
For More Information
Visit RAND at www.rand.org

Explore the Pardee RAND Graduate School

View document details

Support RAND
Browse Reports & Bookstore

Make a charitable contribution

Limited Electronic Distribution Rights
This document and trademark(s) contained herein are protected by law as indicated in a notice appearing 
later in this work. This electronic representation of RAND intellectual property is provided for non-
commercial use only. Unauthorized posting of RAND electronic documents to a non-RAND website is 
prohibited. RAND electronic documents are protected under copyright law. Permission is required from 
RAND to reproduce, or reuse in another form, any of our research documents for commercial use. For 
information on reprint and linking permissions, please see RAND Permissions.

Skip all front matter: Jump to Page 16

The RAND Corporation is a nonprofit institution that helps improve policy and 
decisionmaking through research and analysis.

This electronic document was made available from www.rand.org as a public service 
of the RAND Corporation.

CHILDREN AND FAMILIES

EDUCATION AND THE ARTS 

ENERGY AND ENVIRONMENT

HEALTH AND HEALTH CARE

INFRASTRUCTURE AND 
TRANSPORTATION  

INTERNATIONAL AFFAIRS

LAW AND BUSINESS 

NATIONAL SECURITY

POPULATION AND AGING

PUBLIC SAFETY

SCIENCE AND TECHNOLOGY

TERRORISM AND 
HOMELAND SECURITY

http://www.prgs.edu/
http://www.rand.org/pdfrd/
http://www.prgs.edu/
http://www.rand.org/pdfrd/pubs/rgs_dissertations/RGSD323.html
http://www.rand.org/pdfrd/pubs/online/
http://www.rand.org/pdfrd/giving/contribute.html
http://www.rand.org/pdfrd/publications/permissions.html
http://www.rand.org/pdfrd/
http://www.rand.org/pdfrd/topics/children-and-families.html
http://www.rand.org/pdfrd/topics/education-and-the-arts.html
http://www.rand.org/pdfrd/topics/energy-and-environment.html
http://www.rand.org/pdfrd/topics/health-and-health-care.html
http://www.rand.org/pdfrd/topics/infrastructure-and-transportation.html
http://www.rand.org/pdfrd/topics/international-affairs.html
http://www.rand.org/pdfrd/topics/law-and-business.html
http://www.rand.org/pdfrd/topics/national-security.html
http://www.rand.org/pdfrd/topics/population-and-aging.html
http://www.rand.org/pdfrd/topics/public-safety.html
http://www.rand.org/pdfrd/topics/science-and-technology.html
http://www.rand.org/pdfrd/topics/terrorism-and-homeland-security.html


This product is part of the Pardee RAND Graduate School (PRGS) dissertation series. 

PRGS dissertations are produced by graduate fellows of the Pardee RAND Graduate 

School, the world’s leading producer of Ph.D.’s in policy analysis. The dissertation has 

been supervised, reviewed, and approved by the graduate fellow’s faculty committee.



PARDEE RAND GRADUATE SCHOOL

Capacity Management and 
Changing Requirements
Cost Effective Decision Making in an 
Uncertain World

Haralambos Theologis



PARDEE RAND GRADUATE SCHOOL

Capacity Management and 
Changing Requirements
Cost Effective Decision Making in an 
Uncertain World

Haralambos Theologis

This document was submitted as a dissertation in September 2013 in partial 
fulfillment of the requirements of the doctoral degree in public policy analysis at 
the Pardee RAND Graduate School. The faculty committee that supervised and 
approved the dissertation consisted of Chris Mouton (Chair), Michael Kennedy, 
and Thomas Light.



The RAND Corporation is a nonprofit institution that helps improve policy and 
decisionmaking through research and analysis. RAND’s publications do not necessarily 
reflect the opinions of its research clients and sponsors.

R® is a registered trademark.

Permission is given to duplicate this document for personal use only, as long as it is unaltered 
and complete. Copies may not be duplicated for commercial purposes. Unauthorized 
posting of RAND documents to a non-RAND website is prohibited. RAND documents are 
protected under copyright law. For information on reprint and linking permissions, please 
visit the RAND permissions page (http://www.rand.org/publications/permissions.html).

Published 2013 by the RAND Corporation
1776 Main Street, P.O. Box 2138, Santa Monica, CA 90407-2138

1200 South Hayes Street, Arlington, VA 22202-5050
4570 Fifth Avenue, Suite 600, Pittsburgh, PA 15213-2665

RAND URL: http://www.rand.org
To order RAND documents or to obtain additional information, contact 

Distribution Services: Telephone: (310) 451-7002; 
Fax: (310) 451-6915; Email: order@rand.org

The Pardee RAND Graduate School dissertation series reproduces dissertations that 
have been approved by the student’s dissertation committee.

http://www.rand.org/publications/permissions.html
http://www.rand.org
mailto:order@rand.org


‐iii‐ 
 

Abstract 

 Throughout the history of Air Force strategic airlift, 

changing national security needs have shaped the required amount 

of capacity the fleet must be able to provide combatant 

commanders.  As the requirement has varied, force planners have 

acted to meet it through acquisition or divestment of aircraft.  

Currently, the Air Force faces a problem of excess capacity with 

the fleet able to provide more airlift than needed under the 

requirement provided by MCRS-16.  In response to the excess 

capability, policy makers have decided to retire C-5As with 

remaining service life.  In a static world, this makes sense but 

uncertainty about the future means that a requirement increase 

at some point is almost a certainty.  Given the likelihood of a 

requirement change, it may be rational to hold on to some or all 

of the excess.  Then, if the requirement were to increase in the 

future, available aircraft may be used rather than procuring 

additional capacity. 

 This dissertation explores other options for dealing with 

excess capacity and their relative cost effectiveness.  It does 

so by modeling future requirements with geometric Brownian 

motion and considering alternatives like keeping aircraft in an 

inviolate storage state or maintaining them in the active 

inventory.  It further assesses how near term decisions by 

policy makers, like keeping the C-17 line open or closed, affect 

long term costs.  Results show that in almost every case 

considered, keeping excess does not increase long term costs in 

a dynamic environment and in many cases reduces them. However, 

these results are sensitive to a variety of factors, most 

important among them the cost effectiveness of aircraft 

currently in the fleet and the projected cost effectiveness of 

replacement models.  
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Disclaimer 

The views expressed in this document are those of the author and 
do not reflect the official policy or position of the United 
States Air Force, Department of Defense, or the U.S. Government 
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Chapter 1 Introduction 
 

The current force structure policy in the Unites States 

strategic airlift fleet will lead to the retirement of 59 C-5A 

cargo jets that are deemed unnecessary to meet the national 

security strategy.  Policy makers hope that by eliminating these 

airplanes from the inventory, they will realize significant cost 

savings that will ease cuts in defense spending.   However, 

these airplanes have significant life remaining and the 

potential future ramifications of losing their capability ought 

to be thoroughly explored so that policy makers have a full 

accounting of the potential outcomes of this plan. 

Excess Capacity 
Excess capacity acts as the problem facing these policy 

makers.  In this context, “excess capacity” means that a system 

can produce more than what is required or needed.  If we define 

 as the demand placed on a system and ∗ as the maximum output 

of that system, then Excess	Capacity ∗ .  Airlines typically fly 

routes without all the seats filled and thus operate with excess 

capacity because they could carry more passengers (Baltagi, 

Griffin et al. 1998).  For example, if a flight goes from Denver 

to Los Angeles with an average of 70 out of 100 seat filled, it 

is operating that route with 30 seats of excess capacity.  

Excess capacity can be economically inefficient because 

maintaining unused capital is costly.  An airline that flies 

planes without all the seats filled still has to pay for the 

fuel and maintenance required of the excess even though it is 

not generating revenue.   

This issue has long plagued a variety of private industries 

and has recently become a target for policy makers looking for 
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immediate cost savings in federal budgets. Excess capacity in 

the U.S. military has become an area of particular interest. As 

American troops have withdrawn from Iraq and continue to 

decrease their presence in Afghanistan, those responsible for 

Department of Defense (DoD) force planning have concluded that 

the military does not need to maintain the size of force that it 

has over the past decade. The national security strategy has 

been revised and necessitates a smaller force.  Additionally, 

the ballooning federal 

debt and subsequent fiscal 

pressures in Washington 

D.C. have prompted 

searching for savings 

across all federal 

programs.  These factors 

have led to calls for cuts 

in multiple areas of 

national defense including 

facilities (Burns 2004), 

personnel (Carroll 2012), and equipment (Desjardins 2010).   

If the military can adequately fulfill national security 

objectives with a smaller force, then making cuts seems to be an 

optimal policy.  However, part of this strategy includes 

eliminating assets with considerable service life remaining. If 

the future plays out in the manner the policy maker anticipates, 

then this would not be an issue.  Yet, if the national security 

strategy changes and the military needs to grow, the DOD will 

have to purchase new equipment to fulfill a role that previously 

retired assets could have filled.  Viewing the history of DOD 

expenditures provides evidence that national security needs 

fluctuate over time.  If a security posture were constant, one 

Figure 1‐1 DoD Budget Since World War II
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would expect that in real terms, expenditures would change very 

little over a long period.  However the accompanying chart 

(Hellman and Conetta 2012) demonstrates a great deal of 

variation in the DOD budget since World War II.  This suggests 

that throughout time, national security needs change. Following, 

then, it would seem likely that the national security posture of 

the United States will change in the future.  The changing 

nature of this system creates uncertainty in force management 

decision making.  It particularly affects the approach to long 

term investments.  Following short-term changes in military 

demands could prove costly when making decisions about multi-

million dollar platforms designed to last for decades.   

Excess Capacity and Strategic Airlift 
Perhaps nowhere is this potential more evident than in the 

strategic airlift fleet. The amount of strategic airlift the 

military must provide is dictated by the strategic airlift 

requirement.1  As one might expect, the strategic airlift 

requirement has varied a great deal throughout history to meet 

different national security needs.  The most recent requirement 

of 32.7 million ton-miles per day (MTM/D), determined by the 

Mobility Capabilities and Requirements Study – 2016, is much 

less than what the programmed strategic airlift fleet will 

provide in 2016, 35.9 MTM/D (Desjardins 2010).  This excess 

capacity of 3.2 MTM/D led the Air Force to dictate the 

retirement of 27 C-5As in hopes of saving money in maintenance, 

personnel, and facilities costs (Bolkcom 2007).  Since this 

additional determination was made, the Air Force has increased 

the size of the divestment to 59 aircraft, or all C-5s in the 

strategic fleet (Mouton, Orletsky et al. 2013).  Yet, the C-5s 

                                                            
1 This requirement is stated in terms of million ton miles per day.  A ton mile is the amount of capacity needed to 
move one ton one mile; needing to move 1,000 tons 1,000 miles in one day would then be equivalent to a 
requirement of one million ton mile per day. 
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in question may have as long as 25 years of service remaining by 

some estimates (Butler 2004; Mouton, Orletsky et al. 2013).  

Further, mobility studies have never called for an identical 

requirement in two consecutive studies so it is highly unlikely 

that the 32.7 MTM/D requirement will hold even in the next four 

years.  Additional complicating factors include the rising cost 

of acquisitions; should the Air Force need a new strategic 

airlifter in the near future, it may have to pay more for it 

than what was saved by retiring existing C-5s.  Yet, the costs 

of following this strategy in the uncertain environment in which 

the United States finds itself have not been delineated.   

Further, a lack of options exists for dealing with excess 

capacity.  Policy makers seem to be faced with a binary decision 

of either retiring the asset or keeping them.  Other options may 

exist to retirement that preserve capability and could provide 

cost savings.   Yet, these options are not apparent nor are 

their costs known.  Determining the existence of different 

options and their potential costs and savings would be valuable 

to policy makers and the taxpayers they represent.   

Research Goal 
The lack of a coherent strategy for dealing with excess 

capacity exacerbates this issue.  Policy makers make these 

deterministic decisions without possession full information 

about the potential ramifications of their actions. They further 

remain unaware of the comparative value of different options 

that could accomplish the same goal.  This research will provide 

policy makers with a much-needed broader context for making 

decisions about managing excess capacity by analyzing the 

aforementioned excess capacity problem in the strategic airlift 

fleet. 
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Research Questions 
This analysis will accomplish this goal through focusing on 

three major research questions: 

1. How has the strategic airlift requirement changed over 

time? 

Gaining an understanding of the history of the strategic 

airlift requirement will aid in finding solutions that will 

be cost effective in the near and distant future. 

 

2. What alternatives to retirement exist for dealing with 

excess capacity? 

 

Potential cost saving, capability preserving alternatives 

to retirement exist but have not been thoroughly explored 

and compared. Finding these options and determining their 

costs will provide policy makers with valuable information 

to inform their decision making process. This research will 

consider the options of keeping excess capacity in the 

active fleet and placing it in inviolate storage. A key 

component of this analysis will be determining the costs of 

these options for implementation in a model. 

 

3. What are the most cost effective alternatives for dealing 

with excess capacity? 

This question will incorporate the answers to the previous 

two into a model that demonstrates the costs of different 

policy options over multiple possible realizations of 

future strategic airlift requirements. 

Research Approach 
 This research will follow a threefold approach to answering 

the above questions.  To begin, I will analyze the history of 
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the strategic airlift requirement.  While doing this, I will 

outline the process of requirement generation from the national 

security strategy though mobility studies.  After that, I will 

analyze variation of the stated requirement over time; this step 

is crucial to demonstrating the system being analyzed and 

evaluating its effectiveness.  After analyzing the history, I 

will provide alternatives to retirement along with their costs 

and feasibility.  Some of these alternatives will include long 

term storage of aircraft and keeping a given amount of excess 

above the requirement.  Finally, I will use all the above 

information in a model that creates multiple possible 

realizations of future strategic airlift requirements.  This 

model will evaluate the costs of following various capacity 

management strategies and ultimately be used to provide policy 

recommendations that enable the greatest cost savings over the 

long run.   

Organization 
The remainder of this document is organized as such: 

 Background: This section encompasses analyzing the history 

of the strategic airlift requirement and alternatives to 

retirement. 

 Literature review:  This section relates the question 

currently faced by policy makers to similar inquiries made 

in academic literature, particularly in the field of 

investment under uncertainty. 

 Methods: This piece describes the development of the model 

including analytical derivations of key properties and 

features. 

 Results: This part lays out the quantitative findings of 

the model. 
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 Conclusions/Policy Recommendations: This section 

synthesizes the above parts into coherent conclusions and 

policy recommendations ready for considerations by DOD 

force planners.   
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Chapter 2 Background 
 

 Before presenting the costs and benefits of potential 

solutions to the excess capacity issues facing the Air Force, it 

is necessary to gain an understanding of the context of the 

situation being analyzed.  This chapter presents background 

information relating to the problem at hand. Specifically, it 

covers: strategic airlift as an Air Force core capability and 

the aircraft that provide it, the strategic airlift requirement 

over time, how cost perceptions affect decision making, 

retirement and alternatives, and stakeholders. 

Strategic Airlift 
 Strategic airlift functions as a vital capability to 

American national security, allowing the U.S. armed forces to 

rapidly project power across the globe.  It has repeatedly 

demonstrated its necessity in every conflict the United States 

has been involved in since 

World War II as well as in 

multiple humanitarian 

operations in the same 

timeframe.  In the recent 

conflicts in Afghanistan 

and Iraq, strategic 

airlifters have completed 

hundreds of thousands of 

sorties while delivering 

much needed equipment to 

the theater of operations (G.A.O. 2008).  Currently, the organic 

U.S. strategic airlift fleet is comprised of two aircraft, the 

C-5 and C-17, with available supplementation from the Civil 

Reserve Air Fleet (CRAF). 

Figure 2‐1 An‐124 Missions
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C-5 A/B/C Galaxy and C-5M Super Galaxy 

Basic Information 

The C-5 first flew in 1968 and is the largest aircraft in 

the U.S. fleet as well as 

one of the largest aircraft 

in the world.  It has a 

maximum payload of 291,000 

pounds and its large size 

makes it ideal for carrying 

outsize cargo (USAF 2013).  

The C-5 fleet is comprised 

of 4 variants of the 

aircraft: the C-5A, C-5B, 

C-5C, and C-5 M.  Between 

1969 and 1973, the USAF took delivery of 79 C-5As and two 

modified C-5As re-designated as C-5Cs (Knight and Bolkcom 2008).  

These aircraft all received a wing modification in the 1980s to 

extend their flying life by 30,000 hours.  Additionally, 50 C-

5Bs were produced between 1985 and 1989.  The C-5M “Super 

Galaxy” is a C-5 with upgraded avionics, engines, and other 

reliability enhancements.  The Air Force is in the process of 

upgrading 52 C-5s to C-5Ms.  As of the end of fiscal year 2011, 

the Air Force had 42 C-5As, 43 C-5Bs, two C-5Cs and seven C-5Ms 

(USAF 2012). 

Outsize Capability 

The aforementioned outsize cargo capability enhances its 

value to global mobility.  For example, it is the only aircraft 

capable of transporting the U.S. Army’s 74 ton mobile scissors 

bridge (Bolkcom 2005). Additionally, this outsize cargo 

capability has been repeatedly called upon in the Global War on 

Figure 2‐2 C‐5A Galaxy
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Terror; so much so in fact, that the organic C-5 capability 

provided by the Air Force has not been enough to keep up with 

the demand for outsize cargo transport.  To supplement the 

shortage of outsize cargo capability, the DOD has contracted 

private operators of the An-1242 to carry outsize items to 

Central Asia.  Interestingly, following the retirement of 14 C-

5s in 2004 the number of An-124 contracted missions increased, 

suggesting that the decrease in organic capability was 

undertaken despite its necessity to the war effort (Bolkcom 

2007).  Further, a 2009 G.A.O. study found that as Mine 

Resistant Ambush Protected vehicles came on line in Afghanistan 

and Iraq, the United States lacked the outsize cargo capability 

needed to get them to theater and had to rely on foreign 

commercial transport to get them there (G.A.O. 2009). 

These points have been 

disputed by Air Mobility 

Command (AMC).  AMC contends 

that all the cargo used in OIF 

and OEF can be carried by both 

the C-17 and C-5.  Further, the 

An-124 can be contracted for a 

number of reasons including 

lower cost per flying hour, a 

change in the C-5 flying hour 

program, or political issues. Whether or not AMC had to rely on 

An-124s, the point still stands that O&O capability is important 

to the projection of American military power regardless of the 

platform it comes from. 

                                                            
2 A Russian aircraft similar to the C‐5 

Figure 2‐3 An‐124 
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C‐5A 33%

C‐5B 49%

C‐5M 65%

Net Availability of C‐5 Models

These issues could arise again in the future should the Air 

Force proceed with the retirement of more C-5s, as simulations 

of wartime strategic airlift have shown that the ability to 

transport  volume long distances may be more important than the 

ability to transport weight (Gertler 2010). MCRS-16 showed that 

demand for strategic airlift is driven by “the movement of 

oversized and outsized  (O&O) cargo early in the war” (Lude and 

Mahan 2009). However, the Air Force is unsure of how much of the 

needed O&O requires a C-5 transport (Gertler 2010) which means 

that in a future conflict, commanders may have difficulty 

getting the equipment they need on time in an expeditionary 

setting.  This makes the early retirement of C-5s even more 

consequential and ought to be considered in future research.  

C-5 Force Management   

Many issues face the Air Force with regards to management 

of the C-5 fleet.  In addition to being the largest strategic 

airlifter in the US fleet, the C-5 is also the oldest.  Its age 

has been cited as a key driver of numerous issues with 

reliability (Gertler 2010) and  by some estimates, C-5s are only 

mission capable about 50% of the time, depending on the model 

(Daily 2013; Mouton, Orletsky et al. 2013).  These reliability 

problems explain the impetus behind the modernization efforts 

and some of the motivation for early retirement, with multiple 

high level Air Force officials referring to individual aircraft 

in the C-5 fleet as “bad actors” 

(Bolkcom 2007).  They reason 

that some of these jets are so 

old or have such consistent 

reliability problems that it 

makes more sense to retire them and save the money then keep 

Table 2‐1 C‐5 Availability
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them in the fleet.  However, these same officials have failed to 

designate which aircraft in the current inventory constitute the 

bad actors (Bolkcom 2007). 

To improve the C-5’s reliability and mission performance, 

the Air Force has been investing in significant modernization 

and upgrades. The current upgrades for the C-5 fall under two 

related programs: the Avionics Modernization Program (AMP) and 

Reliability Enhancement and Re-engining Program (RERP).     

AMP 

 The Avionics Modernization Program aims to update the C-5’s 

avionics and navigation systems to comply with modern air 

traffic control standards. It is further designed to eliminate 

some of the complexity of the original C-5 by reducing the 

amount of wiring. This modernization relies on commercial 

available electronics rather than militarized derivatives to 

achieve some of its goals.  While the improvements have not 

provided great reliability gains, they have enabled the C-5s to 

operate with fewer restrictions in civil airspace and thus use 

more fuel efficient altitudes and routes (Daily 2013). 

