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Overview

A

Introduction and Background

The US Navy has over 3500 gas turbine engines used throughout the surface fleet for propulsion and the
generation of electrical power. The US Navy, Naval Sea Systems Command (NAVSEA) Marine Gas Turbine
Information System (MGTIS) Program archives engines’ historical operating and removal data for use in
logistics and lifecycle planning. One analysis conducted by the MGTIS Program is to project the number of
engine removals for the next ten years and determine engine down times between removals. To support this
effort, NAVSEA currently uses a software program, implemented in FORTRAN in the early 1970s. The
program runs on a mainframe computer and is inconvenient to use. In addition, because it does not account
for certain important factors (such as decommissioning), various manual manipulations and subjective
judgments are needed to make the program fit the current needs of the MGTIS program. Finally, the
underlying statistical methods employed by the FORTRAN program are not well documented or understood.
Thus there was a need for a new program that is more convenient to use and that is based on a defensible
scientific methodology. This program is the result of the research and development conducted by Pacific
Northwest National Laboratory to develop algorithms to forecast engine replacements and the implementation
of a new user-friendly software program to enable the NAVSEA user to formulate forecasts that support their
logistics needs. Benefits of this program are the following:

i. The algorithms are defensible, well-documented and outperform the existing algorithms.

ii. The software can extend the forecasting algorithm work to present a variety of information based on
the data analysis and forecast.

iii. The software presents intuitive displays, is easy to run with minimal training, and can run under
Windows as a Web-based application.

Project funded by Naval Sea Systems Command (NAVSEA), Naval Surface Warfare Center (NSWC)

Section Il — User Manual and Help

Section 11l — Administrator Manual and Help

Appendix A — Paper presented/published at 2005 ASNE Intelligent Ship Symposium
Appendix B — Database Schema

Conclusions and Summary

This software demanded the merger of good mathematical statistical science and computer science to create an
effective tool to support NAVSEA’s logistics needs. The initial implementation of the ERP Tool is on the
collection of 3100 Gas Turbine Engines. The ERP Tool algorithm results in approximately a 10%
improvement over the current practice. This will help guard against purchasing in advance of demand and, in
addition, will help avoid the more serious situation--a shortfall. The software uses the best algorithm in
combination with user-friendly interfaces and intuitively understandable displays. The user can select a
specific engine type, forecast time period, and op-tempo. Graphical displays and numerical tables present
forecasts and uncertainty intervals. The technology developed for the project is applicable to other logistic
forecasting challenges any where improved forecasting and/or user-friendly software tools could help the
logistics tasks.

Points of Contact

NAVSEA Concerns/Issues - NAVSEA Project Manager, Ed Hilferty (HilfertyEL@nswccd.navy.mil)

Technical Concerns/Issues - PNNL Principal Investigator, Tom Ferryman (tom.ferryman@pnl.gov)
PNNL Project Manager, Frank L. Greitzer (frank.greitzer@pnl.gov)
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1. User Manual and Help

Main Menu

4“3 ERPTool Main - Microsoft Internet Explorer l:”ﬁl@
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1. Main Menu

The Engine Removal Projection (ERP) Tool was developed at Pacific Northwest National Laboratory to
forecast gas turbine engine replacements for the U.S. Navy. This page serves as the starting point of the
program and must be returned to in order to navigate the different functions of ERP. The different functions of
ERP include the following:

Operational Tempo Calculations
Engine MTBF Augmented with Selected Component Removal Tool
Kaplan-Meier Survival Table
Projected Engine Removals
0 Projected Engine Removal Table
0 Projected Engine Removal Graph
0 Cumulative Projected Engine Removal Graph (Multiple Years)
0 Cumulative Projected Engine Removal Graph (Single Year)

A. Click on any one of the underlined phrases to select that function



Operational Tempo Calculations
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2. Operational Tempo Calculations

This page displays the expected operational tempo for all engines for both peacetime and wartime conditions.
It also calculates the actual hours of use during a selected time period. The page also allows the user to modify
the wartime multiplier for each engine.

A. Select the time period
i.  Select the begin date.
ii.  Select the end date.
Note: The end date cannot occur before the begin date.
B. Check the box marked “Show Actual Calculated Hours” to show the actual number of hours the engine
was used for the time period. Leave the box unmarked to skip this calculation.
C. Click the “Update Table” button to save the wartime multipliers and update the calculated values.
D. To return to the previous menu, click the underlined phrase Return to Main.



