


Abstract:
The Navy operates under a 3-tiered maintenance philosophy.  Organizational level maintenance (O-Level) is work performed by the ship’s crew and can be accomplished while the ship is underway or pier side.  Intermediate level maintenance (I-Level) is done by a contractor crew and is performed pier side, underway, or at an I-Level facility.  Depot level maintenance (D-Level) is performed by a shipyard, in dry-dock or pier side to accomplish the most intense maintenance tasks.  Although the types of tasks at each of these tiers are well defined, the costs incurred at each level are not completely understood.  Currently, estimating ship maintenance is very static.  Historical data is gathered, the known maintenance costs are averaged, and then this annualized cost is applied to every year of the ship’s service life.  With the guidance of our team’s sponsors, the Naval Surface Warfare Center, Carderock Division (NSWCCD) Code 2110, Cost Effectiveness Branch, and the NAVSEA 05C Cost Engineering and Industrial Analysis Group, our team went forward to develop 
(1) the age curve/factor for DDG 51 class ships at all three levels of maintenance, 
(2) guidance on how to apply the age curve/factor, and 
(3) documentation of our analysis.
To develop these deliverables, we gathered data from the congressionally mandated Visibility and Management of Operating and Support Costs (VAMOSC) database.  This paper describes our approach of exploring the relationship between maintenance cost and ship age.  As this report will describe, our analysis determined that O-Level and I-Level maintenance costs generally increase as a ship ages.  We also examined the maintenance costs of other ship classes to determine if the analysis of other combatants’ data confirmed our approach.
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[bookmark: _Toc341963744]Introduction
The importance of cost estimating ship platforms is at an all-time high.  With increased scrutiny and budget constraints, the ability to accurately forecast costs is imperative.  Reflective of this, the Vice Chief of Naval Operations, the Assistant Commandant of the Marine Corps, and the Assistant Secretary of the Navy issued a joint letter in June 2009 regarding Total Ownership Costs (TOC).  The letter references the O&S Cost Estimating Guide published in 2007 by the Office of the Secretary of Defense (OSD) Cost Analysis Improvement Group (CAIG) as the official definition of TOC and guidance for estimating TOC.  TOC is defined as the following:
“Life-cycle cost can be defined as the sum of four major cost categories, where each category is associated with sequential but overlapping phases of the system life cycle. Life-cycle cost consists of (1) research and development costs, associated with the concept refinement phase, technology development phase, and the system development and demonstration phase, (2) investment costs, associated with the production and deployment phase, (3) O&S costs, associated with the sustainment phase, and (4) disposal costs, occurring after initiation of system phase-out or retirement, possibly including demilitarization, detoxification, or long-term waste storage.”
The third cost category, O&S, tends to be the largest of the four and typically lasts the longest.  This includes all operations and support (O&S) type costs; personnel, operations, maintenance, sustaining support, continuing system improvements, and indirect costs.  With defense budgets tightening, it is critical for the Navy to accurately anticipate how much money it will need in a given year.  Because of this, an increased emphasis has been placed on understanding where O&S dollars are being spent and identifying ways to decrease these costs.  