RERP 

 The Reliability Enhancement and Re-engining Program seeks 

to take C-5s with the above mentioned avionics improvements and 

add new engines and other upgrades.  The fully upgraded aircraft 

will be given a new Mission Design Series designator, C-5M. The 

new engines, derived from the ones used on Boeing 747s and 767s 

as well as Airbus 300s and 310s, are expected to provide 

significant performance and reliability gains. As explained in 

Defense Industry Daily: 
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These new CF6 engines deliver more than 50,000 pounds of 

thrust each, allowing the C-5Ms to carry more than 270,000 

pounds, and to take off and land in distances as short as 

5,000 feet. In comparative terms, they deliver 22% more 

takeoff thrust, achieve 30% shorter takeoff distances, 

enable 58% faster time-to-climb to cruising altitude (an 

important metric in dangerous environments, where getting 

above 15,000 feet makes you a lot safer), and have a 99.98% 

departure reliability rate in commercial service, providing 

a 10-fold improvement in reliability and maintainability 

over the C-5 fleet’s existing TF39 engines (Daily 2013). 

AMP/RERP Progress  

 The Air Force initially planned on all C-5As and C-5Bs 

receiving the AMP and RERP upgrades (Bolkcom 2007).  However, 

significant cost growth has derailed that initial proposal 

(G.A.O. 2009), and now the Air Force plans on putting 27 C-5As 

through AMP and all 52 C-5Bs through RERP (Daily 2013). 

Currently, all AMP modifications have been completed (Leidholm 

2012), and RERP modifications are underway.    

C-17 Globemaster III 

The C-17 is much newer than the C-5 but also smaller.   It 

can haul a payload of 

up to 160,000 pounds 

and can also fulfill 

the tactical airlift 

role by flying into 

smaller and 

unimproved locations 

(G.A.O. 2009).   The 

Figure 2‐4 C‐17A Globemaster III
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dual role of tactical and strategic airlift gives combatant 

commanders  flexibility but also detracts from its contributions 

strategic airlift alone (Bolkcom 2007).  Despite its small size 

in comparison to the C-5, the C-17 has been a very successful 

airlifter for the Air Force, maintaining fully mission capable 

and partially mission capable rates of 74.7% and 82.5%, 

respectively (USAF 2009). The C-17 is capable of carrying 102 

troops and has 18 positions for palletized cargo.  The Air Force 

received delivery of its first C-17 in 1993 and took delivery of 

its last one in 2012 (Schwartz 2012).   

While the C-17 does not face early retirement or extensive 

upgrades at this point in its existence, one key facing policy 

makers remains.  Though the Air Force has taken delivery of its 

last C-17, the production line will stay open while Boeing 

fulfills orders from foreign purchasers (Meeks 2013).  This 

allows the Air Force the opportunity to procure new C-17s should 

the need arise in the near future.  However, once foreign orders 

end, the Air Force will be faced with a decision to shut the 

line down or buy more C-17s to keep the line open.  If the Air 

Force chooses to shut the line down but then decides to reopen 

it shortly thereafter, it will face the line shutdown costs as 

well as reopening costs.  Estimates vary as to how much this 

could cost, but it is a substantial amount (G.A.O. 2009).  If 

the Air Force closes the production line it also means that in 

the near future it will have to begin research and development 

on the next USAF strategic airlifter, the C-X.  Finally, if the 

Air Force decides to buy more C-17s to keep the production line 

“warm”, it may do so at a higher unit procurement cost while 

contributing more capacity to its already over-capacity fleet. 

Civil Reserve Air Fleet  
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A portion of the non-organic portion of strategic airlift 

capability comes from the private sector in the form of the 

Civil Reserve Air Fleet.  In this program, the DoD enters into 

contracts with civilian carriers to transport personnel and 

supplies when called upon.  It has long been relied on to 

supplement the overall capacity of the strategic airlift fleet, 

and previous mobility studies have stated the fleet requirement 

assuming that CRAF can provide roughly 20 MTM/D of capacity if 

needed (Merrill 2013). To put this in perspective, in the most 

extreme scenario, the DoD expects that CRAF aircraft would 

transport 90% of passengers and 40% of cargo needed in a major 

operation (G.A.O. 2009). While CRAF is an important component of 

strategic airlift, and several policy options are available that 

involve CRAF, this research will not consider it and instead 

focus only on the organic strategic airlift requirement.  

C-X Strategic Airlifter 

 With the C-17 line scheduled to close in the near future 

the Air Force has begun looking ahead to its next strategic 

airlifter, the C-X.  The RAND Corporation conducted a study on 

behalf of the Air Force entitled “Reducing Long-Term Costs While 

Preserving a Robust Strategic Airlift Fleet” (Mouton, Orletsky 

et al. 2013) in which it researched options for how the Air 

Force can field a cost-effective strategic airlift fleet well 

into the future.  In addition to considering the current fleet, 

study authors conducted extensive analysis on alternatives for 

the C-X.   

 Among these alternatives, they considered some strictly 

commercial aircraft like the 747, highly advanced aircraft that 

do not yet exist like a Blended Wing Body (BWB), and new 

versions of the C-17 and C-5 designated as the C-59X and C-84X, 



‐16‐ 
 

constructed after a full period of future research and 

development.  The most cost effective option they found was the 

blended wing body aircraft followed by some derivatives of 

commercial aircraft.  However, the C-84X (C-5 equivalent) still 

provided significant cost savings and will be used in this 

dissertation due to its similarity with aircraft in the current 

fleet (Mouton, Orletsky et al. 2013).   

Requirements 

 

Figure 2‐5 Organic Strategic Airlift Requirement 

Defense policy makers are continually determining the 

proper force structure to meet the national security needs of 

the United States.  Having too little strategic airlift 

capability will threaten the ability of the military to operate 

effectively throughout the world, while maintaining too much is 

costly. The question of how much strategic airlift capacity to 

keep is complex and depends on a variety of factors.  In the 

private market, companies that move cargo via air would attempt 

to determine the amount of demand they will face and invest in 
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their fleet accordingly.  The military, however, must keep 

enough capacity to support worst case national security 

scenarios as defined by policy makers.  Generally, this stems 

from the national security strategy in which the president 

dictates to the military how big of a war it must be prepared to 

fight at any given time.  Throughout history this has varied.  

It has gone from being able to fight and win two simultaneous 

major land campaigns in geographically separated areas to being 

able to fight and win one major land campaign while spoiling an 

adversary’s intentions on another continent (Bolkcom 2007).   

 After determining the national security strategy, the 

government analytically derives the size and shape of a military 

that can meet it.  This gives military decision makers the size 

and types of forces that will fulfill the demands of the 

national security strategy with acceptable risk.  This then 

becomes the military requirement.  According to AFI 16-402, “The 

requirements process determines the resources required to match 

our strategy. The Air Force develops, acquires, and maintains 

weapon systems based on an identified mission requirement” (USAF 

2012). 

 It is important to note that military forces are structured 

according to this wartime requirement, not a peacetime demand.  

In strategic airlift, this is particularly important since, 

currently, cargo carried per year is well below capacity (G.A.O. 

2005). This means that the peacetime supply of strategic airlift 

is greater than its peacetime demand.  However, wartime demand, 

what the military must provide in order to meet the national 

security strategy, is greater than peacetime demand and it 

determines the requirement.     

 It is difficult to optimize cost-effectiveness of a given 

fleet because requirements fluctuate significantly.  This has 
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been particularly true of strategic airlift.  The chart above 

documents the organic strategic airlift requirement over the 

previous three decades (G.A.O. 1991; Tirpak 2001; Bolkcom 2007; 

Lude and Mahan 2009).  Clearly, the variance from one 

requirement to the next is substantial.  The continually 

changing requirement is a result of various pressures. 

Political, economic, and social shifts take place that change 

the type of needs the military is likely to face and affect 

policy makers can afford to buy; the changing requirement 

reflects that.  In the early 1980s America was concerned about a 

major conflict with the Soviet Union, the rest of the Warsaw 

Pact, and their allies.  Such a conflict would have required a 

massive airlift force, so policy makers set a high requirement.  

Conversely, in 2010 despite a volatile global environment, 

American policy makers reduced the scale of conflict they 

required the military to be able to handle.  Further, fiscal 

pressures have prompted an intense search for savings. These led 

to the requirement falling to its lowest level in 30 years. 

 Regardless of the justification for it, having constantly 

changing requirements and immediately acting to comply with that 

change can be an ineffective policy.  While the requirement may 

change rapidly, this does not imply that the force needs to 

immediately be resized, especially when it is over capacity.  

The time scale on which the requirement changes is much shorter 

than the time scale of major aircraft programs.  For example, 

when the requirement increases and the government decides to 

pursue the development of a new strategic airlifter, it commits 

to a long, costly process of bidding, research, development, 

testing, and fielding.  If, in the midst of this process, the 

government determines the requirement is no longer as high as it 
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once was, it may not be wise to terminate the program so as to 

hedge against future requirement increases.  

 This issue is best demonstrated in the example of the C-17.  

In 1980 the United States was believed to be drastically under 

the requirement of 66 MTM/D of strategic airlift capability.  In 

order to fulfill the requirement, the military began accepting 

proposals for what would become the C-17 Globemaster III (G.A.O. 

1991).  However, by the time the C-17 was fielded in the early 

1990s, the requirement was over 25% smaller than what it was 

when the need for a C-17 was first conceived.  Since then, the 

requirement has been reduced to less than half of the initial 

amount that prompted the investment.  Still, the Air Force wants 

more than it initially ordered.  In fact, the number of C-17s 

desired by the Air Force has fluctuated greatly.  Initially, the 

Air Force wanted 210. Later, it believed it only needed 120.  

Currently, the procurement amount stands at 223. Startlingly, 

the amount of desired capability changed three times in less 

than four years alone (Knight and Bolkcom 2008). Though the Air 

Force says it is done purchasing them (Schwartz 2012), more 

could be on the way because of the uncertainty surrounding the 

fleet and the costs of shutting down the production line 

(Bolkcom 2007).   

Adding to the problem is the fact that expensive military 

assets are expected to last for many decades.  This means that 

in an environment with high variance in the requirement level, a 

strategy of making long term investments that follow short term 

fluctuations can be costly.  This is the situation in which the 

United States Air Force (USAF) currently finds itself.  It has 

an excess of strategic airlift capacity because it bought 

aircraft to fulfill a former, larger requirement than what it 

currently faces.  The C-5s they want to retire have remaining 
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service life, but are now viewed as unnecessary because of the 

lower requirement (Desjardins 2010).  If the Air Force retires 

these airplanes with remaining capability, it could face a 

situation in the near future in which the requirement is raised 

again and they then have to buy a new strategic airlifter 

because they irreversibly disposed of their old, but useful, 

ones.   

Costs 
 Costs drive a great deal of force programming decision 

making.  As stated, saving money motivates the early retirement 

of C-5s (Desjardins 2010).  However, short-term cost savings 

could turn into long-term net losses if the future does not play 

out in the way policy makers anticipated.  Specifically, if the 

strategic airlift requirement increases in the time when C-5s 

could still be flying (the next 40 years or so (Bolkcom 2007; 

Mouton, Orletsky et al. 2013)), then the Air Force will have to 

spend money on research, development, and procurement of a new 

strategic airlifter as the C-17 line will also be closed (Knight 

and Bolkcom 2008).  This is an expensive process that seems to 

be getting costlier with every additional weapon system 

(Berteau, Hofbauer et al. 2010). Still, the full tradeoffs are 

unknown because the Air Force and DoD have not undertaken a 

thorough analysis of what changing requirements could mean to 

their current force programming strategy.  This research will 

fill that gap. 

Retirement and Alternatives 
 The Air Force has detailed instructions regarding the 

divestment of aircraft from the active inventory that can be 

found in Air Force Instruction (AFI) 16-402 Aerospace Vehicle 

Programming, Assignment, Distribution, Accounting, and 

Termination.  It defines aerospace vehicle retirement as: 
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“Aerospace vehicles that are excess to AF operational needs and 

transfer from the active inventory.” Aircraft relieved from the 

active inventory and not scrapped or otherwise terminated move 

into the inactive inventory.  Once in the inactive inventory, an 

aircraft can be used in one of several ways.  The Air Force 

total inactive inventory (TII) is comprised of aircraft that are 

used for activities like foreign military sales, ground 

training, loan and lease programs, and storage, among others 

(USAF 2012).  Of all these categories, the one from which the 

Air Force can pull aircraft back into the active inventory is 

storage.  

Storage 

All aircraft assigned to storage are kept at the 309th 

Aerospace Maintenance and Regeneration Group (AMARG) at Davis 

Monthan Air Force Base, Tucson, Arizona. Also known as “The 

Boneyard”, the 309th is responsible for the induction, storage, 

preservation, and regeneration of stored Air Force aircraft.  

Its desert location makes it ideal for these tasks as the low 

humidity and alkaline soil prevent corrosion (USAF 2008).   

Storage is broken down into multiple categories based on the 

level of preservation desired.  XS inviolate storage, also known 

as Type 1000, provides the most extensive preservation.  

Aircraft in this state of storage are “stored in anticipation of 

specific Air Force operational requirements” and thus cannot be 

used to provide spare parts to aircraft in the active inventory 

except in rare circumstances and with waiver approval (USAF 

2012).  Other aircraft are kept at lower levels of preservation 

in XV and XX storage.  In XV (or Type 2000) storage, aircraft 

must be maintained in a “reclaimable condition” though parts 

from them can be removed for use in the active inventory.  In XX 

storage, no preservation is performed and the aircraft is 
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stripped of useful parts before typically being considered for 

disposal. 

Since MCRS 16, the Air Force has moved forward with its 

plans to retire C-5s.  The table 2-2 shows the current inventory 

of C-5s at the 309th AMARG (USAF 2013).  Though initially 

desiring to retire only 22 C-5s, the Air Force has expanded that 

decision to retire all C-5s not undergoing RERP.  Thus far, the 

Air Force has retired 28 C-5As with plans of retiring the rest 

of them (Mouton, Orletsky et al. 2013). This research assumes 

that they are in one of those two types of storage and would not 

be readily available should the requirement increase.  Moreover, 

when an airplane in the simulation is retired, it will be 

assumed that that it is moved into XX storage.   

Movement into storage will be considered as a policy 

alternative to retirement.  Specifically, the model will be 

configured in one set of scenarios to place varying amounts of 

excess aircraft into XS storage.  When an aircraft moves to 

storage, there is an induction fee and regular preservation and 

maintenance costs the Air Force incurs.  What these casts are 

and how they affect the analysis will be discussed further in 

the methods section. 

Keeping Excess 

 In addition to placing excess aircraft in storage, the Air 

Force could choose to keep them as part of the active fleet3. 

This will also be modeled as a set of policy options in the 

Monte Carlo simulation.  In these scenarios, flying hours are 

divided equally amongst all aircraft in the active fleet.  The 

Air Force must pay for operating and sustainment of these 

aircraft, but has a hedge against future requirement increases.  

                                                            
3 Note that active fleet does not necessarily mean active duty. 
The active fleet consists of all aircraft assigned to active 
duty, reserve, and Air National Guard units.   
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Further detail on how this will be implemented is discussed in 

the methods section.    

Stakeholders 
 Several stakeholders have a keen interest in the direction 

policy makers choose.  Within the DoD, primary stake holders 

include Transportation Command and Air Mobility Command as they 

are the main users of the organic strategic airlift fleet.  

However, the cargo carried by strategic airlift benefits every 

part of the DoD and combatant commanders make important 

decisions about the disposition of forces in theater based on 

their ability to receive strategic airlift. Therefore, all 

branches of the DoD have a vested interest in the outcome of 

policy decisions regarding strategic airlift. 
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Table 2‐2 C‐5A Aircraft at 309th AMARG 

 The other largest stakeholder within the government is the 

United States Congress.  Congress provides the funding for 

government on all levels, and ultimately their decisions decided 

the future of strategic airlift.  In fact, Congress has acted 

very directly in force planning decisions in the past; for 

example, in the National Defense Authorization Act for Fiscal 

Year 2004, Congress directed the Secretary of the Air Force to 

not proceed with the retirement of C-5s until the planned RERP 

modifications were proved successful(Congress 2003). More 

recently, Congress has intervened to rework the RERP contract 

after it experienced enormous cost growth (G.A.O. 2009). 

Aircraft Serial Number Date Moved Into Storage 

C‐5A 68000211 9/25/2012

C‐5A 68000215 9/22/2012

C‐5A 68000217 9/29/2011

C‐5A 68000220 2/27/2013

C‐5A 68000225 11/8/2011

C‐5A 69000001 9/21/2012

C‐5A 69000003 4/11/2012

C‐5A 69000008 5/3/2012

C‐5A 69000011 9/29/2012

C‐5A 69000013 9/24/2012

C‐5A 69000015 3/28/2012

C‐5A 69000017 3/9/2011

C‐5A 69000019 9/25/2012

C‐5A 69000026 9/28/2012

C‐5A 69000027 3/22/2011

C‐5A 70000446 5/26/2011

C‐5A 70000447 6/17/2011

C‐5A 70000449 9/26/2012

C‐5A 70000453 3/23/2011

C‐5A 70000454 6/5/2012

C‐5A 70000455 5/16/2012

C‐5A 70000457 1/31/2012

C‐5A 70000459 3/25/2011

C‐5A 70000462 3/1/2012

C‐5A 70000464 9/17/2012

C‐5A 70000465 9/20/2012

C‐5A 70000466 12/13/2011

C‐5A 70000467 9/21/2012
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Congress could act again in the future to enforce policies that 

will save money or preserve capability.   

 Stakeholders in the private sector generally fall into two 

categories: aircraft manufacturers and contract airlift 

suppliers.  Aircraft makers like Boeing and Lockheed Martin have 

a great interest in the decisions Congress and the Air Force 

make regarding strategic airlift.  Lockheed Martin has the 

contract to perform the RERP upgrades on C-5s and, as stated 

earlier, Boeing produces the C-17.  Though the Air Force has 

taken delivery of its final C-17, the C-17 production line 

remains open as Boeing fulfills orders from foreign military 

sales.  This means that the Air Force could procure more should 

they decide that they need them.  Currently, foreign military 

sales will keep the line open through the third quarter of 2014 

(Meeks 2013). While Boeing and Lockheed Martin have vested 

interests in the current fleet, they and other produces like 

EADS will likely submit bids to build the C-X when the Air Force 

is ready to start research and development on that aircraft. 

 Additionally, the companies that either already provide 

contract airlift to the DoD or are a part of the CRAF have a 

stake in the decisions made about the strategic airlift fleet.  

Should the Air Force not have enough capacity on hand to meet a 

sudden increase in the requirement, these companies could 

experience a high demand for their services.  Conversely, if the 

Air Force were to keep a given amount of capacity over the 

requirement level, it could consider reducing the number of 

these contracts. 

Capacity Conundrums 
Clearly, policy makers have a great deal of issues to 

resolve with regards to the strategic airlift fleet.  They must 
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act to fulfill the national security needs of the United States 

by ensuring that combatant commanders will be able to get the 

equipment and personnel they need when they need it. While many 

tangential research avenues exist to help them determine this 

answer, the problem of excess capacity and how optimal decisions 

about it change in a dynamic environment have not been 

thoroughly explored.  This research will show policy makers how 

the cost effectiveness of different policies varies when one 

assumes that requirements will not stay constant in the future.  

It will give them a different perspective that will aid them in 

the complex decision making environment they face.   
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Chapter 3 Literature Review 
 

Broadly, the problem of dealing with excess capacity in the 

military, especially as it relates to equipment, falls into the 

category of investments under uncertainty. Policy makers must 

decide how much of an asset to purchase as well as whether or 

not to keep maintaining it when the perceived need for it 

decreases.  A great deal of research has been done in the 

finance, economic, and operations research literature regarding 

investment under uncertainty. Researchers have been very 

interested in determining the optimal policies for a firm facing 

uncertain demand, and some have explored how capacity decisions 

ought to be made in this environment.  However, several factors 

separate the typical problem found in literature from the 

problem faced by the Air Force. 

 To begin, the literature generally considers a profit 

maximizing firm operating in a competitive environment.  Paying 

to maintain unused capacity in this scenario is usually 

detrimental for the firm because the added cost eats into profit 

margins.  Additionally, the firm typically has three variables 

to optimize: investment time, location, and size.  However, the 

Air Force is not a firm selling a product to the marketplace, 

and must maintain a given level of capability as required by 

national security policy.  This differentiates the problem of 

the government from the problem in the private sector.  In a 

world of requirements, the government does not have the ability 

to defer an investment.  If the requirement increases, they must 

attempt to fill it.  Further, location is irrelevant to the 

analysis conducted here, as it concerns fleet wide capacity for 

global usage.   
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 This leaves size of capacity as the only variable of 

interest. Researchers investigating the optimal amount of 

capacity for a given firm have found a variety of answers that 

depend on the scenario presented.  Besanko et al found that 

individual firms with the option to add or remove capacity over 

a long time period may find it optimal to maintain some excess 

capacity in anticipation of a future increase in demand.  They 

point to DuPont as a real world example of this.  In the 1970s, 

DuPont expanded their capacity to manufacture titanium dioxide 

though the demand did not exist at the time.  The decision has 

paid off for DuPont as they maintain over 50% of the market 

share today.  However, they also demonstrate that while an 

individual firm may pay for excess capacity, market wide 

capacity will equal demand (Besanko, Doraszelski et al. 2010).  