Engine/Component MTBF
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3. Engine/Component MTBF

This page displays the mean time between failures for a selected engine during a selected time period. The
table also shows the TAN Record, removal count, and the mean time between failures for individual
components of a selected engine.

A. Select the engine type.
B. Select the time period
i.  Select the begin date.
ii.  Select the end date.
Note: The end date cannot occur before the begin date.
C. Click the “Update Table” button to display the results of your selections.
D. To return to the previous menu, click the underlined phrase Return to Main.



Kaplan-Meier Survival Table
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4. Kaplan-Meier Survival Table

This page displays the survival table for a selected engine during a selected time period. The table shows the
percentage of survival for the selected engine based on hours in use.

A. Select the engine type.
B. Select the time period
i.  Select the begin date.
ii. Select the end date.
Note: The end date cannot occur before the begin date.
C. Click the “Update Table” button to display the results of your selections.
D. To return to the previous menu, click the underlined phrase Return to Main.



Projected Engine Removals Menu
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5. Projected Engine Removals Menu

This page serves as the starting point for the Projected Engine Removal function. The different features of
this function include the following:

Projected Engine Removal Table

Projected Engine Removal Graph

Cumulative Projected Engine Removal Graph (Multiple Year)
Cumulative Projected Engine Removal Graph (Single Year)

A. Click on any one of the underline phrases to select that function.
B. To return to the main menu, click the underlined phrase Return to Main.



Engine Removal Projection Table
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6. Engine Removal Projection Table

This page allows the user to display the projected engine removals for a selected engine during a selected
historical time period and a selected projection time period.

A.
B.

Select the engine type.
Select the historical time period
i.  Select the historical begin date.
ii.  Select the historical end date.
Note: The historical end date cannot occur before the historical begin date.
Select the projection time period.
i.  Select the projection begin date.
ii. Select the projection end date.
Note: The projection end date cannot occur before the projection begin date.
Note: The projection end date cannot occur before the historical end date.
Check the box marked “Use Wartime Multipliers” to determine the engine removal projection during
wartime. Leave the box unchecked to determine the engine removal projection during peacetime.
Click the “Update Table” button to display the results of your selections in tabular format.
To return to the previous menu, click the underlined phrase Return to Projection Menu.




Engine Removal Projection Graph
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7. Engine Removal Projection Graph

This page allows the user to display the projected engine removals in graphical format for a selected engine
during a selected historical time period and a selected projection time period.

A. Select the engine type.
B. Select the historical time period
i.  Select the historical begin date.
ii. Select the historical end date.
Note: The historical end date cannot occur before the historical begin date.
C. Select the projection time period.
iii. Select the projection begin date.
iv. Select the projection end date.
Note: The projection end date cannot occur before the projection begin date.
Note: The projection end date cannot occur before the historical end date.
D. Check the box marked “Use Wartime Multipliers” to determine the engine removal projection during
wartime. Leave the box unchecked to determine the engine removal projection during peacetime.
Click the “Update Graph” button to display the results of your selections in graphical format.
To return to the previous menu, click the underlined phrase Return to Projection Menu.

nm




Engine Removal Projection Cumulative Graph
(Multiple Year)
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8. Engine Removal Projection Cumulative Graph (Multiple Year)

This page displays a multiple year graph of the projected engine removals for a selected engine during a
selected historical time period and a selected projection time period.

A. Select the engine type.
B. Select the historical time period
I.  Select the historical begin date.
ii.  Select the historical end date.
Note: The historical end date cannot occur before the historical begin date.
C. Select the projection time period.
i.  Select the projection begin date.
ii. Select the projection end date.
Note: The projection end date cannot occur before the projection begin date.
Note: The projection end date cannot occur before the historical end date.
D. Check the box marked “Use Wartime Multipliers” to determine the engine removal projection during
wartime. Leave the box unchecked to determine the engine removal projection during peacetime.
E. Click the “Update Graph” button to display the results of your selections in graphical format.
F. To return to the previous menu, click the underlined phrase Return to Projection Menu.




Engine Removal Projection Cumulative Graph
(Single Fiscal Year)
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9. Engine Removal Projection Cumulative Graph (Single Fiscal Year)

This page displays a single year, multiple-month graph of the projected engine removals for a selected engine
during a selected historical time period and a selected projection fiscal year.