One of the biggest contributors to O&S costs are maintenance costs.  The United States Navy operates under a three tiered maintenance philosophy.  Organizational level maintenance (O-Level) is work performed by the ship’s crew.  O-Level maintenance can be accomplished while the ship is underway or pier side and includes routine maintenance.  Intermediate level maintenance (I-Level) is done by some sort of intermediary group and can be performed pier-side, underway, or at an I-Level facility.  Depot level maintenance (D-Level) is performed by a shipyard and may require the ship to be dry-docked.  D-Level tends to be the most expensive of the three because it includes the most labor intensive tasks and typically the costliest material items.  Although maintenance data has been collected for a number of years, few studies exist to investigate how the age of a hull impacts its O, I, and D-Level maintenance.  This produces several questions:
· What happens to the cost of these three maintenance categories as the ship gets older?  
· Do trends exist that show increases of maintenance costs the longer a hull has been in the water?
· Do non-cost characteristics of the ship have an impact on these costs?  For example, does the number of crew have an effect on the O-Level maintenance that is achieved?  Or, do steaming hours underway (SHU) impact the ship’s ability to perform D-Level availabilities?  
Our main objective is to answer these questions and to explore the relationship between a ship’s age and its maintenance costs.  
[bookmark: _Toc341963745]Stakeholders
The Naval Sea Systems Command Cost Engineering and Industrial Analysis group, NAVSEA 05C, performs cost estimates for all Acquisition Category I programs.  In recent history, emphasis was placed on creating estimates for the procurement piece of the lifecycle, and estimating O&S was treated as an afterthought.  Over the past few years, however, this mentality is shifting.  A greater focus is being placed on O&S and more of NAVSEA 05C’s customers are requesting O&S estimates earlier in their programs.
Currently, the estimating methodology for maintenance costs is very static.  For O-Level and I-Level, an average annual maintenance cost is identified for a particular ship platform based on historical data.  This annual average is applied to every year for every ship.  Although cost impacts from age are inherent in the data used to develop the annual averages, the estimates are not age sensitive.  This is problematic when using these estimates for budgetary purposes.  If an aging impact curve was identified and used in these estimates, the maintenance cost profile would become much more dynamic and closer to reality.  Likewise, D-Level maintenance is estimated using the maintenance profile in the OPNAVNOTE 4700 (discussed further in the Data section).  The OPNAVNOTE 4700 lays out depot availabilities throughout the life of all Navy ships in service.  It also identifies the expected work to be completed during each availability, in terms of man-days.  This methodology is more dynamic, since the depot availabilities are discretely planned over the entire life of the vessel.  
The results of this paper will be used within the NAVSEA cost community to generate cost estimates and analysis for various customers: Congress, Program Executive Offices (PEO) Ships, PEO Littoral Combat Ship (LCS), PEO Submarine, NAVSEA 05D, Office of the Secretary of Defense (OSD), etc.  
[bookmark: _Toc341963746]Application
The Operating and Support Cost Analysis Model (OSCAM) is NAVSEA 05C’s tool of choice for modeling O&S costs.  OSCAM is a System Dynamics model sponsored by the Naval Center for Cost Analysis (NCCA) and managed by the Naval Surface Warfare Center, Carderock Division (NSWCCD).  OSCAM allows cost estimators to model all costs incurred through the lifecycle of the ship platform.  
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[bookmark: _Toc341963762]Figure 1: O&S Cost Analysis Model