Despite the difference in the problem investigated here and the 

problem I am studying, this work shows that it can be optimal 

for an entity to keep excess capacity when faced with 

uncertainty. 

 In further research into capacity investment and divestment 

in uncertain environments, Besanko et al studied capacity races 

and coordination between firms.  Their results showed that 

whether or not a firm decided to preemptively invest or divest 

capacity was dependent on product differentiation between 

competing firms as well as the degree to which the investment 

was a sunk cost. In particular, low investment sunk-ness tended 

to promote capacity races between competing firms (Besanko, 

Doraszelski et al. 2010).  This finding is relevant to the 

strategic airlift problem because sunk costs can play a role in 

policy making.  Policy makers intent on keeping excess aircraft 

because of the amount invested in them may be making a sub 

optimal decision.  By thoroughly exploring the costs associated 
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with multiple feasible capacity management strategies, policy 

makers can avoid making a decision based on sunk cost.    

 Dangl (1999) considered a firm facing uncertain demand that 

had an option to make a one-time irreversible investment to 

increase capacity.  Through dynamic programming he found that 

the amount of capacity in which a firm ought to invest is 

dependent on the magnitude of uncertainty that they face.  He 

showed that as uncertainty increases, a firm should invest in 

greater amounts of capacity because of the potential profit 

(Dangl 1999).  Interestingly, his result differs from Pindyck 

who found that a firm making incremental investment decisions 

with regards to capacity should invest less as uncertainty grows 

(Pindyck 1988).  These results ought to be of great interest to 

the Air Force because the strategic airlift problem lies 

somewhere between the two.  On the one hand, the initial costs 

associated with funding a new program, like research and 

development, are irreversible.  However, once the production 

line is open buying each additional aircraft is an incremental 

decision, although closing the production line is for the most 

part irreversible.  The key takeaway from both these studies is 

that the magnitude of uncertainty matters.  This will be crucial 

in the analysis of strategic airlift excess capacity. 

 Davis et al were interested in a firm expanding to meet 

rising, but uncertain demand.  They show that basing decisions 

on deterministic beliefs that fail to account for future 

uncertainty produces sub optimal results.  They into detail 

about how surprise shifts in demand are well documented and 

firms should be prepared to handle them.  They use a piecewise-

deterministic Markov process solved by dynamic programming to 

show that the optimal timing and size of a capacity expansion 

are dependent on the cost of keeping capacity and the cost of 
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capacity shortage (Davis, Dempster et al. 1987). This is very 

similar to the Air Force problem in which the cost of keeping 

excess strategic airlifters must be weighed against the cost of 

procuring more in the future should demand increase. Further it 

highlights the need to plan for sharp increases in demand for a 

resource.  This is particularly true in national security where 

sudden, unexpected events (Pearl Harbor, September 11th) have 

drastically changed the military in a very short time.   

 Bourneuf (1964) investigated the relationship between 

investment, excess capacity, and rate of growth via linear 

regression.  She expected that companies with high excess 

capacity would make fewer investments, but found that her 

results differed depending on which of the two measures of 

excess capacity that she used.  In one case, higher excess 

capacity meant more investment, in the other case, it predicted 

less.  She did find that in general, firms increased excess 

capacity in times of economic growth (Bourneuf 1964).  Her 

research is valuable because it shows that firms are willing to 

expand capacity in anticipation of increased future demand.  The 

historical data that she provided shows that in some industries, 

keeping excess capacity is common practice. However, while this 

research focuses on firms increasing capacity in anticipation of 

higher demand, it would be interesting to see how the answers 

change in light of a decrease in demand or uncertainty in both 

directions (as is the case with the strategic airlift fleet). 

 Keeler and Ying (1996) attempted to determine the cost 

incurred by excess bed capacity in hospitals.  This is a chronic 

problem that has intensified as many hospital procedures no 

longer require an overnight stay.  They found that the excess 

capacity does create a large cost that could be mitigated by 

closing and or merging some hospitals.  Though the article dealt 
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with an excess capacity issue in the private market as opposed 

to a government entity, a few points stood out that relate to my 

research.  The authors pointed out that the stochastic demand 

for hospital beds can justify keeping excess capacity in some 

cases.  Also, they showed that chronic excess capacity does 

produce large costs.  However, in their analysis they never 

consider the cost of being under capacity as it had not occurred 

in the data they assessed (Keeler and Ying 1996). 

 Leland (1972) provides an economic perspective of a firm 

planning for uncertain demand.  He divides the discussion into a 

quantity setting firm and a price setting firm. I was more 

interested in the firm that sets quantity before realizing the 

demand because this is the most analogous situation to what I am 

studying.  He finds that obviously a firm will set output to 

exactly meet capacity if there is no uncertainty.  However, 

under uncertainty the firm’s behavior depends critically on 

their level of risk aversion. A risk-averse firm, which the 

author assumes is most common, will produce less than it would 

under certainty to avoid paying for excess output (Leland 1972).  

Once again, though, this is inherently different than the 

strategic airlift problem.  A firm setting quantity has to pay 

if it produces too much of a good.  Conversely, the Air Force 

and national security suffers for being under capacity.  Still, 

it points to the importance of planning for uncertainty. 

 List et al (2003) studied a problem very similar to that 

being faced by the Air Force when they examined transportation 

fleet planning under uncertainty.  They point out that: 

“Because vehicles are generally long-lived assets, there is 

intrinsic uncertainty about the demands that they will 

serve over their lifetime, and about the conditions under 

which they will operate. Although both researchers and 

operators recognize the importance of this uncertainty, 
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fleet sizing problems are often quite difficult to solve 

even under deterministic assumptions, and most of the work 

in the literature focuses on deterministic models (p. 

210).” 

This is a crucial point for policy makers to understand, 

especially with regards to the disinvestment of an existing 

asset.  Uncertainty is a critical factor to analyze and should 

be viewed from multiple perspectives with regards to retiring 

useful aircraft.   

List et al (2013) solved for optimal fleet sizes when both 

demand and vehicle productivity could vary by using 

deterministic modeling, stochastic modeling, and robust 

optimization.  The authors found that the cost minimizing 

optimal fleet size depended on the modeling method used.  The 

deterministic solution provided a lower optimal fleet size than 

the stochastic and robust optimization methods (List, Wood et 

al. 2003).  This provides my analysis with additional motivation 

to use stochastic methods rather than deterministic. Part of the 

problem with current policy is that it makes assumptions about 

the trajectory of future needs. If a stochastic approach 

produces different results than a deterministic approach, both 

should be done to provide policy makers with a full accounting 

of their options under different scenarios.   

  In their working paper on preemptive capacity investment 

under uncertainty, Chevalie-Roignant and Trigeorgis (2011) 

assess how competitive firms choose to invest in the presence of 

strategic competition and demand uncertainty.  Using real 

options analysis and game theory, they find that the incentive 

to overinvest in capacity is eroded in a competitive market.  

They further demonstrate that when firms ignore competition, 

they invest with greater intensity (Chevalier-Roignant 2011).  

This has interesting implications for the policy problem posed 



‐33‐ 
 

by my research.  The Air Force does not necessarily compete in a 

market to provide strategic airlift for national defense, so the 

results of the paper seem to favor over investing when compared 

to under investing in capacity.  While my research into 

management of the strategic airlift fleet comes from a strictly 

financial perspective, adding a game theoretic element that 

acknowledges the strategic international effects of investment 

in a fleet would be an interesting extension.     

 While focusing on capacity and price setting decisions in 

an uncertain duopolistic market, Anupindi and Jiang (2008) 

provide relevant insight to the problem facing the strategic 

airlift fleet. They point out that, “Capacity choice is a long 

term decision and usually made before firms have a good idea of 

demand” (Anupindi and Jiang 2008).  This observation is crucial 

for policy makers to understand as one can substitute “demand” 

for “requirement.” Requirements are constantly shifting and this 

variability means that decisions made today should be made with 

an eye towards an uncertain future.   

 The authors go on to analyze the optimal behavior of a 

monopolist setting capacity in an uncertain environment.  This 

is a close analogue to the problem the Air Force faces.  The Air 

Force essentially has a monopoly on provision of organic 

strategic airlift for the United States.  The authors show that 

in this scenario, increasing variance means the firm should 

invest in higher capacity (Anupindi and Jiang 2008).  This 

result echoes that found in several previous studies and means 

that although facing a capacity divestment rather than 

investment decision, the Air Force might be well served to keep 

spare capacity if the requirement is volatile.    

 Game theorists Goyal and Netessine (2007) make pertinent 

points about flexibility in capacity choices under uncertainty.  
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Their research finds that as a monopolist faces higher 

uncertainty, they profit more from increased levels of 

manufacturing flexibility that allows them utilize capacity in 

different ways (Goyal and Netessine 2007).  This finding has 

implications for the Air Force; if policy makers can keep find 

flexible solutions to dealing with excess capacity, the 

strategic airlift fleet may be better suited to handle an 

uncertain future.  Conversely, if they choose an inflexible 

option, they may be stuck with higher costs later. 

In their work on duopolies, Huisman and Kort (2011) explore 

how firms make strategic decisions about capacity investment 

under uncertainty.  A great deal of literature shows that firms 

will sometimes employ excess capacity as a means of deterring 

entry of competitors into a market.  Huisman and Kort show 

through their simulations that in a duopoly, the decision of how 

much capacity to invest in depends on the uncertainty in the 

market as well as whether or not a firm is the first mover.  The 

firm has two endogenous variables, investment timing and 

investment size.  In moderate uncertainty, the first firm will 

immediately invest in a small amount of capacity.  As 

uncertainty grows, however, the firm will wait longer to invest 

and when it does it will choose a larger amount of capacity 

(Huisman and Kort 2011).  This is in line with other studies on 

investment under uncertainty in that it shows that as 

uncertainty increases, the optimal level of capacity increases 

as well.  This is important to the Air Force case one should 

expect that maintaining excess capacity in a highly uncertain 

environment will save more money than in a world or relatively 

stable requirements.   

 While a good amount of research exists on problems relevant 

to that of the strategic airlift fleet, a surprising dearth of 
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research exists that deals directly with similar issues.  

Specifically, the research covered in the above review focuses 

solely on private sector investment decision making.  Further, 

most of the literature deals with the decision to increase 

capacity or remain at the same level, little mentions of 

divestiture problems.  As stated before, the problem faced by 

the Air Force is having too much strategic airlift capability.  

Policy makers have decided to divest this excess capability to 

realize short-term savings.  However, the uncertain nature of 

future requirements means that those retired airplanes could 

prove useful in the near future.  If the Air Force retires them 

and requirements do indeed increase, it could pay more to 

replace the lost capability than what was saved by divesting it.  

Research to date has not covered problems of excess capacity in 

the public domain or the potential financial consequences of 

early retirement of capital assets. This research will 

contribute to knowledge in this realm.   

   

 

 

 

 

 

 

 

 

 



‐36‐ 
 

Chapter 4 Methods 
 

 This dissertation uses a stochastic optimization approach 

to find optimal policies for acquisition policy makers seeking 

to remedy excess capacity in the strategic airlift fleet.  In an 

ideal world, policy makers would have perfect knowledge of the 

future and be able to plan fleet sizes accordingly.  However, 

the strategic airlift requirement has historically varied a 

great deal.  One cannot predict the trajectory of the future 

with a great deal of accuracy and a stochastic approach will 

allow me to find policies that work over a variety of potential 

future scenarios. The stochastic approach is reflected in the 

operations research methods used. Monte Carlo simulations, where 

demand is modeled as geometric Brownian motion, in conjunction 

with cost analysis will provide policy makers with an 

understanding of the costs associated with various retirement 

and procurement strategies. 

Simulation Set Up 
The simulation varied depending on the particular analysis 

run, but certain factors stayed constant throughout. The 

following describes aspects of the model that either didn’t vary 

from run to run or only varied where specified. 

The model consisted of thousands of iterations of 20 period 

runs.  Model time started in 2011 and each period lasted four 

years as this is roughly the historical average amount of time 

between requirement revisions. Therefore, period two started in 

2015, period three started in 2019, etc.  The duration of each 

run was 20 periods, or 80 calendar years.   

In each period, the requirement varied and capacity was 

adjusted to deal with the new requirement. The initial 
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requirement, except where specified, was set equal to the 

initial capacity of the fleet. This implicitly assumes that the 

current and desired fleet capacities are equal. The requirements 

followed geometric Brownian motion, with the log of the 

requirement in each period equal to the log of the requirement 

in the previous period plus a normally distributed random term. 

Distributional specifications of the random error were estimated 

from historical analysis of the strategic airlift requirement 

and allowed to vary for sensitivity analysis. Further discussion 

of geometric Brownian motion follows later in the chapter. 

In periods when the requirement was above the current fleet 

capacity, the model charged a procurement price (as well as 

research, development, testing, and evaluation (RDT&E) costs as 

needed) to buy new aircraft to meet the requirement. In periods 

with excess capacity, the policy options of keeping some excess 

and long term storage were implemented with appropriate cost 

metrics. Simulation over many cases demonstrated what options 

are most cost effective over the long term. All final costs were 

computed using net present value methodology assuming a constant 

discount rate of two percent throughout.   

The model required various assumptions and stipulations.  

One troublesome issue was how to think about the ability to 

fulfill requirements through procurement.  The government cannot 

purchase aircraft that do not exist and are not being 

constructed.  In other words, airplanes can only be purchased 

when a strategic airlifter production line is open.  The C-17 

line is scheduled to close in the next year (Meeks 2013) and 

after that if the Air Force wants or needs to acquire new 

strategic airlifters, it will be forced to begin RDT&E for a new 

aircraft.  Tentatively, the next strategic airlifter is called 

the C-X.  At this stage in the process, the Air Force has not 
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fielded proposals for the C-X though some alternatives exist, as 

covered in the background chapter.  Those alternatives are 

thoroughly assessed in Mouton et al (2013).  This research 

assumes that the C-X aircraft of choice will be the C-84X, or a 

future C-5M equivalent, though future research could analyze how 

results change with different options.  

 For the purposes of this work, the process of closing a 

line, RDT&E of a new weapon system, and opening of a new line 

was standardized.  It was assumed that if an aircraft was not 

procured for two periods (8 years), its production line would be 

shut down.  At this point, the next time the Air Force needed to 

increase fleet capacity it had to pay for RDT&E of a new 

aircraft model, so after the C-17 it would have to pay for the 

C-X, then C-Y, etc.  It was assumed that the Air Force would be 

able to procure the needed aircraft immediately after paying 

RDT&E costs. 

Though the Air Force is preparing to close the C-17 line 

and preparing for the C-X, the long term and stochastic nature 

of this model means that it had to consider aircraft beyond C-X.  

The line closing procedure outlined above leaves room for many 

additional platforms beyond C-X to be created in an 80 year time 

frame.  The model was designed so that models following the C-X 

continued in alphabetical order, so after the C-X came the C-Y, 

C-Z, C-A, C-B, etc.  As C-X is not even currently in the works, 

assumptions had to be made regarding its successors.  For this 

reason, every aircraft beyond C-X was assumed to have the same 

capacity and costs as the C-X.  This may be a troublesome 

assumption given that C-X has not even been started, innovations 

could occur that create a cheaper, much more capable strategic 

airlifter, or weapons system cost growth could continue that 

will make the C-Y and its followers progressively more 



‐39‐ 
 

expensive.  Future research could take place that considers 

these different scenarios but exploring them now would be beyond 

the scope of this study. 

When real world cases were considered, the ages of the 

aircraft in the fleet were set in a manner that closely 

resembles the current fleet. This was determined by 

approximating the profile from the retirement chart in Mouton et 

al and estimating the ages and years left until retirement.  

This method was necessary because the underlying data behind 

Mouton et al’s analysis is not available for public 

dissemination. The actual retirement profile and my approximated 

retirement profile are demonstrated in figure 4-1.  Note that 

the C-5Bs are all getting modified to become C-5Ms and that is 

reflected in my chart (Lude and Mahan 2009).   

 

Figure 4‐1 Mouton et al Retirement Profile 

After assessing the retirement profiles, the life span for 

all aircraft in the model including C-Xs, C-Ys, etc., was 

determined to be 60 years4.  At that point, they were retired and 

disposed of.  As stated in the background chapter, this meant 

                                                            
4 Note that for aircraft currently in the fleet, their current age 
was determined the amount of years remaining minus sixty.  That 
makes the C-5As appear to be the youngest aircraft in the fleet 
because they have the most time remaining.  
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aircraft were placed into Type 2000 storage or lower, and could 

not be brought back to the fleet. 

Appendices A,B, and C present more detailed information 

about the model including a flow chart, an example of the code, 

and an example of an initial fleet used in a simulation. 

Sources of Data/Data Assumptions 
 In order to complete this analysis, several pieces of cost 

information had to be obtained from different sources.  Some 

estimates varied considerably depending on their source and the 

scenario that source considered.  The data I needed to 

accurately complete this analysis fell into three major 

categories: costs, capacities, and miscellaneous. 

Costs 

 The goal of this research is to find cost effective options 

for policy makers to pursue with regards to excess capacity.  

For this reason, using the correct cost metrics was critically 

important.  The costs needed consisted of RDT&E costs, 

procurement costs, operating and sustainment (O&S) costs, and 

storage costs.  The table 4-1 lists most of the costs used and 

the sources they were derived from. Note that the C-X/Y etc 

costs assume that these aircraft will be the C-84X or a future 

derivative of it.  

 

Table 4‐1 Cost Assumptions 

Airframe Cost Type Amount($Million)  Interval Source

C‐5A/M  Storage 0.0866 Per Unit/Period Schumaker

C‐17 Storage 0.0866 Per Unit/Period Schumaker

C‐X/Y/Z etc Storage 0.0866 Per Unit/Period Schumaker

C‐X/Y/Z etc RDT&E 21220 One Time Mouton et al

Cost Assumptions
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Procurement costs assumed that learning throughout the 

acquisition process, so each consecutive aircraft acquired was 

cheaper than the previous.  For ease of calculation, the costs 

with learning assumed were averaged to produce the unit cost 

below. Storage costs came from the director of business 

operations at the 309th AMARG and assumed Type 1000 (inviolate) 

storage (Schumacher 2013). Interestingly, storage costs only 

included an induction fee and regular maintenance.  Should the 

Air Force want to pull an aircraft from storage to return it to 

the active fleet, there are no regeneration costs it incurs 

other than regularly scheduled heavy maintenance.   

One of the major costs not listed in the above table but 

important to the analysis was O&S costs. One of the ways the Air 

Force saves money by retiring aircraft early is by not having to 

pay to operate and sustain the fleet.  O&S costs are a function 

of several variables, including hours flown, age of the 

aircraft, and size of the aircraft, to name a few.  Mouton et al 

covered these relationships in their work for the C-X study, and 

the associations they found were implemented in my model 

(Mouton, Orletsky et al. 2013).  These formulas are below. 

ln C 17	O&S ln	 3.29 .24 ln TAI .70 5.48 ln	 ratio
TAI
221

 

ln C 5A	O&S ln	 3.77 .31 ln TAI .64 3.4 ln	 ratio
TAI
52

. 33

. 65
 

ln C 5M, all	others	O&S ln	 3.77 .31 ln TAI .64 3.4 ln	 ratio
TAI
52

 

 In these formulas, ratio stands for the ratio of how much 

an aircraft flies in a given year versus the average amount an 

aircraft flies in a year. This comes into play when excess is 
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kept in the fleet.  If there is excess capacity, all aircraft 

fly proportionally less.  For example, if the requirement were 

0.9 MTM/D and the capacity of the fleet was 1 MTM/D, each 

aircraft in the fleet would only fly 90% of their average annual 

load. In this case, the ratio would be 0.9. TAI stands for total 

aircraft inventory, or the number of aircraft in a given MDS.  

Capacity  

 The model depends critically on using the correct estimate 

for the marginal capacity that each aircraft adds to the 

strategic airlift fleet.  Retiring an aircraft that offers 0.05 

MTM/D of capacity has less impact long term than retiring an 

aircraft with 0.1 MTM/D.  Researching the capacity of current 

and future aircraft provided an interesting window into how the 

Air Force views its strategic fleet.   