A. Select the engine type.
B. Select the historical time period
iii. Select the historical begin date.
iv. Select the historical end date.
Note: The historical end date cannot occur before the historical begin date.
C. Select the projection fiscal year.
D. Check the box marked “Use Wartime Multipliers” to determine the engine removal projection during
wartime. Leave the box unchecked to determine the engine removal projection during peacetime.
E. Click the “Update Graph” button to display the results of your selections in graphical format.
F. To return to the previous menu, click the underlined phrase Return to Projection Menu.
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I11.  Administrator Manual and Help

The following section describes the installation of the ERP Tool and outlines the requirements and procedures to
correctly configure the application. In order for the application to be installed successfully, the directions must
be followed exactly and in the same order. The ERP Tool was written in C# with ASP.NET by John Wilson
(john.wilson@pnl.gov). In addition, John Wilson wrote the installation instructions and may be contacted
regarding any issues installing the application.

A. Hardware/Software Requirements

1. Microsoft Windows XP
ERP Tool Program Files
Microsoft Internet Information Services (IIS)
Microsoft .NET Framework Version 1.1
SQL Server 2000 Database

o wn

Complete the following steps to make sure these components are installed and configured properly:

1. ERP Tool program files
a. Simply copy all the files (*.aspx, *.cs, etc.) from the ERPTool into a directory (folder) on your hard drive.
This can be named anything you like. We will refer to this as the “Program Directory”.
b. The “Program Directory” will contain two subdirectories (bin and Images). bin will contain two files:
ERPTool.dll and ERPTool.pdb. Images will contain one file: Ships.jpg.

2. Microsoft Internet Information Services (11S)
a. IS is the Windows program that serves up Web Pages.
b. To seeif IS is installed and working, go to Start / Control Panel / Administrative Tools and see if Internet
Information Services is present. If installed, continue with step 3, if not follow these instruction to install.
i. Go to Start / Control Panel / Add or Remove Programs
ii. Click on Add/Remove Windows Components at the left
iii. On the Windows Components Wizard, check the Internet Information Services (IIS) box and
press the “Next” button.

iv. Follow the instructions. You will need your Windows XP Installation disk(s).

3. Microsoft .NET Framework version 1.1
a. Check for the presence of Microsoft .NET Framework 1.1 by going to the web site:
http://msdn.microsoft.com/netframework/downloads/frameworkl 1/
b. Follow the instruction on the web site to install if not already installed.

4. SQL Server 2000 Database
a. If you have previously installed ERPTool and want to remove your old database files, follow these steps:
i. Start up your SQL Server Enterprise Manager. (Start / All Programs / Microsoft SQL Server
/ Enterprise Manager)
ii. Drill down to Microsoft SQL Servers / SQL Server Group / (local*) / Databases. Note
(local*) may be your machine name followed by (Windows NT) or (local); it is usually the
only entry under your SQL Server Group.
iii. Right-click on gtlog (if it exists) and select Delete. Click the OK button.
iv. Right-click on Icac (if it exists) and select Delete. Click the OK button.
b. To set up a new Login, follow these steps (if you have already setup a Login, you do not need to repeat
this step):


mailto:john.wilson@pnl.gov
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ii.
iii.
1v.

V.
V1.

Vil.
Viii.
iX.

In the SQL Server Enterprise Manager, drill down to Microsoft SQL Servers / SQL Server
Group / (local*) / Security / Logins.

Right-click on Logins and choose New Login.

In the Name box, type a user name, like “john”

Select the “SQL Server Authentication” radio button

Type a password in the Password box, like “wilson”

The Default Database and Language can be left as they are.

Press the OK button

Retype your password from step v (e.g. wilson)

Press the OK button

c. To install the new data files, follow these steps:

1.
ii.
iii.

1v.

V1.

Vii.
Vviii.

1X.
Xi.
Xil.
Xiii.
X1v.
XV.

XVI.
XVII.

XVIil.

Copy the *. MDF and *.LDF files to the “C:\Program Files\Microsoft SQL
Server\MSSQL\Data” folder (may be different depending on how you installed SQL server).
Start up your SQL Server Enterprise Manager. (Start/ All Programs / Microsoft SQL Server
/ Enterprise Manager).

Drill down to Microsoft SQL Servers / SQL Server Group / (local). Right click on the (local)
node and choose Properties.

On the security tab of the Properties dialog, make sure the “SQL Server and Windows” radio
button is selected for Authentication

Press the OK button

In SQL Server Enterprise Manager drill down to: Microsoft SQL Servers / SQL Server Group
/ (local) / Databases

Right-click on Databases. Choose All Tasks / Attach Database

Select the file (using the “...” button) to find the gtfleet data.MDF file you copied to your
hard drive (in step “4.c.i” above).