The maintenance sector of this model has the capability to input aging impact curves. Below is a screenshot of the aging curve for O/I-Level material costs.  We will begin our analysis by exploring the aggregate of O/I/D-Level costs and eventually drill down to the level of material costs.
[image: ]
[bookmark: _Toc341963763]Figure 2: OSCAM Aging Impact Curve
[bookmark: _Toc341963747]Data
[bookmark: _Toc341963748]VAMOSC
The database used is the Visibility and Management of Operating and Support Costs (VAMOSC).  VAMOSC is a congressionally mandated database managed by the Naval Center for Cost Analysis (NCCA) and has been housing historical Navy O&S data since 1984.  Multiple VAMOSC universes exist, including those for both ship and air platforms.  Below is the Ship Universe element structure used in this study:
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[bookmark: _Toc341963764]Figure 3: VAMOSC Element Structure (Top Level)

More specifically, this study examines cost data within Elements 1.0, 2.0, and 3.0.  A detailed breakout is seen below (items highlighted will be used):
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[bookmark: _Toc341963765]Figure 4: VAMOSC Elements (Detailed Level)
Element 1.2.2 Repair Parts & Repairables contains all materials used by the crew to perform O-Level maintenance.  Salaries of the crew are contained in Element 1.1 Personnel and will not be counted as part of O-Level maintenace.  Elements 2.1 Labor – Intermediate Maintenance and 2.2 Material – Intermediate Maintenance will be used to analyze I-Level maintenance.  This includes I-Level maintenance performed both afloat and ashore.  Element 3.1 Maintenance – Scheduled – Depot contains all D-Level maintenance costs.    
Data in the VAMOSC Ships Universe is updated annually from multiple sources, including public and private maintenance shipyards.  Numbers are scrubbed by the VAMOSC program management team to identify any anomalies or missing data.  All data for this project were pulled October, 2012 in constant fiscal year 2013 dollars.  Due to data sensitivities, no raw data will be shown throughout this paper; however, trends will be presented.  Proper United States Government authorization is required to obtain data.  
[bookmark: _Toc341963749]OPNAVNOTE 4700
The OPNAVNOTE 4700 is also used as a data source.  This document is published annually by the Office of the Chief of Naval Operations and outlines the depot availabilities that each ship class will undergo.  Although no costs are assigned to each availability, effort (in man-days) is listed.  This study uses this document to compare anticipated costs (calculated from listed effort) to actualized costs (data from VAMOSC). 
[bookmark: _Toc341963750]Naval Vessel Register
The final data source is the Naval Vessel Register (www.nvr.navy.mil).  This website is used to gain a more comprehensive understanding of the technical characteristics of the ship classes analyzed.  In order to provide a complete product to our stakeholders, we need to be cognizant of the bigger picture and consider all impacts of maintenance. 
[bookmark: _Toc341963751]Assumptions
Multiple assumptions were made prior to collecting data.  All costs were pulled in constant year FY13 dollars.  If costs were not available in constant FY13 dollars, they were inflated or deflated to FY13 dollars using applicable appropriation.  
All outliers in our datasets remained as data points in our analysis.  They were included because  currently there is not an official method of identifying outliers. This study sought to allow the analysis to be representative of all historical costs, even if they resulted from a unique occurrence.  
[bookmark: _Toc341963752]Analysis
[bookmark: _Toc341963753]DDG-51
The DDG-51 class, also known as the Arleigh Burke class, is comprised of Guided Missile Destroyers built from 1991 to present day.  This is the largest class of Navy destroyers, with 61 hulls delivered of the 75 planned.  The missions of the DDG-51 class range from anti-submarine to anti-aircraft warfare.  Loaded with sophisticated weapon systems, the DDG-51 class plays a very important role in the Navy’s fleet.  The DDG-51 class is divided into three flights: Flight 1 comprised of hulls 0051 to 0071, Flight 2 comprised of 0072 to 0078, and Flight 2A comprised of 0079 to 0116.  This study is focused primarily on Flight 1.
The table below summarizes ship years of data for the DDG-51 Flight 1 class. 
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[bookmark: _Toc341963766]Figure 5: DDG-51 Flt 1 Dataset
This study limited ship ages to those that had at least ten ship years of data.  So, for the DDG-51 Flight 1 dataset, we only included ages 1-16 for a total of 330 data points.   Exclusion of ship years of data for the DDG-51 Flight 1 analysis were possible because of the large dataset and multiple years with more than ten data points.  
[bookmark: _Toc341963754]DDG-51 Organizational Level Maintenance 
 O-Level maintenance was subdivided into two areas: material costs and labor hours.  For each subdivision of data the arithmetic average, median, standard deviation, and the coefficient of variation were calculated.
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[bookmark: _Toc341963767]Figure 6: DDG-51 Flt 1 O-Level Costs
The median and average were very close for all ages of the class.  A regression was completed using the median instead of the average because positive skew was exhibited in nearly every data point. The vertical lines represent the variation of the data at each age. The total length of the vertical bar is plus and minus one standard deviation about the average. The strong R2 value of 0.89 indicates that there is a strong correlation between ship age and O-Level maintenance costs.  With high confidence an analyst can assume that O-Level costs will increase as a DDG-51 Ship ages. 
A similar upward linear trend is observed completing a regression using age and  median man-hours instead of material costs.  Although O-Level costs only include material costs, generally it can be assumed more labor requires more material.  This measure generated a regression with a higher R2.
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[bookmark: _Toc341963768]Figure 7: DDG-51 Flt 1 O-Level Manhours
While the man-hours analysis exhibits a similar strong trend, like material costs, there is greater variability in a few years of man-hours (years 7 and 9) that do not translate into highly variable costs.  This suggests that these maintenance actions are not materially intensive.   Greater insight from the data provider would be needed to explain this discrepancy. 
O-Level cost data was also analyzed another way.  A histogram was created to represent O-Level costs divided into age brackets of five years.  
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[bookmark: _Toc341963769]Figure 8: DDG-51 Flt 1 O-Level Costs Histogram
Then the histograms were separated by age bracket.  Yielding the following:
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[bookmark: _Toc341963770]Figure 9: O-Level Histograms by Age
	