 Capacity in and of itself can be a nebulous term though it 

is precisely measured by the million ton mile per day (MTM/D) 

metric.  In determining the contribution of different weapon 

systems to overall fleet capacity, the Air Force considers 

several variables like the size of the aircraft, its speed, 

range, and overall reliability.  This can lead differing 

estimates from different sources.  For example, when researching 

the history of the strategic airlift fleet, the Air Mobility 

Command analysis office provided data on the number of aircraft 

in the strategic airlift fleet over time as well as the 

corresponding capacity.  This data is presented in table 4-2. 
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Table 4‐2 Capacity and Fleet Composition by Year 

From that set of data, one can calculate the approximate 

contribution of each tail to fleet capacity by dividing the 

amount of capacity by number of tails.  For example, in 2010, 

the Air Force maintained 20.67 MTM/D from 166 C-17s. 

. .125 MTM/D per C-17 

Extending this over the sample, we have an idea of Air Mobility 

Command’s historical and future projected view of the marginal 

capacity of an individual strategic airlifter by airframe.   

 

Table 4‐3 Marginal Capacity by MDS 

Table 4-4 

Clearly, the Air Force believes the C-17 is more capable 

than a C-5A and almost as capable as a C-5M with a single C-17 

providing 90% of the capability of a C-5M.  However, this view 

is not held by others.  In their work on the matter, Mouton et 

al found that the C-17A only provides about 51% of the 

capability of the C-5M (Mouton, Orletsky et al. 2013). This is a 

large disparity which has undeniable effects on the outcome of 

the model.  This analysis proceeds on the assumptions laid out 

my Mouton et al.  

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

C‐141 1.5 1.34 1.31 0 0 0 0 0 0 0 0 0 0 0 0

C‐5A 5.97 5.99 6.11 5.3 6.41 6.29 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5

C‐5B 5.23 5.24 5.32 5.8 5.68 5.8 5.56 5.56 4.84 4.23 3.63 2.3 1.09 0 0

C‐5M 0 0 0 0 0 0 0 0 0.83 1.52 2.2 3.72 5.1 6.34 6.34

C‐17 10.25 11.21 13.07 15.19 16.31 17.43 19.43 20.3 20.67 22.29 22.29 22.29 22.29 22.29 22.29

Total 22.95 23.78 25.81 26.29 28.4 29.52 30.49 31.36 31.84 33.54 33.62 33.81 33.98 34.13 34.13

C‐141 68 62 57 10 0 0 0 0 0 0 0 0 0 0 0

C‐5A 60 60 60 52 53 52 54 54 54 54 54 54 54 54 54

C‐5B 44 44 44 48 47 48 46 46 40 35 30 19 9 0 0

C‐5M 0 0 0 0 0 0 0 0 6 11 16 27 37 46 46

C‐17 78 90 105 122 131 140 156 163 166 179 179 179 179 179 179

Total 250 256 266 232 231 240 256 263 266 279 279 279 279 279 279

Million Ton 

Miles Per Day

Tails

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

C‐141 0.022059 0.021613 0.022982 0 NA NA NA NA NA NA NA NA NA NA NA

C‐5A 0.0995 0.099833 0.101833 0.101923 0.120943 0.120962 0.101852 0.101852 0.101852 0.101852 0.101852 0.101852 0.101852 0.101852 0.101852

C‐5B 0.118864 0.119091 0.120909 0.120833 0.120851 0.120833 0.12087 0.12087 0.121 0.120857 0.121 0.121053 0.121111 NA  NA

C‐5M NA NA NA NA NA NA NA NA 0.138333 0.138182 0.1375 0.137778 0.137838 0.137826 0.137826

C‐17 0.13141 0.124556 0.124476 0.124508 0.124504 0.1245 0.124551 0.12454 0.124518 0.124525 0.124525 0.124525 0.124525 0.124525 0.124525

Million Ton 

Miles Per Day 

Per TAI
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Table 4‐5 MCRS and RAND Implicit Assumptions 

This disparity in capacity numbers is likely due to 

different assumptions regarding overall fleet reliability. As 

stated earlier, capacity is calculated by considering the amount 

of cargo an aircraft can carry, how fast they travel, range, and 

how reliable they are.  Usually, differences in calculating 

capacity come down to differences in the availability of the 

weapon system.  This means that even though a C-5 has double the 

amount of pallet positions of the C-17 (36 /18) and travels the 

roughly same speed (Mach .77 / Mach.76), it can provide less 

capacity if its reliability is low enough.  This has been a 

subject of some contention in the strategic airlift community 

(Bolkcom 2005) and could explain some of the difference in 

numbers.   

Geometric Brownian Motion 
 As stated above, geometric Brownian motion was used to 

create random futures of strategic airlift requirements.  In 

each period the requirements were determined by: 

,  

Where: 

Requirement	in	Period	  

MCRS RAND Absolute Percent Difference

C‐5M Procurment ($ Million) 403 403 0%

C‐17A Procurement ($ Million) 294.3 294.3 0%

C‐84 Procurement ($ Million) 465.65 465.65 0%

C‐59 Procurement ($ Million) 328.98 328.98 0%

C‐5M Capacity (MTM/D) 0.125 0.184878 32%

C‐17A Capacity (MTM/D) 0.10775785 0.09379526 15%

C‐84 Capacity (MTM/D) 0.140384625 0.20763223 32%

C‐59 Capacity (MTM/D) 0.10775785 0.09379526 15%

C‐5M Effectiveness ($ Million/(MTM/D)) 3224 2179.815879 48%

C‐17A Effectiveness ($ Million/(MTM/D)) 2731.123533 3137.685209 13%

C‐84 Effectiveness ($ Million/(MTM/D)) 3316.958677 2242.667239 48%

C‐59 Effectiveness ($ Million/(MTM/D)) 3052.956235 3507.426708 13%
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Requirement	in	Period	 1 

~ 0,  

 

In non-hypothetical cases, the process was initialized at 32.88 

Million ton-miles per day (MTM/D). This was the calculated 

capacity of current strategic airlift fleet and ensured that the 

current fleet capacity equaled the current fleet requirement 

( 32.88). The standard deviation was that of the historical 

data of strategic airlift requirements.  Standard deviation was 

determined by the below formula, which maximizes the likelihood 

of reproducing a Gaussian random walk from a sample of data 

produced by that process. This is a foundational assumption of 

the model: the requirements generation process roughly follows 

GBM and I have 6 samples from that process (seen at the 

beginning of the chapter in figure 1). 

1 log 1 1
 

Number	of	observations 

Requirement	in	period	  

Period	requirement	was	published 

 

GBM is a random process that has several unique properties 

making it an adept tool to solve this problem.  It is a Markov 

process, meaning that in any given period the value of the 

process will only be affected by the value of the process in the 

previous period.  This simulates policy makers anchoring their 
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decision to change the requirement based on the previous 

requirement. Further, the value of a GBM process can never be 

negative.  This makes it advantageous for simulating uncertainty 

in processes where negative values do not make sense, like 

demand for a product in the private market or strategic airlift 

requirements in the case of this dissertation.  Obviously, a 

negative strategic airlift requirement is impossible.  Other 

options for dealing with this issue could have included using a 

different random process but bounding it at zero.  However, this 

would have created an upward bias in the requirement from period 

to period. GBM is mean preserving and thus avoids this issue 

while always returning positive values. 

However, there are some limitations associated with using 

GBM.  To begin, GBM requires standard variance throughout the 

process.  This means that the magnitude that the requirement 

will change from period to period is probabilistically standard 

throughout each run.  This may not be a realistic assumption as 

over the course of 80 years the magnitude of changes in the 

requirement will change from period to period will likely vary.  

Further analysis could accommodate this issue and have the 

variance change across timeframe.  However, this addition would 

greatly increase the computational complexity and was beyond the 

scope of this research. 

 Further, though the GBM is mean preserving, it can 

sometimes produce extreme values that might not be realistic.   

This is especially probable as the standard deviation of the 

random variable is increased.  This is demonstrated in figure 4-

2 that shows 5 realizations of a GBM process with five separate 

standard deviations of the random term.  The standard deviation 

started at .02 and increased by .02 each run to 1.  The 

processes were all initiated at 32.88 (fleet capacity given by 



‐47‐ 
 

MCRS 16) and ran for 100 periods.  As standard deviation 

increases, one observes that higher values become more likely 

though the mean remains the same throughout. 

 

Figure 4‐2 Geometric Brownian Motion by Standard Deviation 

Still, GBM remains an effective tool as evidenced by its 

repeated use in various other studies as a way to simulate 

uncertainty.  Abel and Eberly used it to study firms making 

irreversible investment decisions (Abel and Eberly 1994).  Dangl 

applied it in his aforementioned work, as did Bockman et al in 

their extension of it (Dangl 1999; Bockman, Fleten et al. 2008). 

Most famously, it was used Black and Scholes famous article “The 

Pricing of Options and Corporate Liabilities” to model stock 

prices (Black and Scholes 1973).  In short, it is a valuable 

mathematical tool for representing uncertainty in a process 

where the variable of interest cannot go below zero.   

Monte Carlo Simulation 
 Monte Carlo simulation is a viable method for the analysis 

of different policies when experiments are too costly or 

impossible to perform.  By replicating a random process many 

times, a Monte Carlo simulation can provide useful information 
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for decision making that would otherwise be unavailable.  This 

makes it especially useful for understanding the potential 

ramifications of policies affecting the strategic airlift fleet.  

As stated earlier, each run looked 20 periods (80 years) into 

the future of various retirement options to determine long term 

costs.  For each option listed below, 10,000 runs were 

completed.  This achieved estimates with small enough error to 

attribute differences in the results to policy choices and not 

random chance. 

Analysis of Different Policy Options 
 As described earlier, the policy options of interest to 

this research are only applicable when the fleet has capacity in 

excess of the requirement.  If capacity is below the 

requirement, the model dictates starting the acquisitions 

process.  If capacity is equal to the new requirement, no action 

is needed to adjust the fleet.  Of the different options 

available to policy makers in the event that there is excess 

capacity, the two investigated by this research include keeping 

excess inventory in the active fleet and storing it in Type 1000 

storage.  Additionally, closing the C-17 line will be considered 

with both storage and excess cases to give policy makers an idea 

of how the status of the C-17 line will affect future costs.  

 This research considered several cases to provide policy 

makers with a range of information and options.  Before delving 

into applications with the current fleet, the model investigated 

hypothetical scenarios intended to demonstrate how keeping 

capacity impacts the fleet when all other variables are held 

constant.  After that, several cases that use real world fleet 

information were analyzed to show how the hypothetical answers 

change when the dynamics of the current fleet are implemented.  



‐49‐ 
 

In each scenario, when excess occurred a given percentage 

of it (ranging from 0% to 100%) was kept or stored.  

Understanding how the model dealt with the amount of excess 

shed, kept or stored is important before delving into the 

various scenarios considered.   

 Following the Requirement: 

Every scenario investigated contained a case in which the 

requirement was followed exactly and no excess was kept 

(the 0% option).  In each period, the fleet was increased 

or decreased to match the new requirement.  If the fleet 

was capacity, the oldest airplanes will be assumed to go 

into XD 2000 storage, or disposal. This reflects the policy 

of following the requirement exactly. 

 Keeping Excess  

The Air Force could also choose to keep aircraft above the 

requirement level. This policy would allow the Air Force to 

hedge against possible future increases in the requirement 

level.  In this case, it is assumed that all aircraft in 

the fleet reduce the amount of flying in proportion to the 

amount of excess kept in the fleet.  For example, if the 

requirement is 8 MTM/D but the policy maker chooses to keep 

10 MTM/D of capacity, than each aircraft in the fleet would 

fly 80% of the amount it would fly in a non-excess period.   

 Storing the Excess: 

Finally, the model considered the policy option of storing 

the excess at the 309th Aerospace Maintenance and 

Regeneration Group in Type 1000 (inviolate) storage.  In 

this type of storage, the aircraft is not cannibalized and 
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must be maintained in a manner that has it ready to fly if 

needed.  Upon exiting Type 1000 storage, aircraft must 

undergo depot maintenance.  The model will analyze keeping 

various amounts of excess aircraft in storage.   

Hypothetical Scenarios 

 The hypothetical scenarios consisted of a homogenous 

strategic airlift fleet of only C-17s.  Every aircraft in the 

inventory at the beginning was a C-17 and when new capacity was 

needed it was filled by C-17s.  The first two cases in this 

hypothetical world proceeded without the production line ever 

closing.  This means that aircraft could always be procured 

without RDT&E.   

After that, that following four cases were analyzed that 

compared policies associated with keeping excess in the fleet 

versus storing it as well as how these outcomes changed whether 

or not a production line was open at the start of each period.  

If a production line was open, airplanes could be procured 

immediately without RDT&E; if not, RDT&E had to be completed 

first.      

1) Keeping Excess with Production Line Open 

2) Keeping Excess with Production Line Closed 

3) Storing Excess with Production Line Open 

4) Storing Excess with Production Line closed 

Sensitivity Cases 

 The results from the above analysis were then investigated 

for sensitivity to changing assumptions.  The key assumptions 

tested involved volatility, the discount rate, and regeneration 

costs.  The standard deviation used was based on the historical 

requirement for strategic airlift over time.  Sensitivity 
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analysis investigated how results changed when volatility 

decreased and increased.  A case with double the discount rate 

was also analyzed to see if results varied from the perspective 

of a more myopic policy maker.  Finally, regenerating an 

aircraft from storage was assumed to be costless based on 

background research.  However, examples of it taking place could 

not be found so real cost data did not exist.  To understand how 

outcomes would vary should this not occur in real life, cases 

with regeneration costs of $5 million, $25 million, and $75 

million were analyzed. 

Real World Cases 

Base Cases 

 The real world cases were all based on the four scenarios 

presented earlier. However in these cases, the fleet emulated 

the current strategic airlift fleet with 221 C-17s, 52 C-5Ms, 

and 29 C-5As.  Additionally, the C-17 production line was 

followed by the C-X, which was followed by the C-Y, etc. In 

these cases, aircraft were kept by age so that in the event 

excess had to be shed the order of priority for keeping a jet 

from the current fleet would be: C-17, C-5M, C-5A.   

1) Keeping Excess with the C-17 Line Open 

2) Keeping Excess with the C-17 Line Closed 

3) Storing Excess with the C-17 Line Open 

4) Storing Excess with the C-17 Line closed 

Excess at Beginning 

 The base cases began with the assumption that the 

requirement was met exactly by the aircraft in the current 

fleet.  In other words, the initial requirement was equal to the 

initial fleet capacity.  However, some have thought about 
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retiring all C-5As, which would in effect make the requirement 

smaller.  These cases emulated that option by considering the 

fleet as is with a lower starting requirement, roughly 31 MTM/D, 

so that the C-5As all begin as excess. The cases all started 

with this assumption and followed the four cases above.  

MCRS Cases 

 All the cases were run using the numbers from the RAND 

study Reducing Long Term Costs While Preserving a Robust 

Strategic Airlift Fleet. Yet, as discussed earlier there are 

some differences in the assumptions made in this study and those 

put forth by MCRS-16.  In order to see how these different views 

on the strategic fleet affected outcomes of the model, four 

cases following those listed earlier were run with the MCRS 

assumptions about fleet capability.   

Alternate Retirement  

Other options for retirement were considered as well; 

specifically, the priority of keeping airplanes was changed so 

that aircraft with the longest amount of life were kept first. 

This meant that for the current fleet, the C-5As were kept 

before the C-5Ms and C-17s when a decision to shed excess was 

required. 
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Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line

Fleet vs Storage/Open vs 

Closed Line

Sensitivity Cases

Base Cases
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Table 4‐6 Cases Considered 

Limitations 
 While this approach will be effective in providing cost 

estimations of different fleet management policies, there are 

several limitations that need to be acknowledged.  The 

limitations regarding the use of GBM including standard variance 

and the possibility of unrealistically high requirements were 

thoroughly delineated above.  Further, the cost data used is 

subject to change.  With regards to future platforms like the C-

X and beyond, this is particularly likely to occur as the 

previous several decades have witnessed increasing costs in 

acquiring new weapon systems (Berteau, Hofbauer et al. 2010).  

In addition to these problems, the continuous nature of the 

modeling used presents problems with reflecting real world 

situations.  To begin, the strategic airlift requirement is not 

strictly revised every 4 years and updates may be more driven by 

changing global dynamics than the periodic review this model 

simulates.   Other time period based problems exist as well. 

Airplanes may be capable of lasting much longer than 60 years, 

especially with service life extension programs (Mouton, 

Orletsky et al. 2013) or major upgrades like the C-5 is 

experiencing now.  Also, the assumption of production lines 

closing after eight years of inactivity will not necessarily be 

realistic in the future as the government could close some 

sooner or later.  Different events could also take place that 

would lead the government to decide it is more cost effective to 

always have a line open or to never close a line without another 

one taking its place.   

In short, this approach has several flaws that must be 

considered when weighing the final results.  Still, it would be 

impossible to create a model attempting to mimic as complex a 
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process without making several assumptions that necessarily 

abstract it from reality.  This work is not intended to be a 

perfect predictor of what the world will look like under these 

various policy scenarios.  It is intended to fill an information 

gap regarding how different fleet options affect long term 

costs.  The results, while not a perfect predictor, will give 

good estimates that policy makers can use when making capacity 

management decisions.  

Notional Example 
Full analysis comes in later chapters, but the below 

example simplifies and illuminates the direction of my research. 

It shows how costs in a notional national security environment 

vary as a function of the policy chosen. The model considers one 

hundred periods in a strategic airlift capacity market in which 

the capacity and the requirement vary. In the initial period, 

fleet capacity equals the current requirement of 32.7 MTM/D. In 

each subsequent period, the requirement either increases or 

decreases by normally distribute random error with a mean zero 

and standard deviation of 12. In periods in which the 

requirement exceeds the capacity, a procurement price of 10 must 

be paid for each unit of capacity needed to fulfill the 

requirement. In period of excess capacity, when capacity is 

greater than the requirement, a sustainment price of one for 

every unit of excess kept over the requirement is charged. These 

costs are notional and will be updated with real information as 

research makes it available.  

The example model considered six policy options for dealing 

with excess capacity. Essentially, it kept between zero and one 

hundred percent of the excess in increments of twenty percent. 

This means that in one specification, it kept none of the excess 

and always retired the full amount of airplanes to get down to 
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the requirement. In other specifications when there was excess 

capacity, it would keep 20%, 40%, etc. up to 100% of the 

capacity over what was needed. In those cases, additional 

sustainment costs were paid to maintain the excess. We begin 

with a single representative case to demonstrate how the model 

works. Figure 4-3 shows one realization of one hundred periods 

in the notional strategic airlift market.  

 

Figure 4‐3 Notional Requirement Profile 

The six previously stated policy options were implemented 

with appropriate costs to determine which was the most cost 

effective for this realization. The figures 4-4 through 4-9 

demonstrate how the capacity (blue line) compares to the 

requirement (black line) in each case. 
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Figure 4‐4 Keeping 0% Excess 

 

Figure 4‐5 Keeping 20% Excess 
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Figure 4‐6 Keeping 40% Excess 

 

Figure 4‐7 Keeping 60% Excess 
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Figure 4‐8 Keeping 80% Excess 

 

Figure 4‐9 Keeping 100% Excess 

Of these six policy options, keeping 80% of the excess 

above the capacity was the most cost effective.  As seen in the 

figure above, by keeping 80% in this profile many procurement 

costs were avoided in periods with an increased requirement.  

The relative difference in costs incurred by the various 

strategies is depicted in figure 4-10.   It is interesting to 

note that following the requirement exactly incurred the most 
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costs while never retiring capacity above the excess resulted in 

the second highest cost. 

 

Figure 4‐10 Costs of Notional Examples 

The full example includes one thousand runs of possible 

realizations of a one hundred period time frame of capacity 

requirements. The model showed that over a thousand runs, 

keeping 80% of the capacity above the requirement was most 

frequently the most cost effective solution.  Roughly 70% of the 

time, it provided the most cost effective option. Never retiring 

capacity above the requirement was most cost effective about 30% 

of the time.  Keeping 60% of the excess was most cost effective 

in less than 5% of the runs.  None of the other options ever 

provided the most cost effective policy alternative. 

However, analysis of the average cost of the six options 

provided a slightly different perspective.  Keeping 80% above 

the requirement had the lowest average cost in addition to most 

often being the least costly.  Keeping 60% or 40% above the 

requirement provided a lower average cost than keeping 100%.  

This example has many issues that prevent it from being a 

useful approximation to reality.  To begin, the ten to one 

procurement to sustainment costs are likely far from reality.  
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In the final model, actual procurement costs for the C-17 and C-

X are be used in addition to operating and sustainment costs of 

the C-5, C-17 and C-X.  Additionally, in the example units of 

capacity were completely interchangeable and would not diminish 

across periods.  In reality, airplanes wear out with use and 

will no longer be operational after a given amount of time.   