Click the Verify button to make sure everything is okay.

The “Attach as:” box should say “gtlog”

In the “Specify database owner:” box, you can choose your Login (e.g. “john”). If you do
this, it will create a “dbo” (database owner) account with your login and you will not need to
complete step “d” below.

Click the OK button.

Right-click on Databases again. Choose All Tasks / Attach Database

Select the file (using the “...” button) to find the lcac.mdf file you copied to your hard drive
(in step “4.c.i” above).

Click the Verify button to make sure everything is okay.

The “Attach as:” box should say “Icac”

In the “Specify database owner:” box, you can choose your Login (e.g. “john”). If you do
this, it will create a “dbo” (database owner) account with your login and you will not need to
complete step “d” below.

Once this is accomplished, you should see “gtlog” and “Icac” under Databases.

d. Ifyou did not choose your login name in steps “4.c.xi and 4/c.xvii” above, you will need to set up user
accounts to allow you to log in. To create user accounts on the databases, follow these steps:

i
il.
iii.
1v.
V.
V1.
Vil.
Viii.
1X.

X1.

Open the Databases / gtlog tag

Right click on Users tag. Select New Database User.

From the Login Name drop list, select your login name (e.g. “john”).

Enter a User Name in the box. It can be the same as the login name (e.g. “john”).
Make sure public and db_owner boxes are checked.

Press the OK button.

Open the Databases / Icac tag

Right click on Users tag. Select New Database User.

From the Login Name drop list, select the user you created in step r i above (e.g. “john”)
Enter a User Name in the box. It can be the same as the login name (e.g. “john”).
Make sure public and db_owner boxes are checked.



xil. Press the OK button.

5. Setup Web Site (complete this step if the Web Site has NOT been previously set up).

000 oD

s @

Open the IIS (by going to Start / Control Panel / Administrative Tools / Internet Information Services).
Drill down to (local computer) / Web Sites / Default Web Site.

Right-click on Default Web Site and choose New / Virtual Directory

In the Virtual Directory Creation Wizard, press the Next button.

In the Alias box, type ERPTool. Press the Next button.

In the Directory box, type (or better yet, use the browse button) to enter the Program Directory from step
1. Press the Next button.

Make sure the Read and Run scripts boxes are checked. Press the Next button.

Click the Finish button. (If you get a message saying that the Virtual directory name is not unique, this
means that you have already set up the web site. If so, choose Cancel.)

6. Configure Web.config

a.

b.

In order for the ERPTool program to access your database, you will need to make an adjustment to the
Web.config file.

Open the Web.config file (using Notepad, or your favorite text editor) and change the line that begins:
<add key="SQLConnection"... (should be about the 6™ line from the top).

Change the part that says uid=john to uid=yourname, where yourname is the user name you selected in
step “4.b.iii”.

Change the part that says pwd=wilson to pwd=password, where password is the password you selected in
step “4.b.v”.

Repeat steps b, c, and d for the line in Web.config that begins: <add key="SQLConnectionLCAC"...
Save and close Web.config.

7. Run ERPTool

a.
b.

Open your favorite browse, such Internet Explorer.

In the address line, type in the address: http://localhost/ERPTool/ERPMain.aspx and press the “go” button
or hit enter make your browser go to that page

There should be a delay of about 30 seconds while the program does some pre-processing of data. If there
is no delay, that probably means the program didn’t execute (see Trouble-Shooting notes below).

If you want, you can add this page to your “Favorites” list to provide quick access in the future.

Trouble Shooting Notes:

A. If program does not execute properly, it could be that the IIS web site isn’t configured to process ASP.NET
scripts.

A. To see if the IIS web site can process ASP.NET scripts, open the IIS (by going to Start / Control Panel
/ Administrative Tools / Internet Information Services).

Drill down to (local computer) / Web Sites / Default Web Site/ERPTool

Right-click on ERPTool and choose Properties.

On the Properties dialog, click the Configuration button.

Look to see if the extension .aspx is defined. If it is, your web site should be able to process ASP.NET
scripts. If not, follow the steps below.

