

“Use” as “Denial to Others”

When considering the use of spectrum, it is natural to think of electromagnetic signals
being propagated through a particular point in space at a particular time; however, from a
practical and legal point of view this is not always the case. When an assignment is scheduled
by someone authorized to make that assignment, that spectrum cannot legally be used by
someone else whether the project with the assignment uses it or not. Thus, if there are
operational problems that delay that project from implementing its mission on time, there is
some spectrum that has been used even though no signal was actually being propagated.

1-3
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More generally, spectrum is sometimes not in actual use due to buffering in time,
frequency, or geography (space). All of these are fundamentally used to reduce interference.
Perhaps extreme examples of this are international treaties that require certain frequencies not be
used within so many miles of a national border. There are many other examples of such
buffering.

Ultimately, these forms of buffering can be considered as scheduled (or assigned) forms
of use without actual propagation. Whether these types of uses are captured in analyses using
the metrics in this standard are dependent on how the data is recorded; however, considering
“use” as “denial to others” validates the use of scheduled rather than actual spectrum use for
utilization analyses.

1.6 Fragmentation

From a geometric point of view, an assignment is a rectangle in the time-frequency grid.
When placing many rectangles in a grid, there are often small segments of the grid that are not
covered by the rectangles. If, when attempting to place another rectangle in the grid, none of the
segments are large enough to accommodate that rectangle, then the grid is considered to be
fragmented. This is essentially the same as disk fragmentation on a computer. This is a
somewhat subtle version of “use” as “denial to others”.

An example of when a new mission cannot be scheduled is shown in Figure 1-2. The
new mission has a profile of (11 hours, 2 MHz). There is no position in the grid that such a
profile does not interfere with another mission. This new mission could be scheduled if the other
missions are re-scheduled, but this might not be possible due to myriad reasons.

Y

2200
2205
2210
2215
2220
2225
2230
2235
N2240
= 2245 I:l Existing Missions
22250
aC:a 2255 |._| Potential New Mission
§2260
L 2265
2270
2275
2280
2285
2290

0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
10:00
11:00
12:00
13:00
x

Time (Hours)

Figure 1-2.  Fragmentation in a Time vs. Frequency Grid
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Scheduling spectrum is a fundamentally difficult problem (technically it is /$-hard).
Adding many of the practical constraints that exist in the real world makes this even more
difficult so that fragmentation is unavoidable. Thus, the metrics provided in this standard
attempt to capture the affect of fragmentation on spectrum utilization.

1.7 Reuse

It is possible for two projects to use the same frequency at the same time. This is most
often due to geographic separation; either by distance, e.g., different ends of the country, or by a
physical blockage, e.g., different sides of a mountain. When this happens, it is defined as reuse
of the spectrum. Some of the metrics capture this reuse.

Figure 1-3 illustrates reuse by rearranging the schedule for the same mission profiles used
in Figure 1-1. The number in each scheduled cell represents the number of times that cell has
been scheduled.

Y
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1

—
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Fill bl

—
—
—
—
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I
1
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number of
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2260 scheduled for
2265 the given cell. X
2270 is the cell

2975 density.
2280

2285
2290

== 2= o=
IA N [N TN M!dI

—_ | | [ |
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Frequency (MHz)

0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
10:00
11:00
12:00
13:00
b

Time (Hours)

Figure 1-3.  Example Reuse
1.8 Data Hierarchy

When presenting the results of these analyses, it is necessary to establish what level of
utilization is being presented. The basic set is:

1. Individual assignments: This utilization considers each rectangle in the time-frequency
grid.
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2. Operations: A single test operation may include multiple assignments, either from
multiple vehicles or multiple assignments per vehicle.

3. Single range: This considers the utilization across an entire range, such as Edwards Air
Force Base.

4. Multiple ranges: It is reasonable to want to analyze several bases together if they share a
common space; or it may be desirable to analyze all ranges.

Cross-cutting this hierarchy is the issue of frequency band(s). Most of the metrics
assume a contiguous set of frequencies - a band. For example, availability and utilization
metrics are for a single band; however, higher-level analyses (e.g., for operations) might involve
multiple bands.