Separating the histograms by age exhibits the increase in median for each increment.  Although these distributions are not used to calculate the final deliverable for the project sponsor, they are included as a potential alternative to the aging curve. 
[bookmark: _Toc341963755]Intermediate Level Maintenance
I-Level maintenance cost data for the DDG-51 Flight 1 class contains both labor and material dollars and labor hours.  Labor accounts for approximately 85% of total I-Level costs.  
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[bookmark: _Toc341963771]Figure 10: DDG-51 Flt 1 I-Level Costs
Much like O-Level maintenance, I-Level costs appear to increase with age.  There is also greater variability in these data points.  This could be because I-Level maintenance is not performed as regularly as O-Level maintenance since a third party is required to accomplish the work. I-Level manhours for the DDG-51 Flight 1 class exhibit a similarly increasing trend with a stronger R2 of 0.87.  
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[bookmark: _Toc341963772]Figure 11: DDG-51 Flt 1 I-Level Manhours
[bookmark: _Toc341963756]Depot Level Maintenance
Depot level maintenance includes many types of availabilities.  The tasks can be accomplished in a dry dock or pier-side.  These availabilities tend to include the most intense maintenance actions such as hull cleanings, or engine overhauls.  The D-Level availabilities are scheduled in a document published annually by the Office of the Chief of Naval Operations, the OPNAVNOTE 4700.  Scheduled as discrete efforts, the OPNAVNOTE 4700 lays out every availability that each in-service ship class is planned to go through during its entire service life.  These availabilities may not occur every year, but usually last a few months.  OPNAVNOTE 4700 also lists the amount of effort each availability requires.  Although costs for each depot availability are not listed, required effort has been converted into total cost using NAVSEA’s repair yard rate guidance.  
Aging Impact on Ship Maintenance Costs


As scheduled (and costed) as discrete events, the OPNAV planned maintenance is higher than the actual historical data on the DDG-51 class.  A comparable look is seen below, showing cumulative depot level costs.  The black line represents the OPNAV 4700 costs while the other lines represent each hull of the DDG-51 Flight 1 class.  
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[bookmark: _Toc341963773]Figure 12: DDG-51 Flt 1 Cumulative D-Level Costs


[bookmark: _Toc341963757]Non-Cost Comparisons
Certain non-cost elements could have large impacts on the cost of maintenance.  In order to identify what in particular is at play in each of the maintenance relationships, this study looked into two major non-cost elements to see if there was a relationship with cost.
First, the number of enlisted crew on each hull of the DDG-51 for every year was analyzed.  This can strongly impact how much O-Level maintenance can be done on the ship.  The graph below shows the number of enlisted personnel for all the DDG-51 Flight 1 hulls.  
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[bookmark: _Toc341963774]Figure 13: DDG-51 Flt 1 Enlisted Personnel
A strong relationship was expected between the number of enlisted personnel and O-Level maintenance. As enlisted personnel increased, the amount of O-Level maintenance that was done was expected to increase; more enlisted personnel performing work results in more tasked accomplished.  As seen above enlisted personnel count has a cyclic pattern. When overlaid with O-Level maintenance hours as in Figure 14, a direct relationship is not apparent.
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[bookmark: _Ref341955258][bookmark: _Toc341963775]Figure 14: DDG-51 Flt1 Enlisted Pers & O-Level Hrs