If your web site cannot process ASP.NET scripts, either the Microsoft NET Framework 1.1 was not
properly installed, or the Framework was installed before IIS were turned on.
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http://localhost/ERPTool/ERPMain.aspx

G. When the .NET Framework is installed, it automatically configures your IIS. However, if the
Framework was installed before IIS was turned on, you will need to manually configure IIS for .NET.
To manually configure, follow these steps:
i. Run the following program (either from Start / Run or from a command prompt window):
ii. c:\Windows\Microsoft. NET\Framework\v1.1.4322\aspnet_regiis.exe -i (Be sure to include the
-1 switch. NOTE: your path may be slightly different, depending on how Windows and the
NET Framework were installed).
iii. Re-check steps a-¢ above, to confirm that the configuration was successful.

B. Ifthe program runs, but seems to lack data, it could be that the program is not accessing the database properly.
A. Start up your SQL Server Enterprise Manager
B. Drill down to Microsoft SQL Servers / SQL Server Group / (local) / Databases / gtlog / Tables
C. You should be able to see a lot of tables in the right-hand pane of the Enterprise managers: sys*,
BLADE HOURS, ... WAR MULT
D. Ifyoudon’t find gtlog or any tables, the database wasn’t properly installed. See step 4 above.
E. Ifthe tables are present, but the program can’t access them, one or more of the following might be
occurring:
i. A database user wasn’t properly established for access. See steps 4 0-z above.
ii. SQL Server Authentication may not be turned on. See step 4 ¢ above.
iii. Web.config wasn’t properly adjusted. See step 6 above.

C. Special Note. The original databases lack certain tables necessary for the operation of ERPTool. These files
were added by PNNL. For the gtlog database, these extra files and their column definitions are as follows:
A. ENGINE_DEF

i. ENGINE_TYPE varchar 40
ii. CI varchar 3
iii. TAN_RECORD numeric 9(10,0)
iv. COMP_TYPE numeric 5(1,0)
B. HRS_PROJECTED
i. SHIP_CLASS varchar 6
ii. ENGINE_TYPE varchar 40
iii. PROJ_HRS decimal 5(3,0)
C. REMOVAL_NON
i. REMV_RECORD numeric 9(18,0)
ii. DESCRIPT char 18
D. WAR_ MULT
i. SHIP_CLASS varchar 6
ii. ENGINE_TYPE varchar 40
iii. MULTIPLIERfloat 8
E. SHIP_PROJ
i. SHIP_CLASS varchar 6
ii. CLASS NAME varchar 6
iii. HULL varchar 10
iv. NAME varchar 40
v. MAIN_RECORD varchar 9(10,0)
vi. UIC varchar 8
vii. OP_DATE datetime 8
viii. TAN_RECORD decimal 9(10,0)
iX. ENGINE_TYPE varchar 40
X. QTY int 4

For the lcac database, these extra files and their column definitions are as follows:



a. ENGINE_DEF

i. ENGINE_TYPE varchar 40

ii. CI varchar 3

iii. TAN_RECORD numeric 9(10,0)
iv. COMP_TYPE numeric 5(1,0)

If any of these tables exists, but have a different definition, they need to be adjusted to match these tables
above.
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ABSTRACT

This paper presents results of R&D associated with
creating a new algorithm and software program to
predict engine removals/down time for US Navy
surface ships. The US Navy has over 3500 gas turbine
engines used throughout the surface fleet for
propulsion and generation of electrical power.
Historical data are used to forecast the number of
engine removals for the next ten years and determine
engine down times between removals. To update and
improve current prediction methods, we tested over
60 techniques on twenty years of Navy data from over
3100 engines and 120 ships. Among the techniques
investigated were moving averages, empirical
negative binomial, generalized linear models, Cox
regression, and Kaplan Meier survival curves. Our
approach was to apply the best algorithm based on its
performance on real-world data, and to implement the
selected algorithm in a new software program that
allows the user to select a specific engine type,
forecast time period, and op-tempo. Graphical
displays and numerical tables present forecasts and
uncertainty intervals. The technology developed for
the project is applicable to other logistic forecasting
challenges.

SPONSOR CLEARANCE

This work was conducted under a contract from
NAVSEA/NSWCCD to PNNL under a Related
Services Agreement with the U.S. Department of
Energy (Contract DE-AC06-76RLO 1830).