1.9 Time Considerations

When presenting the results of these analyses, it is necessary to establish the time frame
over which the analysis is being done. These standard time frames are established:

1. Work day: 0600-1800
2. Work night: 1800-0600
3. Work week: Monday through Friday

Additionally, analyses may look over particular months or years and individual users may
tailor time structures to their individual analysis needs.

1.9.1 Partial Assignments

When analyzing utilization for part of a day (e.g., a work day as defined above) it is
important to include assignments that are only partially scheduled during that part of the day.
Scheduling systems (such as IFDS) are likely to record assignment schedules based on start time
and duration. Thus, it may be necessary to include data from outside the desired part of the day
in order to obtain these partial assignments. An initial pass through the data may be required to
identify these partial assignments prior to implementing the algorithms below.

1.10 Algorithm Notes

Although some metrics are described algebraically, many of the metrics are defined
algorithmically. The following are standard conventions used in these algorithms.

Algorithms are described using pseudocode. For more complex cases, a high-level
outline of the algorithm is provided and the detailed description is broken into a main algorithm
and supportive subalgorithms.

As described below, many of the algorithms employ a stepping process through the time-
frequency grid. The smallest time increment for a given scheduling system is referenced as delta
time (AT). Similarly, the smallest bandwidth increment is referenced as delta bandwidth (AB).
For IFDS, AT = 15 minutes and AB = 500 kilohertz (kHz). In the examples, AT =1 hour and AB
=5 MHz. The algorithms use the phrase “step AT” to indicate incrementing the reference index
by AT.
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A fundamental decision that is made in many of these algorithms is whether or not a
given mission profile can be scheduled at a particular start time and center frequency.
Geometrically, this is equivalent to asking if the rectangle under consideration intersects other
(already scheduled) rectangles. If it does, then the mission cannot be scheduled. A specific
method for determining this is not given. The algorithms simply reference “if schedulable (start
time, frequency)”.

Comments in algorithms are prefixed by “//”.
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CHAPTER 2

Utilization Metrics (Fixed-Tile Methods)
2.1  Overview

Spectrum utilization will be defined in terms of spectrum availability. Thus availability
is defined first. Given a spectrum requirement, the portion of the spectrum that could possibly
support that requirement is the portion of the spectrum that is available to it. This is based on
“use” as “denial to others” and, in particular, availability metrics capture fragmentation. In
general, the fundamental questions availability metrics answer are:

1. Can a mission be scheduled?
2. What is the probability of scheduling a mission?

2.1.1 Fixed-Tile Method Algorithms

General definitions of each metric are provided; additionally, mathematically precise
definitions for many of the metrics are given algorithmically. Because of the discrete nature of
the time-frequency grid being used, it is easy to describe methods that step through this grid with
appropriate mission profiles (fixed tiles) to determine a given metric. This step-through
normally determines a count of schedulable positions, which is then translated into the metric by
simple equations.

The basic step-through process starts with a given mission profile (rectangle). This
rectangle is then placed in the lower left-hand corner of the time-frequency grid. The question is
asked: Can this mission profile be scheduled at this position? Geometrically, this is equivalent to
asking if the rectangle under consideration intersects other (already scheduled) rectangles. If it
does, then the mission cannot be scheduled. The rectangle is then moved up one notch (along
the frequency or time axis or, iteratively, both axes). The question of schedulability is then
asked again. This process is repeated until all possible positions for the rectangle have been
tried. At each position, the ability to schedule or not is recorded. These schedulability counts
form the basis of many of the metrics.

2.1.2 Assumptions
Fundamental assumptions used in defining availability metrics are:

=

Starting times are available in discrete increments (AT);
2. Bandwidths are available in discrete increments (AB).

It would be possible to consider these metrics as AT and AB approach 0; however, the

current systems do not provide that level of detail and, in general, that level of analysis probably
does not provide enough additional information to warrant the effort.
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Ad Hoc Mission Availability

Ad hoc mission availability (AHMA) is the probability of scheduling a mission given a

mission profile and flexibility in both frequency and start time. A supporting metric is an
absolute count of the available (start time, frequency) pairs at which the mission can be
scheduled.