 

Figure 4‐11 Notional Average Costs Over Multiple Runs 
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Chapter 5 Results  
 

 This chapter presents the results for all cases considered 

in this research. In total, 28 separate scenarios were run.  

Each scenario calculated the net present value of 11 policy 

options that consisted of keeping between zero and one hundred 

percent of excess capacity in increments of ten.  The 

hypothetical cases will be presented first, followed by the real 

world cases.  The order of analysis will follow the order of 

appearance in table 5-1. 

 

Table 5‐1 Cases Considered 

Hypothetical Cases 
 The hypothetical cases were run to observe how excess 

capacity affected long term costs in an environment where there 

were no other confounding variables.  In each hypothetical 

Cases Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

RAND 0 0 221 Yes σ*0.5 Yes 2% Per Year 0 Oldest First No

RAND 0 0 221 Yes σ*2 Yes 2% Per Year 0 Oldest First No

RAND 0 0 221 Yes σ Yes 4 % Per Year 0 Oldest First No

RAND 0 0 221 Yes σ Yes 2% Per Year 5 Oldest First No

RAND 0 0 221 Yes σ Yes 2% Per Year 25 Oldest First No

RAND 0 0 221 Yes σ Yes 2% Per Year 75 Oldest First No

RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

RAND 29 52 221 No σ No 2% Per Year NA Years Left No

RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Hypothetical Cases

Real World Cases

Alternative Retirement

Infinite Production Line

Fleet vs Storage/Open vs 

Closed Line

Sensitivity Cases

Base Cases

Excess at Beginning

MCRS
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scenario, the fleet was only made up of C-17s and could only 

acquire C-17s in order to eliminate outside influences.  The 

hypothetical consist of cases considering an infinitely lived 

production line, keeping aircraft in the fleet or in storage 

with an open and closed production line, and sensitivity cases. 

Infinitely Lived Production Line 

 

 In these cases, the model calculated costs assuming a fleet 

that consisted of entirely C-17s and a C-17 production line that 

would never close.  This means that if a new aircraft was 

needed, it could be acquired without paying for RDT&E.  The two 

cases below considered keeping excess in the active fleet or 

storage with these stipulations. 

 Keeping excess in the active fleet did have a negative 

effect on long term cost; however the effect was very small.  

Following the requirement exactly produced a net present value 

of approximately $256 billion while keeping 90% of the excess 

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line

Fleet vs Storage/Open vs 

Closed Line

Sensitivity Cases

Base Cases
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above the requirement cost roughly $253 billion, or a savings of 

a little over 1%.  Keeping the excess in long term storage 

produced greater long term savings. Again following the 

requirement exactly translated to about $256 billion in long 

term cost while keeping 90% of excess above the requirement 

created costs of $248 billion.  This provided a savings of a 

little greater than 3%. 

 

Figure 5‐1 Reference #1 



‐65‐ 
 

 

Figure 5‐2 Reference #2 

 These hypothetical cases show that some savings can be 

gained by keeping excess capacity, especially in storage, even 

with a production line that never closes.  However, it is 

important to add that variable to the analysis.  Some of the 

potential savings gained from keeping excess could lie in 

postponed RDT&E costs.  The next models considered this 

question. 

Excess or Storage; Open or Closed line 
 The next four cases still considered a homogenous fleet of 

C-17s that could only be replaced by new C-17s.  However, in 

these scenarios, if two consecutive periods passed without an 

acquisition the production line would close.  The next time an 

acquisition had to be made, an RDT&E cost was incurred after 

which new C-17s could be procured.  In these cases, two 

variables were tested for their effects on long term costs: 

keeping excess in the active fleet or in storage and whether or 

not a production line was open at the start of each run. 
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Table 5‐2 Hypothetical Cases Continued 

Reference #3 

 In case one, excess aircraft were kept in the active fleet 

and the production line was open at the beginning of each run. 

As seen in figure 5-3, keeping the excess in the active fleet 

had very little effect on long term costs. In fact, following 

the requirement exactly produced almost the exact same long term 

cost ($265 billion) as keeping one hundred percent of the excess 

in the fleet. This case demonstrates that keeping excess in the 

active fleet with an open line does not provide cost savings and 

actually could be more costly when small levels of excess are 

retained. 

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No
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Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line
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Figure 5‐3 Reference #3 

Reference #4 

 In case two, excess aircraft were also kept in the active 

fleet.  However, in this case each run started with a closed 

production line so that as soon as an aircraft was needed, one 

had to be opened and RDT&E costs paid. In this case we observe 

that keeping excess in the active fleet does provide long term 

cost savings.  Following the requirement exactly produced a net 

present value of $284 billion while keeping 90 to 100% of the 

excess in the fleet saved $5 billion, or 1.76%. These results 

show that in the event of a closed production line, it is 

slightly cheaper to keep excess capacity in the active fleet 

rather than follow the requirement. 
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Figure 5‐4 Reference #4 

Reference #5 

 Case three stipulated that excess aircraft be stored in 

long term storage and that a production line was open at the 

beginning of each run. In this scenario, keeping excess in 

storage provided long term cost savings.  Following the 

requirement exactly costs approximately $265 billion in net 

present value while keeping 100% of excess capacity in storage 

saves about $6 billion.  This is a savings of 2.26%. It appears 

that keeping excess in storage, even with an open line, can save 

money in the long term. 
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Figure 5‐5 Reference #5 

Reference #6 

 Case four considered a world with a closed production and 

excess kept in storage. This case showed the greatest savings 

potential that could be gained by keeping excess capacity.  

Keeping no excess cost roughly $285 billion over the course of 

each run while storing 100% of it produced a net present value 

of $275 billion.  This $10 billion decrease represented a saving 

of 3.5%.   
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Figure 5‐6 Reference #6 

Hypothetical Case Analysis 
The above cases demonstrate that keeping excess can indeed 

save costs in the long run.  However, the magnitude of savings 

was relatively small, with the greatest savings only reducing 

long term costs by three and a half percent.  Still, it shows 

that in a dynamic environment, keeping excess can reduce costs 

and deserves further consideration as a viable policy 

alternative.   

 In addition to the cost results, these cases provided other 

insights that will be relevant to the conclusions and policy 

recommendations.  Specifically, they revealed how keeping 

varying amounts of capacity affects strategic airlift production 

lines.  Earlier I postulated that keeping excess can delay the 

onset of starting a new strategic airlift production line.  It 

turns out that what happens is slightly more complicated.   

In short, keeping more excess capacity does increase the 

amount of time between procurements. In case one, for example, 

when zero excess was kept, the average amount of periods between 

aircraft purchases was 0.79.  When 100% of the excess was kept, 



‐71‐ 
 

the average amount of periods between aircraft purchases was 

2.47.  However, this doesn’t always have the effect of 

postponing new lines and the RDT&E that comes with them. In 

fact, in some cases, keeping excess actually increased the 

likelihood of reaching a future production line.   

This results is counter intuitive as it was expected that 

keeping excess would decrease the likelihood of progressing to 

future production lines.  If a policy maker chooses to keep no 

excess capacity in the fleet, the model predicted that in 

several cases production would never move onto the next line.  

Therefore, if the line started open in a zero excess kept 

scenario, it could stay open all 20 periods, or eighty years 

without closing.   

 This likely unrealistic finding is driven purely by the 

assumptions of the model though it does have real world 

implications.  Recall that the model closed a production line 

after two periods of inactivity.  In other words, if procurement 

was not necessary for eight years, the line would shut down and 

the next production line would open the next time the model 

dictated the need for procurement.  When zero excess capacity is 

kept, production lines have to stay open because of the 

likelihood of an increased requirement that can only be met by 

purchasing new aircraft.  If excess is kept, increased 

requirement can be met through available assets so procurement 

is not necessary and lines close down more frequently.   

 The Geometric Brownian produces these findings because the 

requirement is equally likely to increase or decrease in a given 

period. Essentially, when there is no excess kept, there is a 

50% chance that in the next period a procurement will be 

necessary; there’s only a 25% chance that there will be two 
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consecutive periods without a procurement that would cause the 

line to close down.  In excess cases, this changes so that the 

probability of closing a line is much greater.   

However, these findings varied between and within the 

scenarios considered.  If a production line was open at the 

start of every run (as in cases one and three), keeping excess 

strictly increased the chance of reaching the second production 

line.  However, it only increased the chance of reaching the 

third production line when up to 50% was kept.  After that, the 

likelihood decreased to the point where reaching a third 

production line was equally likely whether 0% or 100% of excess 

was kept. If the production line started closed as in cases two 

and four, the model predicted a parabolic probability curve for 

reaching both the second and third lines.   

 

 

Figure 5‐7 Probability of Reaching Next Production line by Excess 
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Figure 5‐8  Probability of Reaching Next Production line by Excess 

 This finding has a practical bearing on the final cost 

results.  If production lines are more likely to close, as is 

the case in the higher excess scenarios, the model will incur 

more RDT&E costs.  This will make the high excess scenarios more 

costly.  Further, it shows that in low excess scenarios it is 

important to have an open production line. The policy 

implications of this will be discussed further in the 

conclusions chapter. 

Sensitivity Cases 
 The following sensitivity cases were based on case four of 

the C-17 only cases, in that the production line was closed at 

the beginning of every run and excess was kept in storage.  Case 

four was chosen principally because it was the case with the 

highest demonstrated potential savings. The sensitivity cases 

that follow were selected to see how these savings would change 

in environments with differing levels of variability, with a 

more myopic policy maker, and with higher regeneration costs to 

move an aircraft from storage to the active fleet. 
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Table 5‐3 Sensitivity Cases 

Reference #7 

 Sensitivity one considered a future of strategic airlift 

requirements that was less volatile. Remember that the standard 

deviation of the random error in the geometric Brownian motion 

was based on that of the historical data.  In this case, half of 

that estimate was used. The results show that even in a lower 

volatility environment, keeping excess is cost effective in the 

long run, saving 1.5% in net present value. 

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line

Fleet vs Storage/Open vs 

Closed Line

Sensitivity Cases
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Figure 5‐9 Reference #7 

Reference #8 

Sensitivity two considered a future of strategic airlift 

requirements that was twice as volatile, with the error term of 

the random error being twice that of the historical variation. 

This analysis demonstrated that in a high volatility world, 

keeping excess is very beneficial, saving on average 10% over 

the 80 year periods analyzed. 
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Figure 5‐10 Reference #8 

Reference #9 

 In all other cases, the discount rate was assumed to be 2% 

per annum.  Sensitivity three investigated how answers changed 

with from a more myopic perspective with a discount rate of 4% 

per year.  

 

Figure 5‐11 Reference #9 

Reference #10, #11, #12 
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 Research showed that there are no additional costs for 

bringing an aircraft out of storage other than routine 

maintenance that is accounted for in O&S costs.  However, 

examples of aircraft being regenerated from storage to the 

active fleet could not be found so true costs are unknown.  In 

order to see if regeneration costs changed the outcomes of the 

model, three sensitivity cases were run that charged 5, 25, and 

75 million dollars per regenerated aircraft to return it to the 

active inventory. 

 These sensitivity cases show that even with higher 

regeneration costs, it makes sense fiscally to keep excess 

capacity in a dynamic environment. In each case, keeping 100% of 

the excess was more cost effective than following the 

requirement, though the savings diminish as the regeneration 

costs increase.  

 

Figure 5‐12 Reference #10 
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Figure 5‐13 Reference #11 

 

Figure 5‐14 Reference #12 

Real World Cases 
 The real world cases are intended to build on the 

hypothetical work done above.  These cases are constructed so as 

to mirror the current active fleet as closely as possible. The 

four sets of real world cases considered consist of base cases, 

excess at beginning cases, alternative retirement cases, and 
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MCRS cases. Each set further contains four scenarios that follow 

the same pattern (emphasis added to show changing variables): 

1. Excess kept in active fleet, C-17 line open at start of 

each run 

2. Excess kept in active fleet, C-17 line closed at start of 

each run 

3. Excess kept in storage, C-17 line open at start of each run 

4. Excess kept in storage, C-17 line closed at start of each 

run 

Base Cases 

 

 The bases cases analyzed a fleet that resembled the current 

strategic airlift fleet with 221 C-17s, 52 C-5Ms, and 29 C-5As.  

Further, these cases assumed that the current strategic airlift 

requirement was met exactly by the aircraft in the fleet, or 

32.87 MTM/D. Finally, the base cases strove to match current 

policy as much as possible that if excess needed to be shed the 

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line
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oldest aircraft would be retired first.  This means that the 

priority for retiring an aircraft went C-5A, C-5M, C-17, C-X, C-

Y, etc.  

Reference #13 

 In case one, excess was kept in the active fleet and the C-

17 line was open at the beginning of each run.  As seen, keeping 

excess was very cost effective in this scenario.  Following the 

requirement produced a net present value of roughly $376 billion 

while keeping 100% of excess cost $342 billion.  Keeping excess 

in this case saved $34 billion or 9% in long term costs. 

 

Figure 5‐15 Reference #13 

Reference #14 

 In case two, excess capacity was kept in the excess fleet 

as well but the C-17 line was closed to start each run.  In this 

case, costs overall were much lower but there was no discernible 

benefit to keeping excess. Net present values ranged from $316 

billion to $319 billion but costs were not correlated with 
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excess.  The reason for the reduced overall cost and lack of 

excess effect required additional analysis found later. 

 

Figure 5‐16 Reference #14 

Reference #15 

 Case three stipulated that excess be kept in storage and 

the C-17 line be open at the start of every run.  The cost 

profile closely resembled that of case one with greater excess 

equating to greater cost savings.  Following the requirement 

exactly costs approximately $371 billion in net present value, 

while the cheapest option, keeping 90% of the excess, costs $336 

billion.  This $35 billion dollar difference is equal to a 

savings of 9.4%. 
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Figure 5‐17 Reference #15 

Reference #16 

 In case four, excess capacity was kept in storage and the 

C-17 line was closed at the beginning of each run. Like case 

two, which also had the C-17 line closed at the beginning, 

overall costs were much lower.  However, in this case we do 

observe savings from keeping excess capacity.  Following the 

requirement produced a net present value of roughly $318 billion 

while keeping 100% of the excess cost $309 billion. This 

represents a savings of $9 billion or 2.8%. 
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Figure 5‐18 Reference #16 

Base Case Analysis 
 The above analysis provided varying answers that seem to 

not follow a distinct pattern and may be influenced by external 

factors.  To delve deeper into the issue of why the model 

produced such disparate results, I first tried understand what 

the composition of the fleets looked like in each case.  If I 

could understand what kind of fleets each policy produced, I can 

maybe understand why keeping excess capacity makes sense in some 

situations and is costly in others.  The results of the fleet 

analysis below are broken down by MDS so as to gain a policy to 

policy comparison of what happens to each individual fleet. The 

charts that follow show the average number of aircraft of each 

MDS by excess kept for each case analyzed.  Note that the 

following charts only represent aircraft in the active fleet, 

not in storage, so it is important to compare cases one and two 

(the excess cases) and cases three and four (the storage cases) 

separately.   

C-5A 
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 Across all cases and options, there is very little change 

in the profiles of C-5As in the active fleet.  In high excess 

scenarios, there are more and in low excess scenarios there are 

fewer, as would be expected. 

 

 

Figure 5‐19 C‐5A in Active Fleet by Case 

C-5M 

 The pattern seen in the C-5A fleets holds for the C-5Ms as 

well: more excess means greater TAI on average each period 

throughout the runs. 
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Figure 5‐20 C‐5M in Active Fleet by Case 

C-17A 

 The C-17 profiles produce the first noticeable differences 

in how policy changes affect fleet composition.  Case one and 

case two both considered keeping the excess capacity in the 

active fleet, with the difference being that case one assumes 

that the C-17 line is open and case two assumes that it is 

closed.  In comparing the C-17 fleets in each case and scenario, 

one observes some differences that are expected and some that 

might be surprising.  In case one, keeping more excess capacity 

in the fleet means more C-17s in the earlier periods and less in 

the later periods while less excess capacity produces the 

opposite result.  This suggests that keeping more excess 
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capacity might actually shorten the life of the production line.  

In case two, we observe that there is no increase in the number 

of C-17s due to the line being closed at the beginning of each 

run and that keeping more excess means more C-17s throughout all 

periods. 

 

Figure 5‐21 C‐17 TAI Base Case 1 

 

Figure 5‐22 C‐17 TAI Base Case 2 
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 In cases three and four we observe the same basic patterns 

though the profiles appear somewhat different due to the excess 

kept in storage rather than the active fleet.  In case three 

with the C-17 line open, more excess means fewer C-17s in the 

fleet in lower periods while in case four more excess means more 

C-17s throughout each run. The variation in the C-17 fleets 

between scenarios leads me to believe that they are responsible 

for some of the differences in average costs observed in the 

four policy cases.  A simple explanation could be that more C-

17s mean higher costs.  Further analysis on this will continue 

after studying the remaining fleets. 

 

Figure 5‐23 C‐17 TAI Base Case 3 
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Figure 5‐24 C‐17 TAI Base Case 4 

C-X 

 The C-X profiles demonstrate heterogeneity as well. 

Graphical comparison reveals that keeping more capacity in cases 

one and three (the cases with the C-17 line open at the 

beginning of each run) led to more C-Xs overall in the run.  

Conversely, keeping more excess in cases two and four caused 

fewer C-Xs, on average.  Recall that in cases one and three, 

keeping more excess produced lower long term costs while in 

cases two and four if created higher costs.  This analysis seems 

to indicate that having more C-Xs is cheaper for any policy 

option; in cases one and three, the greater number of C-Xs in 

high capacity cases led to lower costs while in cases two and 

four the higher amount of C-Xs occurred in the lower capacity 

cases and produced the same results. 



‐89‐ 
 

 

Figure 5‐25 C‐X TAI Base Case 1 

 

Figure 5‐26 C‐X TAI Base Case 2 
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Figure 5‐27 C‐X TAI Base Case 3 

 

Figure 5‐28 C‐X TAI Base Case 4 

C-Y 

 The profiles of C-Y aircraft did not demonstrate much 

deviation from one another; generally, keeping less excess meant 

less C-Ys.  The most notable difference is that the total number 

of C-Ys in cases two and four is much greater than the totals in 

cases one and three.  This is expected because with the C-17 
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line open in cases one and three, it is less likely that C-Y 

will be reached and be a significant part of the fleet.  The 

similarity of the profiles in C-Y fleets leads me to believe 

that they are not a significant driver in the cost differences 

between keeping excess and not keeping excess.   

 

Figure 5‐29 C‐Y TAI Base Case 1 

 

Figure 5‐30 C‐Y TAI Base Case 2 
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Figure 5‐31 C‐Y TAI Base Case 3 

 

Figure 5‐32 C‐Y TAI Base Case 4 

Fleet Profiles and Cost Differences 

 Average fleet sizes for C-Z and beyond were very low and 

resembled the profile of the C-Y, so they were not included.  

Clearly, differences in the fleets are likely driving the 

dramatic variation in costs demonstrated in the four policy 

cases.  Specifically, the disparities in C-17 and C-X fleets 
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appear to drive the cost outcomes.  In short, more C-17s seems 

more expensive while more C-Xs produce less costly results. 

 The reason for this disparity comes down to the differences 

in cost profiles and relative effectiveness of the two aircraft 

in general.  Simple mathematics shows that under the assumptions 

of the model, the C-X provides much more cost effective airlift 

than the C-17.  Recall the assumptions of capability the model 

uses, specifically, the marginal capacity of the C-X is roughly 

0.2 MTM/D while the same metric for the C-17 is just over 0.09 

MTM/D. That means it would take 348.6 C-17s or 157.5 C-Xs to 

fill the MCRS-16 requirement of 32.7 MTM/D assuming a homogenous 

fleet.  From these numbers, we can calculate the relative cost 

effectiveness of each aircraft for both procurement and 

operating and sustainment costs in terms of price per MTM/D 

(Note all costs are in millions).  

 Procurement Cost Effectiveness 

o Cost to fill fleet with C-17s: 348.6	 17 $ . $102602.6  

o C-17 cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

o Cost to fill fleet with C-Xs: 157.7	 $ . $71917.9 

o C-X cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

 O&S Cost Effectiveness (these numbers are based on the 

formulas found in the methods section and represent the 

cost to sustain each fleet for one year) 

o Cost to sustain fleet of C-17s for one year: $7191.2 

o C-17 O&S cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

o Cost to sustain fleet of C-Xs for one year: $3137.7 
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o C-X O&S cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

 

Figure 5‐33 C‐17/C‐X Relative Cost Effectiveness 

 Clearly, the C-X is much cheaper to buy and maintain than 

the C-17. This and the aircraft profiles shown above demonstrate 

why the policy option of keeping excess produced such varied 

results in the four policy cases.  Quite simply, under the 

assumptions of the model it is always better to have more C-Xs 

and less C-17s regardless of how much excess capacity the policy 

maker chooses to maintain or retire.  Thus, the results are 

sensitive to the cost effectiveness of the aircraft in question.  