INTRODUCTION and
BACKGROUND

The US Navy has over 3500 gas turbine engines used
throughout the surface fleet for propulsion and the
generation of electrical power. The US Navy, Naval
Sea Systems Command (NAVSEA) Marine Gas

Turbine Information System (MGTIS) Program
archives engines’ historical operating and removal
data for use in logistics and lifecycle planning. One
analysis conducted by the MGTIS Program is to
project the number of engine removals for the next
ten years and determine engine down times between
removals. To support this effort, NAVSEA currently
uses a software program, implemented in FORTRAN
in the early 1970s. The program runs on a mainframe
computer and is inconvenient to use. In addition,
because it does not account for certain important
factors (such as decommissioning), various manual
manipulations and subjective judgments are needed to
make the program fit the current needs of the MGTIS
program. Finally, the underlying statistical methods
employed by the FORTRAN program are not well
documented or understood. Thus there was a need for
a new program that is more convenient to use and that
is based on a defensible scientific methodology.

This paper presents results of the research and
development conducted to develop algorithms to
forecast engine replacements and the implementation
of a new user-friendly software program to enable the
NAVSEA user to formulate forecasts that support
their logistics needs. Requirements for this work
included the following: The algorithms need to be
defensible, well-documented and outperform the
existing algorithms. The software needs to extend the
forecasting algorithm work to present a variety of
information based on the data analysis and forecast.
It must present intuitive displays, be easy to run
with minimal training, and run under Windows as a
Web-based application.

FORECAST ALGORITHM
DEVELOPMENT

We tested over 60 techniques on almost 20 years of
data collected from over 3100 gas turbine engine

! Ferryman, T. A., BD Matzke, JE Wilson, J Sharp, FL Greitzer, and E Hilferty. (2005) Engine Removal Projection Tool. ASNE Intelligent Ship
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assemblies and 120 U.S. Navy ships. Among the
techniques investigated as the forecast basis were
moving averages, empirical negative binomial,
general linear models, Cox regression, and Kaplan-
Meier curves, most of which are documented in
engineering, medical, and scientific research
(Lawless 1982). We applied these techniques to
the data and used test set validation to quantify the
accuracy of each method and choose the best
algorithm.

The Kaplan-Meier estimate is defined as follows:
suppose that there are n engines and that there are k
(k<n) distinct times t; <t < ... <ty at which
removals occur. The possibility of there being
more than one removal at tj is allowed, and we let d;
represent the number of removals at t;. In addition
to the lifetimes ty, ..., ty, there are also censoring
times L; for engines whose lifetimes are not
observed. The product-limit estimate of S(t) is
defined as

é(t)zl—[n;—d;

jiti<t N

where n; is the number of engines at risk at tj, that
is, the number of engines running and uncensored
just prior to t; (Lawless 1982).
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Figure 1. Example of Kaplan-Meier estimates

Figure 1 shows an example were ty, ..., ty are

plotted versus §(t) . This shows a step function

where S (t) decreases as the values of ty, ..., t

increase. It is logical to assume that each engine
has some non-zero chance of failing at any point in
time when we are using this distribution for
forecasting purposes, and in reality, S(t) should be
continually decreasing as time increases.
Therefore, we modified the method to smooth

values of §(t) between removal times.

To compute S (1) for time values not equal to one of

the values t, ..., ty we assumed the hazard rate
between two consecutive values of t;, ..., tyis a
non-zero constant unique to times between those
two points. For example, let’s say there are two
removal times from the original data, t, and t,
where the probability of survival for the Kaplan-
Meier estimate is unchanged between the two
points, and we wish to compute an estimated
probability of survival for a time t, that falls
between times t;and t.. S(t) for t, is computed as
follows:

(ty—ta) At —ta)

$t,) = St *| 2

S(t)

Another issue is how to compute forecast
probabilities of survival when time values approach
or exceed the highest removal time in the data. For
this case, we assume that hazard rates are constant
beyond a time where there are r values of ty, ..., t
exceeding this time in the data. We would assume
a constant hazard for the time value that achieves
the mean Kaplan-Meier estimate of the t.; and ty.r.1
removal times wherel < I <K . The mean Kaplan-
Meier estimate of the t., and ty...; removal times
occurs at a time t;,qj computed as follows

A

Sk—r + Sk—r—l

2* ék—r—l

1

ter—ter
In [Sk‘r J
Sk—r—l

Let totalhrs,aqj be the total number of hours and the
total number of removals from the n engines that
exceed tragj, and totalrems,,q; be the number of
removals that occur at times greater than tag. S(t)
is then computed as follows when t > t;a;

In
t

radj = tk—l—r +



totalrems

-t radj
radj
radj

SA[t>t,4)= S(tradj)*[l " omlhrs
To compute projected removals for future months,
projected operating hours for all engines are
totaled. Assemblies in each ship class are assumed
to operate at the average rate of the class’s
operating history. Using the average operating rate
for all assemblies, assemblies are stepped through
the ages they would reach each month. At each
step, the installed population in each interval is
subjected to the probability of being removed.
Removed assemblies accumulated as expected
removals are replaced by zero-timed assemblies for
the next iteration”.