Operational hours were expected to have an impact on the amount of O/I-Level maintenance that could be accomplished.  Operations hours are divided into three mutually exclusive categories: Steaming Hours Underway (SHU), Steaming Hours Not Underway (SHNU), and Cold Iron.  Operational hours do not appear to have an impact on O-Level hours or I-Level hours.
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[bookmark: _Toc341963776]Figure 15: DDG-51 Flt 1 Op Hrs & O-Level Hrs
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[bookmark: _Toc341963777]Figure 16: DDG-51 Flt 1 Op Hrs & I-Level Hrs

[bookmark: _Toc341963758]Forecasted Curves
Trends of other combatant classes were examined to generalize a curve applicable to multiple platforms.  Other classes analyzed are summarized below: 
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[bookmark: _Toc341963778]Figure 17: Combatants in Forecasting Analysis
FFG-7 data were available for ages one through 28, however not all ages were used.  Ages 1-7 were excluded because they appeared to be partial years of data.  
In terms of O-Level maintenance, a positive trend was observed for the CG-47 ship class.  FFG-7, however, did not increase over time.  
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[bookmark: _Toc341963779]Figure 18: Forecast Analysis O-Level Cost
Slope in the table below represents the amount of linear increase in each combatant class.  In other words, the FFG-7 class increased in O-Level maintenance costs $1 per LT per year on average, while CG-47 increased $10 per LT per year.  The strongest of these relationships, however is that of the DDG-51 Flight 1.  
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[bookmark: _Toc341963780]Figure 19: Summary of Combatant Trend - O-Level
I-Level maintenance showed stronger trends, with R2 values between .70 and .90.  
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[bookmark: _Toc341963781]Figure 20: Forecast Analysis I-Level Cost
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[bookmark: _Toc341963782]Figure 21: Summary of Combatant Trend I-Level

In particular, the sponsor requested a forecast or trend for the second half of the DDG-51 Flight 1 life.  From the analysis above, the following forecasted curves were developed for the DDG-51 Flight 1, ages 16-25.  Multiple curves are presented to show the range of possible scenarios.  Risk ranges could also be extrapolated from the trends below.  
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[bookmark: _Toc341963783]Figure 22: DDG-51 Flt 1 O-Level Forecast Range
The best fit curve for the FFG-7 and CG-47 classes remained linear.  FFG-7 does not have a strong increasing trend, but is kept in the analysis as possible lower bound.  A continuation of the historical DDG-51 Flight 1 linear trend represents an upper bound.  
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[bookmark: _Toc341963784]Figure 23: O-Level Forecast Range Summary

The scenarios presented for I-Level are more similar than that of O-Level.  Best fit trends for both the FFG-7 and CG-47 classes were exponential.  All data shows an increase with age.
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[bookmark: _Toc341963785]Figure 24: DDG-51 Flt 1 I-Level Forecast Range
Again, risk ranges can be extrapolated from the above curves.  
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[bookmark: _Toc341963786]Figure 25: I-Level Forecast Range Summary
[bookmark: _Toc341963759]Conclusion
Using historical combatant data from the Navy’s VAMOSC database, aging curve scenarios have been delivered to NAVSEA’s cost community.  This is intended to enhance cost estimates that are created for the Navy’s ship acquisition programs.   While most classes in general exhibit increasing maintenance cost trends with age, aging rates differ.  The cost estimator must consider which ship class is most applicable to his or her platform’s estimate.  Meetings with the design community are encouraged to understand maintenance philosophies.  In addition, the cost estimator must be cognizant of the full scope of aging effects on a platform when applying these trends.  
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