Excess at Beginning 
 The remaining 29 C-5As in the active fleet could be 

considered for retirement in the near future.  This analysis was 

conducted assuming that the 29 C-5As in the fleet currently are 

excess and was conducted to give policy makers additional 
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information for making decisions they may soon face.  The four 

cases follow the same pattern as the base cases above. 

 

Figure 5‐34 C‐5As Considered Excess Cases 

 These four cases demonstrated the same profiles as the four 

base cases.  In cases 1, 3, and 4, keeping excess produced 

smaller net present values.  However, in case 2 it was difficult 

to detect any effect of excess. As expected, this excursion had 

smaller overall net present values.  This was expected given the 

lower initial requirement and Markov properties of geometric 

Brownian motion. 

 

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line

Fleet vs Storage/Open vs 

Closed Line

Sensitivity Cases
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Figure 5‐35 C‐5As Considered Excess Cost Profiles 

 

Alternative Retirement 
 All cases up until now retired aircraft oldest to youngest.  

However, policy makers could choose to follow a different 

heuristic for retirement.  This set of cases assesses that 

possibility.  In the four cases below, aircraft were retired by 

years of life remaining rather than age.  Interestingly, the 

literature shows that if left in the fleet, C-5As and C-5Ms will 

outlast the C-17s.  Practically this means that in these cases 

C-17s will retire first, then C-5Ms, then C-5As.  This follows 

from the retirement profile laid out in the methods section.  

Once again, the four scenarios follow the same pattern with 
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regards to excess being kept in the fleet or storage and the 

production line being open or closed. 

 

Figure 5‐36 Alternative Retirement Cases 

Reference #21 

As seen, in this scenario, keeping excess capacity in the 

fleet was always cheaper in the long run than retiring.  Policy 

makers could save as much as 15 billion dollars by keeping 50% 

of the excess capacity in the strategic airlift fleet to hedge 

against future requirement increases.  

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line
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Figure 5‐37 Reference #21 

Reference #22 

 Case two made the same assumptions as case one with one 

difference, the C-17 line was assumed closed at the beginning of 

each run.  Interestingly, in this scenario, it is cheaper to 

follow the requirement over time rather than keep any excess in 

the fleet. Further, it was always more cost effective than any 

of the options in case one.  For example, the most expensive 

policy in case two, keeping all the excess in the fleet, was 

much cheaper at almost $316 billion than the least expensive 

option in case one, keeping all the excess in the fleet, at 

roughly $343 billion.  
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Figure 5‐38 Reference #22 

Reference #23 

 Case three made all the assumptions of case one except that 

in this case, excess capacity was stored in Type 1000 storage at 

the 309th AMARG.  Clearly, the trend remains the same as in case 

one, with more excess equating to cheaper long term costs.  

Further, it is cheaper overall than case one, which makes sense 

due to how much cheaper it is to store a plane than fly it in 

the active fleet.  Still, at its cheapest ($333 billion), it is 

much more expensive than the most expensive option in case two 

($316 billion), suggesting that keeping the C-17 line open is 

not cost effective in the long term. 
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Figure 5‐39 Reference #23 

Reference #24 

 This case had the same assumptions as case three; however, 

the C-17 line started closed.  The results of this analysis were 

inconclusive.  Though the cheapest options involved keeping some 

excess, they were not significantly different from keeping zero 

excess. There seems to be a slight overall trend that indicates 

keeping more excess is more expensive in the long run, but 

again, it’s hard to make a definitive statement regarding a 

trend.  Still, this is overall the most cost effective option in 

the long run.  Though none of the options was as cheap as the 

cheapest option in case two, all the options except the zero 

case are cheaper than the corresponding option in case two.  
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Figure 5‐40 Reference #24 

  These cases provided some interesting results.  Most 

notably, they were cheaper overall than the base cases.  

However, the fact that in line closed cases the cost of keeping 

excess went up was also surprising.  This was due to the factors 

addressed above regarding the cost effectiveness of aircraft.  

Retiring C-17s before C-5As means that the more excess kept 

leads to more C-17s kept; because C-17s are less cost effective, 

they create higher long term costs, especially when kept in the 

active fleet.   

MCRS Cases 
 As stated in the methods section, the numbers used in the 

above four policy cases came primarily from Reducing Long Term 

Costs While Preserving a Robust Strategic Airlift Fleet (Mouton, 

Orletsky et al. 2013), a RAND Corporation study investigating 

future alternatives for the Air Force strategic airlift fleet.  

In their modeling and simulation work, Mouton et al found the C-

5 and C-X to be much more capable in terms of strategic airlift 

than the C-17.  This is a point of contention in the strategic 

airlift community.  The writers of MCRS 16 assume there is not 
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much of a drop off in terms of capability from the C-5 to the C-

17 due to the chronic availability issues of the C-5 (Bolkcom 

2007; Lude and Mahan 2009). Recall that this dissertation 

assumes that the C-X will be a C-5M equivalent with some 

increased capability, and the fleet results from above showed 

the C-17 and C-X drove cost results. Using the capacity numbers 

from MCRS with the same procurement and O&S costs, we can derive 

the implicit MCRS assumptions about cost effectiveness between 

aircraft, speculate how that would change the results of the 

model, and test these hypotheses for accuracy. 

 

Figure 5‐41 MCRS/RAND Implicit Assumptions 

 Filling a given requirement of 32.7 MTM/D and assuming the 

MCRS capacities for the C-17 and C-X would require 303.46 C-17s 

or 232.93 C-Xs.  From these base assumptions, we can calculate 

the relative effectiveness of each aircraft under the MCRS 

assumptions. Note all costs are in millions.    

 Procurement Cost Effectiveness 

o Cost to fill fleet with C-17s: 303.46	 17 $ . $89307.74  

o C-17 cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

o Cost to fill fleet with C-Xs: 232.93	 $ . $106368.2 

Metric MCRS RAND Absolute Percent Difference

C‐17A Procurement ($ Million) 294.3 294.3 0%

C‐5A Procurement ($ Million) 403 403 0%

C‐5M Procurment ($ Million) 403 403 0%

C‐X Procurement ($ Million) 465.65 465.65 0%

C‐17A Capacity (MTM/D) 0.107757848 0.093795 15%

C‐5A Capacity (MTM/D) 0.091525424 0.093861 2%

C‐5M Capacity (MTM/D) 0.125 0.184878 32%

C‐X Capacity (MTM/D) 0.140384625 0.20763223 32%
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o C-X cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

 O&S Cost Effectiveness (these numbers are based on the 

formulas found in the methods section and represent the 

cost to sustain each fleet for one year) 

o Cost to sustain fleet of C-17s for one year: $6306.767 

o C-17 O&S cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

o Cost to sustain fleet of C-Xs for one year: $5371.21 

o C-X O&S cost per MTM/D to fill requirement: 
$ .

. 	 /

$ .

/
 

Figure 5-42 demonstrates the contrast between how the two 

studies view the relative cost effectiveness of the C-17 and C-

X.  While both view the C-X as more cost effective in terms of 

O&S expenditures, their views diverge wildly when it comes to 

the procurement cost effectiveness.  RAND believes that the C-X 

will provide capability much cheaper than the C-17 while MCRS 

postulates the exact opposite. 

 

Figure 5‐42 C‐17/C‐X Relative Cost Effectiveness by Study 
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Given the sensitivity of the results to changes in the 

capability of various aircraft, it is important to run the model 

with a few cases in which the assumptions from MCRS 16 are used 

to provide a contrasting view for policy makers.  These results 

are below and follow the pattern of the other real world cases. 

 

Figure 5‐43 MCRS Cases 

Reference #25 

 In case one, we observe that keeping excess does not 

correlate with any cost savings or increases. However, compared 

to the base cases using the RAND numbers, following the 

requirement is much cheaper.  Under MCRS assumptions, it is 

roughly $357 billion in net present value while with RAND 

numbers it costs approximately $376 billion.  This makes sense 

given the disparity in views on the cost effectiveness of the C-

17.  

Cases Reference number Assumptions C‐5A C‐5M C‐17A Storage Standard Deviation Line Open at Start Discount Rate Regeneration Cost Retirement Start With Excess

1 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

2 RAND 0 0 221 Yes σ Yes 2% Per Year NA Oldest First No

3 RAND 0 0 221 No σ Yes 2% Per Year NA Oldest First No

4 RAND 0 0 221 No σ No 2% Per Year NA Oldest First No

5 RAND 0 0 221 Yes σ Yes 2% Per Year 0 Oldest First No

6 RAND 0 0 221 Yes σ No 2% Per Year 0 Oldest First No

7 RAND 0 0 221 Yes σ*0.5 No 2% Per Year 0 Oldest First No

8 RAND 0 0 221 Yes σ*2 No 2% Per Year 0 Oldest First No

9 RAND 0 0 221 Yes σ No 4 % Per Year 0 Oldest First No

10 RAND 0 0 221 Yes σ No 2% Per Year 5 Oldest First No

11 RAND 0 0 221 Yes σ No 2% Per Year 25 Oldest First No

12 RAND 0 0 221 Yes σ No 2% Per Year 75 Oldest First No

13 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First No

14 RAND 29 52 221 No σ No 2% Per Year NA Oldest First No

15 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

16 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

17 RAND 29 52 221 No σ Yes 2% Per Year NA Oldest First Yes

18 RAND 29 52 221 No σ No 2% Per Year NA Oldest First Yes

19 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First Yes

20 RAND 29 52 221 Yes σ No 2% Per Year 0 Oldest First Yes

21 RAND 29 52 221 No σ Yes 2% Per Year NA Years Left No

22 RAND 29 52 221 No σ No 2% Per Year NA Years Left No

23 RAND 29 52 221 Yes σ Yes 2% Per Year 0 Years Left No

24 RAND 29 52 221 Yes σ No 2% Per Year 0 Years Left No

25 MCRS 29 52 221 No σ Yes 2% Per Year NA Oldest First No

26 MCRS 29 52 221 No σ No 2% Per Year NA Oldest First No

27 MCRS 29 52 221 Yes σ Yes 2% Per Year 0 Oldest First No

28 MCRS 29 52 221 Yes σ No 2% Per Year 0 Oldest First No

Excess at Beginning

Alternative Retirement

MCRS

Hypothetical Cases

Real World Cases

Infinite Production Line
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Figure 5‐44 Reference #25 

Reference #26 

 Case two shows a small benefit to keeping excess capacity 

under the assumptions of MCRS.  More importantly, it shows much 

greater costs at all levels of capacity compared to the base 

cases with the RAND assumptions.  Again this is expected due to 

the difference in cost effectiveness of the C-X from the two 

perspectives. 
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Figure 5‐45 Reference #26 

Reference #27 

 In case three, keeping excess led to lower costs.  Again, 

following the requirement in this case was cheaper compared to 

doing so in the base case while keeping a high amount of excess 

was more expensive. 

 

Figure 5‐46 Reference #27 

Reference #28 
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 In case four, keeping excess was cheaper than following the 

requirement as well.  However, like case two, this case 

predicted much higher costs at any policy option than base case 

four. 

 

Figure 5‐47 Reference #28 

As expected, using the assumptions from MCRS paints a 

vastly different picture of how keeping excess affects long term 

costs. Primarily, it shows that the most important driver of 

long term costs is the cost effectiveness of the aircraft in the 

fleet. However, it also shows that under both sets of 

assumptions keeping excess can save money, or at least not 

increase them meaningfully.   

Comparing the Results 
 The results from both the hypothetical and real world cases 

suggest that keeping excess in a dynamic environment can save 

costs in the long run.  They also reveal that results are 

sensitive to a variety of factors, most important of which is 

cost effectiveness of the aircraft.  However, other results have 

implications for policy makers as well including retirement 
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planning and how the necessity for an open production line 

changes depending on the amount of excess kept.  All of the 

conclusions and policy recommendations stemming from these 

findings will be discussed in the next chapter. 
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Chapter 6 Conclusions, Policy Recommendations, & Further Research 
 

 The United States government faces a future almost certain 

to include wide ranging budget cuts.  The military will 

undoubtedly experience the challenge of meeting budget goals 

while providing necessary capability levels to support the 

national security strategy.  In the realm of military capital 

planning, policy makers will be forced to make difficult 

decisions that may include divesting useful assets from active 

fleets.  In the case of strategic airlift, we witness this 

occurring with the C-5As.  With a reduced strategic airlift 

requirement found in MCRS 16, fleet managers want to retire C-

5As now that could still fly for several years, reasoning that 

it makes sense to save the money that would be spent operating 

and sustaining those aircraft.  

This strategy would save money if the requirement stayed 

constant or decreases in the period the C-5As could still fly.  

If the requirement increases, however, the answer becomes more 

nebulous.  Viewing the history of the strategic airlift 

requirement reveals that both increases and decreases are 

likely.  The goal of this research was to provide policy makers 

with a broader context for making these decisions in a dynamic 

environment.  The wide range of results led to various 

conclusions and policy recommendations that follow. 

Analytical Conclusions 
Keeping Excess can Reduce Costs in a Dynamic Environment 

 Overall, the results show that keeping an excess amount of 

capacity in the fleet can reduce long term costs.  These results 

are sensitive to a number of assumptions, which will be 

discussed further below.  Still, under multiple iterations of 
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the model, it appears that keeping capacity can provide a cost 

savings benefit of up to 15% versus following the requirement.  

Further, keeping any excess in storage appears less costly than 

keeping it in the active fleet.  Clearly, retaining some amount 

of excess capacity ought to be explored as a viable policy 

option to hedge against future requirement increases. Details of 

how this should occur explained in the policy recommendations 

section that follows.  

The Results are Sensitive to a Variety of Factors 

 Perhaps the biggest takeaway from this research is the 

sensitivity of the results to a number of factors. Of these 

factors, the most important and necessitating policy research is 

the different beliefs in fleet capability.  Changing the 

assumptions from RAND beliefs about relative capacity and cost 

effectiveness of aircraft to the MCRS numbers produced large 

variations in the results.  One would expect relatively similar 

beliefs that would not cause such vast differences.  Clearly, 

this is an issue that must be resolved. 

 One of the most important factors affecting the results was 

open production lines. As seen, in low capacity cases production 

lines must stay open to accommodate the increased need for new 

aircraft when the requirement increased.  In a counterintuitive 

way, this lowered costs by never allowing a new production line 

to open and thus avoiding RDT&E costs.  This clearly was an 

artifact of the assumptions of the model.  Still it is 

illustrative of the necessity to have an open production line 

when following a requirement exactly. This might have costly 

consequences that were not properly accounted for in the model.  

More on this follows in the policy recommendations section. 
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Policy Recommendations 
 The above conclusions lead to some policy recommendations 

that deserve the attention of strategic airlift force planners. 

Most importantly, they must resolve the conflicting views on the 

current capability of the strategic airlift fleet.  Further, 

they ought to give greater consideration to keeping some excess 

in storage as a hedge against requirement increases and this 

consideration should occur at the micro level making decisions 

about individual aircraft.  Finally, policy makers should 

realize the necessity of maintaining an open production line 

when following requirements exactly.   

Resolve Conflicting Views on State of the Strategic Airlift 

Fleet 

 The most pressing issue facing policy makers with regards 

to the strategic airlift fleet is the determining the current 

strategic airlift fleet capability.  Mouton et al and the 

authors of MCRS 16 have starkly different views on the relative 

capacity of two of the aircraft in the current fleet, the C-17 

and C-5M.  Mouton et al set the capability of the C-5M equal to 

one and compare other aircraft proportionally to it.  By their 

analysis, a C-17 provides roughly 50.7% of the capability of the 

C-5M.  Conversely, MCRS implies that one C-17 provides 86.2% of 

the capability of the C-5M.  This is a huge difference that has 

profound impacts on the results of this analysis as well as 

future fleet planning, especially if the C-X is going to 

resemble the C-5M in terms of capacity.  As seen in the results 

section of this research, it has major implications for deciding 

whether or not it may be valuable to keep excess in storage to 

hedge against future requirement increases.  Beyond that, 

though, it matters for other decisions facing the strategic 

airlift fleet in the near future. 
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 As stated, the C-17 line is currently open to fulfill 

foreign orders for the aircraft.  Though the Air Force has 

stated that it has no intentions of purchasing additional C-17s, 

it essentially has the option to as long as the line is open.  

If the C-17 is as capable as the Air Force believes in MCRS, 

there could be some benefit to buying more while the line is 

open, especially with the uncertainty surrounding the costs of a 

new weapon system.  However, if its true capability to the 

strategic airlift fleet is closer to the RAND study, then it 

would make no sense to keep the C-17 line open especially if the 

C-X will be much more capable.   Additionally, it could make 

other options like putting more C-5As through RERP a more 

attractive option. Whatever the case may be, the Air Force 

should investigate this difference to aid in their ongoing quest 

to field the most cost effective strategic airlift fleet to meet 

the national security strategy. 

Give Greater Consideration to Keeping Excess in Storage 

 Policy makers should also give greater consideration to 

keeping excess capacity in 

storage.  Storage is a very 

cheap option that could 

provide a useful hedge 

against increased 

requirements.  A full cost 

benefit analysis should be 

conducted that weighs the 

pros of having an available 

aircraft in storage against 

the cons of not being able to cannibalize a retired aircraft for 

parts.  Still, from the standpoint of protecting against future 

Figure 6‐1 C‐5s at 309th AMARG 
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requirement increases, it appears to be a cost effective option 

that deserves greater weight in the decision making process. 

 However, some might have reservations about the feasibility 

of keeping aircraft in storage to be pulled out later.  This 

research could not find accounts of it being done in the past so 

it is an unknown.  If policy makers don’t believe in the 

feasibility of putting aircraft in storage to take them out 

later, this research shows that there isn’t a meaningful cost 

increase associated with doing so. Essentially, keeping excess 

aircraft in storage is a cost saving option while keeping it in 

the active fleet doesn’t increase long term costs. 

Consider the Implications of Keeping a “Warm” Line 

 A critical finding from this research that policy makers 

must consider is the need for an open line when following 

requirements exactly.  Though this had some distortionary 

effects on the results, it is an intuitive outcome that has 

significant policy implications.  Choosing to reduce excess may 

indeed reduce near term costs; however, the government incurs 

risk by doing so without an active production line open.  If the 

C-17 line closes next year as scheduled and the following year a 

major national security event occurs that raises the requirement 

significantly, the Air Force will either have to reopen the C-17 

line and/or accelerate the development of C-X.  Both of these 

would likely occur at a very large cost. Conversely, keeping a 

production line open presents different costs.  In order to keep 

the line open the government must keep ordering planes, which 

creates more costs for procurement and sustainment and can 

exacerbate the excess capacity problem.   

These factors make the option of keeping some excess in 

storage more attractive.  On the one hand, if the requirement 
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increases suddenly, then there will be capability to fall back 

on.  Additionally, it makes having an open production line less 

necessary and thus prevents the need to buy unneeded aircraft to 

keep the line “warm.” Finally, it can aid in the long term 

planning for future weapons systems by giving policy makers a 

hedge against uncertainty that could otherwise rush the decision 

making process for C-X, C-Y, etc.   

Future Research 
 As a first look into the potential cost savings of keeping 

excess capacity, this research leaves several areas available 

for additional research.  Below are a few that seem the most 

pressing. 

Optimizing Retirement Rules 

 In this dissertation, aircraft were retired using a simple 

rule of aircraft with the least life remaining retire first.  It 

is possible that results could change if a researcher were to 

implement a more intelligent retirement system. For example, one 

could implement a retirement rule that prioritizes keeping 

aircraft that are less costly to maintain, provide more 

capacity, or are cheaper to replace, etc.  This would change 

some of the profiles of how aircraft retired.  For example, C-

5As would not stay in the fleet as long if aircraft were retired 

by how much capacity they provide.  This could reduce costs due 

to the relatively high charge of operating and sustaining the C-

5A.   

Micro Level Analysis 

 Another avenue for future potential research would be 

performing this analysis with micro level data from the 

strategic airlift fleet.  This research makes assumptions about 
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all aircraft of the same MDS being the same in terms of costs 

and considers cohorts of aircraft for retirement purposes.  It 

would be interesting to gather the cost data on individual 

aircraft and develop a metric that can provide the relative 

costs and benefits of keeping each individual aircraft if the 

Air Force experiences excess capacity in the future.  In this 

way, “bad actors” mentioned earlier could be identified for 

retirement while other aircraft that cost less on average on a 

year to year basis could be kept as excess. 

C-X RDT&E 

 A further interesting area of research could come about as 

the Air Force proceeds in the formal bidding and RDT&E processes 

for the C-X aircraft.  Specifically, researchers should redo 

this analysis as the competing aircraft and their costs become 

more apparent.  This would give policy makers additional 

information when making the next large acquisition decision 

affecting the strategic airlift fleet. 