EXPERIMENTAL RESULTS
ASSESSING THE FORECAST
ALGORITHMS’ EFFECTIVENESS

The algorithms were evaluated on 12 different
engine types using an iterative approach where we
retrieved the first few years of data, applied the
algorithm, and predicted the next year’s removals.
For the next iteration, we would drop the earliest
year’s data we used in the previous iteration, and
add the next year’s data. This was repeated until
we had predicted the most recent year’s removals.
For each engine type, a residual analysis was
performed on these results to evaluate how well
each method performed. Many summary statistics
and plots were used in our evaluation. Table 1
shows an example of a few of the summary
statistics used in our evaluations.

Table 1. Summary of Test Results for 4 of the 60

Binomial

Algorithms Tested
Mean
. Absolute Root
Algorithm Difference MSE Correlation
Kaplan-Meier 4.42 5.53 0.51
Cox PH 10.48 11.86 -0.22
GLM 6.14 8.59 -0.07
Negative 477 5.87 0.45
Empirical

? Methodology for MTBR and Removal Projections was
based on notes provided by NAVSEA.

The Kaplan-Meier estimate method with the
modifications we have described performed better
than other methods when there were at least several
removals in the data. A simple constant hazard rate
based on removals per hour worked consistently
well when there were only a few removals in the
data used to compute the distribution. The method
implemented uses the constant hazard for low
numbers of removals, and the modified Kaplan-
Meier estimate when a minimum number of
removals are present in the test set data.

ERP TOOL, USER-FRIENDLY
SOFTWARE WORKSTATION

The algorithm chosen as most effective is a core
part of the ERP Tool. Other key characteristics are
important to allow it to function in the NAVSEA
environment:

e  Web-based, running on a windows operating
system.

e Use .NET technology and the C# language.

e The ERP Tool and all MGTIS data remain on
the NAVSEA server. Raw data will not be
passed to the client workstation.

e The ERP Tool accesses the MGTIS ORACLE
database on the NAVSEA server to acquire
user-specified data (e.g., data for the past three
years) to be used by the ERP analysis. Input
data include Ship ID, Engine ID, dates,
operating hours, engine failure codes, selected
component failure codes, and projected
operating schedules.

e Outputs displays

e Engine Hazard Rate and Reliability
Summary table

e Projected Engine Removals table

e Charts of actual versus predicted
removals by engine type and year in
accordance with a user specified
prediction period.

e Charts of actual cumulative removals
versus projected removals by engine
type and month for a selected fiscal
year.




e Aggregated chart of engine removals
by year including historical data and
projected data (e.g., out to ten years).

e Graph of removal rates for a selected
time period.

e Bar charts broken out by engine type of
MTBEF values by date

e Engine MTBF values augmented for
relevant components.

e Component MTBF.

e Projections based on user-selectable
Peacetime Operational Tempo and/or
Wartime Operational Tempo.

Many of these capabilities are illustrated below.

Data Issues

Data for the prediction tool is extracted from
MGTIS database, which is a relational database
stored and managed by Microsoft’s SQL Server
2000.

The data needed for the prediction tool is
categorized as follows:

- Monthly Engine Operating data

- Engine Removal data

- Projected Engine Operating Hours

- Current Engine Location
On start-up, the prediction tool gathers historical
operating data into a single file to provide quick
access for the various prediction functions. This
includes organizing Monthly Engine Operating data
to show “operating hours since removal” and
“operating hours since new” for each month.
Removals are also associated with the monthly
operating records.

The current engine location data is used to
determine the inventory of engines to be used for
engine removal predictions. This location
information is combined with projected engine
operating hours data (and optionally with wartime
multiplier data) to determine the number of engine
and operating hours for the prediction periods.
Historical operating and removal data are used to
establish removal rates. Those removal rates are
used with the operating hours for prediction periods
to predict engine removals.

User Interface

The user interface is a series of “Web pages”
generated by the ERP-Tool program, which is an

ASP.NET program that resides on a server. The
ERP-Tool program interacts with the MGTIS data
through Microsoft SQL Server 2000. The Web
pages are sent to the user through the Microsoft
Internet Information Services (I1S).