Numeric interpretations:

1. AHMA >0 means the mission can be scheduled for some (start time, frequency) pair.
2. AHMA =1 means there are no missions scheduled in the frequency and start time ranges.
3. The greater the AHMA is, the more flexibility there is to schedule the mission.
4. 0<AHMA<1
Calculations of AHMA shall use methods mathematically equivalent to the following
algorithm.
2.2.1 Predetermined Inputs to the Algorithm
1. Mission profile, including required duration and bandwidth
2. Auvailable frequency range as minimum frequency and maximum frequency
3. Available mission time range as earliest start time and latest end time
4. Existing scheduled missions
5. Deltatime
6. Delta bandwidth
2.2.2  Algorithm

// Calculate times and frequencies

latest start time = latest end time - required duration
lowest center frequency = minimum frequency + (bandwidth / 2)
highest center frequency = maximum frequency - (bandwidth / 2)

// Loop through all possible schedulable positions.

available count =0
for start time = earliest start time to latest start time step AT
for frequency = lowest center frequency to highest center frequency step AB

if schedulable(start time, frequency) then
available count = available count + 1
end if

end for
end for

// Calculate final values
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number of available start times = ((latest start time - earliest start time) / AT) + 1

number of available frequencies = ((highest frequency - lowest frequency) / AB) +1

Number of (start time, frequency) pairs = number of available start times * number of available
frequencies

AHMA = available count / number of (start time, frequency) pairs

2.2.3 Example
Given these inputs to the algorithm

Mission Profile: (5 hours, 15 MHz)
Available frequency range: 2200 - 2295 MHz
Available mission time range: 0000 - 1400
Existing scheduled missions: (See Table 1-1)
AT =1 hour

AB =5 MHz

SourwNdE

Earliest start time = 0000

Latest start time = 0900

Lowest center frequency = 2207.5

Highest center frequency = 2287.5

Number of available start times = 10

Number of available frequencies = 17

Number of available (start time, frequency) pairs = 170

Available Count = 35 (10 times at 2200 MHz, 1 time at 2235 MHz, 6 times at 2205 MHz, 6
times at 2210 MHz, and 3 times each at 2265, 2270, 2275, and 2280 MHz)

AHMA = 35/170 = 0.21 (or 21%)
2.3  Typical Missions

The utilization metric requires establishing typical mission profiles. This allows
utilization to be representative of missions typically used at given locations. Typical missions
can also be used for predictive analysis. There are two approaches to defining typical missions:
user-defined and statistically derived.

A set of typical missions is defined via (duration, bandwidth) pairs, {(d;,b,):i=1,...,n}.
2.3.1 User-Defined Typical Missions

When using user-defined typical missions, the user shall define 2-5 (duration, bandwidth)
pairs.

2.3.2 Statistically Derived Typical Missions

Statistically derived typical missions shall be derived as follows. The set of missions to
be analyzed for utilization are sorted by MH. If there are less than 100 missions, then 2 bins are
created. If there are more than 100 missions, then 4 bins are created. The center mission
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rounding down in each of the bins (as sorted) is chosen as a typical mission. In other words for 4
bins, the 1/8, 3/8, 5/8, and 7/8 missions are chosen.

For example, if there are 1005 missions, then the 1/8 mission is mission number 125, and
the 3/8, 5/8, 7/8 missions are mission numbers 376, 628, and 879 respectively.

2.4 Average Typical Mission Availability

Average typical mission availability (ATMA) is the average of AHMA for several typical
mission profiles. This is a summary statistic that would give a one number estimate of the
probability of scheduling a typical mission on an ad hoc basis.

Numeric interpretations:

1. Low ATMA (near 0) means a very low probability of scheduling an ad hoc mission. It
also indicates a schedule that is very full or very fragmented. In other words, scheduling
a mission would require major rework of existing scheduled missions.

2. High ATMA (near 1) means high probability of scheduling an ad hoc mission.

The greater the ATMA is, the more flexibility there is to schedule a mission.

4. 0<ATMA<I

w

The ATMA shall be calculated using methods mathematically equivalent to the following
algorithm.