Expanding to Other Capital Assets 

 Finally, this research should expand to see how keeping 

excess can affect the long term costs of other military assets.  

As the wars in the Middle East wind down and American troops 

withdraw, the military at large will likely have an excess of 

assets used in a decade plus at war. This extends beyond the 

strategic airlift fleet to other aircraft, ground assets like 

tanks and trucks, and naval vessels.  While not using these will 

likely prompt policy makers to call for their divestment, money 

could be saved by keeping them should they be needed in the 

future.  The answer will likely vary from asset to asset and 

depend on a variety of factors like variation in the historical 

need for them and costs associated with maintaining them versus 
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acquiring new ones.  Still, this research provides a useful 

framework for thinking about the problem and similar analyses on 

other assets can provide useful information to decision makers 

at all levels.   

Concluding Remarks 
 Policy makers face many difficult, important decisions 

regarding maintaining our national security while keeping fiscal 

expenditures manageable over the long term.  In this 

environment, they may feel pressured to make decisions based on 

deterministic beliefs about the future that disregards the 

uncertainty of it.  This research sought to provide the context 

of uncertainty to the realm of capacity management in the 

strategic airlift fleet.  The analysis showed that keeping 

excess in storage can save money in the long run and as such 

deserves greater consideration in the decision making process. 

It also revealed contradictory beliefs about the current state 

of the strategic airlift fleet and demonstrated the importance 

of maintaining an open production line if no excess capacity is 

kept.  Finally, it provided a framework for thinking about 

capacity problems and a basis for future research on the topic.  
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Appendix B: Example Code 
 

##Bobby Theologis 

##Go Broncos 

#Clear memory 

rm(list=ls()) 

dir<-"C:\\Users\\htheolog\\Documents\\Dissertation\\Model\\Dry Run" 

setwd(dir) 

time<-proc.time() 

scenarios<-c("0","10","20","30","40","50","60","70","80","90","100") 

excesses<-seq(from=0,to=1,by=.1) 

for(scen in 1:length(scenarios)){ 

   

  store_on<-1 

   

  ex_per<-excesses[scen] 

  fly_ratio<-1 

   

  #set up periods and storage for results 

  periods<-20 

  runs<-10 

   

  #procurement cost 

  c17_proc<-294.3 

  cx_proc<-456.65 

  c5_proc<-403 

  c5a_proc<-403 

   

  cx_pdm<-0 

  c17_pdm<-0 

  c5_pdm<-0 

  c5a_pdm<-0 
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  modn<-vector(length=periods) 

  modn_stor<-matrix(ncol=periods,nrow=runs) 

   

  cost_mat_stor<-matrix(ncol=periods,nrow=runs) 

  cap_stor<-matrix(ncol=periods,nrow=runs) 

  cap_br_stor<-matrix(ncol=periods,nrow=runs) 

  cap_stored_stor<-matrix(ncol=periods,nrow=runs) 

  req_stor<-matrix(ncol=periods,nrow=runs) 

  dif_stor<-matrix(ncol=periods,nrow=runs) 

  excess_stor<-matrix(ncol=periods,nrow=runs) 

  counter_stor<-matrix(ncol=periods,nrow=runs) 

  tot_tai_stor<-matrix(nrow=runs,ncol=periods) 

  c5_tai_stor<-matrix(nrow=runs,ncol=periods) 

  c5a_tai_stor<-matrix(nrow=runs,ncol=periods) 

  c17_tai_stor<-matrix(nrow=runs,ncol=periods) 

  cx_tai_stor<-matrix(nrow=runs,ncol=periods) 

  cy_tai_stor<-matrix(nrow=runs,ncol=periods) 

  cz_tai_stor<-matrix(nrow=runs,ncol=periods) 

  ca_tai_stor<-matrix(nrow=runs,ncol=periods) 

  cb_tai_stor<-matrix(nrow=runs,ncol=periods) 

   

   

  cx_start_stor<-vector(length=runs) 

  cy_start_stor<-vector(length=runs) 

  cz_start_stor<-vector(length=runs) 

  ca_start_stor<-vector(length=runs) 

  cb_start_stor<-vector(length=runs) 

   

  storage<-data.frame(Model=0,Capacity=0,OS=0, 

                      Age=0,Proc=0,Stor=0,PDM=c17_pdm,Priority=0,cap_sum=0) 

  zero<-data.frame(Model=0,Capacity=0,OS=0, 

                   Age=0,Proc=0,Stor=0,PDM=c17_pdm,Priority=0,cap_sum=0) 

  storage_empty<-subset(storage,storage[,2]>0) 

   
  c17_OS_func<-function(TAI,ratio) 
exp(3.286835+.241363*log(TAI)+.704336*(5.480003+log(ratio*TAI/221))) 
  c5_OS_func<-function(TAI,ratio) 
exp(3.774096+.30729*log(TAI)+.63998*(3.406517+log(ratio*TAI/52))) 

   

  #define discount rate 

  d_rate<-.0824 

   

  #Standard deviation 
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  sd<-.1376 

   

  #capacity each aircraft adds to fleet 

   

  c17_cap<-.093795 

  c5_cap<-.184878 

  cx_cap<-.207632 

  c5a_cap<-.093861 

   

   

  #o&s cost of each aircraft per time period 

  cx_os<-22*4 

  c17_os<-15.5*4 

  c5_os<-22*4 

  c5a_os<-22*4 

  cx_stor<-.0866 

  c17_stor<-.0866 

  c5_stor<-.0866 

  c5a_stor<-.0866 

   

  #c-17 line closure in model time 

  c17_line_end<-10 

   

  #c-x research and development cost 

  cx_rd<-21220 

   

  #define maximum age 

  max_age<-60 

   

  models<-c("C-5A","C-5","C-17","C-X","C-Y","C-Z","C-A","C-B") 

   

  #Creating aircraft data frame 

   

  c5a_df<-data.frame(Model=models[1],Capacity=c5a_cap,OS=c5a_os,Age=0, 

                     Proc=0,Stor=c5a_stor,PDM=c5a_pdm,Priority=0,cap_sum=0) 

   

  c5_df<-data.frame(Model=models[2],Capacity=c5_cap,OS=c5_os,Age=0, 

                    Proc=0,Stor=c5_stor,PDM=c5_pdm,Priority=0,cap_sum=0) 

   

  c17_df<-data.frame(Model=models[3],Capacity=c17_cap,OS=c17_os,Age=0, 

                     Proc=c17_proc,Stor=c17_stor,PDM=c17_pdm,Priority=0,cap_sum=0) 

   

  cx_df<-data.frame(Model=models[4],Capacity=cx_cap,OS=cx_os,Age=0, 
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                    Proc=cx_proc,Stor=cx_stor,PDM=cx_pdm,Priority=0,cap_sum=0) 

   

  cy_df<-data.frame(Model=models[5],Capacity=cx_cap,OS=cx_os,Age=0, 

                    Proc=cx_proc,Stor=cx_stor,PDM=cx_pdm,Priority=0,cap_sum=0) 

   

  cz_df<-data.frame(Model=models[6],Capacity=cx_cap,OS=cx_os,Age=0, 

                    Proc=cx_proc,Stor=cx_stor,PDM=cx_pdm,Priority=0,cap_sum=0) 

   

  ca_df<-data.frame(Model=models[7],Capacity=cx_cap,OS=cx_os,Age=0, 

                    Proc=cx_proc,Stor=cx_stor,PDM=cx_pdm,Priority=0,cap_sum=0) 

   

  cb_df<-data.frame(Model=models[8],Capacity=cx_cap,OS=cx_os,Age=0, 

                    Proc=cx_proc,Stor=cx_stor,PDM=cx_pdm,Priority=0,cap_sum=0) 

   

  dfs<-rbind(c5a_df,c5_df,c17_df,cx_df,cy_df,cz_df,ca_df,cb_df) 

   

  #a/c needed to fill requirement (matrix) 

  ac_req<-NA 

   

  #a/c NOT needed to fill requirement (matrix) 

  ac_no_req<-NA 

   

  #a/c above req keeping (matrix) 

  ex_keep<-NA 

   

  for (col in 1:runs){ 

    storage<-data.frame(Model=0,Capacity=0,OS=0, 

                        Age=0,Proc=0,Stor=0,PDM=c17_pdm,Priority=0,cap_sum=0) 

     

    if(store_on==0) storage<-storage_empty 

     

    #number of each aircraft 

    c5_tai<-vector(length=periods) 

    c5a_tai<-vector(length=periods) 

    c17_tai<-vector(length=periods) 

    cx_tai<-vector(length=periods) 

    cy_tai<-vector(length=periods) 

    cz_tai<-vector(length=periods) 

    ca_tai<-vector(length=periods) 

    cb_tai<-vector(length=periods) 

     

    c5_tai[1]<-52 

    c5a_tai[1]<-27 
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    c17_tai[1]<-221 

    cx_tai[1]<-0 

    cy_tai[1]<-0 

    cz_tai[1]<-0 

    ca_tai[1]<-0 

    cb_tai[1]<-0 

     

    tais<-c(c5a_tai,c5_tai,c17_tai,cx_tai,cy_tai,cz_tai,ca_tai,cb_tai) 

     

    tot_tai<-vector(length=periods) 

    tot_tai[1]<-sum(cx_tai[1],c17_tai[1],c5_tai[1],c5a_tai[1]) 

     

     

     

    #Counter for line shut down 

    modn<-vector(length=periods) 

    counter<-vector(length=periods) 

    counter[1]<-0 

    model_n<-3 

    modn[1]<-model_n 

     

    #a/c go from newest to oldest 

     

    aircraft<-read.csv(file="fleet_c5a_first.csv") 

    aircraft<-aircraft[,2:length(aircraft[1,])] 

     

    aircraft<-aircraft[order(aircraft[,8]), ] 

     

    #determine capacity of fleet 

    cap<-sum(aircraft[,2]) 

    cap_stored<-sum(storage[,2]) 

    cap_br<-vector(length=periods) 

    cap_br[1]<-cap[1] 

    ret_cap<-vector(length=periods) 

    ret_cap[1]<-0 

     

    #initialize requirement at capacity level 

     

    req<-vector(length=periods) 

    req[1]<-cap 

     

    #dif btw cap and req (vector) 

    dif<-vector(length=periods) 
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    dif[1]<-0 

     

    #amount over capacity keeping (scalar) 

    excess<-vector(length=periods) 

    excess[1]<-0 

     

    #cost over long term by period (vector) 

    cost<-vector(length=periods) 

    #cost[1]<-sum(aircraft[,3]) 
    cost[1]<-
c5_OS_func(c5_tai[1],1)+c5_OS_func(c5a_tai[1],1)+c17_OS_func(c17_tai[1],1) 

     

     

    ####NEW, caluclates cumulative sum of fleet/storage 

    cap_sum<-cumsum(aircraft[,2])   

    aircraft<-cbind(aircraft,cap_sum) 

     

    cx_start<-NA 

    cy_start<-NA 

    cz_start<-NA 

    ca_start<-NA 

    cb_start<-NA 

     

    for (i in 2:periods){ 

       

      proc_price<-dfs[model_n,]$Proc 

       

      cost[i]<-0 

       

      if (length(aircraft[,1])>1) aircraft<-aircraft[order(aircraft[,8]), ] 

       

      #define requirement for each period 

      req[i]<-req[i-1]*exp(rnorm(1,mean=0,sd=sd)) 

       

      #compare requirement to capacity   

      dif[i]<-req[i]-cap[i-1] 

       

      #if req>cap, you are under capacity and must buy 

      #Check storage to see if you have available aircraft 

      #Pull out youngest first 

      #Use up all of storage before procuring 

       

      if(dif[i]==0){ 
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        counter[i]<-counter[i-1]+1 

        if(counter[i]>2){ 

          model_n<-model_n+1   

          proc_price<-dfs[model_n,]$Proc 

           

        }  

      } else if (dif[i]>0){ 

        #If dif>0 you are under capacity 

        if(cap_stored[i-1]>0){ 

          #If there are airplanes in storage we should use them first 

          storage<-subset(storage,storage[,2]>0) 

          if(cap_stored[i-1]>=dif[i]){ 

            #If the amount of capcity in storage is enough to fill the defecit, 

            #Use those 

             

            #Not Using Production Line 

            counter[i]<-counter[i-1]+1 

             

            num<-min(which(storage[,9]>=abs(dif[i]))) 

            if(num>=length(storage[,1])) num<-length(storage[,1]) 

             

            #Add a/c one at a time until req is filled 

            aircraft<-rbind(aircraft,storage[1:num,]) 

            cost[i]<-cost[i]+sum(storage[1:num,7]) 

             

            #Ensure storage is changed to reflect moved airplanes 

            if(num>=length(storage[,1])) storage<-storage_empty 

            else storage<-storage[(num+1):length(storage[,1]),] 

          } else { 

            #if there is not enough in storage to fill req, 

            #use all in storage and then procure to fill rest 

            #d_2 is remaining dif btw cap and req 

            aircraft<-rbind(aircraft,storage) 

            cost[i]<-cost[i]+sum(storage[,7]) 

            storage<-storage_empty 

            d_2<-req[i]-sum(aircraft[,2]) 

            if (counter[i-1]<=2){ 

              n_tai<-ceiling(d_2/dfs[model_n,]$Capacity) 

              new<-do.call("rbind",replicate(n_tai,dfs[model_n,],simplify=FALSE)) 

              aircraft<-rbind(aircraft,new) 

              counter[i]<-0 

              cost[i]<-cost[i]+(n_tai*proc_price) 

              } else{ 
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                model_n<-model_n+1 

                proc_price<-dfs[model_n,]$Proc 

                cost[i]<-cx_rd+cost[i] 

                n_tai<-ceiling(d_2/dfs[model_n,]$Capacity) 

                new<-do.call("rbind",replicate(n_tai,dfs[model_n,],simplify=FALSE)) 

                aircraft<-rbind(aircraft,new) 

                counter[i]<-0 

                cost[i]<-cost[i]+(n_tai*proc_price) 

                } 

          }  

        } else { 

          #If there are no airplanes in storage, procure 

          if (counter[i-1]<=2){ 

            n_tai<-ceiling(dif[i]/dfs[model_n,]$Capacity) 

            new<-do.call("rbind",replicate(n_tai,dfs[model_n,],simplify=FALSE)) 

            aircraft<-rbind(aircraft,new) 

            counter[i]<-0 

            cost[i]<-cost[i]+(n_tai*proc_price) 

          } else { 

              model_n<-model_n+1 

              proc_price<-dfs[model_n,]$Proc 

              cost[i]<-cx_rd+cost[i]   

              n_tai<-ceiling(dif[i]/dfs[model_n,]$Capacity) 

              new<-do.call("rbind",replicate(n_tai,dfs[model_n,],simplify=FALSE)) 

              aircraft<-rbind(aircraft,new) 

              counter[i]<-0 

              cost[i]<-cost[i]+(n_tai*proc_price)   

          } 

        }  

       

      } else{ #if cap greater than req store excess in storage 

        counter[i]<-counter[i-1]+1 

        excess[i]<-ex_per*abs(dif[i]) 

        #determine which airplanes to keep 

        if(store_on==1){ 

          num<-min(which(aircraft[,9]>=req[i])) 

          if(num>length(aircraft[,1])) num<-length(aircraft[,1])           

          ac_req<-aircraft[1:num,] 

          #if you don't need every single a/c 

          if (num<length(aircraft[,1])){ 

            #_store non needed a/c in separate matrix 

            ac_no_req<-aircraft[(num+1):(length(aircraft[,1])),] 

            if (excess[i]>=sum(ac_no_req[,2])) storage<-rbind(storage,ac_no_req) 
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            else{ 

              if(excess[i]==0) storage<-storage_empty 

              else{ 

                num_2<-min(which(cumsum(aircraft[,2])>=excess[i])) 

                ac_no_req<-ac_no_req[1:num_2,] 

                storage<-rbind(storage,ac_no_req)   

              } 

               

            } 

          }     

          aircraft<-ac_req  

        } else{ 

          num<-min(which(aircraft[,9]>=(req[i]+excess[i]))) 

          if(num>length(aircraft[,1])) num<-length(aircraft[,1])           

          aircraft<-aircraft[1:num,] 

        } 

         

         

         

         

      } 

       

       

      storage<-subset(storage,is.na(storage[,6])==FALSE) 

      aircraft<-subset(aircraft,is.na(aircraft[,6])==FALSE) 

       

      cx<-length(subset(aircraft,aircraft[,1]=="C-X")[,1]) 

      cy<-length(subset(aircraft,aircraft[,1]=="C-Y")[,1]) 

      cz<-length(subset(aircraft,aircraft[,1]=="C-Z")[,1]) 

      c5<-length(subset(aircraft,aircraft[,1]=="C-5")[,1]) 

      c5a<-length(subset(aircraft,aircraft[,1]=="C-5A")[,1]) 

      c17<-length(subset(aircraft,aircraft[,1]=="C-17")[,1]) 

      ca<-length(subset(aircraft,aircraft[,1]=="C-A")[,1]) 

      cb<-length(subset(aircraft,aircraft[,1]=="C-A")[,1]) 

             

      num<-NA 

       

      cap[i]<-sum(aircraft[,2]) 

      cap_stored[i]<-sum(storage[,2]) 

       

      if(cap[i]>req[i]) fly_ratio<-req[i]/cap[i] else fly_ratio<-1 

       

      cx_tai[i]<-cx 



‐131‐ 
 

      c17_tai[i]<-c17 

      c5_tai[i]<-c5 

      c5a_tai[i]<-c5a 

      cy_tai[i]<-cy 

      cz_tai[i]<-cz 

      ca_tai[i]<-ca 

      cb_tai[i]<-cb 

       

      tot_tai[i]<-length(aircraft[,1]) 

       

      #Calculate Cost of Sustaining entire fleet 

      if(store_on==1){ 
        cost[i]<-
cost[i]+c5_OS_func((c5a_tai[i]+c5_tai[i]+cx_tai[i]+cy_tai[i]+cz_tai[i]+ca_tai[i]+cb_t
ai[i]),1) 

        cost[i]<-cost[i]+c17_OS_func(c17_tai[i],1) 

      } else{ 
        cost[i]<-
cost[i]+c5_OS_func((c5a_tai[i]+c5_tai[i]+cx_tai[i]+cy_tai[i]+cz_tai[i]+ca_tai[i]+cb_t
ai[i]),fly_ratio) 

        cost[i]<-cost[i]+c17_OS_func(c17_tai[i],fly_ratio) 

      } 

       

       

      #Calculate cost of sustaining storage fleet 

      cost[i]<-cost[i]+sum(storage[,6]) 

       

      #add 4 years of age to each aircraft 

      aircraft[,4]<-aircraft[,4]+fly_ratio*4 

      cap_br[i]<-sum(aircraft[,2]) 

      ret_cap[i]<-sum(subset(aircraft,aircraft[,4]>max_age)[,2]) 

       

      #add to priority ranking 

      aircraft[,8]<-aircraft[,8]+1 

       

      #retire old airplanes 

      if(sum(subset(aircraft,aircraft[,4]>max_age)[,2])<cap[i]){ 

        aircraft<-subset(aircraft,aircraft[,4]<=max_age) 

      } 

      storage<-subset(storage,storage[,4]<=max_age) 

       

      cost[i]<-cost[i]/(1+d_rate)^(i-1) 

      cap[i]<-sum(aircraft[,2]) 

      cap_stored[i]<-sum(storage[,2]) 
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      ac_req<-NA 

      ac_no_req<-NA 

      ex_keep<-NA 

        

      aircraft<-aircraft[order(aircraft[,8]), ] 

      storage<-storage[order(storage[,8]), ] 

       

      aircraft[,9]<-cumsum(aircraft[,2]) 

      storage[,9]<-cumsum(storage[,2]) 

       

      #Check which lines opened 

       

      if(model_n==3 & modn[i-1]==2) cx_start<-i 

      if(model_n==4 & modn[i-1]==3) cy_start<-i 

      if(model_n==5 & modn[i-1]==4) cz_start<-i 

      if(model_n==6 & modn[i-1]==5) ca_start<-i 

      if(model_n==7 & modn[i-1]==6) cb_start<-i 

       

      modn[i]<-model_n 

       

    } 

     