NAVSEA

Marine Gas Turbine Information System
Engine Removal Projection Tool

Pacific Northwest National Laboratory
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The Main menu is a page that provides links to
other pages. Each page represents a particular

function. The following is a tree of the various
functions and menus in the ERP-Tool program:

- Main Menu
0 Kaplan-Meier Survival Table
0 Engine MTBF Augmented with
Selected Component Removal Data
O Historical Operating Hour and
Installation Summary
0 Operational Tempo Calculations
0 Projected Engine Removals Menu
=  Projected Engine Removal
Table
=  Projected Engine Removal
Graph
=  Cumulative Projected
Engine Removal Graph
(Multiple Years)
= Cumulative Projected
Engine Removal Graph
(Single Year)
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A synopsis of each function follows.

Kaplan-Meier Survival Table

This provides the table of survival values versus
operating hours that are used to predict removals.

Eglan Meler Survival Table

Hovers Sarvival
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Engine MTBF Augmented with Selected
Component Removal Data

This provides a list of components for a selected
engine and the mean time between failures (MTBF)
for each of those components during the chosen
operating period. Additionally, it provides the
overall MTBF for the engines which includes
component failures.

Engine MTBF

Augmented with Selected Component Removal Data

Engine Type: | LLCAC0 (A5 GENERATOR PARIED BLACE =
Mogin Duatms 2 = | 1506 =
End Dane: 0 >

TAN Reeard TAN  Name Rrmevals MTEF
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Historical Operating Hour and Installation
Summary

This provides a list of operating hours and number
of engines that operated during the chosen period,
broken down into hour intervals (chosen by the
user). It also includes the number of removals that
occurred in the various intervals.

Operational Tempo Calculations

This provides a means for the user to change the
multipliers to be used for projected monthly
operating hours during wartime conditions. There
is a different multiplier used for each engine type
on each class of ship where the engine is used.
Each user has a separate set of multipliers that
persists during the current web session (cleared
when the user exits the Web browser). The
underlying peacetime operation hour projections as
well as the default wartime multipliers are stored in
tables in the database, and are changed outside the
ERP Tool program.
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Projected Engine Removal Table



This predicts the number of engine removals for a
selected period based upon the removals that
occurred in a selected historical period. If
sufficient removals occurred in the historical
period, a Kaplan-Meier prediction method is used;
if not, then a simple rate prediction method is used.
The number of predicted removals along with an
upper 90% confidence limit, mean time between
removals (MTBR), and average removal age are all
displayed in tabular format.

Propection U950 flied Experted Upper 9% Avg Experied Bogecied  Suabde
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Projected Engine Removal Graph

This function operates basically the same as the
Projected Engine Removal Table, except that the
projected number of removals and upper 90%
confidence are plotted on a graph. If part or all of
the prediction period occurs in the past where
historical data is available, actual removals are also
plotted on the graph. Other predicted variables like
MTBR and average removal age are not plotted.

Projected Engine Removals

(Multiple Year Graph)
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Cumulative Projected Engine Removal Graph
(Multiple Years)

This function operates basically the same as the
Projected Engine Removal Graph, except that the
plotted removals are accumulated from one time
period to the next.

Projected Engine Removals

(Multiple Year Cumulative Graph)
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Cumulative Projected Engine Removal Graph
(Single Year)



This function operates basically the same as the
Cumulative Projected Engine Removal Graph
(Multiple Years), except that the prediction period
is limited to a single fiscal year.

Projected Engine Removals

(Single Fiscal Year Cumulative Graph)

Actual vs. Predicted Engine Removals (FY2005)
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CONCLUSIONS

This project demanded the merger of good
mathematical statistical science and computer
science to create an effective tool to support
NAVSEA’s logistics needs. The initial
implementation of the ERP Tool is on the
collection of 3100 Gas Turbine Engines. The ERP
Tool algorithm results in approximately a 10%
improvement over the current practice. This will
help guard against purchasing in advance of
demand and, in addition, will help avoid the more
serious situation--a shortfall. The software uses the
best algorithm in combination with user-friendly
interfaces and intuitively understandable displays.
The user can select a specific engine type, forecast
time period, and op-tempo. Graphical displays and
numerical tables present forecasts and uncertainty
intervals.

The technology developed for the project is
applicable to other logistic forecasting challenges
any where improved forecasting and/or user-
friendly software tools could help the logistics tasks
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