2.4.1 Predetermined Inputs to the Algorithm
1. Predefined typical mission profiles {(d,,b):i=1,...,n}
2. Auvailable frequency range
3. Available mission time range
4. Existing scheduled missions
5
6

Delta time
Delta bandwidth

2.4.2 Algorithm
//For each typical mission profile, (d;,b;), calculate AHMA

fori=1ton
AHMA((d;,b;))=AHMA for the typical mission profile (d;,b;)
end for

/ICalculate ATMA

3 AHMA((b,  d,))
ATMA = &=L

n

2.4.3 Example
Given these inputs to the algorithm

1. Typical mission profiles: {(3 hours, 5 MHz), (5 hours, 15 MHz), (11 hours, 15 MHz)}
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2. Available frequency range: 2200 - 2295 MHz
3. Available mission time range: 0000 - 1400
4. Existing scheduled missions: (See Figure 1-1)

ATMA = (132/228 + 35/170 + 0/64) / 3 = 0.26 or 26%.
2.5  Spectrum Utilization

The utilized spectrum is the portion of the spectrum that is not available for use. Since
availability takes into consideration fragmentation, utilization can informally be thought of as
percent occupancy (PO) plus fragmentation.

Numeric interpretations:

1. Utilization high (near 1) means the spectrum is mostly being used and there is a low
probability of scheduling another mission.

2. Utilization low (near 0) means either few or small missions have been scheduled and
there is a high probability of scheduling another mission.

3. 0<utilization < 1

Utilization shall be calculated using methods mathematically equivalent to the following
algorithm.

2.5.1 Predetermined Inputs to the Algorithm
ATMA

2.5.2 Algorithm
Utilization =1 — ATMA

2.5.3 Example
Given the example ATMA in Section 2.4.2, then utilization = 74%.

2.6 Average Spectrum Utilization

Utilization (along with AHMA and ATMA) is fundamentally defined in terms of activity
over a single day (although it can be defined over any time range.) It is useful to consider the
average daily utilization. This simply requires averaging the utilizations for each day.

NOT‘]*, The day can be the work day, the work night, the

whole day, or other desired contiguous time
frame.

Average monthly utilization is the average of the daily average over each month.
Similarly, average yearly utilization is the average of the daily average over each year. This is
an important distinction since the average of several averages is not usually equivalent to the
average of all individual numbers.

Average utilization shall be calculated using methods mathematically equivalent to the
following algorithm.
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2.6.1 Predetermined Inputs to the Algorithm
Utilization for each day, {U, :i=1,...,n}.

2.6.2 Algorithm

Su,

n

Average daily utilization =

2.6.3 Average Monthly Utilization over Several Months
1. Calculate average daily utilization for each month.
2. Average these averages.

2.6.4 Average Yearly Utilization over Several Years
1. Calculate average daily utilization for each year.
2. Average these averages.

2.7 3D Average Spectrum Utilization Chart

This chart displays average spectrum utilization over a time-frequency grid. Given a time
range and a frequency range, the grid is divided into cells. For each of these cells, an average
utilization is calculated. The frequency range would normally be a full contiguous band and the
time range would normally be a full day or a working day or night. The algorithm presented is
based on averaging over days, but it could be adapted to any time period.

3D average spectrum utilization shall be calculated using methods mathematically
equivalent to the following algorithm.

2.7.1 Predetermined Inputs to the Algorithm
1. Predefined typical mission profiles {(d,,b.):i=1,...,n}
2. Available frequency range
3. Available mission time range
4. Existing scheduled missions for each day

2.7.2 Data Structures Required

Each of the following grids is a 2D array containing a real number for each cell in the
time-frequency grid. Thus the size of the grid is (time range / AT) X (frequency range / AB).
The mechanics of coding these data structures might require integer indexes; however, for the
purposes here, each cell in these grids can be indexed by a (time, frequency) pair.

1. Schedule grid

2. Availability grid

3. Empty schedule availability grid
4. Utilization grid
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2.7.3 Algorithm Qutline
1. Create raw-value availability grid
a. Loop through every day and fill the schedule grid with the day’s schedule.
b. Loop through every typical mission.
c. Loop through every schedulable position.
d. If the typical mission is schedulable at a position, increment each cell within the
availability grid covered by the mission scheduled in that position.
C