     

    if(is.na(cx_start)==1) cx_start<-0 

    if(is.na(cy_start)==1) cy_start<-0 

    if(is.na(cz_start)==1) cz_start<-0 

    if(is.na(ca_start)==1) ca_start<-0 

    if(is.na(cb_start)==1) cb_start<-0 

         

    cost_mat_stor[col,]<-cost 

    cap_stor[col,]<-cap 

    cap_br_stor[col,]<-cap_br 

    cap_stored_stor[col,]<-cap_stored 

    req_stor[col,]<-req 

    dif_stor[col,]<-dif 

    counter_stor[col,]<-counter 

    tot_tai_stor[col,]<-tot_tai 

    c5_tai_stor[col,]<-c5_tai 

    c5a_tai_stor[col,]<-c5a_tai 

    c17_tai_stor[col,]<-c17_tai 

    cx_tai_stor[col,]<-cx_tai 

    cy_tai_stor[col,]<-cy_tai 

    cz_tai_stor[col,]<-cz_tai 
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    ca_tai_stor[col,]<-ca_tai 

    cb_tai_stor[col,]<-cb_tai 

    excess_stor[col,]<-excess 

    cx_start_stor[col]<-cx_start 

    cy_start_stor[col]<-cy_start 

    cz_start_stor[col]<-cz_start 

    ca_start_stor[col]<-ca_start 

    cb_start_stor[col]<-cb_start 

    modn_stor[col,]<-modn 

     

    print(paste(col/runs*100,"percent",scenarios[scen],"scenario")) 

     

     

  } 

   

  avg_cost<-apply(cost_mat_stor,1,sum) 

   

  #med_cost<-median(avg_cost) 

  sd_cost<-sd(avg_cost) 

  avg_cost<-mean(avg_cost) 

   

  avg_c5a<-apply(c5a_tai_stor,2,mean) 

  #med_c5a<-apply(c5a_tai_stor,2,median) 

   

  avg_c5<-apply(c5_tai_stor,2,mean) 

  #med_c5<-apply(c5_tai_stor,2,median) 

   

  avg_c17<-apply(c17_tai_stor,2,mean) 

  #med_c17<-apply(c17_tai_stor,2,median) 

   

  avg_cx<-apply(cx_tai_stor,2,mean) 

  #med_cx<-apply(cx_tai_stor,2,median) 

   

  avg_cy<-apply(cy_tai_stor,2,mean) 

  #med_cy<-apply(cy_tai_stor,2,median) 

   

  avg_cz<-apply(cz_tai_stor,2,mean) 

  #med_cz<-apply(cz_tai_stor,2,median) 

   

  avg_ca<-apply(ca_tai_stor,2,mean) 

  #med_ca<-apply(ca_tai_stor,2,median) 

   

  avg_cb<-apply(cb_tai_stor,2,mean) 
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  #med_cb<-apply(cb_tai_stor,2,median) 

     

  no_cx<-length(cx_start_stor[cx_start_stor==0])/runs 

  no_cy<-length(cy_start_stor[cy_start_stor==0])/runs 

  no_cz<-length(cz_start_stor[cz_start_stor==0])/runs 

  no_ca<-length(ca_start_stor[ca_start_stor==0])/runs 

  no_cb<-length(cb_start_stor[ca_start_stor==0])/runs 

   

   

  results<-rbind(rep("cost",periods),cost_mat_stor, 

                 rep("cap",periods),cap_stor,rep("cap_br",periods),cap_br_stor, 

                 rep("cap_stored_stor",periods),cap_stored_stor, 

                 rep("req",periods),req_stor, 

                 rep("dif",periods),dif_stor, 

                 rep("excess",periods),excess_stor, 

                 rep("counter",periods),counter_stor, 

                 rep("tot_tai",periods),tot_tai_stor, 

                 rep("c5a_tai",periods),c5a_tai_stor, 

                 rep("c5_tai",periods),c5_tai_stor, 

                 rep("c17_tai",periods),c17_tai_stor, 

                 rep("cx_tai",periods),cx_tai_stor, 

                 rep("cy_tai",periods),cy_tai_stor, 

                 rep("cz_tai",periods),cz_tai_stor,  

                 rep("ca_tai",periods),ca_tai_stor, 

                 rep("cb_tai",periods),cb_tai_stor, 

                 rep("modn",periods),modn_stor) 

   

  avg_results<-rbind(rep("avg_cost",periods),rep(avg_cost,periods), 

                     #rep("med_cost",periods),rep(med_cost,periods), 

                     rep("sd_cost",periods),rep(sd_cost,periods), 

                     rep("no_cx",periods),rep(no_cx,periods), 

                     rep("no_cy",periods),rep(no_cy,periods), 

                     rep("no_cz",periods),rep(no_cz,periods), 

                     rep("no_ca",periods),rep(no_ca,periods), 

                     rep("no_cb",periods),rep(no_cb,periods), 
                     
rep("cx_start",periods),rep(mean(cx_start_stor[cx_start_stor>0]),periods), 
                     
rep("cy_start",periods),rep(mean(cy_start_stor[cy_start_stor>0]),periods), 
                     
rep("cz_start",periods),rep(mean(cz_start_stor[cz_start_stor>0]),periods), 
                     
rep("ca_start",periods),rep(mean(ca_start_stor[ca_start_stor>0]),periods), 
                     
rep("cb_start",periods),rep(mean(cb_start_stor[cb_start_stor>0]),periods), 

                     rep("avg_c5a",periods),avg_c5a, 
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                     #rep("med_c5a",periods),med_c5a, 

                     rep("avg_c5",periods),avg_c5, 

                     #rep("med_c5",periods),med_c5, 

                     rep("avg_c17",periods),avg_c17, 

                     #rep("med_c17",periods),med_c17, 

                     rep("avg_cx",periods),avg_cx, 

                     #rep("med_cx",periods),med_cx, 

                     rep("avg_cy",periods),avg_cy, 

                     #rep("med_cy",periods),med_cy, 

                     rep("avg_cz",periods),avg_cz, 

                     #rep("med_cz",periods),med_cz, 

                     rep("avg_ca",periods),avg_ca, 

                     #rep("med_ca",periods),med_ca 

                     rep("avg_cb",periods),avg_cb 

                     #rep("med_cb",periods),med_cb 

                     ) 

   

  write.csv(results,file=paste("test_retire_",scenarios[scen],".csv")) 

  write.csv(avg_results,file=paste("avg_test_retire_",scenarios[scen],".csv")) 

   

} 

proc.time()-time 
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Appendix C: Example Fleet Used in Code (C-17 Only)  
 

Model  Capacity  OS  Age  Proc  Stor  PDM 

1  C‐17  0.093795  62 14 294.3 0.0866 0 

2  C‐17  0.093795  62 14 294.3 0.0866 0 

3  C‐17  0.093795  62 14 294.3 0.0866 0 

4  C‐17  0.093795  62 14 294.3 0.0866 0 

5  C‐17  0.093795  62 14 294.3 0.0866 0 

6  C‐17  0.093795  62 14 294.3 0.0866 0 

7  C‐17  0.093795  62 14 294.3 0.0866 0 

8  C‐17  0.093795  62 14 294.3 0.0866 0 

9  C‐17  0.093795  62 14 294.3 0.0866 0 

10  C‐17  0.093795  62 14 294.3 0.0866 0 

11  C‐17  0.093795  62 15 294.3 0.0866 0 

12  C‐17  0.093795  62 15 294.3 0.0866 0 

13  C‐17  0.093795  62 15 294.3 0.0866 0 

14  C‐17  0.093795  62 15 294.3 0.0866 0 

15  C‐17  0.093795  62 15 294.3 0.0866 0 

16  C‐17  0.093795  62 15 294.3 0.0866 0 

17  C‐17  0.093795  62 15 294.3 0.0866 0 

18  C‐17  0.093795  62 15 294.3 0.0866 0 

19  C‐17  0.093795  62 15 294.3 0.0866 0 

20  C‐17  0.093795  62 15 294.3 0.0866 0 

21  C‐17  0.093795  62 16 294.3 0.0866 0 

22  C‐17  0.093795  62 16 294.3 0.0866 0 

23  C‐17  0.093795  62 16 294.3 0.0866 0 

24  C‐17  0.093795  62 16 294.3 0.0866 0 

25  C‐17  0.093795  62 16 294.3 0.0866 0 

26  C‐17  0.093795  62 16 294.3 0.0866 0 

27  C‐17  0.093795  62 16 294.3 0.0866 0 

28  C‐17  0.093795  62 16 294.3 0.0866 0 

29  C‐17  0.093795  62 16 294.3 0.0866 0 

30  C‐17  0.093795  62 16 294.3 0.0866 0 

31  C‐17  0.093795  62 17 294.3 0.0866 0 

32  C‐17  0.093795  62 17 294.3 0.0866 0 

33  C‐17  0.093795  62 17 294.3 0.0866 0 

34  C‐17  0.093795  62 17 294.3 0.0866 0 

35  C‐17  0.093795  62 17 294.3 0.0866 0 

36  C‐17  0.093795  62 17 294.3 0.0866 0 

37  C‐17  0.093795  62 17 294.3 0.0866 0 

38  C‐17  0.093795  62 17 294.3 0.0866 0 

39  C‐17  0.093795  62 17 294.3 0.0866 0 
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40  C‐17  0.093795  62 17 294.3 0.0866 0 

41  C‐17  0.093795  62 18 294.3 0.0866 0 

42  C‐17  0.093795  62 18 294.3 0.0866 0 

43  C‐17  0.093795  62 18 294.3 0.0866 0 

44  C‐17  0.093795  62 18 294.3 0.0866 0 

45  C‐17  0.093795  62 18 294.3 0.0866 0 

46  C‐17  0.093795  62 18 294.3 0.0866 0 

47  C‐17  0.093795  62 18 294.3 0.0866 0 

48  C‐17  0.093795  62 18 294.3 0.0866 0 

49  C‐17  0.093795  62 18 294.3 0.0866 0 

50  C‐17  0.093795  62 18 294.3 0.0866 0 

51  C‐17  0.093795  62 19 294.3 0.0866 0 

52  C‐17  0.093795  62 19 294.3 0.0866 0 

53  C‐17  0.093795  62 19 294.3 0.0866 0 

54  C‐17  0.093795  62 19 294.3 0.0866 0 

55  C‐17  0.093795  62 19 294.3 0.0866 0 

56  C‐17  0.093795  62 19 294.3 0.0866 0 

57  C‐17  0.093795  62 19 294.3 0.0866 0 

58  C‐17  0.093795  62 19 294.3 0.0866 0 

59  C‐17  0.093795  62 19 294.3 0.0866 0 

60  C‐17  0.093795  62 19 294.3 0.0866 0 

61  C‐17  0.093795  62 20 294.3 0.0866 0 

62  C‐17  0.093795  62 20 294.3 0.0866 0 

63  C‐17  0.093795  62 20 294.3 0.0866 0 

64  C‐17  0.093795  62 20 294.3 0.0866 0 

65  C‐17  0.093795  62 20 294.3 0.0866 0 

66  C‐17  0.093795  62 20 294.3 0.0866 0 

67  C‐17  0.093795  62 20 294.3 0.0866 0 

68  C‐17  0.093795  62 20 294.3 0.0866 0 

69  C‐17  0.093795  62 20 294.3 0.0866 0 

70  C‐17  0.093795  62 20 294.3 0.0866 0 

71  C‐17  0.093795  62 21 294.3 0.0866 0 

72  C‐17  0.093795  62 21 294.3 0.0866 0 

73  C‐17  0.093795  62 21 294.3 0.0866 0 

74  C‐17  0.093795  62 21 294.3 0.0866 0 

75  C‐17  0.093795  62 21 294.3 0.0866 0 

76  C‐17  0.093795  62 21 294.3 0.0866 0 

77  C‐17  0.093795  62 21 294.3 0.0866 0 

78  C‐17  0.093795  62 21 294.3 0.0866 0 

79  C‐17  0.093795  62 21 294.3 0.0866 0 

80  C‐17  0.093795  62 21 294.3 0.0866 0 

81  C‐17  0.093795  62 22 294.3 0.0866 0 

82  C‐17  0.093795  62 22 294.3 0.0866 0 
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83  C‐17  0.093795  62 22 294.3 0.0866 0 

84  C‐17  0.093795  62 22 294.3 0.0866 0 

85  C‐17  0.093795  62 22 294.3 0.0866 0 

86  C‐17  0.093795  62 22 294.3 0.0866 0 

87  C‐17  0.093795  62 22 294.3 0.0866 0 

88  C‐17  0.093795  62 22 294.3 0.0866 0 

89  C‐17  0.093795  62 22 294.3 0.0866 0 

90  C‐17  0.093795  62 22 294.3 0.0866 0 

91  C‐17  0.093795  62 23 294.3 0.0866 0 

92  C‐17  0.093795  62 23 294.3 0.0866 0 

93  C‐17  0.093795  62 23 294.3 0.0866 0 

94  C‐17  0.093795  62 23 294.3 0.0866 0 

95  C‐17  0.093795  62 23 294.3 0.0866 0 

96  C‐17  0.093795  62 23 294.3 0.0866 0 

97  C‐17  0.093795  62 23 294.3 0.0866 0 

98  C‐17  0.093795  62 23 294.3 0.0866 0 

99  C‐17  0.093795  62 23 294.3 0.0866 0 

100  C‐17  0.093795  62 23 294.3 0.0866 0 

101  C‐17  0.093795  62 24 294.3 0.0866 0 

102  C‐17  0.093795  62 24 294.3 0.0866 0 

103  C‐17  0.093795  62 24 294.3 0.0866 0 

104  C‐17  0.093795  62 24 294.3 0.0866 0 

105  C‐17  0.093795  62 24 294.3 0.0866 0 

106  C‐17  0.093795  62 24 294.3 0.0866 0 

107  C‐17  0.093795  62 24 294.3 0.0866 0 

108  C‐17  0.093795  62 24 294.3 0.0866 0 

109  C‐17  0.093795  62 24 294.3 0.0866 0 

110  C‐17  0.093795  62 24 294.3 0.0866 0 

111  C‐17  0.093795  62 24 294.3 0.0866 0 

112  C‐17  0.093795  62 24 294.3 0.0866 0 

113  C‐17  0.093795  62 25 294.3 0.0866 0 

114  C‐17  0.093795  62 25 294.3 0.0866 0 

115  C‐17  0.093795  62 25 294.3 0.0866 0 

116  C‐17  0.093795  62 25 294.3 0.0866 0 

117  C‐17  0.093795  62 25 294.3 0.0866 0 

118  C‐17  0.093795  62 25 294.3 0.0866 0 

119  C‐17  0.093795  62 25 294.3 0.0866 0 

120  C‐17  0.093795  62 25 294.3 0.0866 0 

121  C‐17  0.093795  62 25 294.3 0.0866 0 

122  C‐17  0.093795  62 26 294.3 0.0866 0 

123  C‐17  0.093795  62 26 294.3 0.0866 0 

124  C‐17  0.093795  62 26 294.3 0.0866 0 

125  C‐17  0.093795  62 26 294.3 0.0866 0 
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126  C‐17  0.093795  62 26 294.3 0.0866 0 

127  C‐17  0.093795  62 26 294.3 0.0866 0 

128  C‐17  0.093795  62 26 294.3 0.0866 0 

129  C‐17  0.093795  62 26 294.3 0.0866 0 

130  C‐17  0.093795  62 26 294.3 0.0866 0 

131  C‐17  0.093795  62 27 294.3 0.0866 0 

132  C‐17  0.093795  62 27 294.3 0.0866 0 

133  C‐17  0.093795  62 27 294.3 0.0866 0 

134  C‐17  0.093795  62 27 294.3 0.0866 0 

135  C‐17  0.093795  62 27 294.3 0.0866 0 

136  C‐17  0.093795  62 27 294.3 0.0866 0 

137  C‐17  0.093795  62 27 294.3 0.0866 0 

138  C‐17  0.093795  62 27 294.3 0.0866 0 

139  C‐17  0.093795  62 27 294.3 0.0866 0 

140  C‐17  0.093795  62 28 294.3 0.0866 0 

141  C‐17  0.093795  62 28 294.3 0.0866 0 

142  C‐17  0.093795  62 28 294.3 0.0866 0 

143  C‐17  0.093795  62 28 294.3 0.0866 0 

144  C‐17  0.093795  62 28 294.3 0.0866 0 

145  C‐17  0.093795  62 28 294.3 0.0866 0 

146  C‐17  0.093795  62 28 294.3 0.0866 0 

147  C‐17  0.093795  62 28 294.3 0.0866 0 

148  C‐17  0.093795  62 28 294.3 0.0866 0 

149  C‐17  0.093795  62 29 294.3 0.0866 0 

150  C‐17  0.093795  62 29 294.3 0.0866 0 

151  C‐17  0.093795  62 29 294.3 0.0866 0 

152  C‐17  0.093795  62 29 294.3 0.0866 0 

153  C‐17  0.093795  62 29 294.3 0.0866 0 

154  C‐17  0.093795  62 29 294.3 0.0866 0 

155  C‐17  0.093795  62 29 294.3 0.0866 0 

156  C‐17  0.093795  62 29 294.3 0.0866 0 

157  C‐17  0.093795  62 30 294.3 0.0866 0 

158  C‐17  0.093795  62 30 294.3 0.0866 0 

159  C‐17  0.093795  62 30 294.3 0.0866 0 

160  C‐17  0.093795  62 30 294.3 0.0866 0 

161  C‐17  0.093795  62 30 294.3 0.0866 0 

162  C‐17  0.093795  62 30 294.3 0.0866 0 

163  C‐17  0.093795  62 30 294.3 0.0866 0 

164  C‐17  0.093795  62 30 294.3 0.0866 0 

165  C‐17  0.093795  62 31 294.3 0.0866 0 

166  C‐17  0.093795  62 31 294.3 0.0866 0 

167  C‐17  0.093795  62 31 294.3 0.0866 0 

168  C‐17  0.093795  62 31 294.3 0.0866 0 
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169  C‐17  0.093795  62 31 294.3 0.0866 0 

170  C‐17  0.093795  62 31 294.3 0.0866 0 

171  C‐17  0.093795  62 31 294.3 0.0866 0 

172  C‐17  0.093795  62 31 294.3 0.0866 0 

173  C‐17  0.093795  62 32 294.3 0.0866 0 

174  C‐17  0.093795  62 32 294.3 0.0866 0 

175  C‐17  0.093795  62 32 294.3 0.0866 0 

176  C‐17  0.093795  62 32 294.3 0.0866 0 

177  C‐17  0.093795  62 32 294.3 0.0866 0 

178  C‐17  0.093795  62 32 294.3 0.0866 0 

179  C‐17  0.093795  62 32 294.3 0.0866 0 

180  C‐17  0.093795  62 32 294.3 0.0866 0 

181  C‐17  0.093795  62 33 294.3 0.0866 0 

182  C‐17  0.093795  62 33 294.3 0.0866 0 

183  C‐17  0.093795  62 33 294.3 0.0866 0 

184  C‐17  0.093795  62 33 294.3 0.0866 0 

185  C‐17  0.093795  62 33 294.3 0.0866 0 

186  C‐17  0.093795  62 33 294.3 0.0866 0 

187  C‐17  0.093795  62 33 294.3 0.0866 0 

188  C‐17  0.093795  62 33 294.3 0.0866 0 

189  C‐17  0.093795  62 34 294.3 0.0866 0 

190  C‐17  0.093795  62 34 294.3 0.0866 0 

191  C‐17  0.093795  62 34 294.3 0.0866 0 

192  C‐17  0.093795  62 34 294.3 0.0866 0 

193  C‐17  0.093795  62 34 294.3 0.0866 0 

194  C‐17  0.093795  62 34 294.3 0.0866 0 

195  C‐17  0.093795  62 34 294.3 0.0866 0 

196  C‐17  0.093795  62 34 294.3 0.0866 0 

197  C‐17  0.093795  62 35 294.3 0.0866 0 

198  C‐17  0.093795  62 35 294.3 0.0866 0 

199  C‐17  0.093795  62 35 294.3 0.0866 0 

200  C‐17  0.093795  62 35 294.3 0.0866 0 

201  C‐17  0.093795  62 35 294.3 0.0866 0 

202  C‐17  0.093795  62 35 294.3 0.0866 0 

203  C‐17  0.093795  62 35 294.3 0.0866 0 

204  C‐17  0.093795  62 35 294.3 0.0866 0 

205  C‐17  0.093795  62 36 294.3 0.0866 0 

206  C‐17  0.093795  62 36 294.3 0.0866 0 

207  C‐17  0.093795  62 36 294.3 0.0866 0 

208  C‐17  0.093795  62 36 294.3 0.0866 0 

209  C‐17  0.093795  62 36 294.3 0.0866 0 

210  C‐17  0.093795  62 36 294.3 0.0866 0 

211  C‐17  0.093795  62 36 294.3 0.0866 0 
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212  C‐17  0.093795  62 36 294.3 0.0866 0 

213  C‐17  0.093795  62 37 294.3 0.0866 0 

214  C‐17  0.093795  62 37 294.3 0.0866 0 

215  C‐17  0.093795  62 37 294.3 0.0866 0 

216  C‐17  0.093795  62 37 294.3 0.0866 0 

217  C‐17  0.093795  62 37 294.3 0.0866 0 

218  C‐17  0.093795  62 37 294.3 0.0866 0 

219  C‐17  0.093795  62 37 294.3 0.0866 0 

220  C‐17  0.093795  62 37 294.3 0.0866 0 

221  C‐17  0.093795  62 38 294.3 0.0866 0 
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